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Executive summary 

While the expected rise of electric vehicles (EVs) in The 
Netherlands could attenuate climate change, new 
challenges arise.; one challenge is that large-scale 
penetration of EVs could increase system costs. 
 
System integration challenge 
Specifically addressed in this thesis is the integration 
of the EV in the Dutch local grid system: (1) the 
charging infrastructure and (2) the distribution grid. 
First, to make future electric mobility accessible for 
everyone, a charging infrastructure roll-out keeping 
pace with the rising EV fleet needs to be realized. 
Second, the rising EV fleet is paired with increasing EV 
electricity consumption peaks, especially threatening 
distribution grid reliability when no interventions take 
place. Keeping the electricity supply as reliable and 
accessible as it currently is, is a concern that triggers 
distribution grid and charging infrastructure 
reinforcements, bringing system costs.  
 
The introduction of the SEV  
This thesis introduces the highly efficient Solar Electric 
Vehicle (SEV), the Dutch Lightyear One, as an 
alternative for the conventional Battery Electric 
Vehicle (BEV). A SEV has a low energy consumption 
and generates solar electricity for its use. Therefore, a 
SEV is expected to be less dependent on the grid and 
the charging infrastructure than the BEV. Accordingly, 
this research aimed at exploring to what extent SEVs 
could reduce the system costs of future electric 
mobility. Hence, the main question is: ‘What are the 
system costs of SEVs compared to BEVs?’ 
 
Measuring the system costs 
The costs for the system exist from the national 
investments needed for the grid and charging 
infrastructure reinforcements. The costs are therefore 
based on the capacity requirements of the system.  
These national capacity requirements for the charging 
infrastructure and the grid are extrapolated based on 
the maximum simultaneity rate of charging and the 
peak loads found in urban, suburban, and rural areas. 
A scenario in 2050 is exploited comparing a 100% BEV 
fleet with a 100% SEV fleet.  
 
Method I: Agent-based model (ABM) 
The maximum simultaneity rate and the peak loads 
were derived from the residential load curve that was 
approximated in an already existing ABM. The ABM 
models local electricity load and includes future 
developments such as smart charging, residential PV 
supply, heat pumps, and the BEV in it. Next to the 
parametrization of a scenario in 2050, two model 
contributions were made in this research: (1) adding 
the SEV to the model and (2) adding different driver 
personas in the model based on real data. 
  
 
 
 
 

Method II: Cost-benefit analysis (CBA) 
The system costs are calculated via a CBA, including 
solely the CapEx of the grid assets and the charging 
stations. No learning effects were considered for both 
the grid and the charging infrastructure. For the 
charging infrastructure, an occupancy rate of 80% was 
considered, significantly increasing the number of 
required charging points per neighbourhood. 
Furthermore, the current Dutch charging speed 
distribution was assumed. Finally, data and methods 
that were needed to make a rough estimation about 
the grid reinforcement costs, were gathered, used, 
and validated by a distribution system operator (DSO) 
in The Netherlands.    
  
Results & conclusion 
The results showed that the charging infrastructure 
primarily influences the system cost savings that could 
be realized with a 100% SEV fleet compared to the 
100% BEV fleet. In a winter week, the SEV reduces the 
maximum required charging infrastructure up to ~3 
times; a belonging cost difference of ~€8 billion was 
estimated until 2050. In a week with high solar 
irradiance, the charging requirement for the SEV could 
even be 8 times lower than for the BEV. The difference 
is caused by the prognosed Dutch charging behaviour 
that is influenced by the smart charging strategy; and 
the low electricity consumption and electricity solar 
yields of the SEV accounting for respectively ~66% and 
~34% of the cost reduction. In contrast to the charging 
infrastructure, the difference between the SEV and 
the BEV in grid impact was slightly visible in the peak 
loads. The small difference in peak loads was primarily 
caused by the prognosed charging behaviour that was 
influenced by the smart charging strategy in 
combination with the low energy consumption and 
the solar energy yields of the SEV. However, the 
difference is not significant enough to require extra 
grid reinforcements for the BEV compared to the SEV; 
no difference in costs for the grid was presented. In 
conclusion, an estimated total system cost saving of 
~€8 billion caused by the reduced charging 
infrastructure requirement, was presented in this 
thesis.  
 
Discussion 
Making a prognosis for future electricity consumption 
and costs involves uncertainties. This is inherent in a 
transition. Different developments in technology, 
politics, the market, and user groups lead to a complex 
interplay that can change electricity consumption in 
the future. In this research, many assumptions were 
made to approximate the future load curve and the 
system costs of electric mobility. Due to sensitive 
parameters, the system costs measured are solely 
applicable to the scenario that is presented in this 
thesis.  The system costs calculations indicated what 
the cost-difference could be and gave general insight 
into the effects on the system costs when a SEV or BEV 
is integrated into the energy system.  
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Terminology 
It is important to create a common understanding of the terms that are used to avoid 
ambiguities in the understanding of the research. As multiple terms are used in this thesis a list 
of the most important terminology is provided below.  
 

System costs  
System costs are defined as all the costs of massively integrating EVs into the existing electricity 
system. These costs exist of costs for reinforcing the charging infrastructure and the grid. 
Charging infrastructure reinforcement costs are the costs for the public charging infrastructure 
when EVs are massively integrated into the system. Likewise, grid reinforcement costs are the 
costs for the distribution grid assets that need to be replaced when EVs are massively integrated 
into the system. 
 
The battery-electric vehicle (BEV) 
A BEV is here referred to as a plug-in battery-electric vehicle entirely powered by electricity from 
the grid. 
 
The Solar electric vehicle (SEV) 
A lightweight, aerodynamic efficient EV of which the electricity consumption is, for a part, 
covered directly by its solar panels and partly by electricity from the grid. A Solar Electric Vehicle 
(SEV) does have batteries for propulsion as well as the Battery Electric Vehicle (BEV) but is 
distinguished from the BEV by its onboard solar generating capability and lower energy 
consumption.  
 
The electric vehicle (EV) 
When the EV is mentioned, both the SEV and the BEV are being referred to.  
 
The occupancy rate 
The amount of time that a charging point is occupied by an EV divided by the effective time that 
the car is effectively charging. 
 
The utilization rate 
The amount of time that a charging point is occupied divided by the total available time within 
a set timeframe. 
 
The simultaneity rate 
The share of EVs charging at the same time in a neighbourhood.  
 
The local peak load 
The maximum local electricity load measured over time.  
 
Smart charging  
Smart charging means that electric cars charge at optimal times. The speed and time of charging 
are adjusted: 
• to the total power demand and the space on the electricity network. This prevents (too) high 
peaks. 
• on the available sustainable energy (solar and wind). 
• on electricity prices.  
• on the number of cars that charge simultaneously.  
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Chapter 1:  Introduction 

 
 

According to the Intergovernmental Panel on Climate Change (IPCC) [1], global warming is 
caused by humanity. Climate change is expected to have a global irreversible impact that 
threatens life on earth. The IPCC [1] suggests that amongst others the bulk production of fossil 
fuels needs to change to address global warming.  In the Paris agreement of 2015, 175 parties 
agreed on a plan to limit the temperature increase to 1.5 degrees above pre-industrial levels [2]. 
To accomplish this, amongst others a decrease in greenhouse gasses (GHG) is needed [3]. In The 
Netherlands, gas, and coal plants are planned to be phased out and the share of variable 
renewable energy sources (vRES) is aimed to increase nationally and locally until 2050 [4]. Part 
of the gas appliances, such as heaters and gas stoves are planned to be electrified instead [5] [6] 
[7] [8]. Moreover, part of the vRES electricity is planned to be generated decentral [9].  On the 
other hand, the trend of growing electricity demand is expected to continue with predictions of 
for example 30% - 50% extra demand in 2050 [7] [10].  
 
A sector that is responsible for 23% of the global energy-related GHG emissions is the transport 
sector [3]. To attenuate climate change there is a global need for electrification of transport 
means that do not use fossil fuels. For the replacement of the internal combustion engine (ICE)  
passenger vehicle, there is a growing public conviction for the use of battery electric vehicles 
(BEVs), through their potential zero-carbon character and dropping prices [11]. The promising 
perspective of BEVs has caused the authorities in The Netherlands to provide tax incentives and 
to pursue the elimination of non-electric vehicles from 2030 [11][3]. Accordingly, the mobility 
sector aims to reduce GHG emissions by at least 60 percent, compared to 1990 [12].  Hence, it 
is expected that the adoption of BEVs will increase rapidly in the coming years1 [13].  
 
  

 
1 Assuming that the electricity generation transition from fossil to renewable sources will be 
sufficiently matching the increasing demand of electric power. 

Figure 1.1 Paris agreement-aligned scenario of electric vehicle (EV) deployment between 2010 and 
2050. 

 Source: Adapted from [58]. 
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 Problem statement 

While the rise of  BEVs could attenuate climate change a new challenge arises; large-scale 
penetration of BEVs could leave a negative societal impact when looking from a system point of 
view [14]. The focus of this thesis is on the impact of integrating BEVs in the Dutch local 
electricity system regarding the technical capacity limits of the charging infrastructure, the 
distribution grid, and the paired costs.   

 
Figure 1.2 The impact of the BEV on the residential load curve. 

Source: Adapted from [9]. 
 

The rise of BEVs will cause high peaks in the load curve, especially on a local scale. The cause is 
two-sided. First, people tend to charge their car simultaneously for example at the end of the 
working day or when they arrive at work [15]. Second, BEVs consume a considerable amount of 
electric power; one BEV might double or even triple the peak load of a household [15] [16]. 
Figure 1.2 illustrates the effect that takes place in the load curve when many BEVs are adopted 
in a neighbourhood. It can be derived from this graph that the peaks of the moment of charging 
correspond to the peak loads of the households, increasing the already existing peak loads even 
more.  The bigger the BEV fleet, the higher the impact of the BEV on the electricity demand 
curve. In the electricity system, balancing the supply and demand of power in the grid is 
indispensable since energy cannot be sufficiently stored in the network yet [17]. When there is 
a discrepancy between demand and supply interventions take place or a black-out may occur 
[17]. In The Netherlands as in many other countries, society has become greatly dependent on 
electricity; the grid needs to be able to meet demand at any time. Hence, balancing electricity 
demand and supply is essential for the functioning of the entire society, and grid reliability is 
considered a great good. Historically, the grid's capacity is designed on the forecasted maximum 
peak load [18]. One of the problems that arise takes place when the peak loads caused by the 
BEV exceed the technical capacity limits of the grid. When exceeding the capacity limits of the 
grid, grid assets such as cables and transformers cannot supply the electricity that is demanded 
and therefore needs to be replaced, bringing system costs [17] [9] [19]. To avoid expensive 
reinforcements, it is necessary to flatten the load curve to maintain the current reliability and 
safety level of the grid. However, interventions flattening the peak loads caused by charging, 
such as storage technologies, are often expensive or yet technologically impossible [20] [18]. 
While the energy transition is accompanied by many challenges, the focus of this research is on 
the capacity needs for the grid and the charging infrastructure when the BEV becomes dominant 
in the future mobility system.  
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Figure 1.3 Historical number of (semi-)public charging stations vs electric vehicles in The Netherlands. 

Source: Adapted from [21]. 
 

The popularization of the BEV is accompanied by another challenge that is related to the 
increased electricity demand of the BEVs: a massive charging infrastructure roll-out is needed 
to satisfy the future charging need and to enable electric mobility to be accessible for everyone 
[13]. Favourably, the charging infrastructure capacity, meaning the number of charging points 
available, can meet customer demand at all times [22]. The tendency of people to charge 
simultaneously is just like for the grid, also a concern for planning the charging infrastructure 
capacity requirements; the more BEVs are charged at the same time, the more charging points 
are needed to satisfy the users' demand at all times [23]. Subsequently, many charging points 
need to be installed to support the rise of the BEV, bringing high costs for the system. The impact 
of the BEVs on the required charging infrastructure is closely related to the required grid 
capacity. Therefore, the focus is on both system challenges: the long-term impact of the BEV on 
the investment need for the charging infrastructure and the grid in The Netherlands.   
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Figure 1.4 Stella Lux, the solar car of Solar Team Eindhoven, participating in the World Solar Challenge 

2015.  

A Dutch invention, which could potentially flatten the load curve and decrease the system 
investment need is the hybrid highly efficient solar electric vehicle (SEV): such as the developed 
Dutch Lightyear One. Lightyear is a start-up that is established by the team members of Solar 
Team Eindhoven, a Dutch student team that participates in the biannual Bridgestone World 
Solar Challenge in Australia. In this world championship, solar cars are challenged to drive 3000 
km through the outback primarily on onboard generated solar power [24]. While these grid-
independent solar cars are not intended for commercial purposes yet, hybrid electric vehicles, 
such as the Lightyear One, are already being developed and commercially sold [25]. The 
Lightyear One is on the one hand a vehicle with solar cells integrated into it. On the other hand, 
to limit the SEVs dependency on the grid, the Lightyear One’s weight and energy consumption 
are minimized. Accordingly, a SEV consumes less electricity and generates part of its electricity 
from the sun. Therefore, the vehicle becomes less grid-dependent than most other EVs implying 
that fewer charging moments are needed for the SEV user. It appears that the potential of SEVs 
unburdening the grid and the charging infrastructure is unexplored yet in the current body of 
literature.  
 

 Research objective and questions 

This research aims at uncovering differences between the SEV and the BEV to explore to what 
extent SEVs could reduce the system costs of BEVs in the future energy system. To understand 
the impact of the SEV compared to the BEV on system costs, the main research question is 
formulated and answered.   

 

 

Research objective: Uncovering differences between the SEV and the BEV to explore to what extent 

SEVs could reduce the system costs of BEVs in the future energy system. 
 
Main question: ‘What are the system costs of SEVs compared to BEVs?’ 
 
The sub-questions 

1. How can the system costs of future electric mobility be measured? 
2. How to approximate the future residential load curve? 
3. How to determine the system costs of future electric mobility? 
4. To what extent would mass adoption of SEVs influence the system costs of electric mobility? 
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To get a complete overview of the rise of the BEV, the developments of the energy transition, 
and its belonging impact, a scenario in 2050 is elaborated in this thesis; for 2050 internationally 
many plans and goals have been made and set for realizing the energy transition  [5]. One of 
those goals is to massively deploy a smart charging strategy in the future energy system in The 
Netherlands [19]. Accordingly, when answering our main research question, we go out from a 
smart charging strategy in 2050. Finally, to estimate the system costs and limit ambiguities, this 
research makes a comparison between two extreme scenarios: the adoption of 100% BEVs or 
SEVs in The Netherlands.  Other mobility options such as the ICE vehicle, autonomous driving, 
and shared driving are hereby left out of the scenario. 
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 Research design 

This thesis answers the main question by answering the sub-questions formulated above. Here 

below a short description is given of the research design.  

 

 

  

Chapter “How can the system costs of future electric mobility be measured?” 

2 
Chapter 2 seeks to provide a comprehensive overview of the current 
knowledge on the future system costs of electric mobility. It answers the 
first research question. The knowledge and the insights gained on the SEV, 
and the BEV is used to provide an analytical framework that maps out the 
relation of the independent, dependent, and moderating variables in 
section 2.4.  Chapter 2.5 concludes with the research flow. 

3 
“How to approximate the future residential load curve?” 

The research analysis uses two research methods. In chapter 3, the focus 
is on the first step: modelling the residential load curve using an agent-
based model (ABM).  It explains what an ABM is and why it is chosen as the 
approach for determining the residential load curve in 2050. Afterward, the 
model logic and main assumptions are explained. This chapter answers the 
second sub-question.   

4 

“How to determine the system costs of future electric mobility?” 
This chapter explains how the system costs of future electric mobility are 
derived from the load curve and answers sub-question 3. The system costs 
are employed by a cost-benefit analysis. The steps and assumptions that 
are necessary are explained in this chapter. Note that this chapter merely 
examines the method of operationalizing the system costs of future 
electric mobility. In Appendix G the real calculations following the steps in 
this chapter are illustrated.  

5 
“To what extent would mass adoption of SEVs influence the system costs of 
electric mobility” 

This chapter describes the general results that have been acquired during 
this research by going through the steps in chapter 4. It first describes the 
model outcomes and afterward explains the belonging costs for the 
system. The chapter concludes with a sensitivity analysis testing the validity 
of the research.  

6 
“What are the system costs of SEVs compared to BEVs?’ 
This chapter provides a discussion of the results and methods in this thesis. 
First, a critical review is provided on the main results of the thesis. 
Afterward, the implications of the results for the academic world and 
society are discussed.  
 

 “What are the system costs of SEVs compared to BEVs?’ 

7 

This chapter provides an answer to the main research question and 
explores possibilities for further improving and extending the research. 
Moreover, policy and company recommendations are given.   
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Chapter 2:  Analytic framework 
This chapter seeks to provide a comprehensive overview of the current knowledge on the future 
system costs of electric mobility. It answers the first research question: "How can the system 
costs of future electric mobility be measured?" This knowledge is used to provide an analytical 
framework that maps out the relation of the independent, dependent, and moderating variables 
in section 2.4. 

 BEVs and SEVs 

There are already many types of BEVs ranging from the Tesla Model S to a BMW i4. To measure 
the system costs of the SEV compared to the BEV, it is of great importance to first define the 
reference BEV and SEV and their belonging technical characteristics. Because there are already 
many BEVs in the market, not a single BEV model has been selected, but an average BEV was 
defined. To make a realistic comparison with the SEV some selection criteria are applied to the 
wide range of BEVs that is derived from a Dutch EV database [26]. First, the BEVs were filtered 
by the release date and country. Only BEVs that are available in The Netherlands from 2021 were 
selected. All BEVs that were released before 2021, were not considered, as these might give an 
unfair image of the technical characteristics of the future BEV. After all, the Lightyear One (SEV) 
is expected to be commercially available in 2024 and generally has better technical 
characteristics than a BEV that was released earlier.  Finally, to make an equal comparison, only 
BEVs that are in the same price range as the SEV were selected. The BEVs selected are within 
the price range of €25.000 - €40.000. This price range is in line with the price of the SEV, which 
is estimated to be €30.000 - €35.000. After filtering the BEVs that are released from 2018 in The 
Netherlands within the mentioned price range 5 BEVs were selected. The technical characteristic 
of which the average is considered is the WLTP energy consumption.  WLTP stands for 
Worldwide Harmonized Light vehicle test Procedure and is a test procedure that enables equal 
comparison of the energy consumption of light vehicles [27]. Hence, the average WLTP energy 
consumption of the BEVs of 152 Wh/km was considered.  To enable a good comparison, the 
battery capacity for both the BEV and the SEV was set to 60 kWh. The technical characteristics 
of the BEV are presented on the next page. Accordingly, in this thesis two types of electric 
vehicles (EVs) are distinguished:  

• The average Dutch Battery Electric Vehicle (BEV):  an EV entirely powered by electricity 
from the grid. 

• The Lightyear One (SEV): A lightweight, aerodynamic efficient EV of which the electricity 
consumption is, for a part, covered directly by its solar panels and partly by electricity 
from the grid.  

For the reference SEV, the Lightyear One is chosen. The Lightyear vehicles are characterized by 
highly efficient powertrains, smart batteries, and the integration of solar cells in their low-weight 
body. The Lightyear One HVS is being referred to when the term "SEV" or “Lightyear One” is 
used in the remainder of this report.  The 5m2 solar roof of the Lightyear One already could add 
60 km to the total range on a summer day, accounting for 60 km of grid independence. The SEV 
moreover accounts for low energy consumption due to its aerodynamic design and lightweight 
character [28]. Compared to the BEV the SEV has a lower energy consumption amounting to 83 
Wh/km. The range of 395 km of the BEV is significantly lower than the SEV using a comparable 
battery capacity [26]. Accordingly, the hypothesis is that the SEV is less grid-dependent than the 
BEV, leaving the question “how much” open for the analysis.  
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The characteristics of the SEV and the BEV  
 

  

Figure 2.2 An example of a BEV: the Nissan LEAF. 

 

Characteristics Lightyear One (SEV)  
Price (€) €30.000 - €35.000 

WLTP range 725 km (not including solar energy) 

Battery capacity 60 kWh 

WLTP energy consumption 83 Wh/km  

Solar panel surface  5 m2 

Solar cell efficiency (2024 - 2050) 21% - ~25% 

Drivetrain efficiency 91% 

  

Characteristics reference BEV  

Price (€) €25.000 – €40.000 

WLTP range 395 km  

Battery capacity 60 kWh 

WLTP energy consumption 152 Wh/km   

A comparison of the system costs of (solar) electric mobility. 

 

Figure 2.1 Lightyear One 
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 The system costs of electric mobility 

When no intervention takes place, the integration of both the SEV and the BEV, could cause grid 
and charging infrastructure reinforcements that are paired with costs for the system. System 
costs are defined as all the costs of massively integrating EVs into the existing electricity system 
[29]. These costs exist of costs of reinforcing the charging infrastructure and the grid. Charging 
infrastructure reinforcement costs are the costs for the public charging infrastructure when EVs 
are massively integrated into the system. Likewise, grid reinforcement costs are the costs for 
the distribution grid when EVs are massively integrated into the system [29]. System costs are 
often seen as part of societal costs.  Societal costs are often broken down differently in 
literature. Clerck and Christensen [30] differentiate societal costs into product-level costs and 
external costs. Here it is argued that it is needed to differentiate these costs into not two but 
three categories: (1) product-level costs, (2) system costs, and (3) external costs. This division is 
based on a research of Samadi [29] analysing the societal costs of electricity plants.  
 
Other societal costs than system costs are left out of scope during the research. However, they 
are described shortly in Appendix B. Product-level costs are defined as the total costs of 
ownership (TCO) including the private costs associated with the production and lifetime of an 
EV. Appendix B shows that earlier research was executed, investigating the TCO of both the SEV 
and the BEV. Hence, TCO is not analysed in this thesis. External costs are defined as the costs of 
electric mobility not accounted for in the market price, causing an externality [29].  When 
comparing the SEV and the BEV, the (future) societal costs of the externalities are not expected 
to differ significantly.  For scoping the research, the external costs were therefore not 
considered during the analysis either.  
 
 
 
 
 
  

  

Figure 2.3 Schematic overview of total societal costs. 



A comparison of the system costs of (solar) electric mobility. 

 

20 
 

Consequently, the costs for the system exist from the national investments needed for the grid 
and charging infrastructure reinforcements. The costs are therefore based on the capacity 
requirements of the grid and the charging infrastructure in 2050. In this section, a 
comprehensive overview of the current knowledge on the grid and the charging infrastructure 
is provided. It is explained that the capacity that is required for the charging infrastructure and 
the grid is based on respectively: (1) the maximum simultaneity rate of charging on a local scale 
and (2) the local peak load.  It is also explained that metrics could be derived from EV's electricity 
consumption over time that could be derived from the distribution load curve.  
 

  
Figure 2.4 The determination of the system capacity that is required due to the rise of the EV. 

 Charging infrastructure 

The need for charging infrastructure increases when conventional cars are being replaced by 
electric cars, bringing system costs. To explore the system costs that EVs could bring until 2050, 
it is necessary to know how many charging stations are needed. However, in the literature, there 
are different thoughts about how the future charging infrastructure capacity requirement must 
be determined. For example, the maximum goal of 9.5 EVs per charging point was set by the 
European Commission. This goal does not distinguish between the different types of EVs [13]. 
Moreover, it does not differentiate in the different charging speeds; the spatial distribution; the 
charging behaviour, the composition of the mobility fleet, the availability of charging stations, 
and the limited compatibility of charging sockets with the existing EVs. Therefore, the metric of 
the European Commission is not found specific enough for the analysis.  
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Figure 2.5 The factors that influence the required capacity of the charging infrastructure in 2050. 
(blue = considered in the analysis, grey = left out of scope). 

 
All aspects in figure 2.5 are considered important for a good estimation of the capacity 
requirement of the charging infrastructure in 2050. However, not all aspects are considered for 
the comparison between the SEV and the BEV in the analysis. As in this thesis, the charging 
infrastructure capacity requirement for the BEV and the SEV are compared, it is of importance 
to consider a roll-out strategy that can distinguish between both types of EVs. Moreover, it is 
found important to consider the utilization rate 2. The literature review later in this chapter 
showed that Torensma [12], Hoed [31] and Vervoordeldonk [32] recommend focusing on the 
utilization rate when determining the dimensions of the charging infrastructure.  As the 
utilization rate differs significantly per hour of the day, it is even better to monitor the charging 
stations per hour per neighbourhood, to make informed decisions about the capacity 
requirement of the charging infrastructure locally. It gives a more detailed view of the local 
availability of charging infrastructure than when considering average utilization rates. Therefore, 
the determination of the charging infrastructure capacity requirement will be considered 
bottom-up by first approaching the question from local areas. As there is no insight into the 
charging infrastructure in 2050, the utilization rate for one hour specifically is in this thesis 
referred to as the simultaneity rate; the ratio of the EVs charging simultaneously in an hour to 
the total EV amount. When dimensioning the infrastructure based on the simultaneity rate, a 
maximum utilization rate can be pursued as a goal, translated into the number of charging points 
that need to be placed.  It is here argued that it is favourable for customers to be able to charge 
their car at any time when it is needed. Therefore, the maximum simultaneity rate in 
neighbourhoods, the maximum share of cars charging at the same moment, is considered for 
setting a capacity goal. The maximum simultaneity rate is dependent on the technical 
characteristics of the EV, the number of EVs, the charging speed, the composition of the mobility 
fleet, and the driving behaviour. Therefore, the metric considers many factors that are found in 
the literature to be important to consider when dimensioning the charging infrastructure. The 
maximum simultaneity rate can be derived from the local load curve of electric mobility as the 

 
2 The amount of time that a charging point is occupied divided by the total available time within a set 
timeframe [31].  
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EV's electricity consumption over time and the charging speed indicate the number of EVs that 
are charging simultaneously. In addition, the occupancy rate3 separately is considered in 
determining the future charging capacity requirement as Wolbertus [33] showed that a 
significant number of the time an EV is occupying a charging station, the EV is not charging. The 
spatial distribution, the existence of semi-public charging points, and the compatibility of 
charging sockets and EVs are not considered in the analysis. On a local scale, the spatial 
distribution is not expected to influence the need for future charging infrastructure. Besides, 
semi-public charging points are limited available. These types of chargers are for simplification 
reasons and for the sake of time not considered during the analysis.  Finally, to scope the 
research it is assumed that in 2050 a standard for the charging sockets is developed, making all 
sockets compatible with all types of EVs. Therefore, this factor was also not considered during 
the analysis.  

2.2.1.1 Driver behaviour 

The simultaneity of charging appears to be largely dependent on the charging behaviour of EV 
users [34]. The behaviour of the car users gives insight into the simultaneity and intensity of the 
needed electricity. It provides insight into the moment of the peak loads. As the case is now, 
peak loads take place around 5 pm as people tend to charge their car at the end of the day [35]. 
The hypothesis is that the car efficiency of an EV influences the charging behaviour of the user 
of the car. This has been demonstrated in an internal study by Lightyear. It compares a BEV 
(Tesla model 3) with the SEV and calculates how many charge moments in a year are needed for 
different personas. After a simplified calculation, it is expected that the difference between the 
number of charge moments varies per persona.  
 

# Charge moments BEV SEV  Difference 

Persona 1 39 19 51%  
Persona 2 59 31 47% 
Persona 3 179 147 18% 

Table 2.1 Fictional personas and the corresponding difference in charging behaviour. 

The BEV needs to charge respectively 51%, 47%, and 18% more than the SEV with persona 1, 2, 
and 3.  While the exact percentages of this calculation must not be taken too narrow, the cars 
show a difference in charging behaviour per persona.  Hence, it is considered valuable to look 
into different real existing personas in the research when considering the load curve.    

2.2.1.2 Charging speed 

When people choose to charge their EV they can choose between different types of chargers. 
The implications of the different types of chargers are mainly noticeable in the shape of the load 
curve. EVs are charged with Direct Current (DC) and Alternating Current (AC) chargers. The 
difference between DC and AC is mainly noticeable in the power level, which influences the 
charging speed and the electricity demand from the grid. The power (in kW) of a charger 
represents how many kWh of electricity could be charged in one hour. Direct current (DC) 
charging is often referred to as fast charging. As the power setting of fast chargers nowadays is 
sometimes more than 50 kW, fast chargers have mostly too high power levels for the distribution 
grid [11]. When 10 BEVs in one neighbourhood use a fast charger of 50 kW at the same time, 
the demand increases with 500 kW. The charging peak is lower and spread out over a longer 
period when using chargers with lower power. Moreover, there is a higher chance of EVs 
charging at the same time, as the charging sessions last longer. Hence, AC chargers form the 
dominant charging station type on the distribution grid. Common AC chargers can deliver 
between 3.5 kW and 22 kW. Next to the home environment, these AC chargers are often also 
used at work and leisure locations [36].    

 
3 The amount of time that a charging point is occupied by an EV divided by the effective time that the EV 
is charging  
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 The Dutch Electricity grids 

 

Figure 2.6 A schematic representation of the Dutch Electricity grid. 
Source: Adapted from [18]. 

 
Electricity is transported to the consumers through the electrical grid. Four levels of electrical 
grids are interconnected to form a linked electricity supply system [36]: 
 

• The transmission grid operates at 220 and 380 kV and is used to transport electricity 
over large distances in The Netherlands and Europe.  

• The transport or high voltage (HV) grid operates at 50, 110, and 150 kV and transmits 
electricity at a regional level.  

• The medium voltage grid operates at 3 – 30 kV and supplies large users, such as an 
industry and connects with the local distribution network.  

• The distribution or low voltage (LV) grid operates at 239 and 499 V and connects the 
grid to small enterprises and households.  

 

 
Figure 2.7 Overview of high voltage and low voltage grid. 

Source: Adapted from [37]. 

 
The transmission grid uses very high voltage levels to minimize electrical losses. The cables of 

the transmission grid are the spine of the Dutch power grid and connect large power plants to 

the HV grid. The HV grid transmits power at a provincial level and links the transmission network 

to the medium voltage grid. The medium voltage grid distributes the electricity on a regional 

scale and is connected to the HV and LV grid by transformers.  The LV grid is the main point of 

focus during this thesis. In the remainder of this thesis, the LV-load curve is being referred to 

when the term “load curve” or “distribution-load curve” is used.  

The distribution grid distributes the electrical energy on a local scale among all connected 
parties, such as households and shops [38]. In The Netherlands, the distribution grid consists of 
underground cables and operates with often 3-phase 230/400 V. It is connected to an MV 
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network by an LV transformer. When the capacity limit of either a transformer or a cable is 
exceeded by the residential load curve, grid reliability is threatened and even a black-out may 
occur. Blackouts, especially the ones with long downtimes have high costs, as a society and the 
economy have become heavily dependent on electricity. In addition, blackouts may damage grid 
assets that must then be repaired or replaced at high costs [39]. Reinforcing transformers and 
underground cables could decrease reliability problems but comes with costs.  
 
Favourably, the distribution grid is always able to handle the peak loads to provide grid 
reliability. Accordingly, the required grid reinforcements are needed depending on the current 
status of the grid, and the predicted peak loads (kW) that the grid is subject to [18]. The peak 
loads could be derived from the local electricity load. The electricity load is logically not only 
dependent on the charging need, but it is also influenced by other factors, such as the need for 
electricity in the commercial sector and the electricity needs of households. The electricity need 
of households in many countries is expected to grow until 2050 [18].  The residential load is 
historically forecasted based on a load of households and a load of commercial buildings 
primarily [18]. Due to the developments of the energy transition part of the gas appliances are 
electrified, and the rise of decentral vRES production is being introduced. These developments 
need to be considered when approximating the future load curve. The future load curve is 
moreover dependent on the behaviour of people in the residential areas. This behaviour needs 
to be considered when approximating the future load curve.   
 
The current structure of the grid is necessary to explore when making an indication of the 
needed grid reinforcements caused by the rise of electric mobility. The typical number of 
households connected to the MV/LV transformer is 80. The structure of distribution grids often 
differs between countries, regions, and even towns [40].  In some older urban areas, LV grids 
have a meshed structure. These networks are better in voltage management and electrical 
losses, but experience high short-circuit voltages in case of an outage. Hence, most LV networks 
have a radial design, which is shown in figure 2.8. This design has no-fault reserves, when a cable 
fails the power must be restored by maintenance work. In The Netherlands, these cables have a 
standardized diameter, and the new cables are made out of aluminium. As the economic life of 
an LV grid is more than 40 years and has not been replaced everywhere within this time, the LV 
grid in The Netherlands is only partly standardized. The other part still exists of a historical 
design; cables used to be built out of different types of cable [36]. 

 

 
Figure 2.8 Radial topology of LV grid and the corresponding cables (in green). 

Source: Adapted from [36]. 
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 System interventions 

There are system interventions that could potentially limit required grid reinforcements and 
charging infrastructure reinforcement.  In this research, only the smart charging intervention is 
considered.  Smart charging enables power distributors to influence charging behaviour by time-
of-use electricity tariffs and can decrease the peaks in the load curve [41]. When prices are high, 
EV drivers are encouraged to not plug in their EVs and vice versa. From the literature review that 
is held in section 2.3, it appears that many scientists recognize the potential of smart charging 
and even the Dutch government is planning to implement smart charging on a large scale [19]. 
Moreover, smart charging could help to unburden the grid and the need for the charging 
infrastructure and is therefore found very relevant in its potential to reduce system costs. The 
notion of smart charging is often defined differently. This research includes the definition of 
smart charging that is already part of the grid and defined by ‘het nationale laadonderzoek [42]’. 
  

 
 
Other interventions are left out of scope such as vehicle-to-grid (V2G) technology, battery 
storage systems, and solar-to-vehicle (S2V) technology, which also could unburden the grid or 
the charging infrastructure.  These are described in Appendix B. 
 

 BEVs experience and SEV expectations 

Before determining the analytical framework and the research design a literature review is 
conducted on the system costs of the BEV and the SEV. As explained before, the system costs 
are derived from the capacity requirements of the grid and the charging infrastructure. These 
capacity requirements could be derived from the maximum simultaneity rate and the peak loads 
that both could be derived from a local load curve. The core concepts that are selected for the 
literature review are the BEV and the SEV that are defined in section 2.1. To keep a broad view 
both concepts are not only evaluated on their impact on the system costs but also their impact 
on, the load curve, and the capacity requirements of (1) the charging infrastructure and (2) the 
grid. The articles were found via the Scopus, Google Scholar, and ScienceDirect databases. 
Selection criteria were the presence of a combination of keywords covering the field of the two 
core concepts such as “distribution grid”, “charging infrastructure”, “solar electric vehicles 
(SEV)”, “battery electric vehicles (BEV)/ plug-in electric vehicles (PHEV)” and “system 
impact/costs”. Most sources were found by snowballing. A maximization criterion in the 
selection of the articles was the year, in which the article was written (the newer the better). 

 BEVs, the grid, and the charging infrastructure 

After a thorough literature analysis, it is found that the literature agrees that the BEV will bring 
high system costs regarding the development of a charging infrastructure [12] [13] [19] [42] [19]. 
The system costs of the BEV on the charging infrastructure in this thesis are operationalized in 
the national capacity requirement for the charging infrastructure; the number of charging 
stations needed for the mass deployment of EVs. Following the national Agenda of Charging 
Infrastructure (NAL) [42], The Netherlands is facing a massive challenge regarding the 
development of the public charging infrastructure. National Agenda Charging Infrastructure 
(NAL) [42] expects that in 2030 the BEV fleet in The Netherlands is sizing 1.9 million vehicles. 
Following NAL this corresponds to a charging requirement of 7,100 gigawatt-hours (GWh) during 

The notion of smart charging [42]: 
Smart charging means that electric cars charge at optimal times. The speed and time of charging is 
adjusted:  
• to the total power demand and the space on the electricity network. This prevents (too) high peaks. 
• on the available sustainable energy (solar and wind). 
• on electricity prices.  
• on the number of cars that charge simultaneously. 
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peak hours, requiring 1.7 million charging points, of which 70% should be public charging places 
[42]. According to a first estimate, approximately €5 million in implementation costs per year 
are involved in the NAL. For determining the dimensions of the charging infrastructure the EU 
has set the maximum goal of ~9.5 EVs per charging point [13]. However, literature does not 
always agree on the way how the charging infrastructure requirement is determined. Therefore, 
there is also no clear insight yet on the long-term costs for the charging infrastructure in The 
Netherlands. Mathieu [13] found that there is currently a need for ~1.3 million charging points 
EU-wide and close to 30 million in 2030. He argues that it is of great importance to consider the 
charging speed when determining the national charging infrastructure capacity requirement. 
Another aspect that could be considered when setting the requirements for the charging 
infrastructure is the utilization rate of charging points.  Torensma [12], Hoed [31] and 
Vervoordeldonk [32] recommend focusing on the utilization rate when determining the 
dimensions of the charging infrastructure. The utilization rate is defined as ‘the amount of time 
that a charging point is occupied divided by the total available time within a set timeframe [31]’. 
Hoed [31] states that the utilization rate differs largely per hour of the day and neighbourhood. 
He states that it would be even better to monitor the occupancy of charging stations per hour 
per neighbourhood and take informed decisions about the capacity requirement of the charging 
infrastructure locally. Contrarily Bakker [19] does not distinguish between the different hours of 
the day and bases the public charging infrastructure requirement on the aggregated charging 
power per day in kWh. Wolbertus [33] found that 80% of the time that an electric car is at a 
charging station, it is not charging. He pleads that this influences the availability of the charging 
infrastructure, and that the occupancy rate influences the capacity requirement of the charging 
infrastructure. The occupancy rate is here defined as the amount of time that a charging point 
is occupied by an EV divided by the effective time that the car is charging. Moreover, better 
interoperability of the charging infrastructure and EVs could promote efficient capital 
investment, by requiring fewer charging points. Currently EVs and charging sockets are not 
standardized and therefore not always compatible, causing that more charging points are 
needed when no standard is introduced [43]. Finally, a report of Ecofys [19] argues that amongst 
others the composition of the mobility fleet, the technological characteristics of EVs, and the 
charging point availability play an important role in determining the capacity requirement of the 
charging infrastructure in the future [19].   In conclusion, there are already plans to scale up the 
charging infrastructure until 2050. However, different thoughts are elaborated towards the 
determination of the charging capacity requirement for 2050. The aspects that are considered 
during this thesis are illustrated and explained in section 2.2.1.  
 
What are the system costs for the grid in case of the mass deployment of BEVs? It was already 
shown that the rated capacity of the grid assets must be equal to or higher than the peak loads 
the assets are subject to. After a literature analysis, it is found that the literature agrees that a 
growing BEV fleet has an impact on the national and distribution grid costs when no intervention 
takes place. However, the results of the literature review are ambiguous when looking into the 
size of the impact. Layzell [15] argued that BEV growth in Germany nationally adds about 1 to 4 
percent by 2050 requiring additional grid and generation capacity of about 20 GW. Meanwhile, 
Lutander [44] found that the total Swedish national electricity consumption rises by 17.1% 
during critical weeks at a 100% BEV fleet. Klettke [45] states that the overall increase of the 
electricity demand in Europe rises by 10% at a BEV-penetration rate of 34% until 2050. She 
continues this statement by arguing that the energy system will not be able to meet the demand 
at all times anymore when no measures are taken [45]. Moreover, Lenzen [46] states that the 
current Australian national grid can support a maximum of 10% BEV fleet. Where the size of the 
effect of the impact of the BEV differs, the rise of the BEV will have an impact on the national 
grid anywhere. However, it is also noted that the rise of the BEV is often only considered as part 
of the cause of the rise of the imbalance of the grid on a national scale. For example, following 
Netbeheer Nederland [9], the rapid development of decentral electricity production solely 
forces the Dutch grid operators to invest in reinforcing the high voltage and medium voltage 
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grid. Besides this, reinforcements are needed for the system integration of vRES, demand 
growth, and electric transport [7][9][10].  Hence, the developments of the energy transition, 
including the rise of the BEV, incite the transmission system operator (TSO) in The Netherlands 
to invest €7.8 - €8.7 billion in the high voltage (HV) grid between 2020 and 2029 [47]. Where 
Tennet plans to invest in grid upgrades for the developments of the energy transition, the future 
situation of the distribution grids in The Netherlands is uncertain [18]. Accordingly, the focus of 
this thesis is on the distribution grid.   
 
On a local scale, a BEV seems to have a more significant impact on the system costs than on a 
national scale [15] [16] [18] [48] [49] [50] [35] [39] [34] [23]. Given that one BEV could double 
[15] or even triple [16] the peak consumption of an individual household the impact of BEV 
adoption on the costs for the distribution grid is expected to be relatively higher compared to 
the impact on the national grid costs.  Jochem [16] and Garcia [49] confirm the challenge of mass 
penetration of BEVs on a local level specifically and state that the high peaks are caused by on 
the one hand the high electricity consumption of BEVs and on the other hand the 
simultaneousness of BEV charging. Garcia [49] reports that when no intervention takes place, 
transformers and lines are overloaded; an increase of CO2 intensity takes place, and that 
electricity costs increase. Subsequently, he states that there is a need to reinforce the grid due 
to the peak loads that become higher caused by the mass penetration of BEVs.  Ulffers [39], 
agrees with Garcia and states that the increase in electricity demand can lead to overloading 
and voltage violations. Layzell [15]  showed that for a typical German residential circuit of 150 
homes, of which 25% of the households own a BEV, the local peak load increases by 30%.   Jarvis 
[50] even reported an increase of even 60-110% in the power load in neighbourhoods in Texas, 
in case of respectively 15 – 30% BEV penetration. Lousberg [35] predicted in Dutch agent-based 
modelling (ABM) research the current load curve of a residential area in a winter week at 100% 
BEV penetration (figure 2.9). The graph shows that the peak growth increases largely caused by 
the charging need of BEVs.   

 
Figure 2.9 Residential electric load demand prediction during winter. 

Source: Adapted from [35]. 

 
Where literature is internationally ambiguous on the extent of the BEV impact on the 
distribution grid, the authors have a common expectation: the peak loads on a local scale are 
growing significantly when the number of BEVs in a residential area grows. The distribution grids 
are not designed for the high peak loads that the BEV brings, they are automated to a limited 
extent and are restricted to capacity limits [18]. For example, Pillai [51] assessed the capacity of 
three distribution grids in Denmark and concluded that distribution grids can handle 6% of EV 
charging load during peak hours. Following this train of thought, the report of IPPC [52] argues 
that the Dutch distribution grid needs to be strengthened to secure the reliability of the 
electricity supply system.  
 
The literature review results so far only show what is known about the impact of the BEV on the 
required system reinforcements, based on uncontrolled charging strategies, meaning that no 
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intervention takes place to schedule the demand. However, it could be concluded that the body 
of literature is fairly unanimous about the potential of smart charging strategies balancing the 
charging load curve [7] [16] [18] [19] [25] [49] [50] [35] [51] [53] [54] [40] [55]. Besides balancing 
the load curve, the required charging infrastructure could decrease on the condition that the 
charging load is more distributed during the day, in this case, fewer charging points are needed 
[12] [19]. A study by McKinsey [15] claims that when smart charging is applied, the local demand 
peak would grow 14% less than with a simple charging strategy. Refa [11] claims that the impact 
is even higher resulting in 47% lower energy demand during the evening peak. The RVO  [56] 
even argues that by applying a smart charging strategy no extra measures are needed regarding 
the grid infrastructure reinforcements. Also, Asensio & Aperribay [49] claim that smart charging 
is the key to achieve large-scale penetration of EVs. The different impacts that are reported by 
the different authors seem to be a result of the different definitions of the smart charging 
strategy and the different thoughts about the future energy system. For example, Refa [57] 
defines smart charging as “optimizing the charging session by alignment of time, speed, and 
charging method with the EV-owner’s preferences and given both electricity market and grid 
conditions”. In contrast, Lousberg  [35] does not consider the charging speed in its attempt to 
explore the impact of the BEV on the grid. The different concepts of smart charging, so far 
recognized, are shown in figure 2.10.  
 

 
Figure 2.10 Current concepts of smart charging following IRENA. 

Source: Adapted from [58]. 

 
Next to the potential of smart charging the literature review revealed that there is a difference 
of perception about the main cause responsible for overloading the distribution grid asset 
capacity. Where we so far found that the BEV fleet could cause grid reinforcements to be 
needed, some argue that the reinforcements costs are mainly caused by local photovoltaic (PV) 
production or the penetration of electric heat pumps in the future energy system. A Swiss study 
by Gupta [7] indicated that the peak load could increase 2-3 times in 2050, caused by 
electrification of transport, household appliances, and the reverse power flow of solar energy of 
people feeding solar energy back to the grid.  Typical issues of decentral commercial generation 
are (1) voltage and frequency fluctuations and (2) the overloading of the distribution cables by 
a negative peak flow [59] [7] [44] [60] [61]. The peak supply of solar panels is around noon as 
the solar irradiation is the highest then. Luthander [44] stated that 71% of solar PV during 
summer needs to be limited when the PV generation replaces the electricity consumption of 
households. Meanwhile, Bilton [60] claims that when PV penetration on a local scale becomes 
higher than 25% - 30%, grid reinforcements are needed. Finally, Verschueren [59], claims that if 
80% of the 63 households in a residential area are in the possession of PV panels, 45% must be 
switched off to prevent voltage violations and grid instabilities.  
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Next to the decentral supply of PV panels, the possibility of the electrification of heat appliances 
also raises concerns about how the distribution grid must handle this. Multiple scientists state 
that the arrival of the heat pump is likely to be largely responsible for the grid reinforcements 
on a local scale [9] [60] [47]. Currently, in The Netherlands, the seasonal peaks in heat demand 
are mainly met by the provision of natural gas. This is changing with sustainable heat alternatives 
that are in some cases powered by electricity: the electricity grid will absorb part of this peak in 
heat demand [9]. Accordingly, in the future electricity system, the share of heat pumps and 
induction hubs is expected to grow [5] [6] [7] [8]. To what extent heat pumps will be deployed 
in society is still uncertain. A study by Bilton [60], showed that with 20% heat pump penetration 
in households the peak electricity load increases by 72%. It reported that significant grid 
reinforcements were needed for the penetration of heat pumps. Moreover, the International 
Energy Agency (EIA) stated that the electrification of space heating and cooling is carefully 
estimated to account for roughly half of the energy consumption in buildings in 2050 [62]. 
Rüdisüli [63] found that when the share of electric heating in Switzerland rises by 75% and, the 
demand increases by 10 TWh. Including a share of 20% electric mobility, the total electricity 
demand increased by 25%. Netbeheer Nederland [9] also expresses her concerns about the 
potential electrification of gas appliances and states that when a home becomes fully electric, 
additional measures are needed to reduce the energy demand. It proposes better efficiency and 
better insulation to prevent high peak loads. Finally, Veldman [18] states that the developments 
of the energy transition, considering the decentral electricity production of solar panels and the 
expected increased demand for heat pumps and BEVs, will make it increasingly challenging to 
maintain the balance between supply and demand. Veldman [18] stresses the uncertainty and 
unpredictability of the future load curve caused by the uncertainty of all the developments that 
are set up to live up to the energy transition. The distribution grid needs to be adapted to 
continue to meet the growing demand and the variable electricity supply of vRES.   

 The expectations of the SEV 

The body of literature gave some non-specific insights on the potential of SEVs compared to 
BEVs flattening the future load curve and reducing the capacity requirements of the system. 
However, specific details about the impact of SEVs on the Dutch future load curve and the 
system costs are not explored yet. The technical characteristics of the SEV were presented in 
section 2.1. Here it was explained that the SEV has a lower energy consumption and generates 
electricity by its integrated solar panel. Accordingly, it is expected that the SEV has a fewer 
impact on the grid and charging infrastructure costs. A lower number of charging events is 
expected by a decreased electricity need of the SEV. Moreover, the electricity consumption of 
the SEV is expected to be lower than the electricity consumption of the BEV. Therefore, the SEV 
is also expected to play a role in unburdening the grid by decreasing peak loads. Even though 
literature does not elaborate yet about the SEV, the hypothesis is that the SEV is less grid-
dependent than the BEV, leaving the question “how much” open for the analysis. 

 Literature gap 

The energy transition is accompanied by many challenges, the focus of this research is on the 
capacity needs for the grid and the charging infrastructure and the paired system costs when 
the SEV compared to the BEV becomes dominant in the future mobility system. The results on 
the system costs of the SEV are missing in the literature. For the BEV, the reviewed literature 
agreed on the need to flatten the load curve and limit the simultaneity of charging to make large-
scale BEV penetration possible and prevent expensive interventions. Especially for the 
distribution grid, peak loads are expected to become significantly high when no intervention 
takes place. Many scientists for example see potential in unburdening the grid and the charging 
infrastructure by the implementation of smart charging, a strategy that could help to distribute 
the charging electricity consumption over time. A smart charging strategy might also be applied 
to reduce the costs for the future charging infrastructure. However, this depends on the way 
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how the charging infrastructure requirement is determined, and the effectiveness of the smart 
charging strategy. However, no clear consensus has been found about the method for designing 
the future infrastructure capacity requirement. Finally, there is no clear consensus in the 
literature about the main cause for local grid reinforcements. The rise of residential solar PV and 
electric heat pumps could also play a driver in the grid reinforcements. While considering the 
latter developments, the focus of this thesis remains on the system cost of electric mobility. 
 

 Analytical framework 

The knowledge and the insights described in this chapter are used to provide an analytical 
framework that maps out the relation of the independent, dependent, and moderating 
variables.  The analytical framework reflects on the variables and relations that are considered 
during the analysis of this research. The variables and relations are briefly explained below. The 
grey area reflects the relations and variables which are subject to analysis during the research.  
The white area is left out of scope but is still an important factor in the system cost calculations.  

Figure 2.11 Analytical framework. 
 

The societal costs exist of product-level costs, system costs, and external costs. However, the 
focus of the analysis is on the system costs during this research. The system costs are determined 
by the capacity requirements of the system. Capacity requirements for charging infrastructure 
and the grid are based on (1) the maximum charging simultaneity rate [48]  and (2) the peaks in 
the local load curve [18]. These can be both derived from the residential load curve. The load 
curve is dependent on the EV users driving behaviour and the electricity consumer behaviour. 
The driving and charging behaviour is dependent on the fundament of the thesis: the technical 
difference between the BEV and the SEV. The impact of the EV user behaviour on the load curve 
is moderated through the system intervention smart charging. Moreover, the speed of the 
future charging points changes the shape of the load curve.  
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 Research methods and flow  

 

 
 
Now the analytical framework is presented, the research flow is determined. In figure 2.12 a 
research flow diagram is shown. It shows the steps which were taken to answer the main 
question. It distinguishes four phases of the core research, the belonging chapters, and methods. 
The steps of this research flow diagram are briefly explained in the text below. The choices for 
the methods are explained in chapters 3 and 4. 
 

 

Phase I: Scenario 

A scenario in the year 2050 is mapped for the 
100% penetration of the SEV and the BEV 
separately. All planned electricity demand 
and supply developments such as residential 
PV supply and heat pumps on a local scale are 
processed here. EV charging and driving 
profiles are also exploited in this scenario.  
 

Phase III: Capacity requirements 

Based on the shape of the load curve in phase 
II the local capacity requirements of the grid 
and the charging infrastructure are 
determined. The local capacity requirements 
are extrapolated to national capacity 
requirements by distinguishing between 
rural, suburban, and urban areas.  
 

Phase II: approximation load curve 

Based on the scenario the current load curve 
per hour over a year on a local scale is 
simulated via an Agent-Based Model (ABM). 
Historical load profiles of commercial 
buildings and households of 2018 are used as 
a base for the load curve.  A distinction is 
made between the BEV and the SEV in two 
simulations.  

Phase IV: System costs calculations 

Based on the national capacity requirements 
the system impact of electric mobility is 
determined. Besides the costs of the 
infrastructure reinforcements are calculated 
in cost-benefit analysis (CBA).  

 
Phase V: Validation 

A sensitivity analysis is performed to validate 
the fundament of the research. This analysis 
tells which parameters significantly affect 
system behaviour and/or the model 
outcomes [64]. 

Figure 2.12 Research flow. 
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Chapter 3:   Modelling the 
residential load curve 

Chapter 2 concludes with the research flow. The research analysis uses two research methods: 
ABM and CBA. In this chapter, the focus is on the first step: modelling the residential load curve 
using ABM.  It is explained what an ABM is and why it is chosen as the approach. Afterward, the 
model logic and main assumptions for the 2050 scenario are explained. This chapter answers the 
second question: “How to approximate the future residential load curve? “  

 Agent-Based modelling (ABM) 

The best way to determine peaks in the load curve is via direct measurements or historical data. 
As the aim of this study is to find out the system costs of electric mobility in 2050, the sole use 
of direct measurements is not considered practical for this study. Radical changes in the demand 
for residential areas make the future load curve hard to predict. The residential load curve will 
not incrementally change as it is dependent on the way people handle the new appliances such 
as heat pumps and electric stoves. A forecasting method is therefore also not considered to be 
accurate for this research purpose; calculations in forecasting methods are based on trends and 
incremental autonomous changes [65]. Another method to calculate the power demand of BEVs 
is using a statistical method to estimate the simultaneity rate. In this method, the simultaneity 
rate is calculated by the total charging power of all Dutch EVs together, divided by the vehicle's 
rated charging power. Research by Ulffers [39] found that local weak spots in LV cables often 
cannot be identified when using this statistical method. It led to an underestimation of the 
reinforcement costs [39]. To incorporate human behaviour of the complex adaptive energy 
system of a neighbourhood an ABM is used. An ABM is a quantitative model that simulates 
agents with behaviour affecting each other over time [35]. An ABM aims to make models as 
close as possible to the real world, without making use of empirical data. The ABM discipline 
distinguishes itself by counteracting the thought of old-fashioned model methods assuming that 
the market works perfectly and that the behaviour of actors in the system is always rational [3]. 
The uncertainty of the future energy system proves that a “simple” modelling study is not 
enough, and that actor behaviour needs to be considered. The use of an ABM in this research 
fits the complexity and adaptiveness of the energy supply system as it simulates a dynamic 
network of a neighbourhood; many agents that are acting in parallel constantly act and react to 
what other agents are doing.  The overall behaviour of the system is the result of a huge number 
of decisions made every moment by the different actors in the system and is so-called ‘highly 
decentralized’ [66]. This overall behaviour of the system is considered here as the residential 
load curve. A big disadvantage of an ABM study is that it is very extensive and therefore not 
easily applicable. However, there already exists an ABM of the residential load investigating the 
load impact of BEVs on a local scale.  ZEnMo simulations tried to counterfeit the reality of the 
future local electricity system and the role of the BEV in it. It calculates load profiles by adding 
up parts of the load curve which are originating from individual consumers. Where ABMs 
normally do not use empirical data the model of ZEnMo does use some empirical data to predict 
the household load and the commercial load. Therefore, it is questionable to what extent this 
model is an ABM. However, the point of focus of the research analysis is the electricity demand 
of EVs specifically. The EV electricity demand is not based on empirical data in the model and is 
based on behaviour. Hence, it was considered valuable to approximate the future load curve via 
the ABM of ZEnMo to define the maximum simultaneity rate and the maximum peak loads 
caused by the rise of the EV. Accordingly, the existing model of ZEnMo is expanded in this 
research to answer the main question. The ZEnMo model is developed in AnyLogic, a program 
that is based on the JAVA language.  
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 The DeeldeZon model 

Accordingly, this research uses and extends the existing model of ZEnMo, called the DeeldeZon 
Model (DDZ). DDZ is an ABM in which human behaviour within a neighbourhood is simulated. 
This behaviour takes place within the homes and mobility options that people have, resulting in 
specific energy demand at any time. The load curve is a result of many decisions of actors in the 
model. The operational decisions and strategies of the single actors are governed by institutions 
structuring the interaction in the model [67]. A schematic overview of the model is given on the 
next page. Only the EV is considered as the agent in the scheme. Note that this is not the only 
agent that is part of DDZ.    
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DDZ represents five different neighbourhoods in the south of The Netherlands: Maastricht 
Sphinxtuin, Venlo Zuid, Sittard-Geleen, Belfeld, and Wolder. The different neighbourhoods have 
different characteristics and distinguish commercial buildings from normal households. 
Subsequently, the households are divided into the categories presented in Table 3.1. Besides, 
shops, offices, education, healthcare, sport, and industrial buildings are considered separately 
for the electricity demand and are part of the commercial load.  The five residential areas in The 
Netherlands are characterized by their inhabitants, households, road network, and electricity 
grids. The human agents considered are adults and children. They control reactive agents such 
as households, EVs, and the electricity grid.  

The individual agents interact with each other and evolve in the residential load curve. Children 
and adults at home have different options of using electricity, electric cooking, and heating or 
cooling water and space. All households together form the household load. Adults belonging to 
the households can possess a BEV with a chance of 48% [68]. If no other adult of the same 
household is using a BEV, adults can drive to work, bring their children to school, or go on a trip 
to for example a leisure location. When an EV is not driving, and its state of charge (SOC) is lower 
than a certain threshold an adult decides to charge its EV. The charging point has different 
speeds, influencing the time needed to charge the battery and influencing the driver's 
behaviour, and vice versa. The household load, commercial load, and EV charging load are 
aggregated in the grid and evolve in the load curve per hour. The smart charging algorithm reacts 
to this total by drawing up a schedule in which EVs will or will not charge. New EVs that are also 
going to charge respond to this schedule by adjusting their charging schedule to the total load 
curve.  The elements forming the main pillars of the distribution load curve are given in equation 
3.1 and illustrated in the graph in figure 3.1.  
 
Residential load (h) : 𝐿𝑜𝑎𝑑 ℎ𝑜𝑢𝑟  (ℎ) = 𝐶𝑜𝑚𝑚𝑒𝑟𝑐𝑖𝑎𝑙 𝑙𝑜𝑎𝑑 (ℎ) + 𝐻𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 𝑙𝑜𝑎𝑑 (ℎ) +
ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝 𝑙𝑜𝑎𝑑 (ℎ) + 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑐𝑜𝑜𝑘𝑖𝑛𝑔 𝑙𝑜𝑎𝑑 (ℎ) + 𝑤𝑎𝑡𝑒𝑟 𝑡𝑎𝑝𝑝𝑖𝑛𝑔 𝑙𝑜𝑎𝑑 (ℎ) +
 𝐸𝑉 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑙𝑜𝑎𝑑 (ℎ) −  𝑠𝑜𝑙𝑎𝑟 𝑃𝑉 𝑙𝑜𝑎𝑑 (ℎ)                                                                                  (3.1) 
 

 

 

 

 
Figure 3.1 A graphical representation of the neighbourhood demand in kW. 

Source: Adapted from [35]. 
 

The residential load originating is subdivided into five categories [35]: 

• The historical baseload: a load of households and commercial buildings.  

• Electric cooking load: load originating from electric cooking.  

• Thermal loads: heating, ventilation, and air conditioning (HVAC)-systems dependent on 
the behaviour of people and weather conditions.  

HOUSEHOLD TYPE  

 Apartment Terraced Corner Semi-
detached 

Detached Commercial 

MAASTRICHT 127 1 2 0 0 14 
SITTARD-GELEEN 0 0 0 19 24 2 

VENLO-ZUID 29 44 9 2 1 9 
WOLDER 56 7 6 0 8 13 

VENLO BELFELD 50 0 0 8 12 7 

Table 3.1 Type of buildings per neighbourhood in the DDZ model. 

Table 3.1 Type of buildings per neighbourhood in DDZ model 
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• The PV supply load: the load residential households generate with the solar panels 
placed on their roofs.  

• The EV private and public charging load.  
 
The design of the model is based on geographical data (GIS) and building registers [69]. The data 
provided by building registers includes the location, floor area, and type of commercial buildings. 
Electrical load consumption patterns of commercial and residential buildings are provided by 
data from NEDU [70]. The technical features of the electricity grid are based on publicly available 
data of a Dutch distribution system operator (DSO). Weather data, including the hourly solar 
intensity and temperature, is provided by data from the Royal Dutch Meteorological Institute 
(KNMI) [71]. The chances of doing a particular activity are based on general CBS distributions. 
The number of electric vehicles and inhabitants is determined by the number of households and 
the different types of households. Every household has a maximum of two adults and three 
children. Finally, each household can have a maximum of two EVs depending on the number of 
adults living in it and the willingness of them to buy an EV.  

The remainder of this chapter first shows the choices for every part of the load curve made. 
Hereafter: the choices made for the model contributions of phase II are argued.   

 Phase I: The residential load curve in 2050 

As explained the residential load curve is subject to change until 2050. In this section, a scenario 
in 2050 is mapped. Relevant model assumptions are evaluated and, if necessary, adjusted to a 
scenario in 2050. The assumptions are divided into level 1 and 2 assumptions, giving the 
assumptions on a general model level (level 1) and an agent level (level 2). The level 1 
assumptions are considered in this section. The level 2 assumptions and formulas are considered 
and explained in Appendix C.  

 Historical household and commercial baseload 

To model the future residential load curve as realistic as possible the residential and commercial 
demand of electricity is derived from a historical load curve [70].  As the residential demand is 
expected to grow in the future [7] a yearly growth rate is considered. However, CBS [72] found 
that despite increasing use of electricity the household load did not grow significantly over the 
past few years. This is explained by the development of lower energy-consuming appliances and 
the insulation of buildings. The biggest growth in electricity demand originated from the arrival 
of the refrigerator and the computer. As comparable developments in the future are considered 
separately, no growth rate per year is considered in this load curve. 
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 HVAC system load  

The electrification of space heating and cooling is uncertain for 2050. However, very careful 
estimation of the International Energy Agency (IEA) states that heat pumps could account for 
roughly half of the energy consumption in buildings in 2050 [62]. However, the share of electric 
heating in 2050 is largely unknown. As the gas system changes drastically, some of the homes 
and businesses will be using fully electric heat pumps, while others will be heated by heat 
networks or using hybrid heat pumps powered by green gas or hydrogen. In the Dutch regional 
and national scenarios, the adoption of hybrid heat pumps is expected to be 20% by 2050. 
Following Netbeheer Nederland fully electric heat pumps will account for ~43% in 2050 [5].  
Despite the uncertainty about the share of the electric heat pump in the future energy system, 
an assumption is made that the number of heat pumps in households is 43% in 2050.  
 
DDZ distinguishes between air-to-water (AW) and water-to-water (WW) heat pumps. The AW 
heat pump uses the temperature outside to compress it to warmth and condenses this to water. 
A WW heat pump uses water from for example a lake and warms it with a heat exchanger. While 
both types of heat pumps are conceptually different, the operationalization costs are almost 
equal. AW pumps are more popular than WW heat pumps. Soil drilling needed for the 
installation of the WW pump in many places has become prohibited, because of the damage it 
brings to the environment and in particular groundwater [75]. Hence, in the research scenario 
of 2050, only the AW heat pump is considered in the model experiments [76]. Another 
distinction made in the DDZ model is the use of a single-stage or variable-stage heat pump. A 
single-stage heat pump has only one power setting. Accordingly, it switches on and off when the 
temperature is for example 5 degrees below or above the desired temperature, respectively. A 
variable-stage heat pump can operate at multiple power levels depending on the desired 
temperature. As flexibility in the energy system is becoming more and more scarce, the flexibility 
of the system of the variable-stage heat pump promises much for the future energy system. 
Besides, it provides better comfort as the temperature remains more stable, it can also be highly 

Model assumptions Data  Level   

• Baseload profile buildings based on historical data of 2017. [70] 1  

• Baseload households based on historical data of 2017. [73] 1  

• No growth rate is considered for the commercial and residential load curve 
in 2050. 

[72] 1  

• The future developments from 2017 until 2050 impacting the load curve 
contain the use of HVAC systems, solar PV, electric stoves, and electric 
transport.  

DDZ 1  

• The data of the profile factor in a year is gathered via NEDU. From the 
different load profiles, an average load profile of a company with less than 
2000 working hours is chosen for the non-food sector (E3A). For the food 
sector, an average load profile of a company with more than 5000 
working hours is chosen (E3D). 

[70] 2  

• Buildings in the food and non-food sector consume respectively 467 kWh 
and 81 kWh per square meter per year. 

[74] 2  

• Power consumption of different types of households per year. [73] 2  

• The load variation is incorporated to let the household demand profile vary 
per household and is uniformly distributed between 0.6 and 1. 

DDZ 2  

Table 3.2 Model assumptions made to calculate household and commercial load. Level 2 assumptions 
are explained in Appendix C. 
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valuable for advanced demand response. Accordingly only the variable stage heat pump with a 
typical maximum power of 4kW is considered during the model experiments [77].  
 
As the heating of households, heating water is currently largely dependent on the gas 
infrastructure in The Netherlands. Alternatives for the heating of water are the application of an 
AW or WW heat pump or by a domestic hot water heat pump (DHW). The DHW uses outdoor 
air to provide hot water. Unlike AW heat pumps, DHW only provides domestic hot water for 
showers, dishwashers, sinks, and other appliances where water needs to be heated for humans. 
DHWs work by delivering hot water through a centralized boiler or storage tanks separate from 
water [78]. For the sake of decreasing the number of parameters in the DDZ model, it is assumed 
that electricity demand for heating water is done by AW heat pumps only.  Accordingly, the 
electricity consumption of heating of water is not considered separately in the DDZ model and 
incorporated in the Heat pump electricity demand.  
 
While the gas consumption gradually stops until 2050, the current gas consumption is a good 
indicator for the electricity demand for the use of heating and cooling of space in 2050. Hence, 
in DDZ historical data of the gas supply from 2019 is used to project the future electricity demand 
for heating and cooling in households [79].  
 
Model assumptions Data  Level 

• Data for projecting the electricity demand for space/water heating and cooling 
in 2050 is derived from historical data of the gas consumption in 2019.    

[73] 1 

• Fully electric heat pumps are situated in 43% of the households by 2050. [5] 1 

• AW heat pumps account for all the different heat pumps in a neighbourhood.   [75] 1 

• All heat pumps are variable-stage heat pumps operating at a thermal energy 
level of 4kW.  For the heat pump, this is the same for cooling and heating and 
varies between 2.3- and 6-kW thermal energy depending on the type of 
household and its belonging gas consumption.  

[77] 1 

• Coefficient of performance (COP) WW and AW heat pump derived from 
historical data.  

[80] 2 

• Ambient temperature based on historical data of 2018. [71] 2 

Table 3.3 Model assumptions made to calculate the load of HVAC systems. Level 2 assumptions are 
explained in Appendix C. 

 Electric cooking load 

Contrarily to the heating of space and water, electric cooking is completely dependent on the 
behaviour of people in the neighbourhood. It is expected that electric stoves will replace gas 
stoves in 2050 [5]. Therefore, a scenario of 100% electric cooking in 2050 is assumed in this 
research. The power of the electric stove is dependent on the number of pits. The mean power 
of an electric stove now varies between 2 and 5 kW dependent on the number of pits in use 
[81]. As earlier argued, the energy consumption of electric appliances is likely to become lower 
due to the development of more energy-efficient equipment.  Hence, it is assumed that 1 kW of 
power is consumed per pit in use. As the number of pits in use and the chance distribution of 
cooking per hour is not expected to be significantly different in 2050 the current belonging 
values of these aspects are adopted from the existing DDZ model. 
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Model assumptions Data Level 

• 100% of the stoves become electric in 2050.  [5] 1 

• Chance distribution of inhabitant behaviour. DDZ 2 

• Per pit in use, it costs 1 kW of power. [81] 2 

• Chance distribution cooking per hour. DDZ 2 

• Chance distribution number of pits in use. DDZ 2 

Table 3.4 Model assumptions made to calculate the behavioural load. Level 2 assumptions are 

explained in Appendix C. 

 
Figure 3.2 Behavioural load input distributions in the DDZ model. 

 PV Load  

In the past years, the installed capacity of off-grid solar PV has grown more than ten times [82]. 
A large part of electricity produced by solar energy originates from PV panels installed on roofs 
of houses [18]. IRENA mapped that the share of wind and solar energy could theoretically meet 
86% of the power demand [83]. On a local scale, Tennet expects that in 2050 126 GW will be 
generated from renewable sources and 84 GW of that will be originating from locally generated 
solar energy. From the 86% of renewable energy, it is assumed that 57% of the generation will 
be originating from solar energy. We here assume therefore that 57% of the households will 
have solar panels on their roof by 2050 [10]. This assumption is a rough estimate, as it neglects 
the commercial decentral production of solar. The solar contribution is dependent on amongst 
others the efficiency of the solar cells and the solar irradiance [71]. The International Renewable 
Energy Agency (IRENA) [82] predicts that solar cell efficiency will grow in the future. It does, 
however, not give any prediction about the future efficiency of the solar cells. The PV efficiency 
is set to 22% in the 2050 scenario, where it is now 18% on average. The PV panels in the model 
can only generate power for the belonging houses. In chapter 2 the concept of PV panels feeding 
energy back into the grid, was noted. For scoping reasons, this concept is not considered in the 
model. The solar peak is mostly around noon and the peak in the load curve is mostly around 
the end of the day. Subsequently, the solar peak is not expected to have a significant influence 
on the peak on the load curve caused by the EV.  
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Model assumptions Data  Level  

• 57% of the households will have solar panels installed on their roof by 2050. [10] 1 

• The mean PV efficiency on household roofs in 2050 is 22%. [82] 1 

• The PV irradiance per hour is originating from the historical data of KNMI.  [71] 2 

• The installed area of PV is dependent on the size of the roofs of households. 
The area of the roof is different per building and derived from GIS data of The 
Netherlands.  

[31] 2 

Table 3.5 Model assumptions made to calculate the PV load. Level 2 assumptions are explained in 
Appendix C. 

 EV charging load 

The electricity demand of EVs depends on the state of charge (SOC) of the EV, the charging 
strategy, the charging power, and the time of the next planned trip. EV owners can charge their 
EVs at home or in public. Model assumptions regarding the SOC and the time of a trip are 
explained in chapter 3.4.2 involving driving behaviour. The peak load is originating from the 
moment and speed of charging of all individual cars. The charging speed is dependent on the 
location where the EV is.  An EV can park at different places having different types of chargers 
shown in figure 3.3.  Hence, the location of the EV is related to a certain charging speed in the 
model. The charging speed and the moment of charging determine how much power is used for 
charging the specific EV. 
 

 
 

Figure 3.3 A schematic overview of the different destinations an EV can have in DDZ. 

As the design of charging infrastructure in 2050 is still unclear, the assumptions are based on 
the current charging point power distribution in The Netherlands. Charging points at work and 
leisure locations are often also considered as private chargers; companies usually install 
charging points for use by visitors or employees [84]. When looking at the database of public 
chargers in The Netherlands now, for public charging  19%, 67%, 13%, 1% of the charging points 
respectively are charged by charging points with a power of 3.7kW, 11kW, 22kW, 50kW [36]. 
Private charging points have speeds differing from 3.7, 11, and 22 kW. As there is no specific 
information about the distribution of charging speed of the private charging points in The 
Netherlands, uniform distribution with a charging power of 3.7, 7.8, and 11 kW is used in the 
model [13]. Finally, the model contains unlimited charging points, as the goal is to find out what 
the charging need is. When having a constrained number of charging points, the charging need 
is not mapped out well.  
 
The charging strategy that is adopted in the model is smart charging. Chapter 2 already 
highlighted that smart charging is assumed to be an integral part of the future energy system as 
it is largely recognized in the literature. Different concepts of smart charging were shown. As 
currently, smart charging is only a limited part of the mobility system, it is chosen to base the 
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smart charging strategy solely on time-of-use electricity tariffs without automatic control. This 
is the most ‘basic’ smart charging strategy, that is not automated but based on human behaviour 
and financial incentives. The charging speed that is sometimes considered in the design of a 
smart charging strategy is not considered in the ABM. Where it is tempting to apply a 100% 
effective smart charging strategy, it is questionable if a 100% effective smart charging strategy 
is realistic as human behaviour stays the main driver of the load [57]. The RVO measured that 
the share of people that are actively applying a smart charging strategy is 20%. However, this 
was partly caused by the fact that not all people are yet familiar with smart charging. Moreover, 
the incentives for smart charging are limited. Accordingly, in the future system, it is expected 
that more people are familiar with smart charging and that more efficient incentives are created.   
In The Netherlands, research of E-laad [57] resulting from a pilot in which people actively 
participated in a smart charging strategy reported that 69% of the total charging sessions applied 
smart charging. Accordingly, in this thesis, it is assumed that 69% of charging sessions use a 
smart charging strategy.   
 

Model assumptions Data  Level  

• The electricity demand of EVs depends on the state of charge (SOC) of the 
EV, the charging strategy, the charging power, and the time of the next 
planned trip. 

[10] 1 

• For public charging 19%, 67%, 13%, 1% of the charging points respectively 
are charged by charging points with a power of 3.7kW, 11kW, 22kW, 50kW 

[82] 
 

1 

• The private, leisure, and work charging power amount to 33% of the 
charging sessions 3.7, 7.8, and 11 kW.  

[13] 1 

• Apartments have no access to private parking places; EVs belonging to an 
adult who lives in an apartment are charged via a public charging point.  

DDZ 1 

• No limit is set on the number of chargers in the model, to find out what the 
charging need of the consumers is.  

- 1 

• Of the EV users, 69% of the charging sessions use a smart charging strategy 
and are incentivized to charge during off-peak hours.  

[57] 1  

• The smart charging strategy involves that the moment of charging is 
adopted to the off-peak hours and the charging schedule of other EVs.   

-  

Table 3.6 Model assumptions made to calculate the EV charging load. Level 2 assumptions are 
explained in Appendix C. 
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 Phase II: Model contributions  

Now that the assumptions about the 2050 scenario have been substantiated, the model 
contributions and their belonging assumptions are explained in this section. First, the SEV is 
added to the current DDZ model. Second, a deeper layer is applied by modelling different driver 
behaviour patterns.  

 The SEV modelled 

The lower energy consumption and energy yields of the SEV can influence the state of charge 
(SOC); the SEV owner, in general, has less incentive to charge its EV than the BEV owner.  

 
 

The SOC (%) of an EV is initially randomly distributed, ranging between 0 and 100% per EV. For 
both the SEV and the BEV the battery capacity is 60 kWh. The SOC decreases when an EV is 
driving. The SOC decreases depending on the distance driven and WLTP energy consumption 
(Wh/km). The WLTP energy consumption for the SEV and BEV are different depending on their 
technical characteristics. The SOC per hour is determined in the following formula: 
 

𝑺𝑶𝑪𝑩𝑬𝑽 (𝒉 +  𝟏) =  𝑺𝑶𝑪𝒃𝒆𝒗 (𝒉) −
𝐃(𝐡) ∗ 𝐸𝐵𝐸𝑉

𝐁𝐁𝐄𝐕
    (3.2) 

 

 
Table 3.8 Symbol definitions of formulas used for modelling the SEV. 

 
The SOC is a parameter that changes over time; accordingly, the h represents the hour of the 
day. The SOC formula is different for the SEV. The solar range, the extra range gained from solar 
electricity, gives the extra SOC gained by solar energy. The SOC is limited to a battery capacity 
of 100% in the model as a higher SOC is not possible.  
 

𝑺𝑶𝑪𝑺𝑬𝑽(𝒉 + 𝟏) =  𝑺𝑶𝑪(𝒉)𝑺𝑬𝑽 −
(𝑫(𝒉)−𝑺 (𝒉)[𝑘𝑚])∗𝐸𝑆𝐸𝑉 

𝐁𝐒𝐄𝐕
  (3.3) 

 

Technical characteristics SEV and BEV SEV  BEV 

• Battery capacity [kWh] 60 60 

• Energy consumption (WLTP) [Wh/km]  83 152 

• Range [km] 725 395 

• Cell efficiency is 2050[%] 25% - 

• Cell area [m2]  5 - 

• Drivetrain efficiency [%] 91% - 

• Shadow factor [%] 30%  - 

• Solar irradiance [Wh/m2] [71] - 

Table 3.7 Technical characteristics SEV and BEV. 

Symbol Definition 

SOC (h)  State of charge [%] per hour (h) 
D (h) Drive distance [km] per hour (h) 

E WLTP Energy consumption [Wh/km] 

B Battery capacity [wh] 

S Solar range [km] 

Si Solar irradiance [Wh/m2] 

De Drivetrain efficiency 

Sa Solar cell surface in m2 

EI (%) Electrical efficiency (%) 
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Data of the KNMI [71] from 2018 is used to determine this solar irradiation per hour. The 
assumption here is that solar irradiation will not change significantly from 2021 up to 2050. The 
efficiency of the electric drivetrain and the shadow factor determines how much solar irradiation 
is converted into kinetic energy. Cobbenhagen [85] found that on average 30% of solar 
irradiation is blocked by buildings.  Accordingly, the shadow factor, meaning the percentage of 
time that the SEV is in the shadow is set to 30%. Finally, a cell efficiency of 25% is used, which is 
higher than the current cell efficiency of 22%. Like the solar PV installed on the roofs of 
households, solar cell efficiency is expected to grow. It is here assumed that solar cell efficiency 
increases by at least 3% up to 2050. The solar range is determined by equation 3.4:  
 

𝑆 = 𝑆𝑖 (ℎ) ∗ Sa ∗  𝐷𝑒 ∗ 𝑆𝑎 ∗ (1 −  𝑠ℎ𝑎𝑑𝑜𝑤 𝑓𝑎𝑐𝑡𝑜𝑟)/E (3.4) 
 

In this calculation, the drivetrain efficiency plays a role. This is determined by the cell efficiency 
and the drivetrain efficiency of the SEV.  
 

𝐷𝑒 = 𝐶𝑒𝑙𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ∗ 𝐸𝐿_𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦   (3.5) 
 

The values of the cell efficiency and drivetrain efficiency are presented in Table 3.7.  
 

Model assumptions Source  Level 

• Data from the KNMI from 2018 is used to determine this 
solar irradiation [kWh/m2/hour]. The assumption here is that 
solar irradiation does not change significantly from 2021 up 

to 2050. 

[71] 1 

• The shadow factor, meaning the percentage of time that the 
SEV is in the shadow is set to 30%. 

[85] 1 

• It is assumed that solar cell efficiency will grow by at least 3% 
up to 2050. 

LY 1 

Table 3.9 Model assumptions made to compare the SEV with the BEV in DDZ. 

 Driving behaviour modelled  

Optimizing the use of the charging infrastructure requires a better understanding of how to 
distinguish user groups, establishing their charging profile, and how this differs to the extent of 
the average Dutch driver. For example, what additional charging demand is expected when 2% 
of the inhabitants are extreme travellers, charging their car at home? Studying the charging 
behaviour of different user groups helps to plan in sufficiently maintaining the capacity of the 
grid and charging infrastructure. In this research the following user behaviour characteristics are 
distinguished:  

• The trip chance: The chance of a certain trip taking place.   

• The departure time: The moment of home departure.   

• The trip distance: The distance of a trip.   

• The duration of a trip: The time between the moment of home departure and arrival.  

• The SOC threshold: The value of the SOC that incentivizes the user to charge its car 
when the SOC is below this value.  

Before defining the different user groups the average Dutch driver (resident) is described and 
forms the base of the population in the model. Subsequently, additional charging profiles are 
sketched, based on data that could be found to define deviant user groups.  Therefore only 53% 
of the population in DDZ is defined as the average driver. The other 47% exists of deviating user 
profiles, extreme commuters, Ride-hail drivers, and long-distance drivers. 
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Figure 3.4 Distribution of different types of EV users. 

3.4.2.1 Data  

After a thorough literature analysis, it was concluded that no precise predictions could be 
executed. A report of Transport & Environment [13]  stated that “data on the distance travelled, 
departure/arrival times and trip duration are very scarce for cars and even more for BEVs 
nowadays”.  Where data about the EV charging behaviour is lacking in the public body of 
literature, some contradictory findings of the EV user behaviour were shared. On a European 
level, the average km per year is 12.000 km for ICE vehicles, the BEV drives on average about 
20.600 km per year, 42% more than the average ICE vehicle in 2019 [13].  However, sensitive 
data from LeasePlan proved the opposite. As the results of the BEV user behaviour 
characteristics are contradictory, the data of the ICE vehicle user behaviour is used for this 
research. General data about the average distance and departure times of Dutch ICE vehicles is 
found via sources of the CBS [24]. However, not all required information could be found for the 
typical Dutch driver.  Hence, a source studying the drive cycle behaviour of states in America 
presented by the National Renewable Energy Laboratory (NREL) of the US is additionally being 
used. In this research, the state of California is taken as the most representative as its population 
density (632 inhabitants per m2) is the most comparable to the Dutch population density (508,2 
inhabitants per m2) [86] [87]. Finally, the SOC threshold is derived from a statistical analysis of 
EV charging behaviour executed in the UK, as no Dutch information about this type of driver 
behaviour was found beforehand.   
 

3.4.2.2 Average Dutch driver 

The average Dutch driver characteristics that account for 53% of the people in the adults in the 
model are revealed in this section. The driver characteristics mentioned before differ per type 
of trip. The DDZ model distinguishes between, weekend, day, evening, and work trips. The 
distributions and the driver characteristics that are different depending on the trip type are 
presented in Table 3.10 The assumptions and reasoning made for this distribution are described 
in Appendix D. The personas that deviate from the average Dutch driver are described below.   
 
 
 
 
 
 
 
 
  

Figure 3.5 Different types of trips defined in the DDZ model. 
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 Chance distribution of going 

on a trip 
Trip duration distribution 
[hours] 

An average 
distance [km] 

Work 37% Uniform (6 – 8) 24 [24] 

Evening 31% Uniform (0.25 – 1.5)  16.3 [24] 

Weekend 31% Uniform (0.25, 3) 13.5 [24] 
Day 31% Uniform (0.25, 3) 16.3 [24] 

Table 3.10 Driver characteristics differing per type of trip in the DDZ model. 

Long-distance commuter (10%) 
The first group is the Long-distance commuter. About 10% of the passenger car drivers drive 
more than 125 km per day [36]. These cars are charging frequently during weekdays. For this 
group, the driving distance distribution is adapted to the distribution in figure 3.6. During the 
weekend, day, and evening trips they are assumed to have the same charging behaviour as the 
‘average Dutch driver’ defined earlier.  

 
Figure 3.6 Distance distribution for the Long-distance commuter. 

Ride hail drivers (3%) 
Another user group, representing 7% of all charged sessions and 3% of the population, are ride-
hail drivers [31]. This group represents electric taxis and comparable mobility services like Uber 
and Lyft. Taxis are often connected to fast chargers with a peak during lunchtime. Given that the 
average taxi driver drives ~132 km per day and the average driving distance for a Dutch driver is 
18 km, it is here assumed that a taxi driver drives 132/18 = 7 trips per day [88] [89]. For ride-hail 
services, such as Uber and Lyft, the cars are often charged overnight, as the cars belong to the 
drivers themselves. The share of ride-hail services is growing rapidly [90]. Accordingly, for the 
year 2050 only ride-hail drivers are considered in this research. 
 
Long-distance travellers (34%) 
The third user group is the long-distance traveller; a person that frequently goes on a trip of 
more than 180 km.  In The Netherlands, 85% go on holiday, of which 75% travels across borders 
[91]. As earlier defined 53% of the adults possess a car. For the sake of simplicity, it is assumed 
that all people possessing a car go by car on their long-distance trip. The share of people 
traveling abroad by car three times per year is then ~34%. The average long-distance trip 
estimated by NREL is 367 km [92]. It is here assumed that the trips across borders are (almost) 
always more than 180 km driving [92]. Therefore, the share of people traveling abroad is 
considered as a valid indication of the share of the user group of long-distance travellers. 
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 Model verification 

An important question when using a model is “did we build the thing right?”. Due to the 
complexity of the ABM, verification in the modelling process has been continuously executed 
during every change in the model. The complexity is originating from the different agents, 
different interactions, and different states the agents can be in.  Furthermore, the fact it has 
been searched for an emergent pattern not known in advance makes verification inexplicable in 
the research.  The verification has been done continuously step-by-step for every change in the 
model, following steps of the methodology of Deguchi [67]. This methodology and part of the 
application of the verification steps in this research are further explained in Appendix E.  

 Model experiments 

Multiple experiments are simulated for the week of the 21st of January. This week specifically 
has been chosen as it reflects the coldest day of the year 2017 [70]. As the temperature is 
expected to be strongly related to the electricity consumption it is expected that the coldest 
week of the year will trigger the extremes in the load curve. Moreover, a scenario is simulated 
with the highest solar irradiance to see the impact of the solar panel during sunny conditions.  
  

 Model assumptions Data Level   

1. 59% of the population in DDZ is defined as the average driver. The 
other 41% exists of deviating user profiles, Long-distance travellers, 
Ride-hail drivers, and long-distance commuters. 

DDZ 1  

• The data of the ICE vehicle is assumed to be sufficient to indicate the 
Dutch EV user behaviour.  

- 1  

• Departure time is based on departure time data Ovin.  [89] 2  

• The SOC threshold is fixed to the same distribution for all types of 
users in this research.  70% of the people decide to charge when the 
SOC is between 25% and 75% and the other 30% charge when the 
SOC is above 75%.  

[93] 2  

• There are four types of trips: weekend, day, evening, and work trips. DDZ 1  

• When an adult possesses a car and does not go to work, it can go on 
a day or weekend trip.   

- 2  

• In The Netherlands, ~54% of adults possess a car.  [94] 2  

• From the Dutch inhabitants, 68,7% go to work of which 50% go by 
car.  

[94] 2  

• About 10% of the passenger car drivers drive more than 125 km per 
day. 

[36] 1  

• About 3% of the population are ride-hail drivers, driving on average 
132 km per day in 7 trips.  

[31] 
[88] 

1  

• The share of people traveling abroad by car driving more than 180 
km in one trip is ~34%. 

[71] 1  

Table 3.11   Model assumptions made about the EV driver behaviour. Level 2 assumptions are 
explained in Appendix C. 
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Table 3.12 Maximum and minimum temperature in 2017. 
Source: Adapted from [70]. 

 
“Never trust a single run of an ABM”, was the lesson of Igor Nikolic a professor at the TU Delft, 
who specialized in agent-based modelling. As the behaviour in the model is unpredictable the 
model is run 10 times for each experiment. Accordingly, it is derived to what extent the model 
outcomes differ. This variation is considered in the final system cost estimation in the results. 
An average of the peak loads and the maximum simultaneity rates measured per run of the 
experiment is used for the system costs calculations.  Accordingly, experiments 0, 1, and 2 were 
executed, representing the experiments differing between an urban, suburban, and rural 
neighbourhood. All additional experiments and their parameter settings can be found in 
Appendix F.  
 

Experiments configuration Experiment 0  Experiment 1 Experiment 2 

urbanization degree urban suburban rural  
strategy smart charging smart charging smart charging 
Number of EVs (a, b) 100% BEV/100% SEV 100% BEV/100% SEV 100% BEV/100% 

SEV 
Persona (Commuter; Ride-hailer; 
Traveller) 

10/3/28% 10/3/28% 10/3/28% 

public charging power 3.7; 11; 22; 
50 

19/67/13/1 % 19/67/13/1 % 19/67/13/1 % 

private charging power 3.7; 7.8; 
11 kW 

uniform uniform uniform 

Table 3.13 Parameters, variations, and the base scenario. 

 Summary  

This chapter answered the question: “How to approximate the future residential load curve? “. 
To enable this an existing ABM that is made by ZEnMo Simulations is extended. The model 
approximated the future load curve when there is 100% BEV penetration. Two model 
contributions were added during this research. First, the SEV was modelled in the DDZ model. 
Second, the Dutch driver behaviour was revised and based on data of Dutch drivers. Also, 
deviant personas were added to amplify the effect of the individual behaviour on the emerging 
load curve.  Finally, where most of the model assumptions were unsubstantiated by 
governmental plans or literature first, this research sketched a scenario to base the model 
assumptions on some of the plans for 2050 in The Netherlands. As the time span until 2050 is 
long, many uncertainties are still included in the scenarios.   
 
 
  

Extreme weather conditions 2017  

Min temp [°C]  -8,7  21-jan 

Max solar 
irradiance[kWh/m2/h]  

0.194  30 May   
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Chapter 4:  The cost-benefit 
analysis 

Based on the shape of the load curve in phase II the local capacity requirements and national 
capacity requirements of the infrastructure are determined. Subsequently, the third research 
question is answered: “How to determine the system costs of future electric mobility?”. Note that 
this chapter merely examines the method of determining the system costs of future electric 
mobility. In Appendix G the real calculations following the steps in this chapter are illustrated. In 
chapter 5 the results are presented.  

 A cost-benefit analysis (CBA) 

To determine the system costs of the BEV and the SEV separately a cost-benefit analysis (CBA) 
has been executed. A CBA is a tool often used for policy analysis that attempts to monetize all 
costs and benefits of a proposed action to determine the net benefit [95]. It gives insight into 
the positive and negative effects of this proposed action on the welfare of society [96]. In this 
research including the SEV in addition to the BEV in the future energy system is the “proposed 
action”. A CBA provides insights into the social welfare effects of the change expressed as the 
balance minus the costs (in euros). The advantage of a CBA is that the effects of various scenarios 
are compared and evaluated. The disadvantage is that CBAs deal with the uncertainty of the 
future and that not all effects are easy to quantify.  In practice, there are often effects we cannot 
determine with any accuracy at all [95]. However, a CBA is useful to present what is known about 
the effect on system costs of different mobility types.  

 Phase III: From local to national capacity requirements 

After modelling the future load curve and the impact of the BEV and the SEV on it in chapter 3, 
the local capacity requirements were determined.  

  Local capacity requirements 

Chapter 2 concluded with the research flow. One of the steps that are described is the 
determination of the local capacity requirements. Chapter 2 also showed that the local capacity 
requirements are based on the maximum simultaneity rate and the peak loads for the charging 
infrastructure and the grid. Both metrics are derived from the approximated local load curve 
that is described in chapter 3. The calculation of the local capacity requirements is explained in 
this section.   

4.2.1.1 The charging infrastructure 

For the charging infrastructure capacity requirements, it is necessary to know how many 
charging points are required in 2050. Chapter 2 explained that the local capacity requirements 
in this research are based on the ratio of EVs charging at the same time to the number of EVs in 
a neighbourhood; the maximum simultaneity rate [39]. The maximum simultaneity rate is 
derived from the approximated load curve and was calculated by equation 4.1a. The number of 
charging points required is equal to the maximum simultaneity rate of charging times the 
number of EVs in a neighbourhood and the occupancy ratio. In the CBA the different prices of 
charging points with different charging speeds are distinguished. Moreover, the occupancy 
factor representing the ratio between the real occupancy of the charging point and the effective 
time of charging influences the local number of charging stations needed. Following Wolbertus 
[33] an EV in The Netherlands on average charges 20% effectively of the time that it is connected 
to a public charging station. Therefore, the occupancy ratio is set to 5.  Private charging stations 
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were not considered, as these are considered in the estimation of the product-level cost, which 
is not part of the analysis. The local capacity requirements calculation is given in equation 4.1.  
 

𝑇ℎ𝑒 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑠𝑖𝑚𝑢𝑙𝑡𝑎𝑛𝑒𝑖𝑡𝑦 𝑟𝑎𝑡𝑒 𝑝𝑒𝑟 𝑐ℎ𝑎𝑟𝑔𝑒𝑟 𝑡𝑦𝑝𝑒 (𝑆(𝑥)) =
𝐸

𝑃(𝑥)
∗ 𝑇(𝑥)     (4.1a) 

𝐿𝑜𝑐𝑎𝑙 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 𝑝𝑒𝑟 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑢𝑟ℎ𝑜𝑜𝑑 = ∑ 𝑆(𝑥) ∗ 𝑁 ∗ 𝑂 4
𝑥=1    (4.1b) 

 

 

4.2.1.1 The grid 

The grid infrastructure is dimensioned in a way that the rated capacity of the grid assets is equal 
to the energy demand it is subject to.  Accordingly, the capacity requirement of the grid is based 
on the peak loads that are predicted in 2050. The peak loads are derived from the ABM described 
in chapter 3. Similar to the former MV grid reinforcement system cost calculations of 
Verzijlbergh [40], this research distinguishes between LV transformers and cables as the main 
assets for the system cost calculations.  The total load on LV transformers is measured in 
apparent power in Volt-Ampere (VA). The apparent power in kVA is the active power in kW 
divided by the Reactive Power (cos(φ)=0.9) [36]. A transformer is replaced by a type with a 
higher capacity when the threshold value is violated by the maximum peak load. A replacement 
by a heavier type of the same component is assumed here. The transformer capacities given by 
Enexis are clustered in 5 different transformer capacities of 100, 160, 250, 400, and 630 kVA. 
Following the Dutch Electricity act of 1998 grid operators are required to have sufficient reserve 
capacity [45].   Accordingly, a safety margin of 10% is included in the calculation of the capacity 
requirements of the grid. In this safety margin, the average energy loss of the grid of 
approximately 5% is also considered [97]. 
 

 
 

Parameter definition 
S (x) = The maximum simultaneity rate per charger type (x)  
  x= 1….4 for charging points 3.7 kW, 11 kW, 22 kW and 50 kW 
E = The maximum electricity consumption of the EVs measured over a week.   
P(x) = The speed of charger type (x)  
T(x) = The share of available chargers of type (x) 
  x= 1….4 for charging points 3.7 kW, 11 kW, 22 kW and 50 kW 
N = number of EVs 
O = Occupancy ratio  
 
 

 
Example charging infrastructure capacity requirement 
From the DDZ model it is derived that in a year the maximum charging simultaneity rate is 20% for the 
BEV and 10% for the SEV in an urban neighborhood. The average distribution of the use of different 
chargers is uniformly distributed over 3.7, 11-, 22- and 50-kW chargers. The extra local charging 
capacity needed of the BEV compared to the SEV is 10 charging points in total as there are 100 EVs 
operational in the urban neighbourhood. As all types of chargers are used 25% of the time, the needed 
charging requirement per charging type is 2.5 per charging type. However, as the charging stations are 
occupied 5 times more than effectively needed, the charging requirement is set to 12.5 per charging 
station type, resulting in a requirement of 50 charging points in the neighbourhood (note that this 
block presents an example, not a result.) 

Example transformer capacity requirement calculation 
The current transformer of Maastricht Sphinxtuin has a capacity of 100 kVA. The peak load in the year 
2050 for a consumption of 100 households appears to be 119 kW. Taking a safety margin of 10% the 
capacity requirement increases to 131 kW. Converting 131 kW to the apparent power (kVA) the 
capacity requirement of the grid equals 130/0.9 = 145 kVA. The apparent power of the transformer 
must be higher than 162.5 kVA. Accordingly, the transformer is replaced by a transformer of 240 kVA.  
(Note that this block presents an example, not a result.) 
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Before calculating the local grid capacity requirements, it is necessary to know the status of the 
Dutch LV grid. Therefore, grid asset information of internal research of different DSOs in The 
Netherlands has been used. Data of 5000 transformers and 88.000 cables are used. Currently, 
there are in total 13.000 transformers and 600.000 cables for the electricity distribution in The 
Netherlands [5] [98].  
 

 
Figure 4.1 Transformer capacity distribution of 5000 transformers in the Enexis area. 

[Information obtained via internal data Enexis (2007)] 

 
To conclude about what assets need to be replaced and by what kind of assets it is necessary to 
know more about the grid current asset capacity. However, no more detailed information than 
figure 4.1 illustrates the current capacity of the transformers in The Netherlands was available. 
Hence, current capacities are estimated based on the former grid design method.  While this 
method has changed over the years, here we assume that the capacity of the currently 
operational transformers is based on a method of ten years ago 4. The method bases the capacity 
requirement on the historical peak load and the yearly peak load growth of 1% [18]. 
   

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝑓(𝑥) = 𝐻(𝑥) ∗ 1.01𝑙 ∗ (1 + 𝑠)   (4.2) 

 

 

Equation 4.2 is applied in the ABM that was described in chapter 3. The historical peak load H 
was measured in apparent power (kVA), in urban, suburban, and rural areas. The historical peak 
load is taken in the year 2010 and the lifetime l is set to 40 years [40]. A safety margin of 10% is 
assumed. Moreover, the planned capacity of the transformer that is placed in 2010 is considered 
in this research to be representative of all transformers in The Netherlands. While this is a strong 
assumption, it gives the first estimation of the current level of the transformer capacity. 
 
Next to the capacity requirements of the transformers, the capacity requirements for the cables 
in the grid are considered in the cost calculations. The capacity requirements of cables exist of 
(1) the total length of the cables and of (2) the cable capacity measured in active power (kW).  
When the capacity limit of a cable is exceeded, cables are, like the transformers, replaced with 
a higher capacity type over the entire cable segment that was overloaded. It is assumed here 
that the replaced cable is always of aluminum type 150 (AL 150). When AL 150 is overloaded it 
is replaced by 240 AL  [36]. Due to the network complexity of the cables as sketched in section 
2.2.2 a full insight into the Dutch LV grid capacity is lacking [99]. Most LV cables in The 

 
4 It appears that the design method has changed in the past ten years due to the increasing fluctuations 
and unpredictability of the load curve because of the nascent energy transition. 

Parameter definition 
H (x)= The historical peak load of neighbourhood x.  

x = 1, 2, 3 for urban, suburban, and rural neighbourhoods. 
S = safety margin  
l = lifetime of a transformer 
  
  x= 1….4 for charging points 3.7 kW, 11 kW, 22 kW and 50 kW 
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Netherlands have unique properties and vary in cable type, cable length, and the number of 
connections to the cable [36]. It is considered too detailed to use all different cable types and 
thicknesses for this research. Moreover, following the interview with an asset manager of a DSO 
in The Netherlands, no link has been established between the different types of cables and the 
urbanization degree. Hence, this research uses former Ph.D. research [98] of Nijhuis that has 
been used, that clustered 88.000 cables in the network of a Dutch DSO into 26 common clusters 
accounting for 71.3% of the total LV network of this specific DSO.  The top 5 of the clusters 
accounting for 35% of the Dutch distribution network are used to sketch the different cables in 
the distribution network. The distribution of cable types in figure 4.2 shows the distribution used 
for the system cost calculations in The Netherlands in this research.  

 
 

Figure 4.2 Cable capacity distribution of 88.000 cables. 
Source: Adapted from [36]. 

 

The cable capacity is calculated in terms of the active power in kW. It is assumed that only 3-
phase connections are placed in the neighbourhoods as this is currently the standard type of 
connection [36].  For 3-phase connections, the active power in kW is equal to current (A) times 
the voltage (V), divided by 1000. Like the transformer for the cable capacity, a safety margin of 
10% is assumed.  
 

TYPE CAPACITY [A] CAPACITY [KW] 

50 AL  115 26.4 
95 AL 175 40.25 
150 AL 230 52.9 
50 CU 125 28.7 
70 CU 155 35.65 

Table 4.1 Cable properties. 
Source: Adapted from [38] [36]. 

 
Now there is an estimation about the status of the grid and the capacity requirement, it is 
necessary to know how the dimensions of the cables are determined. The average number of 
customers per cable is 23 households [36]. Hence, the number of cables is estimated by the 
number of households in a neighbourhood divided by 23.  The total electricity grid in The 
Netherlands alone consists of 600.000 cables that account for 300.000 km of LV cable and 8 
million connections [98]. As in the ABM model, the number of households per type of 
neighbourhood varies, the average length of the cables per household is determined by dividing 
the number of connections divided by the total km of the cables in The Netherlands: 37.5 meters 
per household. A senior asset manager at a DSO in The Netherlands stated that the length of the 
cable differs per type of degree of urbanization; the cables are longer in rural areas and shorter 
in urban areas (see Table 4.2).  The length of the total cables per neighbourhood is the number 
of household connections times the average length of the cable per neighbourhood. When an 
urban neighbourhood has 129 grid connections the cable length is estimated at 3870 meters. 
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Table 4.2 Cable dimensions per type of neighbourhood. 
Source: Adapted from [98]. 

 

 National capacity requirements 

Now the method of determining the local capacity requirements is defined, the requirements 
are extrapolated to national capacity requirements. Three neighbourhoods are simulated 
distinguishing between rural, suburban, and urban characteristics.  The characteristics of these 
areas are stated below in Table 4.3 [100].  Looking in the DDZ model; Maastricht Sphinxtuin, 
Venlo-Zuid, and Venlo Belfeld are respectively belonging to the areas that are called urban, 
suburban, and rural, having 130, 88, and 43 households, respectively.  
 

Urbanization category People per km2 

Urban <1500 

Sub-urban < 1000 and >1500 

Rural <1000 

Table 4.3 The definition of rural, suburban, and urban defined by the CBS. 
Source: Adapted from [100]. 

 
The assumption here is that specific reinforcement costs per different neighbourhoods are 
representative of the rest of The Netherlands. While this is a strong assumption, it gives the first 
estimation on the range of system costs needed to promote the mass deployment of BEVs and 
SEVs in The Netherlands. The system costs per neighbourhood are extrapolated to the ratio 
between the different types of areas in The Netherlands shown in figure 4.3.  

 

Figure 4.3 Division between rural, suburban, and urban areas in The Netherlands. 
Source: Adapted from [101]. 

 

Cable dimensions number of 
households 

Number of cables 
per neighbourhood 

meter cable 
per 
household 
(m)  

 meter cable 
needed in the 
neighbourhood 
(m)  

Urban  129 5.6 25  3870 

sub-urban 85 3.7 37.5  3187.5 

rural 43 1.9 50  1935 

Example cable capacity requirement calculation 
In Maastricht Sphinxtuin, the peak load in the year 2050 for a consumption of 130 households appears to 
be 185 kW. The number of cables is 130/23 = 5.6. This means that the capacity of the cables in total is 
calculated by multiplying the capacity of the cable’s times 5.6. In this case it is assumed that the capacity 
of all the 50 AL cables for all urban areas in The Netherlands is exceeded as the 50 AL cables have a 
capacity of 26.4 * 6 * 1.10 = 174.2 kW including the safety margin of 10%.   This means that in urban areas, 
12.6 % of the 50 AL cables need to be replaced, by a 150 AL cable with a capacity of 214 kW.  (Note that 
this block presents an example, not a result.)  
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As there are currently ~8 million households in The Netherlands the number of urban, suburban, 
and rural neighbourhoods could be determined [101]. Subsequently, the capacity requirements 
are scaled up proportionally to national requirements.  
 

Neighbourhoods in The Netherlands 

The number of households in The Netherlands. 8M 
The average number of households per neighbourhood. 96 
The number of neighbourhoods The Netherlands. 85.000 
The number of neighbourhoods urban (47%). 40.000 

The number of neighbourhoods suburban (29%). 25.000 
The number of neighbourhoods rural (24%). 20.000 

Table 4.4 The number of urban, suburban, and rural neighbourhoods in The Netherlands. 
Source: Adapted from [101]. 

 

 Phase IV: The system costs 

Out of the national capacity requirements, the system costs are calculated. Therefore, the 
system costs for both the SEV and the BEV are indirectly derived from the DDZ model. Here the 
final equations used for calculating the system costs are explained.  

 Charging investment need 

The capital expenditures (CapEx) of the charging infrastructure are mainly dependent on the 
costs for the charging points and the installation of the charging points. The costs vary according 
to the power of the type of charger.  Equation 4.3 shows how the charging investment costs are 
determined of which the x is defined in Table 4.5.  
 

𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑛𝑒𝑒𝑑 = ∑ ∑ 𝑆 (𝑥)  ∗   𝑁𝑒𝑣 ∗ 𝐶(𝑥)5
𝑥=1 ∗  𝑁(𝑛)

3

𝑛=1
   (4.3) 

 

 
 
The asset costs of the different chargers are derived from Transport & Environment [13] and are 
illustrated in Table 4.5. Only the capital expenditures (CapEx) of the charger are considered 
expressed in installation, equipment, and grid connection costs. The operational expenditures, 
such as maintenance costs, are not expected to be different for the use of the BEV and the SEV 
and are not considered. The life length of a charging spot is estimated at 10–15 years [102]. 
Hence it is assumed that the status of the charging infrastructure is not necessary to consider 
when calculating the costs of the charging infrastructure. Finally, no learning effects were 
considered in these prices.  
  

Parameter definitions 
S (x) = The maximum simultaneity rate per charger type (x)  
Nev = The number of EVs that are available in a neighbourhood 
C (x) = Costs in € per charger type (X).  
   x= 1….5 for charging points 3.7 kW, 11 kW, 22 kW and 50 kW. 
N (n) = The number of type n of neighbourhood on national scale. 
  N = 1, 2, 3 for urban, suburban, and rural neighbourhoods. 

https://en.wikipedia.org/wiki/Euro_sign
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x Charger CapEx 2020 [€] 

1 Public 3.7 kW €3400, - 

2 Public 11 kW €3950, - 

3 Public 22 kW €4500, - 

4 Public 50 kW €31000, - 

Table 4.5 Costs of different charging stations. 
Source: Adapted from [13]. 

 
The costs of the leisure location and the weekend trip chargers are assumed to be equal to the 

chargers at work.  

 Grid investment need 

Capacity requirements of the grid have historically been dependent on the expected peak 
demand [18]. The total costs of the grid are the replacement and energy loss costs of all grid 
assets. Similar research of Lukzo [40] calculating the system costs for the MV grid, used equation 
4.4 for the calculation of the system costs of the grid. In this research study equation, 4.4 has 
been derived from Lukzo’s research [40]. Only the energy losses are not considered, as these are 
considered in the safety margin of 10% that was validated by a senior asset manager of a DSO 
in The Netherlands. 
 

𝐺𝑟𝑖𝑑 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑛𝑒𝑒𝑑 = ∑ (𝐶𝑡𝑟𝑎𝑛𝑠 + 𝑙𝑐𝑎𝑏𝑙𝑒  𝐶𝑐𝑎𝑏𝑙𝑒) ∗ 𝑁(𝑛)
3

𝑛=1
  (4.4) 

 

 
 

The transformer and cable costs are given in Table 4.6 and Table 4.7 and are derived from the 

internal data of a DSO in The Netherlands. The costs of the 150 AL cables are estimated at €47, 

- €42, - and €37, - per meter for urban, suburban, and rural areas. These are determined in 

response to an interview that was held with a DSO in The Netherlands. If the 150 AL cables have 

been overloaded these 240 AL cables are replaced at additional costs of €12, - per meter. As the 

charging infrastructure, only the CapEx is considered in the cost calculations.  

Table 4.6 Costs of transformer reinforcements. 
[Information obtained via internal information of a DSO in The Netherlands.] 

  

Costs of transformer reinforcement 

Trafo category Material & 
installation 

material 

Installation 
costs 

Total (excl.) Taxes (10%) Total (incl.) 

[kVA] [€) [€) [€) [€) [€) 
100 kVA  € 4,000  € 1,000  € 5,000  € 500  € 5,500  
160 kVA  € 6,000  € 1,000  € 7,000  € 700  € 7,700  
250 kVA  € 7,000  € 1,000  € 8,000  € 800  € 8,800  
400 kVA  € 11,000  € 1,000  € 12,000  € 1,200  € 13,200  
630 kVA  € 16,000  € 1,000  € 17,000  € 1,700  € 18,700  

Parameter definitions 
Ctrans = The material and installation costs of a transformer. [€] 
Ccable = The material and installation costs for one kilometre of cable [€] 
Lcable = Length of a cable [km] 
N (n) = The number of type n of neighbourhood on national scale  
  N = 1, 2, 3 for urban, suburban, and rural neighbourhoods 
 
 
    
  N = 1, 2, 3 for urban, suburban, and rural neighbourhoods 

https://en.wikipedia.org/wiki/Euro_sign
https://en.wikipedia.org/wiki/Euro_sign
https://en.wikipedia.org/wiki/Euro_sign
https://en.wikipedia.org/wiki/Euro_sign
https://en.wikipedia.org/wiki/Euro_sign
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Costs per meter 
material (AL 150) 

Extra costs 
(AL 240) 

installation costs 
per meter 

extra costs 
per meter 

 total costs per 
meter (50AL) 

Urban  €12 €12 €20 €15  €47 
sub-urban €12 €12 €15 €15  €42 

rural €12 €12 €10 €15  €37 
Table 4.7 cost breakdown cables.  

[Information obtained via internal information of a DSO in The Netherlands.] 

 The total system costs  

The value of money changes during the years until 2050 and is considered in the calculation of 

the system costs. Based on this the NPV value is calculated with an of 1.65%, the current Dutch 

interest rate [40].  

𝑇𝑆𝐶𝑠𝑦𝑠𝑡𝑒𝑚 =
𝑇𝑆𝐶

(1+𝑟)𝑡−𝑡0  
∗ 𝑃𝑔𝑟𝑜𝑤𝑡ℎ   (4.5) 

 

In the equation, 4.5 t is 2050 and t0 is 2017 as the simulated scenario is 2050 and the data for 

calculating the load curve has been derived from data of 2017.  The NPV has been calculated 

for both the SEV and the BEV. Consequently, the TSCsystem is calculated for the SEV and the BEV. 

Finally, the growing population is considered in the analysis. A report of Netbeheer Nederland 

[9] states the number of connections is expected to rise by around 19% until 2050. Hence the 

TSC is calculated with a population growth factor (Pgrowth) of 1.19. 

  

Parameter definitions 
𝑇𝑆𝐶 = Total system costs. [€] 
R = Dutch interest rate [%] 

𝑃𝑔𝑟𝑜𝑤𝑡ℎ  = growth of the population [%]  

    
  N = 1, 2, 3 for urban, suburban, and rural neighbourhoods 
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 Summary  

A CBA is used to determine the system costs of electric mobility. Where a CBA is a good tool for 
comparing the effects of various scenarios, it is also recognized here that the long-time span of 
the research and the belonging assumptions causes the system costs to be unpredictable in the 
future. However, the CBA is considered useful to present what is known about the effect on 
system costs of different mobility types. Subsequently, a considerable number of assumptions 
were made to enable system cost calculations. These calculations are shown in Appendix G. Here 
below a summary of all then belonging assumptions is given:   
 

Cost calculation assumptions Source  

• The local capacity requirements are here based on the share (%) of the number of 
the maximum EVs charging at the same time, also called the maximum 
simultaneity rate of charging. In this research, it is assumed that EV owners need 
to be able to charge their EV at any moment.  

[13] 

• The grid infrastructure is dimensioned such that the rated capacity of the grid 
assets is equal to the energy demand they are subject to, including a safety 
margin of 10%.  

[18] 

• The specific reinforcement costs per different neighbourhood (urban, suburban, 
and urban) are representative of the rest of The Netherlands. The system costs are 
extrapolated proportionally to the number of urban, suburban, and rural 
neighbourhoods in the NL. 

- 

• An occupancy ratio of 5 is assumed, reflecting the ratio of the average time that 
an EV user is occupying a charging point to the effective time the EV is charging.    

[33] 

• This research uses grid asset information of internal research of different DSOs in 
The Netherlands. Data of 5000 transformers and 88.000 cables are used. 

- 

• The capacity of a transformer currently operational is based on a method of ten 
years ago.  The planned capacity of the transformer that was placed in 2010 is 
assumed in this research to be representative of all transformers in The 
Netherlands. This method is based on the yearly demand, the lifetime of a grid 
asset, and a growth rate of demand of 1%. The electricity demand of heat pumps, 
EVs, and electric cooking appliances is not considered here. 

- 

• A transformer is replaced by a type with a higher capacity when the threshold 
value is violated by the maximum peak load. A replacement by a heavier type of 
the same component is assumed here. 

- 

• The capacity of cables currently is based on a Ph.D. research of Nijhuis that 
clustered 88.000 cables in the network of a Dutch DSO into 26 common clusters 

accounting for 71.3 % of the total LV network of this specific DSO.   

[98] 

• Only 3-phase cable connections of 150 AL are placed in the neighbourhoods. If 
these are overloaded on the first instance 240 AL cables are placed.  

[36] 

• As in the ABM, the number of households varies, the average length of the cables 
per household is determined by dividing the number of connections divided by the 
total km of the cables in The Netherlands: 37.5 meters per household. The cable 
length varies depending on the neighbourhood (urban, suburban, or rural).  

[98] 

• The asset costs of the different chargers are derived from Transport & 
Environment. No learning effects are considered in these prices.  

[13] 

• The asset costs for the grid are derived from a DSO in The Netherlands.  
 

- 

Table 4.8 Summary of all assumptions for operationalizing the system costs of electric mobility. 
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Chapter 5:  Results 
‘To what extent would mass adoption of SEVs influence the system costs of electric mobility?  This 
chapter describes the general results that have been acquired during this research by going 
through the two methods that are described in chapter 3 and 4.  The results are presented in a 
backward order of the steps presented in the research flow diagram in Figure 2.12.  First, the 
system costs are presented. Second, the local and national capacity requirements and the results 
that were retrieved from the ABM are shown and explained. Afterward, three factors that were 
determined in the scenario and have a high impact on the system costs are presented. Finally, 
nuance was made on the system cost estimations and a sensitivity analysis was performed. The 
exact CBA calculations are presented in Appendix G.   

 

 
Figure 5.1 The estimated system costs of electric mobility. 

 
The results in figure 5.1 show that the mass adoption of the SEV would save ~65% of the system 
costs for the charging infrastructure until 2050.  In the cost overview, it is shown that the 
charging infrastructure primarily influences the cost savings that could be realized when the SEV 
takes a dominant position in the future mobility system. A difference in costs of up to ~€8 billion 
is estimated in 2050. The results show that no additional grid reinforcements are needed until 
2050 when the BEV dominates the future mobility system.  
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The estimated system costs of electric mobility  

 

  

National system costs 100% BEV 100% SEV  difference 

Grid reinforcements costs  
€10 B €10 B €0 

Charging reinforcement costs 
€12 B €4 B €8 B 

TOTAL 
€22 B €14 B €8 B 

Table 5.1 System costs of electric mobility at 100% BEV and SEV penetration level. 

Cost-breakdown per neighbourhood 

Experiment 0: urban 

Grid reinforcements  
 

100% BEV 100% SEV difference 

Transformer €0 €0 €0 

Cables €7 B €7 B €0 

Charging infrastructure 
reinforcements 

Charging 
points 

€6 B €2 B €4 B 

TOTAL 
 

€13 B €9 B €4 B 

Experiment 1: suburban 

Grid reinforcements  
 

100% BEV 100% SEV difference 

Transformer €0.1 B €0.1 B €0 

Cables €2 B €2 B €0 

Charging infrastructure 
reinforcements 

Charging 
 points 

€4 B €1 B €3 B 

TOTAL 
 

€6 B €3 B €3 B 

Experiment 2: rural 

Grid reinforcements  
 

100% BEV 100% SEV difference 

Transformer €0.1 B €0.1 B €0 

Cables €1 B €1 B €0 

Charging infrastructure 
reinforcements 

Charging 
 points 

€2 B €1 B €1 B 

TOTAL 
 

€3 B €2B €1 B 

Table 5.2 Total system costs of electric mobility for urban, suburban, and rural neighbourhoods. 

A comparison of the system costs of (solar) electric mobility. 

 



A comparison of the system costs of (solar) electric mobility. 

 

59 
 

 The capacity requirements for the system 

Chapter 4 explained that national system capacity requirements indicate the system costs in 
2050. These national system capacity requirements are based on the local capacity 
requirements and are roughly extrapolated based on the number of urban, suburban, and rural 
neighbourhoods in The Netherlands. The local capacity requirements are based on two metrics 
that were retrieved from the approximated local load curve modelled in the ABM. These two 
metrics are the peak loads and the maximum simultaneity rate, indicating the local grid capacity 
requirement and the number of charging stations required locally. This section presents the local 
and national capacity requirements of the grid and explains this by showing and explaining the 
peak loads and the maximum simultaneity rate that were retrieved from the ABM.  

 The charging infrastructure  

System cost reduction presented in Table 5.1 and Table 5.2 originates from a decrease of 
required charging stations for the SEV fleet compared to the BEV fleet. In chapter 4 it was 
explained that the capacity requirements for the charging infrastructure were derived from the 
maximum simultaneity rate in a neighbourhood. The modelled simultaneity rate over time is 
presented in figure 5.2. The maximum simultaneity rate per neighbourhood is shown in Table 
5.3 and corresponds to the number of charging stations that are found necessary to place in the 
belonging neighbourhoods. The number of charging stations is extrapolated to the national 
capacity requirement, proportional to the number of urban, suburban, and rural 
neighbourhoods in The Netherlands (see Appendix G). The results show that the difference in 
the required number of charging stations for neighbourhoods is estimated to be nationally up 
to 3 times lower for the SEV compared to the BEV.  Consequently, it was found that there are ~3 
and 1 million charging stations needed in case of mass deployment of the BEV and the SEV in 
the mobility fleet of 2050.  

Max simultaneity Number of cars 
per 
neighbourhood 

100% 
BEV 

100% 
SEV 

Required 
number of 
charging points 
BEV nationally 

Required number of 
charging points SEV 
nationally 

Urban 100 8.5% 2.8% 1.700.000 500.000 
Sub-urban 65 11.7% 4% 900.000 300.000 
rural 33 12.7% 4.9% 400.000 200.000 

Table 5.3 The charging requirement in a neighbourhood and nationally. 
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The absolute simultaneousness of charging 

 
 
 

 

  

 
Figure 5.2 The absolute number of EVs charging at the same time on average in different 

neighbourhoods. 

 

  

          Tue                   Wed                 Thu                       Fri                      Sat                        Sun                  Mo 

 

Note: The graphs in Figure 5.2 show an average of the ten runs, that were executed per experiment. 
Accordingly, the average of the maximum simultaneity rates of the ten runs that are used for the 
system costs calculations lie higher than the peaks that are illustrated in the graphs in Figure 5.2.  
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5.1.1.1 Specific difference SEV vs BEV 

The first results show that the SEV has a maximum electricity consumption that is almost three 
times less than that of the BEV. This specific difference mainly originates from the driving 
behaviour that is influenced by the energy yields of the solar roof and the lower energy 
consumption of the SEV, combined with a smart charging strategy. According to a simple hand 
calculation, the cumulative solar electricity generated and the high efficiency of the SEV were 
good for already ~61% of the reduction in electricity consumption in a week. Following the 
results, the reduction of the required number of charging stations for the SEV is presented to be 
65%. The 4% discrepancy specifically is caused by the charging behaviour that is caused by the 
integrated solar panels of the SEV. The longer a SEV user waits until the next charging moment, 
the higher the solar electricity that is generated between the charging sessions. The amount of 
solar electricity generated before each charging moment is therefore also dependent on the 
driving behaviour of the SEV driver. The distance driven per day for example influences how fast 
the SOC threshold is reached and how much solar electricity could be stored in the vehicle's 
battery. Next to the trip distance and the SOC threshold, the moment of departure is important 
for the electricity consumption of a SEV user. The SOC threshold theoretically could be lower for 
the SEV, when there is an insight into the future solar irradiation and the future moment of 
departure and driving distance. The optimal situation is that the cumulative electricity 
consumption of the SEV is equal or lower to the cumulative income of the solar panel ensuring 
that the state of charge (SOC) always remains above its threshold. Besides, the importance of 
the factors above section 5.1.1 explains that the cost reduction is also influenced by the smart 
charging strategy. Recapitulatory, the specific model outcomes discussed here are primarily 
dependent on the driving behaviour, the efficiency of the EV, the solar irradiation, and the smart 
charging strategy.  
 

 
 
 

Figure 5.3 Solar range (km) per hour in the coldest winter week.  

In contrast to the mentioned differences between the BEV and the SEV, the similarities are 
explained in Appendix H.  

 The grid 

Tables 5.1 and 5.2 showed that no difference in system costs was found for the grid in the case 
of 100% BEV penetration compared to 100% SEV penetration. The costs of the grid are 
determined by the share and costs of grid assets that need to be replaced until 2050. Chapter 4 
explained that the grid infrastructure is dimensioned such that the rated capacity of the grid 
assets is equal to the energy demand they are subject to. Two ingredients were necessary to 
estimate the costs of integrating an EV into the system: (1) the current status of the grid assets 
and (2) the peak loads the grid is subject to in 2050.  Table 5.4 shows the peak loads that the 
grid is subject to in 2050 according to the model results of the ABM. Table 5.5 subsequently 
shows the herewith share of grid reinforcements that are needed based on the current status 
of the grid. The status of the grid was estimated based on a method and data of a DSO in The 
Netherlands, utilizing the ABM. This is described in Appendix G.  

          Tue                     Wed                Thu                   Fri                Sat                       Sun                    Mo 
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Even though there is a difference measured in the peak loads, the SEV does not cause more grid 
assets to be overloaded than the BEV. The relatively small difference between the peak loads, 
causes the BEV and the SEV to be in the same range of capacity requirements for the grid assets. 
Hence, no difference is measured in system costs for the grid. The predicted overloaded grid 
assets per neighbourhood are illustrated in Table 5.5. The results show that many grid assets 
need to be replaced in different areas. The calculations show a rough estimate as there was little 
information available about the current level of the grid assets in The Netherlands.   
 

Figures 5.4 and 5.5 show that the impact of the SEV and the BEV in terms of peak loads (kW) on 
the grid differs slightly. The peak loads for the BEV scenario are higher than the peak loads for 
the SEV scenario. This is a consequence of the difference in the technical characteristics of the 
EVs: the SEV has a lower energy consumption and generates electricity by its solar panel.  From 
the analysis in section 5.1, it was already explained that the SEV needs to charge ~3 times less 
during rush hours compared to the BEV in winter. The reason that the difference is only small, 
is explained by the 69% effective smart charging strategy. The 69% effective smart charging 
strategy incentivizes EV users to charge their EV during off-peak hours. Therefore, most EVs 
charge during the night. The assumption that not all EV users adhere to the smart charging 
strategy despite its financial benefits, causes part of the EV users to charge during peak hours.  
Hence, the charging behaviour plays a role in determining the peak loads. Because the charging 
need for the SEV is lower than the charging need for the BEV, a small difference in peak loads is 
found. The presented difference in peak loads is therefore originating from the combination of 
the charging behaviour, the technical characteristics of EVs, and the smart charging strategy.  
 
 
  

Table 5.4 The capacity requirements of the grid in different neighbourhoods. 

Max peak load [kW] 100% BEV 100% SEV 

Urban 318 kW 280 kW 

Sub-urban 165 kW 150 kW 

rural 88 kW 82 kW 

Grid assets to be replaced in 2050 (%) Transformer cables 

100% SEV/BEV 
Urban 0% 100% 
Suburban 72.3% 60.6% 
rural 100%  60.6%  

Table 5.5 Share of grid assets that need to be replaced until 2050. 
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The residential load curve BEV 

 
 
  

 
 
 

 
 

 

Figure 5.4 Local load curve at 100% BEV penetration in urban, suburban, and rural neighbourhoods. 
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Note: The results in Figures 5.4 and 5.5 average of the load curves of ten runs per experiment, derived 
from the ABM. Accordingly, the peak loads that are used for the system costs calculations lie higher 
than the peaks that are illustrated in the graphs in Figures 5.4 and 5.5.  
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The residential load curve SEV 

  
 
 

  

 

Figure 5.5 Local load curve at 100% SEV penetration in urban, suburban, and rural neighbourhoods. 
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 Impact factors 

The general results that are explained, are greatly dependent on how the future energy system 
will emerge. Many factors influence the system costs of electric mobility. In the upcoming 
section, more details are given about the three aspects that are found to have a large influence 
on the shape of the load curve, and therefore the system costs.  Accordingly, the analysis focuses 
here on the impact of smart charging, the integrated solar panel, and the energy consumption 
on the system costs.  Note that these results are only expressed in terms of maximum 
simultaneity rate and the peak loads and therefore indirectly tell something about the system 
costs. Moreover, the results have only been acquired for the urban areas.  

5.1.3.1 The impact of smart charging 

As already followed from the results, the impact of smart charging influenced the system costs 
estimations for the SEV and the BEV. Where in the main model results presented earlier in this 
chapter, 69% of the EV owners are incentivized to charge their car during off-peak hours, no 
specific charging strategy is incorporated in this scenario. Looking at the results for the charging 
infrastructure the maximum simultaneity rate at 100% BEV and SEV penetration increases by 
28% and 48% respectively. This is a logical consequence of uncontrolled charging. People have 
no incentive to charge their EV at planned times, during off-peak hours. EV users do not apply 
their planning of charging to the already planned charging sessions of other cars and charge 
their car when it suits them best. Compared to the load curve including a smart charging 
strategy, the load is shifted from midnight to the late evening. Moreover, the peaks are 27% and 
12.5% higher than with a smart charging strategy for the BEV and the SEV, respectively. 
Accordingly, it is expected that the smart charging strategy plays a big role in reducing the 
system costs, especially for the BEV.   
 

 
Figure 5.6 Neighbourhood demand at 100% BEV penetration in an urban neighbourhood in winter 

without applying a charging strategy. 

  
Figure 5.7 Neighbourhood demand at 100% SEV penetration in an urban neighbourhood in winter 

without applying a charging strategy. 
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The results imply that the smart charging strategy is more effective for the BEV than for the SEV 

as the maximum peak load in the case of the 100% BEV-fleet increased respectively more than 

the maximum peak load of the 100% SEV-fleet. Moreover, they imply that for optimal use of the 

charging infrastructure, it is favourable to apply a smart charging strategy in the case of both the 

SEV and the BEV.  

5.1.3.2 The impact of the sun  

The impact of the SEV on the system costs of electric mobility is presented for the coldest winter 
week. In this winter week, ~35 km extra solar range could be generated by the electricity 
generation of the solar panel. To find out what happens when the solar irradiance is higher an 
extra experiment in the week with the highest solar irradiation has been executed; the week of 
May 25 till June 1 in 2017. In this week extra solar power is generated equivalent to a range of 
~318 km for a SEV. This is on average ~45 km per day, overwriting the distance that is on average 
driven by the Dutch average driver (18 km).  
 

 

Figure 5.8 The solar irradiation in the week with the highest solar irradiance from May 25 – June 1, 

2018.  

The results in Table 5.7 show that the maximum simultaneity rate for the SEV decreases 
compared to the results presented before. Where the impact on the charging infrastructure in 
the base scenario first was 3 times less for the SEV compared to the BEV, the SEV could decrease 
the impact on the charging infrastructure with a factor of ~8 compared to the BEV in a week 
with high solar irradiation. This is a logical consequence of the higher solar electricity generation 
of the SEV, making the electricity consumption of the SEV users minimal. The peaks in the load 
curve decrease by 6% due to the decentralized solar power generation; less electricity from the 
grid is required to satisfy the power demand. These results show that the electricity 
consumption for the SEV user differs per season. They show that the SEV can almost become 
grid-independent in weeks of high solar irradiation.  
 
 
 
 
 

Experiment 3 BEV SEV  

Max peak load (kW) 405 kW 315 kW 

Max simultaneity (public)  12.6% 3.6% 

Base scenario peak loads:  318 kW 280 kW  

Base scenario max simultaneity (public) 8.5% 2.8% 

Table 5.6 Experiment results for an urban neighbourhood without a charging strategy.  
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Figure 5.9 Neighbourhood demand at 100% SEV penetration in an urban neighbourhood in the week 

with the highest solar irradiation.  

5.1.3.3 The impact of the EVs efficiency 

Another analysis has been performed to explore what happens if the SEV would not have a solar 
roof, and is solely a high-efficient electric vehicle. The results in Table 5.8 show that the SEV 
without a solar roof has ~44% less impact on the required charging infrastructure than the BEV. 
This is solely caused by the lower energy consumption of the SEV; the WLTP energy consumption 
is ~45% lower than the WLTP consumption of the BEV.  The results show that the solar roof 
influences the system's impact on the charging infrastructure considerably. Subsequently, the 
size of the effect of the solar electricity generation and the electricity consumption on 
decreasing the maximum electricity consumption of EVs was derived and is illustrated in figure 
5.10.  Concerning the impact of the SEV without a solar roof on the grid, the peak loads grow by 
3%.  

Figure 5.10 Share in impact on the decrease of the charging need for the SEV compared to the BEV. 

 

  

Experiment Experiment 5  Experiment 4 BEV SEV  

Max peak load (kW) 305 kW 270 kW 

Max simultaneity (public)  8.5% 1.1% 

Base scenario peak loads:  318 kW 280 kW  

Base scenario max simultaneity (public) 8.5% 2.8% 

Table 5.7 Experiment results in the week with the highest solar irradiation. 
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Table 5.8 Experiment results in the week including SEV without the solar roof.  

 

 

  

Experimental Experiment 5 BEV SEV  

Max peak load (kW) 318 kW 295 kW 

Max simultaneity (public)  8.5% 4.5% 

Base scenario peak loads:  318 kW 280 kW  

Base scenario: Max simultaneity 

(public) 

8.5% 2.8% 

Figure 5.11 Neighbourhood demand at 100% penetration of SEVs without a solar roof in an urban 
neighbourhood in  winter. 

 



A comparison of the system costs of (solar) electric mobility. 

 

69 
 

 The estimated system costs of electric mobility 

Based on the national capacity requirements and the costs for grid assets and charging stations 
the system costs could be determined. The system costs that were already presented in figure 
5.1 show the results of an average estimated system capacity requirement. The national capacity 
requirement was derived from the local capacity requirement, which is based on the maximum 
simultaneity rate and the peak loads retrieved from the approximated local load curve.  For 
determining the maximum simultaneity rate and the peak loads the average of these values of 
ten runs per experiment in the ABM was considered in the average cost calculations (Appendix 
G). However, a more nuanced oversight is given here on the system costs of electric mobility; 
the extreme outcomes of the experiments were analysed in the CBA following the steps in 
chapter 4. The best-case model outcomes are the outcomes with the lowest maximum 
simultaneity rate and the lowest peak loads, causing the lowest system costs. The worst-case 
model outcomes are the outcomes with the highest maximum simultaneity rates and the 
highest peak loads. The specific model outcomes are presented in Appendix I. Following the 
system cost calculations, the cost difference between the SEV and the BEV is ranging between 
€7.4 billion and €8.5 billion in the best- and worst-case scenarios, respectively. 
 

 
Figure 5.12 Best case, the average case, and worst-case estimated costs of electric mobility until 2050. 

For the analysed scenario in 2050, the exact cost-difference, given the assumptions, will be 
somewhere in between the worst-case and best-case system costs outcomes. It could be argued 
that all the ten outcomes could fit ten different neighbourhoods. In that case, the costs are 
expected to be within the range that is given in figure 5.12. The worst-case and best-case model 
outcomes are explained below while looking into the results for the grid and the charging 
infrastructure separately.     

 The charging infrastructure 

 

Figure 5.13 Best case, the average case, and worst-case estimated costs of electric mobility until 2050 
(charging infrastructure). 

The system costs for the charging infrastructure on average are estimated to be up to €11.7 
billion for the BEV and €4 billion for the SEV. These are solely the costs for the public charging 
infrastructure in neighbourhoods when considering all assumptions that were made 
beforehand.  Subsequently, the costs difference between the SEV and the BEV until 2050 ranges 
between €7.4 billion and €8.8 billion.   
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 The grid 

Equally, the worst- and best-case outcomes of the model outcomes are implemented in the 
system cost calculations. Whereas the average model outcomes do not result in a difference in 
costs between the SEV and the BEV a cost difference of €0.3 billion was measured for the worst-
case model outcomes. This cost difference is caused by the overloaded 400 KVA transformer in 
urban areas in case of 100% BEV penetration. In the case of 100% SEV penetration, the peak 
load does not exceed the capacity limit of this transformer. Hence, a difference in costs is 
measured in the case of the worst-case scenario. For the best-case scenario, the system cost 
difference does not change.  
 

 
Figure 5.14 Best case, the average case, and worst-case estimated costs of electric mobility until 2050 

(grid).  
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 A sensitivity analysis  

Whereas the verification of the research concerns the question: did we build the thing right, the 
validation answers the question, did we build the right thing; are the outcomes convincing? This 
vital step in academic knowledge enrichment has been a continuous process during this 
research. It must be emphasized that no model is 100% valid. As such research validity must be 
considered in the light of its goal [37]. Did we answer our main research question? 

 
‘What are the system costs of SEVs compared to BEVs?’ 

 
Research validation can be executed in different ways. For research that is comparable to a real-
life situation, a historic replay can be applied. In this case, a scenario is applied to the same 
research from the past until now [67]. However, as the energy system is subject to change, 
historic replay is not considered as a ‘valid’ method to validate this research. Another way is 
expert validation, which is the most used validation approach in agent-based modelling. In this 
method, experts discuss the behaviour of the system and the application of the research. 
However, experts have a good understanding of the past and the present but might not have a 
systematic understanding of what may happen in the future. A specific validation for an ABM 
could replication the model designed for the research,  with a different system composition or 
a different modelling technique, such as system dynamics [67]. However, this is a very labour-
intensive validation and is therefore not considered during this thesis. So, what validation 
approach is appropriate to validate the research?  
 
“You should perform a sensitivity analysis anytime you create a model, write a set of 
requirements, design a system, make a decision, do a trade-off study, originate a risk analysis or 
want to discover cost drivers [64]”. Indeed, a sensitivity analysis is used to validate the ABM. 
One of the major challenges in ABM is to determine the system parameters that control the 
agent behaviour and interactions [103].  In a sensitivity analysis parameter values are changed, 
to see the effect of the change.  A sensitivity analysis is a powerful technique to understand 
systems and to see what parameters have a big impact on the model outcomes. It gives 
perspective to the model results in the first instance and shows the main uncertainties in the 
research.  Values of critical parameters can be refined while parameters that have a little effect 
can stay the same.  

 Configuration 

The analytical framework in chapter 2 shows that the system costs are indirectly derived from 
the load curve. The costs were based on the capacity requirements for the charging 
infrastructure and the grid, which were based on the maximum simultaneity rate and the peak 
loads. The maximum simultaneity rate (see equation 4.1) is derived from the charging speed, 
the occupancy ratio, and the maximum EV load. The peak loads are derived from the total load 
curve in which the maximum EV load is included. The sensitivity analysis is only performed over 
the maximum EV load over time because the other factors influencing the results, such as the 
charging speed, the occupancy ratio, and the factors that are considered in the total load curve 
are not the focus of the analysis and therefore held constant in the sensitivity analysis. Focusing 
on the maximum charging load enables an unambiguous insight into the effects that take place 
when a parameter changes. The EV load reflects the blue area in figure 5.16 and leaves out the 
other loads that are incorporated in the load curve, such as the household load and the heat 
pump load as these are mostly based on historical data and therefore show little variation. 
Accordingly, the focus is on measuring the impact of a parameter change on the maximum 
electricity consumption in kW of EVs, which is now referred to as the maximum charging load.  
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Figure 5.16 The Load curve on a weekday in an urban area in winter. The blue area reflects the 

maximum charging load.  

Table 5.9 The maximum electricity consumption (kW) of EVs measured in an urban neighbourhood. 

To measure the sensitivity the parameters' values of the expected fundamental parameters are 
changed. In this research, it is chosen to perform a sensitivity analysis with the parameters that 
influence the emerging charging behaviour in a neighbourhood. The results showed that smart 
charging and the EV technical characteristics had a big impact on the charging behaviour. 
Therefore, the section 5.1.3 elaborated on the impact of smart charging and the efficiency of 
EVs. The other factors that influence the emerging charging behaviour are the driving behaviour, 
the number of EVs, and the charging speed (see section 2.4). Hence, these factors are considered 
in the sensitivity analysis below. The rule of thumb in sensitivity analysis is as follows: the higher 
the sensitivity and/or the rougher the assumption, the more the research validity must be 
questioned. The sensitivity experiments are only executed for the urban neighbourhood. The 
results are presented in figure 5.17.  
 

Max. charging load [kW] 100% BEV 100% SEV  

 77.5 kW  25.7 kW 
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 The outcomes explained 

  
Figure 5.17 Sensitivity analysis on the impact on the maximum charging load measured with a 

parameter decrease -10%. 

As figure 5.17 presents the values of the parameters are all reduced by 10%. The change in 
maximum charging load shows the sensitiveness of the parameters. Generally, it is found that 
the maximum charging load does not show a linear reaction to the parameter change. While this 
sounds striking, this is normal for the use of an ABM. Due to the behaviour that is considered in 
the model, no linear reaction takes place. Besides the non-linearity, it is observed that the 
sensitivity for the 100% SEV scenario is generally higher than for the 100% BEV scenario. This is 
logically caused by the lower absolute values that are reported for the charging load of the SEV. 
A change of 1 kW in charging load has a bigger impact on the SEV scenario than the BEV scenario. 
Despite the non-linear sensitivity and the small difference for the sensitivities of the SEV and the 
BEV are found logical, it shows that the uncertainties in the assumptions in the model and the 
behaviour of the agents are significant for the results. Therefore, the results of this research are 
only valid for the set of assumptions that are made in chapter 3. The measured sensitivities are 
explained in order below. 
 
In the first experiment, the number of EVs that are adopted in a neighbourhood is reduced. A 
decrease in maximum charging need of 12% and 13% are presented for the BEV and the SEV 
respectively. The maximum charging load logically decreases; when there are fewer EVs in the 
neighbourhood fewer EVs need to be charged. The change of the maximum charging load value 
is not linear. This is caused by the lower probability that the reduced number of EVs need to 
charge at the same time. Accordingly, a higher sensitivity to the parameter change is measured. 
In the following three experiments the sensitivity of the persona parameter value is reduced by 
10%. Compared to the other personas the maximum charging load in the case of the ride-hailer 
decreases the most; the sensitivity is the highest. This is a logical consequence of the higher 
number of trips the ride-hailer and the longer distances it travels (~135 km). The longer travel 
distances also are applicable for the extreme commuters (~125 km) and the long-distance 
travellers (~367 km).  The impact of the long-distance traveller is smaller than the impact of the 
commuter while it drives greater distances. This is caused by the low frequency the extreme 



A comparison of the system costs of (solar) electric mobility. 

 

74 
 

traveller travels (3 times per year). The measured sensitivities for the personas are found logical 
as the maximum charging load changes to the extent of the impact the personas have on the 
~average driving behaviour. In experiment 4 the SOC threshold parameter value is reduced by 
10%. It stands out that both the sensitivity for the BEV and the SEV is relatively high. This is 
logically caused by the fact that the moment of charging is delayed because the moment people 
decide to charge is delayed. On average it lasts longer before a user decides to charge. Hence, 
the number of charging moments decreases, causing fewer people to charge simultaneously. 
The relation is not linear due to the driver's behaviour modelled. The SEV has a higher sensitivity 
on the SOC threshold than the BEV. This means that the maximum charging load gap between 
the SEV and the BEV becomes bigger when the SOC threshold is reduced. This is likely to be 
caused by the solar panel that is generating more energy from the sun until the next charging 
moment, therefore the next charging moment could be delayed even more. In the last 
experiment, the average charging power was reduced by 10%. Due to a decreased charging 
power, the charging sessions are likely to last longer. This results in a higher maximum charging 
load.  
 
Next to a validity measurement, the results of the sensitivity analysis could be used to show 
what parameters potentially have a big impact on the system costs of electric mobility.   
It is found that the SOC threshold and the number of EVs show relatively high sensitivities. The 
results imply that when we can reduce the SOC threshold and the number of EVs in the future 
energy system, the system costs could be reduced. This applies to a lesser extent to the change 
in driving behaviour, by reducing the number of people with driving profiles of the defined 
personas in society. On the other hand, the maximum charging load is measured to become 
bigger when the average charging power is reduced. The system costs are therefore likely to 
increase. However, it must be noted that charging points with lower charging powers are less 
expensive than charging points with a higher rated power. Subsequently, it is found that the 
implications of the sensitivity analysis give a direction of what the impact of the parameters on 
the system costs could be. However, before concluding on these topics, further research is 
necessary.   
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Chapter 6:  Discussion 
This chapter provides a discussion of the results and methods in this thesis. First, a critical review 
is provided on the main results of the thesis. Afterward, the implications of the results for the 
academic world and society are discussed.  

 Discussion of the main results 

Making a prognosis for future electricity consumption involves uncertainties. This is inherent in 
a transition. Ongoing developments in technology, politics, the market, and user groups lead to 
a complex interplay that can change the electricity system in the future. One of the main 
limitations of this research is that methods and assumptions that are used to predict the 
required number of charging stations and the required capacity of the grid in 2050 contain 
uncertainties. The important points of discussion are described below.   
 
In this thesis, two imaginary scenarios have been sketched: (1) a 100% BEV fleet and (2) a 100% 
SEV fleet. Only the “average BEV” and the SEV are considered in the future mobility fleet of 
passenger vehicles. None of the scenarios is expected to be fully realistic and consequently has 
several limitations. The electricity demand for mobility logically changes when the mobility fleet 
composition is different. This might result in other electricity peaks and maximum charging rates 
than the current ones influencing the system costs that are presented in this thesis. Firstly, the 
assumption that corresponds to the ambition to have all cars in The Netherlands to be 
electrically powered by 2050, is uncertain. In case that the market development of the BEV in 
The Netherlands is slower than expected, the passenger vehicle fleet would look different than 
initially sketched in this thesis. EV alternatives, for example, hydrogen-powered vehicles and 
methane-powered vehicles, could enter the mobility fleet [12]. The number of EVs would then 
obviously be lower than assumed, resulting in lower estimated system costs. Secondly, 
developments such as Mobility as a Service (MaaS)5, shared driving platforms and autonomous 
driving could influence the number of EVs that are needed within a neighbourhood. Possibly 
fewer electric cars will be adopted in the future when the (rapid) developments would continue.  
In addition, due to the rapidly developing EV industry, it is uncertain how the technical 
characteristics regarding the WLTP energy consumption and the solar electricity generation of 
the SEV and the BEV will develop. Therefore, the difference between the SEV and the BEV in 
system costs would be different than sketched in the results of this thesis. Even though future 
scenarios of a 100% SEV and BEV fleet are hardly realistic, the main goal was to compare the SEV 
with the BEV. To be able to make a good comparison within the time scope it was chosen to 
focus on one reference EV and to investigate the unambiguous scenarios of 100% BEVs and 
100% SEVs.  Accordingly, the chosen assumptions are here justified for the research goal that 
was pursued in the research.  
 
One major aspect that was found valuable to explore when defining the system costs of electric 
mobility is charging and driving behaviour. While driving and charging were fundamental for the 
research outcomes, little data was found about the EV driving behaviour in The Netherlands. 
First, no straightforward data was found about the driving behaviour of EV drivers specifically. 
Subsequently, only the driving behaviour of ICE vehicles was used. This was a rough assumption 
as it is expected that the driving behaviour of EV users is different compared to the behaviour 
of ICE users. However, the data about the EV user behaviour that was found, showed 
contradictory results.  Besides, in the absence of data about Dutch driving behaviour, some 
rough assumptions were made based on research of the UK and the US. For example, the state 
of charge (SOC) threshold, the moment that people decide to charge, was derived from a study 

 
5 MaaS is a development of transport services that are available on-demand instead of a personally 
owned transport means.  
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that was held in the UK [93]. The sensitivity analysis showed that the SOC threshold has a high 
sensitivity, meaning that it has a relatively big impact on the results of the research. It is also 
questionable if the SOC threshold for Dutch drivers is comparable with the SOC threshold for 
BEV drivers. No differentiation was made for the SEV and BEV driving behaviour as no data was 
available about that yet. However, it is questionable if the SEV and the BEV users would indeed 
demonstrate comparable behaviour. The SOC threshold for the SEV user could be for example 
lower when the user knows the future solar irradiation prediction. In addition, only a few 
personas could be defined based on real data. Accordingly, there is relatively little variation 
between EV driver characteristics in the model. As the ABM attempts to counterfeit reality, it is 
favourable to implement a bigger differentiation between different user groups defined in the 
ABM. Finally, the impact of future developments such as autonomous driving shared driving, 
and MaaS could influence the driving behaviour of EV users. These developments were left out 
of the scope in this research as the focus was on comparing the SEV with the BEV.  
 
In assessing the system costs of electric mobility on the grid the research left out interventions 
such as storage, V2G, and S2V technology. These interventions could influence the impact of 
integrating the EV in the electricity system, by unburdening the grid. However, the extent to 
which they will be applicable in the future energy system is uncertain too. Moreover, the main 
goal of this thesis was to compare the SEV and the BEV. The target may be jeopardized when 
considering different system interventions. The intervention that was considered is the smart 
charging strategy as the future governmental plans already aim to make smart charging an 
integral part of the mobility system. However, smart charging is a broad notion, and the exact 
concept of smart charging is still vague and ambiguous. In this thesis, the time of charging solely 
was optimized within the smart charging strategy. The charging speed, for example, that is 
sometimes considered in the design of a smart charging strategy was not considered in the ABM 
[11]. Moreover, the smart charging strategy that was applied in the model is not 100% effective. 
It is questionable how smart charging will take shape and to what extent smart charging will be 
adopted by society in the future mobility system. Assuming a 69% effective smart charging 
strategy is a rough assumption that has a large influence on the results of the research.  
However, it gives a direction of what the system costs could be under the defined assumptions. 
 
The capacity requirements for the grid were based on the load curve of 2050.  Many assumptions 
were made to approximate the future load curve. However, as 2050 is still far away, many 
uncertainties are hidden in the assumptions that were made. Available plans made by Dutch 
governmental instances, TSOs, and DSOs appear to be different. Despite the difference that was 
found between the plans, assumptions were made regarding the future load curve. Heat pump 
loading of the grid played a relatively big role in the prediction of the future load curve 
considering that 42% of the households in 2050 are planned to be heated by heat pumps. As 
earlier discussed, other developments such as district heating nets are alternatives for electric 
heating, without necessarily using gas or coal. However, the share of electric heat supply is very 
uncertain in any future energy system but should not be ignored on the other hand. Besides 
[10], the PV panels that were considered in the load curve can only generate power for the 
concerned households. In chapter 2 of this thesis the concept of PV panels feeding energy back 
into the grid has been explained. This concept was not considered within the time scope of the 
research but could still have a very significant impact on future grid reinforcements. Another 
rough assumption was made about the number of households that have solar panels on their 
roof providing them with electricity. It is assumed that 57% of the households will have solar 
panels on their roofs in 2050, which could provide electricity to the concerned households. 
Despite the rough assumptions that were made about the future demand load curve, it is still 
considered more valuable to make a rough assumption about the future development of heat 
pumps and solar PV than leaving the developments out.  
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Due to a lack of data, the current level of the grid has been estimated in this research. An 
approximation, that was based on the historical loads and a yearly growth rate of electricity 
demand has been used to estimate the current level of the grid. This approximation was made 
based on a former method of an existing DSO in determining the capacity of the grid. While this 
was a rough assumption, no better method was found yet to investigate the current level of the 
distribution grid in The Netherlands. However, the method has been recently verified by two 
(senior) asset managers of the above-mentioned DSO. The assumption is nonetheless expected 
to have a great impact on the absolute and to a lesser extent the relative estimation of the 
system costs of the grid.  
 
Although in this thesis, the charging capacity requirement has generally been based on the 
maximum simultaneity rate, the occupancy ratio6, and the charging speed in neighbourhoods, 
literature does not show consensus on the way how to determine the capacity requirements of 
the charging infrastructure. The chosen metrics have the disadvantage that for example the 
spatial distribution of the charging infrastructure, the compatibility of sockets and EVs, and the 
existence of semi-public charging points are not considered. Other limitations of the factors that 
were included in the method are discussed below.  Firstly, only one distribution of the charging 
speeds for the charging infrastructure was considered [13]. However, there are different 
thoughts about the future of the charging infrastructure. Some think that it will be dominated 
by fast-chargers [13], while others discourage this by stating that the grid cannot handle the 
peak loads [19]. Accordingly, it is uncertain how the power distribution of the future will look 
like. This assumption is important as the sensitivity analysis showed that the average charging 
power has an impact on the outcomes of the research. Secondly, the charging capacity 
requirement has been multiplied by the occupancy ratio that amounts to five. The occupancy 
ratio has a high influence on the absolute system costs of the charging infrastructure. 
Favourably, the behaviour of EV users regarding the occupancy of charging stations was also 
modelled in the ABM. However, this was not considered to be feasible within the time scope. 
The assumption that when a charging station is occupied the charging point is not accessible for 
other EV drivers, is considered to be a logical assumption. Therefore, it was important to include 
the occupancy ratio in estimating the system costs of future electric mobility. Thirdly, the 
research assumes that EV users always need to be able to charge their EV at any time. It is 
questionable if this is economically and politically favourable.  
 
Finally, the system impact is measured in national system costs. In this research, the costs are 
roughly extrapolated from one rural, one suburban, and one urban neighbourhood to national 
costs. The assumption here is that specific reinforcement costs per different neighbourhoods 
are representative of the rest of The Netherlands. While this is a strong assumption, it gives the 
first estimation of the system costs that are needed to support the mass deployment of BEVs 
and SEVs in The Netherlands.  In reality, neighbourhoods are different and therefore the system 
impact is expected to be different for different neighbourhoods. Moreover, there are other 
areas than neighbourhoods that also need charging points and might need to reinforce the grid 
for this reason, such as spots along the highway and industrial areas. These areas were not 
considered during this research within the time scope. Another limitation in the system costs 
measurements is that the costs are only measured in terms of CapEx. Naturally, the OpEx such 
as maintenance costs and service costs must be considered to conclude the total system costs. 
However, it was not expected that the OpEx for the SEV would differ compared to the BEV. For 
simplicity reasons, these costs were not considered. In future systems, the OpEx of the charging 
infrastructure and or the grid might become of significant value with the introduction of smart 
services such as smart charging.  
 

 
6 The occupancy ratio is the ratio of the average time that an EV user is occupying a charging point to the 
effective time the EV is charging.  
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The determination of the costs for the charging infrastructure has several limitations. Firstly, the 
costs for the SEV are expected to be up to 3 times lower. However, the learning effects and 
financial benefits of placing multiple charging stations in one place are not considered during 
the calculations. The costs per charging station may be reduced if more charging stations are 
installed, for example, due to relatively lower installation costs. When considering this the 
difference between the costs for the charging infrastructure of the BEV and the SEV would be 
lower.  Besides, when determining the charging capacity requirement, the lifetime of the 
charging points is not considered. The lifetime of charging points currently is 10-15 years. When 
considering system costs, the lifetime of the charging points was not considered yet. A charging 
need that is three times less than the current average BEV, could therefore potentially decrease 
the costs for the charging infrastructure even more in the long-term than in the short term. 
Accordingly, the costs for the charging infrastructure are expected to be higher over the 
decades. While the absolute numbers are expected to be different in 2050 the relative cost-
difference is expected to give a good estimation for the indication of the SEV and the BEV.   
 
Next to a questionable method for determining the current capacity level of the grid, the limits 
of the grid are found to be highly volatile. The capacity of a cable or transformer is either 
exceeded or not. This polarity influences the difference in system costs that were presented. If 
a grid asset has been critically overloaded it needs to be replaced, bringing extra system costs 
for neighbourhoods. To somewhat tackle these problems, insight was given into different model 
outcomes and their impact on the system costs of the grid. A system costs range has been 
presented looking into the worst and best model outcomes. Where the absolute numbers of the 
system cost estimations are quite uncertain, the results of the relative difference between the 
grid reinforcement investment needed for the BEV and the SEV appear to have better reliability.  
 
The system costs were determined based on the capacity requirements of the system when an 
EV is integrated into the system. However, more aspects are relevant when estimating the 
societal costs of electric mobility. For example, the external costs could rise by an increase in 
CO2 emission right prices. Higher CO2 intensity takes place when the central electricity demand 
rises. This is a consequence of the merit order that prioritizes renewable energy sources above 
CO2—emitting sources. When there are peaks in the load curve, gas and coal plants are turned 
on, the higher the peak load, the higher the emissions due to electricity generation.  The impact 
of the BEV or the SEV on CO2 emissions is largely dependent on the energy mix composition. The 
CO2 emissions are left out of scope during this research as the Dutch future energy mix is planned 
to be more based on vRES [5]. The CO2 emissions are expected to have a less system impact than 
the system integration of the BEV and the SEV in The Netherlands. Another source of societal 
costs that is not considered is the TCO. The TCO calculates the total cost for EV owners and the 
costs of using a car for the duration of this ownership [19]. TCOs were not considered in this 
thesis, as earlier research already gave a corner of the veil about the future TCO of both the SEV 
and the BEV. In addition, no system interventions other than smart charging were considered 
during the system impact and cost calculations in the research. However, they could influence 
the system costs by on the one hand unburdening the grid and the charging infrastructure and 
on the other hand incur costs. For example, storage could have a high impact on the load curve, 
but also entails system costs. The interventions are not considered within the time scope of the 
research as they deviated slightly from the main target.  Another factor that is not considered in 
the system costs estimations is the rise of central electricity generation by vRES. Peak loads 
caused by excessive and simultaneous charging behaviour, ask for more flexibility of electricity 
supply to adapt to the changing load curve. Due to the rise of vRES electricity supply contrarily 
tends to become less flexible because of the rise of variable renewable energy sources (vRES) in 
the future energy mix [17]. The so-called flexibility challenge is likely to bring about a significant 
system impact. It is not included in this research as the flexibility challenge is considered to be 
not primarily caused by the rise of EVs. However, the challenge must be considered when 
making a final decision about the ‘optimal’ design of the future energy system.  
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With all restrictions mentioned the main outcome of the research is those cost savings that the 
SEV could make, which might range up to between €7.4 billion and €8.5 billion, regarding the 
impact on the grid and the charging infrastructure in neighbourhoods until 2050.  

 Scientific contribution 

This research has several scientific contributions: (1) it provides the first estimated difference in 
system costs for the SEV compared to the BEV until 2050, (2)  a method is introduced to 
determine the future charging infrastructure capacity requirement, (3) the impact of the SEV 
compared to the BEV on the simultaneity rate of charging in different neighbourhoods is 
calculated, and (4), the impact of the SEV and the BEV on the local electricity load curve is 
explored.  Each contribution is briefly discussed below.  
 
From the literature review that was performed in chapter 2, it was concluded that no specific 
details about the system costs of SEVs were explored yet. For the charging infrastructure, only 
short-term (2035) cost estimations had been executed under different scenarios by for example 
NAL [42] and Ecofys [104]. However, no long-term (2050) system cost estimations were 
performed for The Netherlands yet. Different sources showed that the long-term roll-out 
strategy had not been determined yet [105] [31]. This research adds for both the SEV and the 
BEV a first estimation of the charging infrastructure costs in 2050 under the presented 
assumptions and roll-out strategy. For the grid, literature already showed various results on the 
system costs due to the rise of the BEV. Recently, Netbeheer Nederland [9] for example 
estimated the distribution grid reinforcement to be ~ €15 billion by 2050. In this research, the 
costs for the BEV are presented to be ~€9.9 billion for both the SEV and the BEV. The cost 
difference is possibly caused by the information asymmetry about the state of the grid. The main 
scientific contribution is therefore not the absolute cost estimation for the grid. The current 
scientific contribution lies in the comparison between the SEV’s and the BEV’s impact on system 
costs.  
 
This research provides a roll-out strategy determining the future charging capacity based on the 
factors that are derived from the literature and considered in figure 2.5. For the charging 
infrastructure, different authors state that the costs are dependent on the roll-out strategy that 
is applied. However, the authors that are addressed in the literature review give a different view 
on how this roll-out strategy must look like. At the end of 2019, the Ministry of Infrastructure 
and Water Management had no standards, target values, or indicators to determine whether 
the growth of electric transport is sufficient to keep pace with the growing number of EVs [106] 
[105]. Therefore, it is also not known if the current number of charging stations in The 
Netherlands is sufficient. It makes it even harder to estimate the number of charging stations 
that are required in the future.  As the roll-out strategy has not been set for the future in The 
Netherlands, the literature still focuses on the different factors that are important when 
planning the future dimensions of the charging infrastructure.  Based on the different factors 
found in the literature, this research provides a method to determine the future distribution grid 
capacity needed of The Netherlands.  The capacity requirement of the charging infrastructure 
that is described in this thesis is not just based on the number of EVs in the future energy system 
but also the occupancy rate and the maximum simultaneity rate. The maximum simultaneity 
rate is determined by other factors such as driving behaviour, the technical characteristics of 
cars, the composition of the mobility fleet, and the charging speed. Based on this method, the 
results in this research present a goal of ~3.7 BEVs and ~11.6 SEVs per charging point in the 
future charging infrastructure. The results for the BEV are higher than the current Dutch ratio of 
the number of EVs to the number of public charging points equalling 2.5 EVs per charging point.  
RVO [42], states that a public charging capacity of 1.6 EVs per charging point is required. The 
European Commission contrarily set a goal of maximally 9,5 EVs per charging point [13]. 
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The maximum simultaneity rate for the BEV and the SEV in different neighbourhoods was one 
of the outcomes of this research and therewith added to the current body of literature. Earlier 
research already showed some results about the maximum simultaneity rate for the BEV.  
Brouns [34] found that under different charging behaviour scenarios the maximum simultaneity 
rate ranged between 0% and 30%. Ullfers [39] also looked into the maximum simultaneity rate 
and found that if there are 100 cars stationed in a neighbourhood, the maximum simultaneity 
rate is around 10%. The results for the BEV in this research are in line with the findings of Ulffers 
and Brouns. In this research distinction between urban, suburban, and rural areas has been 
made, where other (earlier) research did not distinguish between neighbourhoods with 
different urbanization degrees. Moreover, it adds the maximum simultaneity rate of the SEV for 
different neighbourhoods to the existing body of literature.  
 
For the determination of the grid reinforcement costs, the literature presented multiple results 
on how the future peak loads could take shape, under the defined conditions. Lousberg [35] for 
example shows a comparable research method but does not include charging behaviour based 
on real data and smart charging. Therefore, different results on the peak loads are presented. 
In contrast, this thesis describes an overview of the peak loads while considering charging 
behaviour that is based on real data including a smart charging strategy. It shows that the peak 
load values for the SEV and the BEV barely differ under these circumstances, resulting in no cost 
difference between the different EVs. These results correspond to the promising perspective the 
body of literature gave about the potential of smart charging and give a first estimation on the 
impact of the SEV on the costs for the grid.  

 Societal contribution 

Within the master’s program Complex System Engineering and Management students are 
challenged to design solutions for complex socio-technical problems. The presented framework 
and the results, therefore, do not only have a scientific but also a societal contribution.  
 
The analysed concept in this thesis, the SEV, constitutes a solution that would potentially 
accelerate the development of sustainable mobility, by limiting societal costs. Electric mobility 
is nowadays still very much dependent on the electricity supply system, including the grid and 
the charging infrastructure. When no intervention takes place, expensive grid and charging 
infrastructure reinforcements are necessary soon. The lower dependency of the SEV on the 
charging infrastructure leads to a solution for three major societal challenges. First, when mass 
adoption of SEVs takes place, the required number of charging stations in The Netherlands could 
be reduced considerably, saving societal costs. Second, a lower charging infrastructure 
dependency means that customers need to charge less. This is a positive perspective for EV 
users, who often still suffer from so-called ‘range anxiety’. The SEV would overcome this barrier 
and might therefore have the potential to accelerate the adoption of cleaner electric mobility in 
The Netherlands. Third, the lower dependency of the SEV on the charging infrastructure could 
potentially decrease the daily costs for EV users. When EV users need to charge less, they need 
to pay less. However, before concluding on these societal contributions in detail, further 
research needs to be executed on this specific topic.  
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Chapter 7:  Conclusion & 
recommendations 

This chapter provides an answer to the main research question and explores possibilities for 
further improving and extending the research. Moreover, policy and company recommendations 
are done.   

 Conclusion 

The conclusion provides an answer to the research question that was stated in the introduction 
of the report.  

‘What are the system costs of SEVs compared to BEVs?’ 
 
The research objective in this thesis was to uncover the differences between the SEV and the 
BEV to explore to what extent SEVs could reduce the system costs of BEVs in the future energy 
system. This research has been performed by assessing the system costs of a 100% SEV fleet 
compared to a 100% BEV fleet considering large-scale penetration of smart charging. The results 
are based on the existing ABM that was extended in this research. 
 
The results show that the charging infrastructure is the main factor responsible for the system 
costs when the SEV and the BEV are compared. In the coldest winter week, the SEVs maximum 
number of cars charging at the same time was estimated up to 3 times lower compared to the 
BEV. Subsequently, the charging infrastructure costs for the SEV were estimated to be up to 
three times lower than for the BEV; €4 billion and €12 billion. This difference is caused by the 
charging behaviour of EV drivers, which is influenced by the smart charging strategy, the energy 
generation, and the higher efficiency of the SEV. Where the charging infrastructure 
reinforcements represent different investment needs for the SEV and the BEV, the estimated 
costs for the distribution grid are €10 billion for both the BEV and the SEV scenario. A relatively 
small difference between the peak loads of the SEV scenario and the BEV scenario has appeared. 
Therefore, no extra grid asset investments are necessary to avoid overloading in the case of 
mass adoption of the SEV. The slightly lower peak load values at the SEV scenario and the BEV 
scenario appear to be primarily caused by the charging behaviour of EV drivers, which is 
influenced by the smart charging strategy, the energy generation, and the higher efficiency of 
the SEV. 
 
The smart charging strategy has a large impact on the results for both the charging infrastructure 
and the grid. The results imply that this strategy is more effective for decreasing the impact on 
the system for the BEV than for the SEV. The peak loads of the BEV scenario grew faster than 
the peak loads for the SEV scenario when an uncontrolled charging strategy was implemented. 
In addition, the system impact of the SEV and the BEV in a summer week was assessed with the 
ABM, the required capacity of charging stations for the SEV appeared to be ~8 times lower 
compared to the BEV, the cause being the higher electricity generation of the solar panel in this 
season. Another analysis showed what happens if the SEV would not have an integrated solar 
roof and solely represented a high-efficient electric vehicle. The results showed that under the 
modelled behaviour and the smart charging strategy, the solar panel, and the low energy 
consumption of the SEV are responsible for respectively roughly one-third and two-third of the 
decrease in system costs. 
 
Finally, the system costs were estimated. The estimated cost savings that the SEV could make if 
it would be fully (100%) adopted in society, range between €7.4 billion and €8.5 billion until 
2050. These cost savings are primarily caused by the bigger charging infrastructure roll-out that 
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needs to be planned to pace with the rise of BEVs compared to SEVs in society. The cost savings 
for the grid were presented to be at most €0.3 billion when the SEV dominates the system.  
  

 Recommendations 

In this section scientific, policy, and company recommendations are given.  

 Recommendations for further research 

This study provides an overview of the impact of the SEV compared to the BEV on the charging 
infrastructure and the distribution grid costs. The research gives input for further research. The 
recommendations for further research are listed below. As there is almost no literature 
dedicated to the SEV yet, there are many research challenges to be tackled in this specific field. 
Only the most relevant recommendations that apply to this research are considered here.   
 

Recommendations for further research 

1 
Further specify the future Dutch driving and charging behaviour.  

It is recommended to further specify the future Dutch driving and charging behaviour 
by researching the behaviour of a higher variation of personas considering the SEV 
and BEV users separately. As presented in the analytical framework of the research, 
behaviour is fundamental to the outcomes of the research. Where now relatively little 
information is found about Dutch driving behaviour, more detailed information is 
expected shortly [13]. Where for example this research used a SOC threshold that was 
based on research in the UK, favourably different Dutch SOC thresholds for different 
personas are considered.  

2 
Explore a wider variety of mobility products and services within the mobility fleet. 

It is recommended to explore other compositions of the mobility fleet in 2050 to find 
out how this influences the system costs. It could be considered to for example 
consider autonomous driving, shared driving, and MaaS in the future mobility system. 
Moreover, other types of cars such as ICE vehicles and Fuel cell electric vehicles 
(FCEVs) could be considered.  
 

3 
Apply more future scenarios to compare the system costs of the BEV and the SEV.  

Favourably, more scenarios are explored regarding the system costs of the SEV 
compared to the BEV. It could be for example interesting to consider the combination 
of central vRES generation, V2G, and the SEV in the electricity system. Other factors 
that could be considered in these scenarios are different types of smart charging, 
storage options, and the decentral unidirectional supply of vRES. Moreover, different 
adoption rates of the heat pump and residential solar PV supply could be considered, 
as the future of the heat pump is still very uncertain. 
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4 
Explore what long-term roll-out strategy is socio-technically favourable.   

At the end of 2019, the Ministry of Infrastructure and Water Management had no 

standards, target values, or indicators to determine whether the growth of electric 

transport is enough to keep pace with the number of EVs [106] [105]. Therefore, it is 

recommended to explore what metrics and target values are favourable from a socio-

technical point of view.  This could help to ensure an effective method of 

dimensioning the charging infrastructure in the future.   

5 
Explore different distributions of charging speeds.  
Where this thesis explored one charging speed distribution, the future of the share of 

adopted charging stations with a specific charging speed is still very uncertain. It 

would be good to see what a socio-economically favourable charging speed 

distribution would be, in which the costs for the system could stay limited. It could be 

for example interesting to explore the possibility of charging via the household socket, 

where no significant extra costs for a charging point are included; or to exploit a 

scenario with a high share of fast chargers; or to consider technological developments 

such as the possibility of wireless charging  

6 
Perform an analysis on the status of the distribution grid.   

It is recommended to perform a more thorough analysis on the status of the 

distribution grid in The Netherlands. This could be executed by for example clustering 

different types of neighbourhoods and their belonging grid asset capacity. By doing 

this a better system cost estimation could be performed based on these standardized 

neighbourhoods.  

7 
Explore the impact of the SEV and the BEV on the total societal costs of electric 
mobility.  

This thesis only provides an overview of the system costs. However, to determine the 
difference in societal impact, it is favourable to also investigate the product-level and 
external costs of different EVs.  

8 
Explore the system costs of the SEV and the BEV in different countries.  

It is recommended to explore what the system costs are of the BEV compared to the 
SEV in other countries than The Netherlands. This research showed that in the week 
with the highest solar irradiance, the impact of the SEV compared to the BEV on the 
charging infrastructure is 8 times less. When assessing a country with a higher solar 
irradiance, it is expected that the difference in system costs will be bigger. Moreover, 
the parameters that are used in the research, regarding for example the number of 
EVs, the driving behaviour, and the charging strategy might differ and therefore give 
different insights into the potential of the SEV reducing the system costs.    

9 
Explore the system costs of the SEV and the BEV on a national level.  

This thesis considers the capacity requirements of the grid and the charging 
infrastructure bottom-up, from an agent level. It would be interesting to extend this 
research by looking into the system costs of EVs on a national scale. For the grid, this 
means that the impact of the residential behaviour on the HV and MV grid is assessed. 
For the charging infrastructure, this means that the total road network is considered 
including the spatial distribution of charging points.  
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 Policy recommendations 

When doing policy recommendations, it is very important to note that the advice only is relevant 
in the light of its goal. Especially in the complex electricity system, an intervention always has its 
positives and negatives. In this section, different policy recommendations are given.  Since the 
electricity system is very complex, it is recommended for public and private actors to collaborate 
and create win-win strategies, test them in pilots and enable large-scale improvements for the 
future mobility/electricity system.   
 
This thesis presented that the maximum electricity consumption for the highly efficient solar 
electric vehicles (SEV) is up to 3 times lower than for the average conventional battery electric 
vehicle (BEV). This difference is associated with a decrease in the capacity requirement for the 
deployment of public charging points in the future mobility system. The lower electricity 
consumption is explained by (1) a low energy consumption and (2) the solar electricity that is 
generated by the integrated solar panels combined with Dutch driving behaviour and the smart 
charging strategy. To reduce the number of charging points required over the years it is 
therefore recommended to support the arrival of the highly efficient solar electric vehicle, by 
for example running campaigns or provide financial incentives to support the adoption of highly 
efficient mobility.  
 

 
Figure 7.1 Smart charging for solar and wind generation profiles, when considering BEVs. 

Source: Adapted from  [58]. 
 

Based on the results of the thesis it is recommended to promote smart charging under the Dutch 
population. This research assumes a 69% effective smart charging strategy. However, currently, 
only 20% of EV users implement smart charging regularly, and 40% are not even familiar with 
the concept of smart charging [107]. This research showed that smart charging could (1) limit 
the peak loads of both BEVs and SEVs and (2) limit the maximum simultaneity rate of charging 
and therefore reduce the required charging infrastructure and grid assets that are needed. A 
more effective smart charging strategy, moreover, helps to stabilize the peak power supply of 
the electricity generation of vRES as illustrated in figure 7.1. Therefore, it is recommended to 
create efficient price signals or other load management schemes to incite smart charging. To do 
so it is important to understand driving behaviour and on the other side create awareness on 
this topic.   
 
It is recommended to draw up standards, target values, and/or indicators and to collect targeted 
information about the development of the charging infrastructure. These targets must also be 
designed for determining the long-term charging roll-out strategy which is not developed yet. 
When developing the targets and the long-term roll-out strategy, it is recommended to consider 
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different technical characteristics of EVs; the composition of the mobility fleet; the occupancy 
rate; the spatial distribution; different speeds of charging stations; and the charging strategy 
that is applied.  
 
From the sensitivity analysis, it appeared that the number of EVs that are adopted in a 
neighbourhood has a high impact on the charging infrastructure capacity requirement. When 
there are 10% fewer electric vehicles operational in a neighbourhood the impact on the grid and 
the charging infrastructure reduces by 12%. It is therefore recommended to investigate future 
options in which the need for electric passenger vehicles could be reduced. This could be done 
by for example promoting shared driving, public transport, and/or MaaS. The sensitivity analysis 
also brought to light that the state of charge (SOC) threshold, the moment that people decide 
to charge, has a relatively high sensitivity. When the SOC threshold is reduced, the maximum 
electricity demand of EVs, and especially SEVs, decreases stronger than the SOC threshold. This 
implies that reducing the SOC threshold could be favourable for decreasing the impact of electric 
mobility. Accordingly, a policy recommendation is given, to create awareness about the positive 
effects of reducing the SOC threshold.   

 Recommendations for Lightyear 

In this section, the research concludes with the final recommendations for Lightyear. Hence, 
the recommendations below are only applicable to SEVs.  
 

 

 

 

 

 

 

 

 

Figure 7.2 An idea of a dashboard giving insight into future power generation of the integrated solar 
roof. 

It is recommended to develop a system in which customers can see when their optimal moment 
of charging is depending on their driving behaviour and the solar irradiation of the upcoming 
days. The longer a SEV user waits until the next charging moment, the higher the solar electricity 
that is generated between the charging sessions. The theoretical optimum is when the 
cumulative electricity consumption of the SEV is equal or lower to the cumulative income of the 
solar panel. Besides, it is also recommended for Lightyear to investigate the opportunity of a 
market in countries with high solar irradiance. As the results showed, the charging need was 
presented to be 8 times lower in the week with the highest solar irradiance in The Netherlands. 
A limited dependency on the grid will be favourable for both customers and the system.  
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  EV database 

Table A-1 EV database, cars available from 2017 in The Netherlands. 
Source: Adapted from [26]. 

 

  

EV database Availability NL Price NL Battery 
capacity (kWh) 

range WLTP energy 
consumption [Wh/km] 

Lightyear HVS  June 2024 €30,000 - 
€35,000 

60.4 725 83 

Lightyear ES March 2021 €149,990 60.0 725 83 

Battery Electric vehicles were released in The Netherlands in 2017. 

Volkswagen ID.3 Pro S September 2020 €43,987 82.0 550 149 

Skoda Enyaq iV 80 February 2021 €40,000 82.0 537 153 

Volkswagen ID.3 Pro August 2020 €35,000 62.0 420 148 

Renault Zoe ZE50 R110 November 2019 €33,590 55.0 395 139 
Hyundai Kona 64 kWh November 2019 €41,595 67.1 484 139 
SEAT el-Born June 2021 €37,500 62.0 418 148 

Opel Ampera-e September 2017 €34,149 60.0 380 158 

Volkswagen ID.4 March 2021 €45,000 82.0 400 205 

Volkswagen ID.3 Pure September 2020 €30,000 49.0 330 148 
Renault Zoe ZE50 R135 November 2019 €35,190 55.0 385 143 
Opel Corsa-e March 2020 €30,999 50.0 330 152 
Kia e-Soul 64 kWh January 2020 €42,985 67.1 452 148 
Ford Mustang Mach-E 
ER RWD 

November 2020 €58,075 98.8 600 165 

Skoda Enyaq iV 60 February 2021 €37,500 62.0 390 159 

Kia e-Niro 64 kWh January 2020 €44,995 67.1 455 147 

Skoda Enyaq iV 50 February 2021 €35,000 55.0 350 157 

Peugeot e-208 February 2020 €36,250 50.0 340 147 

Tesla Model 3 Long 
Range Dual Motor 

February 2019 €59,995 75.0 560 134 

Mercedes EQA March 2021 €45,000 60.0 420 143 

BMW i4 March 2021 €65,000 80.0 600 133 

Hyundai IONIQ Electric October 2019 €37,000 38.3 311 123 

Nissan Leaf e+ June 2019 €45,850 62.0 385 161 

Hyundai Kona Electric 39 
kWh 

May 2020 €36,795 42.0 305 138 

Fiat 500e Cabrio October 2020 €38,900 42.0 320 131 

Tesla Model 3 Standard 
Range Plus 

April 2019 €39,990 50.0 409 122 

Tesla Model 3 Long 
Range Performance 

February 2019 €65,595 75.0 560 134 

Lucid Air January 2022 €69,660 113.0 649.6 174 

Tesla Model Y Long 
Range Dual Motor 

March 2021 €65,018 75.0 505 149 

Peugeot e-2008 SUV March 2020 €40,930 50.0 310 161 

DS 3 Crossback E-Tense January 2020 €43,190 50.0 320 156 

BMW i3 120 Ah October 2018 €42,411 42.2 310 136 
Tesla Model Y Long 
Range Performance 

March 2021 €71,018 75.0 480 156 
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Table A-2 EV database, cars available from 2021 in The Netherlands within a price range of €25.000 – 
€40.000. 

Source: Adapted from [26] 

 

  

EVs filtered Availability 
NL 

Price NL Battery 
capacity 
(kWh) 

rang
e 

WLTP energy 
consumption 
[Wh/km] 

Skoda Enyaq iV 80 February 2021 €40,000 82.0 537 153 

SEAT el-Born June 2021 €37,500 62.0 418 148 

Skoda Enyaq iV 60 February 2021 €37,500 62.0 390 159 

Skoda Enyaq iV 50 February 2021 €35,000 55.0 350 157 

Mercedes EQA March 2021 €45,000 60.0 420 143 

average EV  April 2020 €44,630 64.2 423 152 

Reference BEV - - 60 395 152 
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 Out of scope: 
interventions and societal cost 
sources 

In this Appendix, the interventions and societal costs sources that are left out of scope are 
explained.   
 

Other interventions 

In this research, only the smart charging intervention is considered. However, other 
interventions are left out of scope such as V2G technology, battery storage systems, and solar-
to-vehicle (S2V) technology, which also could unburden the grid or the charging infrastructure.   
 
A special form of smart charging is enabled by vehicle-to-grid (V2G) technology. An EV with V2G 
technology stores electrical power during off-peak hours and returns it to the grid during peak 
hours. It makes use of the EV battery to feed power back to the grid using a bidirectional EV 
charger. EVs with V2G technology serve as a storage facility to ensure constant load curves [25]. 
Research by Turton & Moura [108] states that the installed renewable energy capacity could 
increase by 30 – 75% with V2G capable EVs due to their ability to store intermittent energy. 
Richardson [25] states that V2G could contribute to the balancing of demand and supply, provide 
a spinning reserve, and enable peak power provision.  The potential of V2G is often criticized 
due to its technical complexity and its high costs caused by excessive battery degradation [25].  
Some argue that it is better to use a smart charging strategy than to have expensive V2G 
chargers [35]. The little consensus about the potential of V2G technology in literature leaves the 
question of whether this technology is yet available in 2050. Due to this uncertainty, V2G 
technology is not considered in this thesis.  
 
Battery storage systems are becoming very attractive improving asset utilization and potentially 
preventing grid reinforcements [7]. Accordingly, energy storage systems are increasingly 
installed in both the distribution and transmission grid. Storage technologies enable peak 
shaving of the load curve by storing energy during off-peak hours and returning energy to the 
grid during peak hours. Research on storage technologies is in rapid progress. Storage 
technologies such as lithium-ion and flow batteries can provide high energy capacities showing 
high potential for unburdening the grid during peak hours. By peak shaving, storage technology 
could defer investment for additional transformer and cable capacity. However, storage 
technology is also expensive. A former cost-benefit analysis on existing storage practices reveals 
that a battery of 4 MWh costs €4.25 Million [20]. Currently, these storage systems are 15% more 
cost-effective than grid reinforcements. However, Gupta [7] also found that, as the total 
residential load curve increases, grid reinforcements become cheaper.  
 
Finally, S2V is a method where solar cells are placed on a roof, powering EVs during the day. The 
results of S2V technology so far show interesting results in the mission of unburdening the grid. 
Solar technologies make direct battery charging possible without any transmission losses [109]. 
When using solar energy as an off-grid energy source, the residual demand and the 
corresponding peak loads are likely to decrease [110]. However, the peak of solar power will be 
mostly around noon, while the peaks due to increasing EV loading of the grid are at the end of 
the working day [111]. One example is shown by a study on S2V technology where solar cells 
were placed over all available large parking lots in a medium sized-Swiss city. The author finds 
that 14 – 50% of the city’s passenger transportation energy demand could be provided [112]. 
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The concept of S2V technology partly overlaps with the concept of the SEV. Accordingly, it is 
chosen to just focus on the SEV to ensure that the effect of the SEV is measured correctly and 
not influenced by S2V technology. Hence, S2V technology is just like the battery storage systems 
and V2G technology left out of scope in this thesis but is recognized as a potential development 
in the future that could help unburdening the grid.   
 

Other societal costs sources 

The system costs of electric mobility are highlighted in chapter 2. Now the other sources of 
societal costs are shortly described. In figure 2.3 the external costs and the TCO were already 
presented to be left out of scope. As they are still important, it is here explained what they 
contain, and why they are not considered during the analysis of the research.  
 
The costs of negative externalities  
As indicated in chapter 2.2 the external costs form a category in the calculation of societal costs. 
External costs often associated with transport are accidents, congestion, infrastructure, and 
noise. It is assumed here that the BEV and the SEV do not significantly differ on these aspects 
and therefore are not considered either during this research. Another category of external costs 
is the costs of GHG emissions.  GHG emissions affect the climate and have a high societal impact. 
GHG emission costs are barely internalized in the costs of energy nowadays. Indirect GHG 
emissions of BEVs are expected to have an impact on societal costs in the coming years. BEVs 
are often seen as a sustainable zero-carbon transport form. Looking from a system point of view 
this notion of “zero-carbon” driving is currently untenable; BEVs are charged by electricity from 
the grid. This makes the GHG emissions of BEVs inherently dependent on the Dutch electricity 
mix. The dirtier the mix, the more GHG emissions, and vice versa. GHG emitting sources entail a 
high risk of future costs in the form of costly emission taxes or in the form of implementing 
abatement measures [17]. Hoekstra [113] concluded that current European BEVs and Diesel cars 
emit respectively 95 and 244 gram GHG per km accounting for driving, manufacturing, and 
battery production emissions. However, the GHG emissions are left out of scope during this 
research as the Dutch future energy mix is planned to be more based on vRES  [5]. Accordingly, 
the GHG emissions are expected to have a less significant societal impact than the integration 
of the BEV and the SEV on the future societal costs.  
 
Total costs of ownership 
Another form of societal impact is the price of EVs. Consumers mostly consider the substantial 
initial costs of EVs above the costs involved in car ownership. Some aspects of the costs of 
ownership, such as fuel and car efficiency, can however be quite significant for the TCO [30]. The 
TCO calculates the total cost for EV owners and the costs of using a car for the duration of this 
ownership [19]. Clerck [30] states that the TCO exists of the initial purchase, operational, non-
operational, maintenance, and taxation costs. The initial purchase costs of a car exist of: The 
depreciation costs, the registration tax, and the costs for private charging infrastructure. The 
operational costs exist of the fuel costs and the non-operational costs are road taxes, insurances, 
and the replacement of the battery pack.  The TCO of the SEV and BEV are estimated at around 
€48.000, - and €49.000, - respectively.   These amounts are derived from an internal study of 
Lightyear, calculating the TCO of the SEV and a Nissan Leaf, having comparable characteristics 
with the reference BEV used in this research. Because the TCO was already explored earlier and 
does not appear to differ significantly, they are not included in the analysis during this research.  

 

  



A comparison of the system costs of (solar) electric mobility. 

 

C-6 
 

  The DDZ model in 
detail 

 
This Appendix explains all the level 2 assumptions made in the DDZ model. It gives more 
detailed background information on the model.  
 

Historical household and commercial load 

Table C-1 Model assumptions made to calculate household and commercial load. 

Commercial load  

The total commercial load is the sum of the load of the different commercial buildings.  
The load of a commercial building is dependent on the commercial demand profile, the average 
power consumption, and the surface area of a building. The equation for calculating the load 
per commercial building is given below.  
 
𝐶𝑜𝑚𝑚𝑒𝑟𝑐𝑖𝑎𝑙 𝑙𝑜𝑎𝑑 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝑛𝑜𝑛 − 𝑓𝑜𝑜𝑑 (ℎ) = 𝐶𝑜𝑚𝑚𝑒𝑟𝑐𝑖𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 (ℎ) ∗ 81 ∗
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 [𝑚2]           (C.1)  
 
𝐶𝑜𝑚𝑚𝑒𝑟𝑐𝑖𝑎𝑙 𝑙𝑜𝑎𝑑 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝑓𝑜𝑜𝑑 (ℎ) = 𝐶𝑜𝑚𝑚𝑒𝑟𝑐𝑖𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 (ℎ) ∗ 467 ∗
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 [𝑚2]           (C2) 

 
The commercial demand profile is a factor that indicates the load variation during a day. The 
data of the profile factor in a year is gathered via NEDU. From the different load profiles, an 
average load profile of a company with less than 2000 working hours is chosen for the non-food 
sector (E3A). For the food sector, an average load profile of a company with more than 5000 
working hours is chosen (E3D). Here it is considered that companies in the food sector have a 
relatively higher electricity need, as food must be cooled during the night. Buildings in the food 

Model assumptions Data  Level   

• Baseload profile buildings 2017. [70] 1  

• Baseload households 2017. [73] 1  

• No growth rate is considered for the commercial and residential load 
curve in 2050. 

[72] 1  

• The future developments from 2017 until 2050 impacting the load 
curve contain the use of HVAC systems, heat pumps, electric stoves, 
and electric transport.  

DDZ 1  

• The data of the profile factor in a year is gathered via NEDU. From the 
different load profiles, an average load profile of a company with less 
than 2000 working hours is chosen for the non-food sector (E3A). For 
the food sector, an average load profile of a company with more than 
5000 working hours is chosen (E3D). 

[70] 2  

• Buildings in the food and non-food sector consume respectively 467 
kWh and 81 kWh per square meter per year. 

[74] 2  

• Power consumption of households. [73] 2  

• The load variation is incorporated to let the household demand profile 
vary per household, and is uniform distributed between 0.6 and 1.4 

DDZ 2  
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and non-food sector consume respectively 467 kWh and 81 kWh per square meter per year [74]. 
The function and the size of a building are based on real data of the different neighbourhoods.  
 

Household load  

All households have a load that is aggregated as the total household load. The load of a 
household is dependent on the energy profile factor, the load variation, and the demand profile. 
The household demand profile gives a distribution of a load of households during the day. The 
load variation is incorporated to let the household demand profile vary per household and is 
uniformly distributed between 0.6 and 1.4.  

 
𝐻𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 𝑙𝑜𝑎𝑑 = ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 𝑑𝑒𝑚𝑎𝑛𝑑 𝑝𝑟𝑜𝑓𝑖𝑙𝑒(ℎ) ∗ 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 ∗
𝑢𝑛𝑖𝑓𝑜𝑟𝑚 (𝑙𝑜𝑎𝑑 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 𝑙𝑜𝑤, 𝑙𝑜𝑎𝑑 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 ℎ𝑖𝑔ℎ)            (C.3) 
 

The energy profile factor is the ratio between the energy consumption per day per household 
dependent on the number of people occupying the household and the sum of the household 
demand profile over a year. It is calculated via the following formula:   
 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 =
ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝑖𝑛ℎ𝑎𝑏𝑖𝑡𝑎𝑛𝑡(𝑥)

4297.875 (=𝑠𝑢𝑚 𝑜𝑓 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 𝑑𝑒𝑚𝑎𝑛𝑑 𝑝𝑟𝑜𝑓𝑖𝑙𝑒∗365)
                                              (C.4) 

 

In the formula above x represents the number of inhabitants a household contains. Below the 
different number of occupants and the belonging energy consumption per household is shown.  

Table C-2 The energy consumption per household per year is modelled in DDZ. 

HVAC system load 

Model assumptions Data  Level 

• Data for projecting the electricity demand for space/water heating and cooling 
in 2050 is derived from historical data of the gas consumption in 2019.    

[73] 1 

• Fully electric heat pumps are situated in 43% of the households by 2050. [5] 1 

• AW heat pumps account for all the different heat pumps in a neighbourhood.   [75] 1 

• All heat pumps are variable-stage heat pumps operating at a thermal energy 
level of 4kW.  For the heat pump, this is the same for cooling and heating and 
varies between 2.3- and 6-kW thermal energy depending on the type of 
household and its belonging gas consumption.  

[77] 1 

• Coefficient of performance (COP) WW and AW heat pump derived from 
historical data.  

[80] 2 

• Ambient temperature based on historical data of 2018. [71] 2 

Table C-3 Model assumptions made to calculate the load of HVAC systems. 

While the gas consumption gradually stops until 2050, the current gas consumption is 
considered as an indicator for the electricity demand for the use of heating and cooling of space 
in 2050. Hence, in DDZ historical data of the gas supply from 2019 is used to project the future 
electricity demand for heating and cooling in households [79]. The gas consumption of the 
different apartments is shown below.  

nb of occupants per household kWh per year 

1 1925 

2 3005 
3 3605 

4 4155 

5 4375 
6 4385 
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Table C-4 Thermal power per household type. 

The heat demand in kWh is calculated via equation C5.  
 

𝐻𝑒𝑎𝑡 𝑑𝑒𝑚𝑎𝑛𝑑 [𝑘𝑊](h) = 35.17 [
𝑀𝐽

𝑚3
] ∗ 0.28 ∗ 𝑚𝑒𝑎𝑛 𝑔𝑎𝑠 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 ∗ 𝑔𝑎𝑠 𝑑𝑒𝑚𝑎𝑛𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛            (C.5)  

 
In this equation, 35.17 stands for the energy density of natural gas, and 0.28 is the conversion 
factor from MJ to kWh. The mean gas consumption is given C4 and the gas demand fraction, 
reflecting the distribution of the annual consumption, is derived from historical data of NEDU 
[70]. When the ambient temperature is lower or higher than the heat demand in a specific hour, 
the heat pump starts producing heat. The ambient temperature is derived from historical data 
of 2018 of the KNMI [71].  If the heat demand is bigger than the capacity of the heat pump, the 
maximum power of the heat pump is being used. The maximum power of the heat pump is 
expected to differ per type of household. As such the maximum power of the heat pump is 
assumed to have a proportional ratio (power factor) with the gas consumption in C5.   
 
As the power of the variable stage heat pump can adapt to the amount of energy demanded, 
the heat pump can consume less power than the maximum power of the heat pump. This 
happens when the heat demand is lower than the maximum power and higher than the ambient 
temperature. The heat demand or the Thermal power in kW is given in equation C6.   
 
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 [𝑘𝑊]  = 𝐶𝑂𝑃 ∗ 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝐻𝑃             (C.6) 
 
The coefficient of performance (COP) is a heat pump’s efficiency when heating and is dependent 
on the ambient temperature. The COP shows how much heat transfer occurs into the warm 
space compared with how much electricity is required [114]. The COP is derived from historical 
data [80].  
  

Type of household  mean Gas consumption 
[m3] 

Power factor Max power heat pump [kW] 

Apartment 850 0.57 0. 57 * 4 kW = 2.3 kW 
Corner house 1330  0.97 0.97 * 4 kW = 3.9 kW 

Semi-detached house 1680 1.14 1.14 * 4 kW = 4.7 kW 
Detached house 2200 1.5 1.5 * 4kW = 6 kW  
Terraced house 1190  0.81 0.81 * 4 kW =3.24 kW 
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PV load  

Model assumptions Data  Level  

• 57% of the households have solar panels installed on their roof by 2050. [10] 1 

• The mean PV efficiency on household roofs in 2050 is 22%.  [82] 1 

• The PV irradiance per hour is originating from the historical data of KNMI.  [71] 2 

• The installed area of PV is dependent on the size of the roofs of households. 
The area of the roof is different per building and derived from GIS data of The 
Netherlands.  

[31] 2 

Table C-5 Model assumptions made to calculate the PV load. 

PV production in the model is calculated via the following formula:  
 
𝑃𝑉 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [𝑘𝑊] = 𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝑎𝑟𝑒𝑎 𝑃𝑉 ∗ 𝑃𝑉𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 ∗ 𝑃𝑉 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ∗ 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑟𝑎𝑡𝑖𝑜   (C.7) 

 

Here the installed area PV is dependent on the size of the roofs of the households. The PV 
irradiance per hour is originating from the KNMI data from 2018 [71]. The International 
Renewable Energy Agency (IRENA) [82] predicts that solar cell efficiency will grow in the future. 
It, however, does not predict the efficiency of solar cells. The PV efficiency is set to 22% in the 
2050 scenario, where it is now 18% on average 
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Figure D-1 Different types of trips defined in the DDZ model. 

  Dutch driving 
behaviour 

 
The average Dutch driver characteristics that account for 53% of the adults in the model are 
revealed in this Appendix. The driver characteristics mentioned before differ per type of trip. 
The DDZ model distinguishes between, weekend, day, evening, and work trips. The distributions 
and the driver characteristics that are different depending on the trip type are presented in 
Table D1. The assumptions and reasoning done for this distribution are described here.  
 
 
 
  

 

 
Table D-1 Driver characteristics differing per type of trip in the DDZ model. 

Trip chance 

The chance of going on either a work, evening, weekend, or day trip by car depends on the first 
instance if an adult posits a car. In The Netherlands ~54% of the adults possess a car, hence this 
percentage is used for the DDZ model [115]. From the Dutch inhabitants, 68,7% go to work of 
which 50% go by car [94]. For simplification of the model, it is assumed that every adult having 
a car and a job, goes to work by car. Hence, ~37% of the adult population is assumed to go by 
car to work.  For simplification reasons, people with part-time jobs are not considered here. In 
DDZ it is modelled that when a person does not have a job but possesses a car, it can go on a 
day trip (Mo-Fri). Following the CBS 57% of the trips consists of trips other than going to work, 
such as shopping or sporting [24]. Accordingly, it is here assumed that 57% of the adults 
possessing an EV go on a day trip. Therefore ~31% of the population goes on a day trip by car if 
not going to work.  During the weekend, the population does not go to work but can go on a 
weekend trip. As the chance is 57% to go on a trip other than work, this percentage is also used 
for the chance of people in the population going on a weekend trip. Again, only the people 
possessing a car can go on a weekend trip by car. Hence, the percentage of going on a weekend 
trip is 31% for both Saturday and Sunday. Just like going on a weekend trip, a person can always 
go on an evening trip from Monday till Friday, when it possesses a car. The chance of going on 
an evening trip is the same as for the weekend days following the same way of reasoning.  

Departure times 

When an adult goes on a trip, the departure time is decided by the model using the distribution 
in figure D2. Onderzoek verplaatsing Nederland (OVIN) gave specific insights into the hourly trip 

 Chance distribution of going 
on a trip 

Trip duration distribution 
[hours] 

An average distance 
[km] 

Work 37% Uniform (6 – 8) 24 [24] 

Evening 31% Uniform (0.25 – 1.5)  16.3 [24] 

Weekend 31% Uniform (0.25, 3) 13.5 [24] 

Day 31% Uniform (0.25, 3) 16.3 [24] 
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distribution by the departure in hours [89]. The departure times are set the same for all the 
different types of trips.  

 
 
 
 

Trip duration  

After departure, a driver drives to its destination, stays there for an undetermined time, and 
goes back home, the sum of the time needed for this is being referred to when trip duration is 
mentioned in this thesis. The average time spent working is 7.2 hours. Hence, the trip duration 
of going to work is set on a uniform distribution between 6 and 8 hours including the driving 
time [116]. Where the working times in The Netherlands are clearly defined, the driving times 
of going on an evening, day, or weekend trip are hard to define. Most trips here have different 
purposes; when a person goes shopping the trip duration is likely to be shorter than when a 
person goes visiting family 200 km away. Hence, for the evening, day, and weekend trips a top-
down approach is used to define the trip duration distribution. Via sensitive data of charging 
station operators in the UK, it is found that almost 50% of the people come home between 16:00 
and 20:00 as they start charging their car then. Also, the NREL found that more than two-thirds 
of the hours away from home find a place between 10:00 till 20:00. Knowing this the trip 
duration is adapted to fit these empirical data results.   
 

Driving distance  

The amount of km driven by a driver is defined in the characteristic driver distance. This 
characteristic influences the SOC and influences the amount of charging and the moment of 
charging. The average Dutch driver drives on average 18 km per day [89]. Onderzoek 
Verplaatsingen in Nederland" (OViN) [89] shows that the distances vary per activity type;  about 
24 km for commuting to work, 21 km for school, 7 km for shopping trips, and  19 km for other 
activities. In the model, the average work distance is set to 24 km copying the data of the CBS. 
The day trips and the evening trips are set to 16.3 km, which is a weighted average of the ‘other’ 
and ‘shopping’ trips that account for 7% and 40% of the activities. For the weekend trips a 
distinction is made. Having a closer look on the data of CBS, the average weekend and week 
driver distances differ. Accordingly, a difference is made between the weekend distance and the 
week distance with an average of 15.5 km for the weekend and an average of 19 km for the 
week.  In conclusion the average driving distance in the model is set 24, 16.3, 16.3 and 15.5 km 
for work trips, day and evening trips and weekend trips respectively. 
 

SOC threshold 

One of the driver behaviour characteristics mentioned in the SOC threshold, representing the 
minimal SOC that a user’s car can have before the user starts charging. The SOC threshold is 
fixed to the same distribution for all types of users in this research. Quiros-Tortos [93], found in 
a statistical analysis of EV charging behaviour that 70% of the people decide to charge when the 

Figure D-2 Departure times. 
Source: adapted from [89][92]. 
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SOC is between 25% and 75%. The resting 30% charges already when the SOC is above this 
threshold. Hence, this distribution is applied to the EV users in the model.  
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   Model verification 
 
The verification has been done continuously and step-by-step for every change in the model; 
steps of the methodology of Deguchi are presented below [67].  In this Appendix, we zoom in 
to some of the high-level verification calculations that have been made to verify the ABM. The 
verification is reported for an uncontrolled charging strategy, the urban neighbourhood, and 
the BEV only.   

1. Agent behaviour tracking: Selecting relevant output variables to be monitored. These 
outputs in the DDZ model were in the first instance all the variables represented in the 
residential load curve and the maximum number of cars charging. The relevant output 
variables that are discussed here, are the high-level output variables that were 
monitored continuously. These are the maximum number of cars charging and the 
maximum peak load.  Besides, the timing of the peak load was used for the high-level 
verification of the model.   

2. Single-agent testing: Here the behaviour of single agents is explored. When for example 
setting a slider to 100% SEVs in the model, did the value of the SEV indeed equal: ‘’true”? 
As such, all model output variables added to the model have been tested. Moreover, 
graphs were used to verify the values of the agent behaviour, for example showing the 
solar range of the solar car at any moment during the simulation run. Normal 
calculations, next to the model calculations have been done to verify if the right values 
were calculated by the ABM.   

3. Multi-agent testing: Once the single-agent testing was done, the entire model outcome 
with all agents present has been tested. The emergent behaviour shown in the total load 
curve was verified and compared to literature predictions for the charging and the 
behavioural load. 

 

 Maximum simultaneity rate 

Multi-agent testing is done with the neighbourhood demand in an urban setting, without smart 
charging applied (figure E1). First, the timing of the EV charging load is evaluated. Via sensitive 
data of charging station operators in the UK, it is found that almost 50% of the people come 
home between 16:00 and 20:00. They start charging their car in this timeslot.  The peak of the 
UK research data is around 20:00 this corresponds to the peak load around 19:00-20:00 that is 
found in the research results.  Moreover, in figure E1 it is found that there is also a smaller peak 
around 08:00/09:00. This corresponds to the data of the research of the UK in which the peak is 

between 09:00 and 10:00. The maximum simultaneity rate in the same research in the UK is 
10%. This corresponds to the presented results in this thesis: an average Dutch maximum 

Figure E-1 Household demand load 2050 with an uncontrolled charging strategy in an urban 
neighbourhood. 
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simultaneity rate of 10.4%. Moreover, Ulffers [39] found that the maximum simultaneity rate is 
9% in an urban neighbourhood with 100 EVs in it.  
 
The peak load [kW]  
Household peak loads 
On average a household has an actual peak power demand of about 0.8 kW [4]. The peak power 
of the 100 households in the neighbourhood is therefore estimated at 103 kW. The peak power 
of the households in this research is measured to be 85 kW. This is caused by the on average 
20% lower electricity consumption (compared to average) of the apartments that were included 
in urban neighbourhoods in the model. Accordingly, the household peak load was verified.   
 
Commercial peak load 
Buildings in the food and non-food sector consume respectively 467 kWh and 81 kWh per square 
meter per year [74]. In the ABM there is a scenario with 13 commercial buildings of which there 
is one operational in the food sector. Table E1 shows the average kWh consumed per hour over 
all the commercial buildings is 105 kWh. In the DDZ model, this is 102 kWh. This is different due 
to different energy profile factors. Accordingly, the commercial load curve is found correct for 
the assumptions that were made in this research.  

 
Table E-1 The kWh per year consumed per commercial building in the urban area modelled in DDZ. 

HVAC system load 
Most of the households are apartments in the urban area in DDZ. Apartments are assumed to 
have a gas consumption of 850 m3 per year. This is equal to 8967 kWh electricity consumption 
per year. As there are 100 EVs modelled in the urban neighbourhood the HVAC system electricity 
consumption is expected to be 24 kWh per household per day and 1.02 kWh per hour. As it is 
assumed that 42% of the households have electrified their heat demand by 2050. The 
aggregated consumption of the HVAC system is expected to be 43 kWh. In the model, the 
aggregated average consumption per hour of the urban neighbourhood is 49 kWh. This is 
measured in winter. Therefore, a higher average heat consumption in the winter is found logical.  
 
Electric cooking load 
On average 2.1 electric stoves are used with a power of 1 kW. The probability that someone 
starts cooking during peak hours is 16%. Accordingly, the peak of electric cooking, when all 
households cook on an electric stove is 31.5 kW. In the model, the peak is 33.9 kW.  
 
 
 

building food sector area [m2]  kWh per year 

other no 150 8505 

other no 175 9922.5 

other no 7500 425250 

other no 155 8788.5 

other no 110 6237 

shop no 1484 84142.8 

industry no 1171 66395.7 

other no 1186 67246.2 

office no 200 11340 

meeting no 100 5670 

office no 150 8505 

meeting no 662 37535.4 

shop yes  550 183260     
  

Total  922798.1   
Average per hour 105.3 
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Private charging load  
The private charging load is almost zero in the model for the urban scenario. This is the 
consequence of the apartments that are modelled to not have access to private charging places. 
Subsequently, the private charging load for the modelled situation is verified. In suburban and 
rural areas, the private charging load accounts for 58% of the total charging load and in a 
suburban area, the charging load accounts for 36% of the charging load. A weighted average 
brings that to a national private charging share of 24.3%. This corresponds to the assumption 
that 25% of households in 2050 will have access to a private charging point.  
 
Public charging load  
The aggregated charging peak of the BEVs in the model is 135 kW uncontrolled charging. The 
average charging power is 11 kW and the number of cars charging simultaneously is 12.5 kW. 
Together this gives the expectation that the charging peak load amounts to 138.5 kW. In the 
model, this is 135 kW. The peak load is 1.35 kW per average BEV. This is within the range of 
earlier research that found that the average peak demand of charging lies between 1 – 2.8 kW 
depending on the EV type [5]. 
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 Experiments  
This Appendix gives an oversight of the different experiments that were executed.  

Table F-1 Main experiments. 

 

  

Experiment 0 

 BEV SEV  
Number of EVs 100 100 

urban  TRUE TRUE 

smart charging  TRUE TRUE 

persona 1  10% 10% 

persona 2 3.5% 3.5% 

persona 3 34% 34% 

Charging power (3.6/11/22/50) 13%/67%/19%/1% 13%/67%/19%/1% 

SOC  ~61% ~61% 

Winter week January 20 - 27 January 20 - 27 

Experiment 1 

 BEV SEV  

Number of EVs 65 65 

Suburban  TRUE TRUE 

smart charging  TRUE TRUE 

persona 1  10% 10% 

persona 2 3.5% 3.5% 

persona 3 34% 34% 

Charging power (3.6/11/22/50) 13%/67%/19%/1% 13%/67%/19%/1% 

SOC  ~61% ~61% 

Winter week January 20 - 27 January 20 - 27 

Experiment 3 

 BEV SEV  

Number of EVs 33 33 

Rural  TRUE TRUE 

smart charging  TRUE TRUE 

persona 1  10% 10% 

persona 2 3.5% 3.5% 

persona 3 34% 34% 

Charging power (3.6/11/22/50) 13%/67%/19%/1% 13%/67%/19%/1% 

SOC  ~61% ~61% 

Winter week January 20 - 27 January 20 - 27 



A comparison of the system costs of (solar) electric mobility. 

 

F-17 
 

Table F-2 Additional experiments. 

 

SA1 

 BEV SEV  

Number of EVs 90 (-10%) 90 (-10%) 

urban  TRUE TRUE 

smart charging  TRUE TRUE 

persona 1  10% 10% 

persona 2 3.5% 3.5% 

persona 3 34% 34% 

Charging power (3.6/11/22/50) 13%/67%/19%/1% 13%/67%/19%/1% 

SOC  ~61% ~61% 

Winter week January 20 - 27 January 20 - 27 

SA 2 

 BEV SEV  

Number of EVs 100 100 

urban  TRUE TRUE 

smart charging  TRUE TRUE 

persona 1  0% 0% 

persona 2 3.5% 3.5% 

Experiment 3 

 BEV SEV  

Number of EVs 100 100 

urban  TRUE TRUE 

smart charging  FALSE FALSE 

persona 1  10% 10% 

persona 2 3.5% 3.5% 

persona 3 34% 34% 

Charging power (3.6/11/22/50) 13%/67%/19%/1% 13%/67%/19%/1% 

SOC  ~61% ~61% 

Winter week January 20 - 27 January 20 - 27 

Experiment 4 

 BEV SEV  

Number of EVs 100 100 
urban  TRUE TRUE 

smart charging  TRUE TRUE 

persona 1  10% 10% 

persona 2 3.5% 3.5% 

persona 3 34% 34% 

Charging power (3.6/11/22/50) 13%/67%/19%/1% 13%/67%/19%/1% 

SOC  ~61% ~61% 

Summer week June 25 – May 1 June 25 – May 1 

Experiment 5 

 SEV SEV without a solar roof 

Number of EVs 100 100 

urban  TRUE TRUE 

smart charging  TRUE TRUE 

persona 1  10% 10% 

persona 2 3.5% 3.5% 

persona 3 34% 34% 

Charging power (3.6/11/22/50) 13%/67%/19%/1% 13%/67%/19%/1% 

SOC  ~61% ~61% 

Winter week January 20 - 27 January 20 - 27 
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persona 3 34% 34% 

Charging power (3.6/11/22/50) 13%/67%/19%/1% 13%/67%/19%/1% 

SOC  ~61% ~61% 

Winter week January 20 - 27 January 20 - 27 

SA 3 

 BEV SEV  

urban  TRUE TRUE 

smart charging  TRUE TRUE 

persona 1  10% 10% 

persona 2 13.5% 13.5% 

persona 3 34% 34% 

Charging power (3.6/11/22/50) 13%/67%/19%/1% 13%/67%/19%/1% 

SOC  ~61% ~61% 

Winter week January 20 - 27 January 20 - 27 

SA 4 

 BEV SEV  

urban  TRUE TRUE 

smart charging  TRUE TRUE 

persona 1  10% 10% 

persona 2 3.5% 3.5% 

persona 3 24% 24% 

Charging power (3.6/11/22/50) 12%/60%/17%/1% 12%/60%/17%/1% 

SOC  ~61% ~61% 

Winter week January 20 - 27 January 20 - 27 

SA 5 

 BEV SEV  

urban  TRUE TRUE 

smart charging  TRUE TRUE 

persona 1  10% 10% 

persona 2 3.5% 3.5% 

persona 3 34% 34% 
Charging power (3.6/11/22/50) 13%/67%/19%/1% 13%/67%/19%/1% 

SOC  ~51% ~51% 

Winter week January 20 - 27 January 20 - 27 

Table F-3 Sensitivity analysis experiments. 
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 The system cost 
calculations 

The local capacity requirements are determined via the method described in chapter four. The 
calculations are described below.  
 

The charging infrastructure  

𝑇ℎ𝑒 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑠𝑖𝑚𝑢𝑙𝑡𝑎𝑛𝑒𝑖𝑡𝑦 𝑟𝑎𝑡𝑒 𝑝𝑒𝑟 𝑐ℎ𝑎𝑟𝑔𝑒𝑟 𝑡𝑦𝑝𝑒 (𝑆(𝑥)) =
𝐸

𝑃(𝑥)
∗ 𝑇(𝑥)     (G.1) 

𝐿𝑜𝑐𝑎𝑙 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 𝑝𝑒𝑟 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑢𝑟ℎ𝑜𝑜𝑑 = ∑ 𝑆(𝑥) ∗ 𝑁 ∗ 𝑂 4
𝑥=1     (G.2) 

 

The local capacity requirement calculations for different neighbourhoods are given in equation 
G.1 where x stands for the different types of chargers and S stands for the absolute number of 
EVs charging per neighbourhood. The maximum simultaneity rate and capacity requirements of 
charging are illustrated in Tables G1 and G2. The occupancy ratio that reflects the ratio of time 
an EV on average occupies a charging station to the effective time it is charging,  is assumed to 
be 5, based on Wolbertus [33] 
 

Table G-2 The local capacity requirements for the different neighbourhoods. 

The national charging stations needed in 2050, proportionally multiplied with the number of 
neighbourhoods per type of neighbourhood (urban, suburban, and rural) needed are presented 
in Table G3. Subsequently, the number of charging points needed in the case of a BEV/SEV fleet 
is presented in Table G4.  

Maximum simultaneity 100% BEV 100% SEV Number of EVs 

Urban 8.5% 2.8% 100 

Sub-urban 11.7% 4% 65 

Rural 12.7% 4.85% 33 

Table G-1 The maximum simultaneity rate for the different neighbourhoods. 

Local capacity requirement BEV5 

public charging power 3.7; 11; 22; 50 19% 67% 13% 1% 

Urban 8.075 28.475 5.525 0.425 
Suburban 7.22 127.3 24.7 1.9 
Rural 3.99 14.07 2.73 0.21 
Local capacity requirement SEV 

Urban 2.66 9.38 1.82 0.14 
Suburban 2.47 8.71 1.69 0.13 
Rural 1.52 5.36 1.04 0.08 

Parameter definition 
S (x) = The maximum simultaneity rate per charger type (x)  
  x= 1….4 for charging points 3.7 kW, 11 kW, 22 kW and 50 kW 
E = The maximum electricity consumption of the EVs.   
P(x) = The speed of charger type (x)  
T(x) = The share of available chargers of type (x) 
  x= 1….4 for charging points 3.7 kW, 11 kW, 22 kW and 50 kW 
N = number of EVs 
O = Occupancy ratio  
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𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑛𝑒𝑒𝑑 = ∑ ∑ 𝑆 (𝑥)  ∗   𝑁𝑒𝑣 ∗ 𝐶(𝑥)5
𝑥=1 ∗  𝑁(𝑛)

3

𝑛=1
     (G.3) 

 

 
 

Table G-3 Number of neighbourhoods per urbanization degree. 

 
Table G-4 Number of charging points needed nationally. 

The costs at 100% BEV and SEV penetration rate per charger and neighbourhood are given in 
Table G5.  Now the total costs are summed up. The NPV is calculated with the current Dutch 
rent rate of 1.65%. The population growth is estimated at 19%.  These results are presented in 
G6.  

Table G-5 Costs for the charging infrastructure at 100% BEV and SEV penetration in 2050. 

 

y Number of neighbourhoods per urbanization category  

1 Number of neighbourhoods urban (47%) 39.232 
2 Number of neighbourhoods suburban (29%) 24.207 
3 Number of neighbourhoods rural (24%) 20.033 

National charging points needed (100% BEV) 
     

public charging power distribution 19% 67% 13% 1%  

Public 3.7 kW 11 kW 22 kW 50 kW Total  

urban  316799 1117133 216757 16674 1667362 
sub-urban 174775 616311 119583 9199 919866 
rural 79933 281870 54691 4207 420701 

      

National charging points needed (100% SEV)  
     

Public 3.7 kW 11 kW 22 kW 50 kW Total  

urban  104357 367997 71402 5492 549249 
sub-urban 59791 210843 40910 3147 314691 
rural 30451 107379 20835 1603 160267 

National costs charging infrastructure at 100% BEV penetration. 

Charging 
speed 

3.7 kW 11 kW 22 kW 50 kW 
 

Costs per 
charging point  

€3,400 €3950 €4500 €31.000 TOTAL 

Urban €1,077,116,027 €4,412,674,249 €975,406,928 €516,882,304 €6,982,079,508 
Sub-urban €594,233,723 €2,434,426,544 €538,121,870 €285,158,598 €3,851,940,735 
Rural €271,772,955 €1,113,385,643 €246,110,184 €130,417,362 €1,761,686,144 
National costs charging infrastructure at 100% SEV penetration. 

Urban €354,814,691 €1,453,586,811 €321,310,518 €170,267,112 €2,299,979,132 
Sub-urban €203,290,484 €832,830,134 €184,094,324 €97,554,257 €1,317,769,199 
Rural €103,532,554 €424,146,912 €93,756,260 €49,682,805 €671,118,531 

Parameter definitions 
S (x) = The maximum simultaneity rate per charger type (x)  
Nev = The number of EVs that are available in a neighbourhood 
C (x) = Costs in € per charger type (X).  
   x= 1….5 for charging points 3.7 kW, 11 kW, 22 kW and 50 kW 
N (n) = The number of type n of neighbourhood on national scale  
  N = 1, 2, 3 for urban, suburban, and rural neighbourhoods 

https://en.wikipedia.org/wiki/Euro_sign
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Table G-6 Charging infrastructure cost calculations 2050. 

The grid  

A grid asset needs to be replaced when the peak load of the grid is higher than the rated capacity 
of the asset itself. The grid CBA calculations, therefore, consists of two steps: (1) determine the 
current status of the grid and (2) determine the capacity requirements for the grid in 2050. Two 
types of assets are considered: (1) transformers and (2) cables. When the capacity requirement 
is higher than the current level of the grid, the grid asset needs to be replaced. 
 
The status of the grid: the transformers  
The grid assets that are replaced with grid reinforcements are cables and transformers 
separately. Before presenting the results of the local capacity requirements of transformers and 
cables the pre-research that is executed to determine the status of the grid is presented.  This 
experiment used equation G.4. The historical peak load was just as for the other experiments 
derived from the ABM.  
 
𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝑓(𝑥) = 𝐻(𝑥) ∗ 1.01𝑙 ∗ (1 + 𝑠)         (G.4) 

 

Equation 4.2 is applied to the historical peak load H, measured in apparent power (kVA), in 
urban, suburban, and rural areas. The historical peak load is taken in the year 2010 and the 
lifetime l is set to 40 years [40]. The planned capacity of the transformer that was placed in 2010 
is assumed in this research to be representative of all transformers in The Netherlands.  
 

Table G-7 The outcomes of experiment -1: status grid.  

In Table G8 the status of the grid was matched to the current distribution of transformers that 
were presented in figure G1.  
 

Charging infrastructure cost calculations BEV SEV  difference 

Sum of costs for charging infrastructure. €12,595,706,386 €4,288,866,861 €8,306,839,524 
Mean NPV (r = 1.65) €9,824,650,981 €3,345,316,152 €6,479,334,829 
NPV with 19% population growth €11,691,334,667 €3,980,926,221 €7,710,408,446 

 
Peak load 
grid 2017 
[kW]  

Peak load 
grid 2010 
[kW]  

Peak load 
grid 2050 
[kW] 

safety 
margin  

Capacity 
requirement 
estimated kW 

Capacity 
estimated 
[kVA] 

Current 
transformer 
capacity  

urban  235.7 219.8 327.3 0.1 360.0 400.0 400/630 

sub-
urban 

79.3 74.1 110.4 0.1 121.4 134.9 160/250 

rural 28.4 26.5 39.4 0.1 43.3 48.2 100 

Parameter definition 
H (x)= The historical peak load of neighbourhood x.  

x = 1, 2, 3 for urban, suburban, and rural neighbourhoods. 
S = Safety margin 
L = Lifetime transformer 

 
l = lifetime of a transformer 
  
  x= 1….4 for charging points 3.7 kW, 11 kW, 22 kW and 50 kW 
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Figure G-1 Transformer capacity distribution of 5000 transformers in the Enexis area. 

[Information obtained via internal data Enexis (2007).] 

Table G-8 The current status of transformers. 

The status of the grid: cables  
Next to the transformers, the cables in the grid are considered. This research uses former Ph.D. 
research [98] of Nijhuis that clustered 88.000 cables in the network of a Dutch DSO into 26 
common clusters accounting for 71.3 % of the total LV network of this specific DSO.  The top 5 
of the clusters accounting for 35% of the Dutch distribution network are used to sketch the 
different cables in the distribution network. The distribution of cable types in figure G2 shows 
the distribution used for the system cost calculations in The Netherlands in this research.  Table 
G-11 shows the status of the cables that were used for the cost calculations.  
 

 
 

Figure G-2 Cable capacity distribution of 88.000 cables. 

Source: Adapted from [36]. 
Table G-9 Current cable capacity distribution in The Netherlands. 

The capacity of the cables in neighbourhoods is the length of the cables times the amount of 
the cables that are presented in Table G-10. In Table G-11 the final current level of the cables 
was determined. 
 

The status of transformers 100 kVA 160 kVA 250 kVA 400 kVA 630 kVA 

Share of transformers 16.1 32.1 12.3 16.9 22.4 

Urban  - - - 43.00% 57.00% 

sub-urban - 72.30% 27.70% 
 

- 

rural 100.00% - - - - 

Status cable: Capacity distribution   

Type Capacity [A] Capacity [kw] Share [%]  

50 Al 115 26.4 12.6 

95 Al 175 40.25 22.6 

150 Al 230 52.9 39.4 

50 Cu 125 28.7 12.6 

70 Cu 155 35.65 12.9 
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Table G-10 Cable dimensions per type of neighbourhood. 
Source: Adapted from [98]. 

 

The local capacity requirements of the grid 
The grid infrastructure is dimensioned such that the rated capacity of the grid assets is equal to 
the energy demand they are subject to. After determining the current capacity of the 
transformer and cables in the pre-research, the needed capacity for the future transformers in 
the three different neighbourhoods was determined. The capacity is based on the future load 
curve modelled in the DDZ model described in chapter 3. The estimated local capacity 
requirements in 2050 for transformers are given in kVA and based on the peak loads per 
neighbourhood in the ABM in Table G-12. A safety margin of 10% is included in the calculations. 
The local capacity requirements for the cables are calculated similarly and given in Table G-13 in 
kW.    

Cable dimensions number of 
household
s 

Number of cables per 
neighbourhood 

meter cable per 
household (m)  

 meter cable 
needed in the 
neighbourhood 
(m)  

Urban  129 5.6 25  3870 

sub-urban 85 3.7 37.5  3187.5 

rural 43 1.9 50  1935 

Status of cables  50AL 95AL 150AL 50CU 70CU 

Share of cables 12.6% 22.6% 39.4% 12.6% 12.9% 
Urban 148.1 kW 225.8 kW 296.7 kW 161.0 kW 200.0 kW 

sub-urban  97.6 kW 148.8 kW 195.5 kW 106.1 kW 131.8 kW 

rural  49.4 kW 75.3 kW 98.9 kW 53.7 kW 66.7 kW 

Table G-11 The current status of the cables in The Netherlands.  
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Table G-12 Local capacity requirements for transformers. 

Table G-13 Local capacity requirements for cables. 

The national capacity requirements of the grid 
A grid asset needs to be replaced when the peak load of the grid is higher than the rated capacity 
of the asset itself. Based on the status of the grid (Table G8 and Table G11) and the local capacity 
requirements (Table G12 and G13) from the DDZ model the national capacity requirements 
could be derived. When the capacity requirement is higher than the current level of the grid, the 
grid asset needs to be replaced.   
  

Transformer 
capacity 
requirement 

100 
kVA 

160 
kVA 

250 
kVA 

400 
kVA 

630 
kVA 

% Of transformers 
replaced at 100% 
BEV penetration 

% Of transformers 
replaced at 100% 
SEV penetration 

Urban  - - - 43.00% 57.00% 0% 0% 
sub-urban - 72.30% 27.70% 

 
- 72.30% 72.30% 

Rural 100% - - - - 100.00% 100% 

 

Table G-15 National cable capacity requirements. 

 
 
 
 
 
 
 
  

Local capacity 
requirements cables 

Capacity requirement at 100% 
BEV [kW] 

Capacity requirement at 100% SEV 
[kW] 

Urban  350 308 

Suburban 182 165 

Rural  93 91 

Local capacity 
requirements Transformers 

Capacity requirement at 100% 
BEV [kVA] 

Capacity requirement at 100% 
SEV [kVA] 

 

Urban  388.7 342.0  

sub-urban 201.7 183.2  

rural 103.7 100.6  

Table G-14 National transformer capacity requirements.  

 

 

 

Cable capacity 
requirement  

50AL 95AL 150AL 50CU 70CU BEV 
replaced 
cables 

SEV 
replaced 
cables 

Share  12.6% 22.6% 39.4% 12.6% 12.9%   
Urban 148.1 kW 225.8 kW 296.7 kW 161.0 kW 200.0 kW 100.00% 100.00% 
sub-urban  97.6 kW 148.8 kW 195.5 kW 106.1 kW 131.8 kW 60.60% 60.60% 
rural  49.4 kW 75.3 kW 98.9 kW 53.7 kW 66.7 kW 60.60% 60.60% 
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The costs for the grid 
The type of transformer replacing the old one is always the first transformer available in a higher 
capacity than the replaced transformer. The type of cable replacing the old one is always the 
standard 150 AL cable unless this capacity is also exceeded. Then a 240 AL cable is used for the 
replacement bringing higher costs. The costs per neighbourhood are proportionally 
extrapolated to national costs by multiplying the capacity needed with the costs and the number 
of neighbourhoods (Table G3) within the belonging urbanization category. 

𝐺𝑟𝑖𝑑 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑛𝑒𝑒𝑑 = ∑ (𝐶𝑡𝑟𝑎𝑛𝑠 + 𝑙𝑐𝑎𝑏𝑙𝑒  𝐶𝑐𝑎𝑏𝑙𝑒)  ∗ 𝑁(𝑛)
3

𝑛=1
     (G.5) 

 

Table G-16 Costs of transformer reinforcements. 
[information obtained via internal information of Enexis.] 

 

Costs 
cable [€] 

Costs per meter 
material (AL 
150) 

Extra costs 
(AL 240) 

installation costs 
per meter 

extra costs 
per meter 

 total costs per 
meter (50AL) 

Urban  €12 €12 €20 €15  €47 

sub-urban €12 €12 €15 €15  €42 

rural €12 €12 €10 €15  €37 

Table G-17 Cost breakdown cables.  

 
Table G-18 National transformer costs per neighbourhood. 

Costs transformer [€]  

Trafo category Material & 
installation 
material 

Installation 
costs 

Total (excl.) Taxes (10%) Total (incl.) 

100 kVA  € 4,000  € 1,000  € 5,000  € 500  € 5,500  
160 kVA  € 6,000  € 1,000  € 7,000  € 700  € 7,700  
250 kVA  € 7,000  € 1,000  € 8,000  € 800  € 8,800  
400 kVA  € 11,000  € 1,000  € 12,000  € 1,200  € 13,200  
630 kVA  € 16,000  € 1,000  € 17,000  € 1,700  € 18,700  

National transformer 
costs [€] 

Total costs at 100% BEV 
penetration 

Total costs at 100% SEV 
penetration 

 €0 0 
sub-urban €154,014,617 €154,014,617 
rural €154,257,095 €154,257,095 

National cable cost [€] Total costs at 100% BEV 
penetration 

Total costs at 100% SEV 
penetration 

 €7,464,878,965 €7,464,878,965 

sub-urban €1,963,872,496 €1,963,872,496 

rural €965,755,593 €965,755,593 

Table G-19 National cable costs per neighbourhood. 

 

Parameter definitions 
Ctrans = The material and installation costs of a transformer. [€] 
Ccable = The material and installation costs for one kilometre of cable [€] 
Lcable  = Length of a cable [km] 
N (n) = The number of type n of neighbourhood on national scale  
  N = 1, 2, 3 for urban, suburban, and rural neighbourhoods 
 
 
    
  N = 1, 2, 3 for urban, suburban, and rural neighbourhoods 
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The results of the calculations of equation G.5 are shown in Tables G18 and G19. In the equation, 

G.6 t is 2050 and t0 is 2017 as the simulated scenario is 2050 and the data for calculating the 

load curve has been derived from data of 2017.  The NPV has been calculated for both the SEV 

and the BEV. Consequently, the TSCsystem is calculated for the SEV and the BEV. Finally, the 

growing population is considered in the analysis. A report of Netbeheer Nederland [9] states the 

number of connections is expected to rise by around 19% until 2050. Hence the TSC is calculated 

with a population growth factor (Pgrowth) of 1.19. The result that considers the NPV and the 

population growth is illustrated in Table G20.  

𝑇𝑆𝐶𝑠𝑦𝑠𝑡𝑒𝑚 =
𝑇𝑆𝐶

(1+𝑟)𝑡−𝑡0  
∗ 𝑃𝑔𝑟𝑜𝑤𝑡ℎ             (G.6) 

 

  

Grid cost calculations BEV SEV  difference 

Sum of costs for grid €10,702,778,765 €10,702,778,765 €0 
Mean NPV (r = 1.65) €8,348,167,437 €8,348,167,437 €0 
NPV with 19% population growth €9,934,319,250 €9,934,319,250 €0 

Table G-20 National grid reinforcement costs predicted until 2050. 

Parameter definitions 
TSC = Total system costs. [€] 
R = Dutch interest rate [%] 
Pgrowth = growth of the population [%]  
    
  N = 1, 2, 3 for urban, suburban, and rural neighbourhoods 
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Total costs 

The steps above describe how the costs are established. Here the total costs per neighbourhood 
and system asset are broken down. 
 

 

 

  

National system costs 100% BEV 100% SEV  difference 

Grid reinforcements costs  €9,934,319,250 €9,934,319,250 €0 

Charging reinforcement costs €11,691,334,667 €3,980,926,221 €7,710,408,446 

TOTAL €21,625,653,917 €13,915,245,471 €7,710,408,446 

Table G-22 National system reinforcement costs predicted until 2050. 

Cost-breakdown per neighbourhood 

Experiment 0: urban 

Grid reinforcements  
 

100% BEV 100% SEV difference 

Transformer €0 €0 €0 

Cables €6,928,900,655 €6,928,900,655 €0 

Charging infrastructure 
reinforcements 

Charging points €6,480,766,199 €2,134,840,630 €4,345,925,569 

TOTAL 
 

€13,409,666,854 €9,063,741,285 €4,345,925,569 

Experiment 1: suburban 

Grid reinforcements  
 

100% BEV 100% SEV difference 

Transformer €142,956,367 €142,956,367 €0 

Cables €1,822,866,451 €1,822,866,451 €0 

Charging infrastructure 
reinforcements 

Charging 
 points 

€3,575,371,390 €1,223,153,370 €2,352,218,020 

TOTAL 
 

€5,541,194,208 €3,188,976,188 €2,352,218,020 

Experiment 2: rural 

Grid reinforcements  
 

100% BEV 100% SEV difference 

Transformer €143,181,436 €143,181,436 €0 

Cables €896,414,341 €896,414,341 €0 

Charging infrastructure 
reinforcements 

Charging 
 points 

€1,635,197,078 €622,932,220 €1,012,264,858 

TOTAL 
 

€2,674,792,855 €1,662,527,997 €1,012,264,858 

Table G-23 National system reinforcement costs predicted until 2050 per type of neighbourhood. 
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 Observations results 
In contrast to the mentioned differences between the BEV and the SEV, the similarities of the 
model results are explained here below. The neighbourhood demand including the electricity 
consumption of EVs for a winter day is given in figure H1. A general finding is that the rush hour 
of car charging for both the SEV and the BEV is during midnight. This is caused by the smart 
charging strategy that is effective for 69%, giving the car users the incentive to charge their car 
during off-peak hours.  
 

 
Figure H-1 Load curve on a weekday in an urban area in winter. 

 
Figure H-2 Load curve on a weekend day in an urban area in winter. 

In the figures above the residential demand is given for a weekday and a weekend day.  On the 
weekend the charging need for both the SEV, and the BEV is visibly less. This is a consequence 
of the smaller distances driven and the lower frequency of driving on the weekend. Moreover, 
the load is more distributed over the day; fewer EVs are charging during the night. This is a 
consequence of the smart charging strategy. On weekends the peak loads are less present due 
to fewer fluctuations in electricity demand. Accordingly, the incentive to charge during the night 
decreases. For the SEV the same pattern is found. Looking at the relative numbers in Table 5.3 
the maximum simultaneity rate increases when the urbanization degree decreases. This is a 
consequence of the smart charging strategy; the bigger the fluctuations in the load curve (see 
figure H1 and figure H3) the higher the incentive for car users to charge their car during off-peak 
hours. The fluctuations are higher in thinly populated areas as the household load and the 
commercial load, reflecting the constant loads in the load curve, are lower; there are fewer 
commercial buildings and households in lower populated areas. The impact of the introduction 
of unpredictable loads of the EV is therefore expected to be relatively higher for rural areas. The 
last finding that is applicable for both the SEV and the BEV is that public charging points are 
relatively more used in highly populated areas than private charging points. This is a logical 
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consequence of the generally lower availability of private charging points in areas with a higher 
urbanization degree. There are more apartment buildings in urban areas that do generally have 
no access to private charging places. In rural areas, the number of private charging events 
generally is higher.  
 

 
Figure H-3 The neighbourhood demand curve of the BEV in a rural neighbourhood during winter. 
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 Different model 
outcomes 

Section 5.2 shows a range of the system costs for the different neighbourhoods and EVs. Here 
below the different model outcomes, regarding the maximum simultaneity rate and the peak 
loads are presented and explained.  
 

The charging infrastructure 

 
Figure I-1 The maximum simultaneity rate distribution at 100% BEV penetration. 

Figure I-2 The maximum simultaneity rate distribution at 100% BEV penetration. 

It is observed that the maximum simultaneity rate shows bigger differences between the 
experiments in the rural scenario. This is caused by the fact that fewer EVs are incorporated in 
rural areas. Accordingly, the effect of for example one EV charging in a rural area is bigger than 
in an urban area. For the best and worst model outcomes in figures I1 and I2, the system cost 
calculations are executed. Looking into the results of these best and worst-case calculations the 
absolute cost-difference between the BEV and the SEV becomes logically bigger. The impact of 
the SEV on the charging infrastructure becomes relatively higher in the worst-case cost 
calculation. Instead of a 65% decrease in the maximum simultaneity rate, a 60% smaller impact 
is realized by ‘replacing’ the BEV with the SEV in the system. This is a consequence of the 
relatively higher simultaneity rate in the worst-case scenario for the SEV. On the other hand, in 
the best-case scenario, the maximum simultaneity rate of the SEV on system costs is even 4 
times lower than the maximum simultaneity rate of the BEV.  
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The grid 

The distribution of the model outcomes for the peak loads of ten runs is presented in figures I3 
and I4. The variation of the peak loads is bigger for the areas with a lower urbanization degree 
as the average electricity consumption is lower in these areas. The impact of a change in energy 
demand of for example 1 kW is higher in rural areas compared to urban areas.  This is caused by 
the fact that fewer EVs are incorporated in rural areas. 
 

 
Figure I-3 Distribution of different peak loads deviating from the average peak load measured over 

the runs at 100% BEV penetration. 

 
Figure I-4 Distribution of different peak loads deviating from the average peak load measured over 

the runs at 100% SEV penetration. 
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Summary 
The goal of the PV in Mobility project was to further explore the possibilities for photovoltaics (PV) in the future electric 
transport industry. As transportation transistions from fossil fuel based to a largely electrified sector, it is expected that 
this will increase the electrical demand on the grid in the Netherlands by as much as 20%. Therefore, in order to realize 
climate goals, supply of this electricity should come from renewable and sustainable energy sources.  

TNO and the University of Twente, together with representatives of the new Solar Mobility industry in the Netherlands, 
namely, Lightyear, IM Efficiency, Trens, and DSM, researched the technical challenges, barriers, and potential value 
propostions and business opportunities for products and services focused on powering electric mobility with PV 
systems. The PV in Mobility project was focused beyond the concept of PV installed in large utility plants and feeding 
electricity onto the grid. While this will play a major role, the PViM project found the potential for more than 50% of 
the energy needed to fuel transportation could be produced by distributed PV solutions. These solutions fall into two 
categories: distributed stationary PV, and PV integrated in vehicles (VIPV).  

Distributed stationary PV systems are systems such as PV integrated into bus stops, train stops, car parks, and microgrid 
systems in neighborhoods and communities. We found that many commercial solutions exist or are being tested at the 
pilot level. Systems can be owned by individuals (at a home), neighborhoods or co-ops, large or small private companies 
with a carpark, public transport companies, or city or regional governments. The business models include directly selling 
the electricity or offsetting electricity costs, improving logistics, potential for carbon credits, and even strategic 
combinations of energy generation and storage in order to sell back to the grid at opportune times. 

The PViM also looked into new concepts for stationary distributed PV charging of electric vehicles considering bus stops 
and train stops. The first is a PV charging station bus stop with exchangeable batteries for buses. The second is a 
beautifully integrated train or bus stop with PV panels as the shelter material. Both systems would offer urban zero- to 
very low-emission public transportation options with aesthetic packages and appearance. Similar concepts could also 
be used for charging of e-bikes or other vehicle on a specific delivery or passenger route. However, there were two key 
issues for these solutions identified. In both cases, in the Netherlands, the proposed area available for PV would likely 
supply only about 50% of the energy needed. Secondly, there would be a need for fast rates of charging either of the 
batteries or the vehicles, that may be difficult to achieve without additional storage buffering. 

On-board PV or vehicle integrated PV (VIPV) was the second option that the PV in Mobility project consortium 
considered. The industrial partners, are all involved in developing these kinds of products. This technology is at a much 
lower overall stage and is only now becoming commercially available in the Netherlands. As such, the PV in Mobility 
project focused on better understanding of the potential benefits and challenges that will exist for this technology to 
reach the market in the Netherlands. This was a four step approach: 

1. We conducted an evaluation and measurement of the amount of PV resource that could be generated on-
board of a typical passenger car driven by a typical driver in the Netherlands. 

2. Based on these measureents, we modelled the expected performance and annual yield of a VIPV system in the 
Netherlands and other EU countries to quantify the benefits. We found that VIPV on a typical EV in the 
Netherlands could produce about 25% of the necessary vehicle energy annually, save approximately €150/year 
and save about 300 kg of CO2 emissions annually as compared to grid charging, in addition to providing EV 
users more convenience, autonomy and confidence in their vehicles. 

3. We then evaluated the value propositions and business opportunities for VIPV systems on different types of 
vehicles and found that there is significant market for VIPV manufacturing on the global level.  

4. Finally, we developed two initial design concept studies of new or other applications of this technology: a solar 
powered mobile charging unit with PV charged batteries; and a solar electric luggage carrier to improve 
sustainability of the airport environment. 

Finally, the PViM project was further focused on ensuring that the result of this study were disseminated and shared 
with a larger audience. This work resulted in five publications, nine invited presentations, an international workshop 
event with more than 100 participants, and contribution to a International Energy Agency PV Power Systems Task 17 
on PV & Transportation report, to be published in early 2021. 
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1. Introduction 

 Objectives 

The PV in Mobility project was proposed and exectured in order to research the role that photovoltaics (PV) could play 
in electric vehicle (EV) charging in the Netherlands (PV2EV). In the Energy Transition, one key goal is the transformation 
of transportation for people and goods become electric. EVs have zero tail-pipe emissions, but depending on the 
electricity source, the usage emissions, while improved, can still be considerable. One solution is to simply ensure that 
the entire electrical grid is powered by sustainable sources like wind and solar.  Thanks to recent cost reductions for PV 
technology, this is financially viable. However, due to limited land, particularly in the Netherlands, there is desire to find 
innovative applications of PV. For transportation, this means taking advantage of the distributed nature of PV and 
installing PV near, or even on, vehicles and charging points.  

In this project, we have identified and anlysed a number of different PV2EV charging systems that could be possible in 
the Netherlands and other countries. This includes both stationary and mobile PV2EV charging solutions (Figure 1), 
namely: 

• PV powered public charging stations; 

• Battery exchange stations with PV charging; 

• Residential PV to EV solutions; and 

• Vehicle integrated PV (VIPV). 
 

We have evaluated these options in terms of utility, technology, cost and potential benefits at all levels of the value 
chain and with a focus on the use cases in Holland. This results in three main objectives. 

Stationary Distributed PV2EV Solutions. For the stationary charging solutions, we compared the different ideas and how 
they might best be deployed. The consortium then built upon that evaluation in order to suggest improved designs and 
concepts for stationary PV2EV solutsions. 

VIPV. Due to the low developmental stage (not commercially available yet), in order to better quantify and understand 
the potential benefits and weaknesse of integrated PV, we performed mobile irradiance and driver use measurements. 
These were implemented in a modelling script which allowed us to evaluate the value proposition for solar electric 
vehicles in the Netherlands as well as identify areas in need of further development and research.   

Community Building. The final objective was to create a better community for exchange of ideas and data to accelerate 
the use of PV2EV solutions. This was intiated in an internationally offered online workshop to share the disseminate 
results of the project with more than 100 registered participants. From these activities, a new international Alliance for 
Solar Mobility, ASOM, has been formed with the intention to form a community of industry, knowledge institutes and 
universities willing to cooperate in a pre-competitive environment to make sustainable transportation available to all.  



 

 
Final report PViM TNO 2021 R10372-O – TEUE518019  
 5 

 

Figure 1. Examples of different PV2EV systems. a) Gemeente Alkmaar - small grid connected system for 6 charge points 
on local public car park,(Source: RVO link) b) Fastned - fast charging PV powered systems, (Source: Fastned link) c) 
LomboXnet - First solar-controlled V2G public AC charging station in the world - June 9th 2015. 44kW grid connection 
d) Sono motors Sion PV powered EV, (Source: Sono link), e) Lightyear one Dutch designed PV powered EV in 
development, (Source: Lightyear link ), f) Trens Solar Trains, Dutch multifunctional solar-electric vehicles, (Source: Trens 
link). 

 Consortium 

The consortium of PV in Mobility involved TNO and University of Twente as the core research team with input, data, 
and consultation provided by four companies from the solar mobility industry in the Netherlands. All three companies 
are currently working on VIPV solutions for PV2EV charging btu in different modalities. Atlas Technologies is developing 
a passenger car, the Lightyear One, with a highly efficiency design with an integrated PV system designed to significantly 
charge the traction battery of the car.  IM Efficiency is offering the Solar on Top technology for auxiliary system power 
in truck trailers. TRENS is developing a wireless all electric ‘’train’’ sutiable for refrigerated goods delivery or people 
moving in inner cities, parks, or other locations. DSM develops material solutions for PV modules which could potentially 
be applied in PV in Mobility applications . 

2. Project results and follow up work 
We first evaluated the new electrical demand that electrifying the transport sector will require. We find that no one 
solution is a perfect fit and that a mix of solutions and products will likely need to be innovated and offered to consumers 
and government in order to meet the needs.  In the second part, we will address the potential options for both stationary 
and on-board (VIPV) systems to power various vehicles, and finally we will analyse a the business case of some potential 
products, what issues may remain, and who will realize benefits.  

The results of WP3 on dissemination and outreach will be outlined in terms of the workshop impact, publications and 
contributions to the IEA PVPS Task 17, new intiatives, and further activites. 

 Infrastructure and PV Resource 

There are four basic ways to use distributed (without the grid) PV for EV charging: stationary or mobile and integrated 
on the car as captured in the first two pathways of Figure 2. In this work package, we had three main activities. We first 
looked at how much energy is needed for the Dutch fleet of EVs now and in the future, as well as what this would mean 
for PV. Secondly, for understanding the value of VIPV, we developed a setup to measure actual PV resource available 
on a moving vehicle and use this as input to a model to quanify potential benefits, and third, we compared the value 
propositions of mobile VIPV to stationary PV. 

https://www.rvo.nl/sites/default/files/2016/07/Duurzaam%20laden%20op%20de%20zon.pdf%20b
https://fastned-en.pr.co/media_kits/218100
https://sonomotors.com/sion.html/%23scroll-down
https://lightyear.one/news/
https://www.trens.eu/
https://www.trens.eu/


 

 
Final report PViM TNO 2021 R10372-O – TEUE518019  
 6 

 

Figure 2. Schematic of options for PV to EV charging. 

2.1.1. How much energy is needed for EVs? 

Globally, there is a campaign to ensure that 30% of all vehicle sales in 2030 will be EVs. According to the IEA, for the 
EV30@30 outlook, the electrification of the transport sector will require and additional 1110 TWh of electricity per year. 
The Netherlands has been a world leader in adoption of EVs. In fact, during the running of this project, more than 
140,000 additional EVs were registered1. The Netherlands has announced a goal that all new sales of passenger cars in 
2030 should be zero-emission at the tailpipe. In addition to passenger cars, it is predicted that similar electricity demand 
in 2030 may also come from commercial vehicles like buses, delivery vans, and trucks. This will result in an additional 
10-14 TWh of electricity demand each year by 2030, or about 20% of the 2020 electricity demand. This will also likely 
increase by approximately 1TWh – 1.4TWh per year as new EVs continue to replace existing cars.  

It is imperative for the energy transistion, that this added electricity demand is supplied by sustainable and renewable 
energy sources like solar and wind.  

2.1.2. Where can the PV be installed? 

Supplying this with PV will ensure that the electric transportation system is not only zero-emission at the tailpipe but 
also zero-emissions for the full use cycle of the vehicle.  If we look at the approximate requirements for both passenger 
cars and trucks, the Netherlands will require approximately 12 – 14 GWp of PV installation dedicated to powering 
vehicles by 2030. In turn, this equates to about 12,000 to 14,000 hectares or 6-7 million residential rooftops. This 
corresponds to roughly tripling the cumulative amount of PV installed in the Netherlands by the end of 2020. Of course, 
wind and other renewable resources will also supplement solar.  

A major benefit of PV is the modular and distributed nature. In order to increase the overall efficiency, the PV resource 
should be located as close to the point of use as possible. Residential installations and local charging points with 
integrated PV can offer this as well as integrating PV on a vehicle. A Tesla Model 3, the most commonly registered new 
car in the Netherlands, has approximately 4 m2 of sun facing area. If efficient PV integration can be achieved, we could 
expect to be able to install about 800 Wp of PV on a vehicle based on current commercially available efficiencies. On a 
truck trailer or a bus, as much as 6 kWp could be effectively integrated on each vehicle. Therefore a fleet of 2M 
passenger cars and 200k trucks and buses with integrated solar could annually contribute approximately 7 TWh of 

 
1 https://www.rvo.nl/sites/default/files/2020/11/Statistics%20Electric%20Vehicles%20and%20Charging%20in%20The%20Netherlands 

%20up%20to%20and%20including%20October%202020%20-%202.pdf 

https://www.rvo.nl/sites/default/files/2020/11/Statistics%20Electric%20Vehicles%20and%20Charging%20in%20The%20Netherlands%20%20up%20to%20and%20including%20October%202020%20-%202.pdf
https://www.rvo.nl/sites/default/files/2020/11/Statistics%20Electric%20Vehicles%20and%20Charging%20in%20The%20Netherlands%20%20up%20to%20and%20including%20October%202020%20-%202.pdf


 

 
Final report PViM TNO 2021 R10372-O – TEUE518019  
 7 

electricity per year, approximately half of the overall demand. Of course, it is unlikely in the near future that on-board 
PV will be able to generate all or most of the energy demand of the transportation fleet, so grid solutions are also 
important. These include solutions such as PV covered parking lots, PV integrated in parking structures, and community 
PV powering specific charge stations in fully-isolated or semi-isolated grid systems. 

2.1.3. Implications for smart cities and smart grids 

There are already a number of intiatives looking at the potential of using EV batteries as mobile power storage in the 
smart cities of the future. A vehicle with batteries on it could charge in one location at a specific time and discharge in 
another location and time improving grid stability and variability issues. With onboard PV, the business opportunities in 
this area could greatly expand. At this moment, no solutions or commercial schemes exist, but in WP2 we looked at 
some of the potential opportunities. 

 On-board PV solutions  

On-board PV is identified as a promising solution potentially able to provide as much as 50% of the new energy demand 
from electric vehicles. It is a new application for PV and will require further research, innovation, and invention. The 
PViM project focused on doing measurements and modelling of the potential impact and translating that to value 
propositions and business cases.  

2.2.1. PV Irradiance Measurements – Available PV Resource for on-board PV 

One of the key issues addressed in WP1 is measurement of available irradiance for moving PV. Unlike conventional 
stationary PV, on-board PV will see a very dynamic and always changing irradiance and ambient environment including 
reduced irradiance, partial shading, moving shade, and highly variable temperatures. TNO built a vehicle irradiance test 
setup (VITS) pictured in Figure 3. This setup used 4 irradiance sensors, one in each corner of the roof. The solar panel in 
the middle is to used to power the system but not for measurement. As seen in the right side of Figure 3, the four 
sensors are used in order to better approximate the solar irradiance that is available on the vehicle at any time as the 
car roof is not always in full sunlight. 

The system also measures ambient temperature and records the GPS location of the vehicle, Figure 4. This gives added 
information in order to better approximate annual yield of a solar system. The GPS information was used to locate the 
vehicle and to compare the local stationary irradiance measurements provided by KNMI. As seen in Figure 5, the average 
irradiance, can be approximated by the local KNMI data to first order as long as the car is not shaded by a building or 
other object.  

  

Figure 3. Vehicle Irradiance test setup (VITS) (left) Photo of the system as installed on a car for measuring realistic 
driving profiles and available mobile irradiance and (right) an example of a results from the four sensors on the four 
corners of the car.  
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Figure 4. Example of VITS data collected including velocity, irradiance and ambient temperature. For first modelling 
purposes, it was verified that on average the irradiance measured at a nearby meteo station approximated the 
measurement on the vehicle. 

Further work on the impact of shading, and partial shading will be needed to further account for these differences. This 
is beyond the scope of the PViM project but more work and more vehicles are needed to create a large enough data set 
in order to better understand and model the situational partial shading environments and the impact that shade will 
have on the potential energy yield.  

 

Figure 5. VITS average measured irradiance vs. local KNMI station data. 

The VITS system also gathered data on real driver use profiles. This is important information in order to better 
understand how vehicles are used by drivers as this will directly impact the consumption energy of the vehicle as well 
as the location, parking behaviour, etc. In Figure 6, we show two types of driving profiles. On the left is a simple synthetic 
profile assuming a 20km commute each way, five days a week. On the right, is the measuered driver profile. It is much 
more detailed and reveals a better approximation of the overall impact that on-board PV could have for a real driver. 
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Figure 6. Driving profiles used in modelling. Left is a simple synthetic profile and the right is the measured profile 
collected from the VITS system. 

2.2.2. Modelling of Energy Flow and Yield 

In order to evaluate the impact, the PViM consortium developed an energy flow model.  A schematic of the model can 
be seen in  

 

Figure 7. Schematic of the energy flow model used to quantify the impact of on-board PV on a passenger vehicle. 

Essentially, this is a model that performs and energy balance for the vehilcle on 10 minute time-steps through out the 
year according to the equation: 

𝐸𝑃𝑉 + 𝐸𝑔𝑟𝑖𝑑 =  𝐸𝐸𝑉 + 𝐸𝑏𝑎𝑡 + 𝐸𝑢𝑛𝑢𝑠𝑒𝑑. 

Here, EPV is the energy generated by the PV system, Egrid is any energy collected from the grid (if parked), EEV is the energy 
used by the vehicle for both traction and accessories and also includes charging losses, Ebat is energy used to charge the 
battery, and Eunused is any energy that can not be used immediately. Based on this model, we can perform a detailed 
modelling that helps us to understand the real impact of on-board PV. 

The model results in specific benefits of the PV in terms of 

- Convenience, or the number of avoided plug-in grid charging moments  
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- Range extension in terms of the number of annual km that can be driven on solar power alone (percentage of PV 
contribution) 

- Annual CO2 savings and offsets as compared to always charging an EV from the grid 
- Annual Cost savings as compared to charging a vehicle at home 
- Efficiency of the system and charging strategy in terms of the percent of PV utilized 

 

The result of this modelling is highly dependent on the location, vehicle efficiency, charging strategy, battery capacity, 
driving profile and of course the actual irradiance that year. That is the strength of this method is that we can easily 
modify those. More details and more simulations can be found in the reports and presentations listed below. In this 
summary, we will focus on the results for a long-range EV like a Tesla Model 3 and a mid-range EV like a Nissan Leaf 
driven in and around Amsterdam.  
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Table 1. Summary of energy flow model outcomes for a 13,000 km per year driving profile similar to the Dutch average 
based in Amsterdam. The VIPV system is rated at 800 Wp under STC conditions. Cost and CO2 savings are based on 
€0.217/kWh for home based charging, and a grid cabon intensity of 437 gCO2/kWh. All numbers are reported on an 
annual basis.  

 
Solar kms per 
year  

Potential PV 
Generation  

(% of total energy 
dem.) 

Reduced Grid 
Dependence 
(reduction of grid 
chargin 
moments) 

Savings 

(€/year) 

Avoided CO2 – 
emissions (as 
compared to grid) 

(kg/year) 

Long-range 3473 26.7% 21% €161 308 

Mid-range 3044 23.4% 19% €153 301 

 

Here we see that mor than 25% of the annual energy demand can be met with the on-board PV resource and one out 
of every five plug-in charges can be avoided. Over the lifetime of the vehicle (assumed to be 12 years) the PV should 
save approximately €2000 and avoid almost 3700 kg CO2 emissions as compared to the grid. In sunny countries, such as 
Spain, the benefit could be much greater while in other countries like Sweden the benefit is greatly reduced due to 
lower irradiance and a cleaner grid system. 

2.2.3. Life cycle analysis of on-board PV 

In order to better understand the potential environmental impact of VIPV the PViM consortium also performed a more 
complete life cycle analysis (LCA) for cradle to grave emissions. This will take into account the embedded CO2 in the 
vehicle, battery, and PV system from manufacture and raw materials as well as in the use phase. In this case, the analysis 
was based on a Nissan Leaf with and without on-board PV.  Both vehicles are driven (and charged) in Amsterdam for 12 
years with a total of 180,000 km over the total lifetime.  For the VIPV Nissan, the battery capacity is slightly reduced and 
40% of the energy is assumed to come from the solar system.  

The results are seen in Figure 8 and shown in comparison to a typical EV (less efficient) from literature, a typical internal 
combustion gasoline engine vehicle, and an in internal combustion diesel engine vehicle. The results are in g of CO2 per 
driven km. As can be seen, the standard EVs offer only moderate savings as compared to a gasoline ICE and are in line 
with the diesel ICE. This is mostly due to the 2017 mix of the Netherlands grid, 541 g CO2 eq. green house gas (GHG) 
emissions and the embedded CO2 of batteries.  By avoiding the grid, the VIPV equipped Nissan Leaf (with a slightly 
smaller battery), emits 110 gCO2 /km as compared to the normal Nissan at 152 g CO2/km. This corresponds to a 27.6% 
decrease in CO2 emissions. 
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Figure 8. Summary of results of LCA for VIPV Nissan Leaf as compared to a normal Nissan Leaf, a typical EV, and 
internal combustion engines. 

This comparison is heavily dependent on the CO2 content of the grid electricity and the vehicle efficiency. It should be 
noted that by 2030, the aim is to have a higher share of renewables on the grid in the Netherlands overall improving 
the grid footprint which would reduce the LCA of all three EVs as compared to the ICEs, and also thereby reducing the 
impact of the VIPV equipped Nissan Leaf. Additionally, it is also expected and imperative that the EVs become more 
efficient.  

Based on the LCA, measurements, and modelling the PViM consortium finds that VIPV, even in the Netherlands, can 
offer both convenience, cost savings and contribute significantly to the energy transition goals. These benefits can also 
be realized in most other places in the world.  

 Other PV2EV Solutions for Netherlands Market 

As seen above, VIPV can only account for, at most, approximately 50% of the energy demand from electrifying the 
transportation network in the Netherlands. Therefore, stationary charging stations will be necessary to supply the 
remainder of this energy.  

2.3.1. Conceptual designs for PV2EV solutions 

Here we outline four case studies for stationary PV2EV solutions for different transportation modalities. These designs 
were initially developed by students in a the ‘Sources of Innovation’ course offered by PViM participant, Prof. Angèle 
Reinders, from University of Twente, with potential design improvements and alternative applications added by the 
PViM consortium.  
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Case study 1. Solar bus terminal with rechargeable batteries 

 

Figure 9. Solar bus terminal concept by M. Dijkstra, A. Suresh, adn S.V. Romana 

This concept involved creating a platform with swappable and rechargeable batteries hat incorporates the function of 
a bus stop. Approximately 20kWp of conventional PV panels are placed on the roof of the bustop. Lights indicate 
charging status. Each swappable battery is about 25 kWh and easily carried by the driver. Since busses have limited time 
at stops, but have frequent stops, batteries could be swapped on a regular basis without disrupting scheduling. Battery 
swapping could also be replaced with the PV feeding a high capacitance central battery pack that would allow for rapid 
and high speed charging. This concept could also be used in other applications for passenger EV or e-bike charging. 

Case study 2. Solar train stop 

 

Figure 10. Solar train stop concept by S. Elango, U. Parvangada and G. Ribeiro. 

The solar train stop concept illustrated in Figure 10 entails a making an aesthetic tree looking shelter with an integrated 
bench. The concept is scalable. The shade and rain protection would be provided by a ‘solar tree’ with approximately 1 
kWp per bench. A 10 kWh battery would be integrated per bench in order to power an inductive charging point in the 
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train line. A high charging speed would be required but this could be augmented by smaller on-board batteries to reduce 
the train’s weight in increase the efficiency. This system could be coupled with PV on surrounding buildings to create a 
microgrid. Similar to the solar bus terminal a similar idea could be adapted for buses, e-bikes or other vehicles. 

Case study 3. Lightyear Bus 

 

Figure 11. Mobile charging unit concept by R. den Hertog, S. de Jonge and T. Willems. 

The Lightyear bus, shown in Figure 11, is developed to further reduce range anxiety and fear of being stranded without 
charge for EV users, with or without their own VIPV. The bus is an effective mobile charging unit (MCU) with integrate 
PV panels that fold out to increase solar energy production. Generated power is stored in a battery bank that can be 
used to charge up to four EVs at the same time. As a sustainable MCU would offer drivers, particularly in areas with 
little infrastructure, more confidence in their EV use. Some further development is necessary with respect to weight, 
efficiency of the bus and the overall energy capacity. This concept could also be used in emergency or military situations 
to replace a diesel generator. 
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Case study 4. Solar-powered luggage vehicle 

 

Figure 12. Solar-powered luggage vehicle concept by J. Liao, N. Pizzigoni and V. Rachmanda.  

 

The solar powered luggage vehicle is a solution for more efficient airport environments and a way to decrease the 
overall carbon footprint of air travel. It is a fully autonomous electric vehicle to move luggage around the airport with 
integrated solar panels to power four in-wheel motors. Luggage loading and unloading is fully automated as well with 
a system of conveyer belts. Additional stationary PV may also be needed nearby in order to supplement the power on 
less sunny days.  

2.3.2. Remarks of PV2EV solutions 

For most of the PV2EV solutions, there is the same concern that the PV that can be installed on the vehicle or on the 
bus or train stand is likely not enough to fully power the vehicle in operation. This is a clear issue for all PV2EV solutions 
without the grid as part of the energy chain. This will be the case unless vehicles, of all kinds, can be made at least twice 
as efficient. Unfortunately, this is outside the scope of the PViM project.  

 Value Propositions for Various Transport Modalities 

In this section we will discuss the benefits, market potential and technical challenges for three different market sectors. 
However first a short discussion on cost-price target for VIPV. 

 Cost-Price of VIPV 

Based on the measurements and modelling in WP1 for passenger cars, we see that a VIPV system should save the user 
€150/year with an 800Wp system purely in terms of electricity savings. If we assume a payback time of about 5-10 years, 
this would be mean that the system cost-price should be between €0.94/Wp - €1.88/Wp.  The current technology that 
is now being adapted for VIPV systems is built on the well established and low-cost supply chain of conventional PV. At 
the end of 2019, the average sales price of conventional solar modules was approximately €0.35/Wp. By 2025 it is 
expected to be about €0.12/Wp. Typically, hardware costs, including electrical balance of systems and inverter costs 
make up about 1/3 of the total cost of an installation, including profits. Assuming that VIPV can continue to take 
advantage of the low-cost existing supply chain, and installation will take place in the factory, then it could be reasonable 
expected that VIPV systems could be manufactured and installed on the car for approximately €1 - €2/Wp by 2025.   

As noted before, this does not account for the value or benefit that could realized for on redueced carbon, carbon 
credits, road tax benefits, or convenience. 

Case 1. VIPV on Passenger Cars 

The project has resulted in the most detailed understanding of the business model VIPV on passenger cars due to the 
measurements and modelling in WP1. For this case, we are able to directly quantify some of the benefits. 
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ROI Target for Consumer: 5-10 years 

Table 2. Potential benefits and value propositions for VIPV Passenger Cars 

Benefit Quantity Who benefits 

Reduced Charging 
Frequency 

Reduction by about 20% compared to 
standard EV 

Driver for added convenience 
and reduces ‘’range anxiety’’ 

Reduced CO2 emissions Approximately 33% as compared to gas ICE; 
20% as compared to standard EV; 

Drivers concerned with fossil 
fuel savings and climate issues 

Cost Savings Payback time on the order of 5-10 years 
depending on tax credits and road use taxes 

Driver/car owner 

Carbon Credits TBD OEM for fleet emissions 

Smaller batteries TBD OEMs,  

Improved battery 
lifetime/reliability  

TBD Tier 1 suppliers of batteries, 
OEMs 

Reduced load on grid Potential of approximately 50% Local, state, and national 
government 

 

Market Potential: There are two basic market channels to introduce this technology, installation on current EVs either 
in production or after market, so-called solar assisted EVs or new solar EVs with better efficiency and designed around 
the VIPV concept.  Global market opportunities are estimated in the table below according to IEA Global PV Outlook 
and assumed  

Table 3. Global market estimations for PV on passenger vehicles 

Solar Assisted EVs 2020 2025 2030 

Available (millions of 
vehicles) 

10 52 145 

Addressable 0 0.5 1.5 

MWp PV 0 250 750 

Solar EVs    

Total (thousands of 
vehicles) 

0.500 70 500 

MWp PV 0.55 77 550 

  

Technical Challenges: There are a number of technical barriers that need to be addressed and currently identified for 
successful market introduction. 

• Reliability and design for manufacturing for fully integrated concepts 

• Lightweight materials  
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• Methods to generalize design to multiple vehicles 

• Electronics for 12V and 48V systems 

• Backend / telematics systems 

• Validated energy yield modelling and forecasting 

• Improved performance under dynamic conditions 

• Aesthetic integration. 

Case 2: VIPV for e-Busses 

Buses offer an enourmous area for VIPV systems. Due to the known route in an urban setting, electric buses are gaining 
in use and there are a number of commercially available options. Additonally, e-busses also have longer lifetime due to 
less vibrations and are quieter for use around the city. Typically these busses will charge either at the depot (often on 
with PV systems) or at strategically located charging points around the city. There is also great potential for on-board 
PV as there is approximately 13 m2 sun-facing area. As the modelling was not extended to this application, we will only 
discuss what potential benefits are and who might enjoy them. 

ROI Target for Bus Operator: 4-8 years 

Table 4. Potential benefits and value propositions for VIPV e-Busses 

Benefit Who benefits 

Reduced Grid Charging 
Frequency 

Bus operator in terms of logistics or number of needed en-route charging 
stations or time at the depot 

Reduced CO2 emissions Bus operators – clean image, potential for winning tenders, possible tax 
credits 

Bus manufacturers – increased sales due to overall fleet emissions 

Cost Savings Bus operators, bus users 

Carbon Credits Bus operators and bus manufacturers 

Smaller batteries Bus operators, reduced cost of battery replacement 

Improved battery 
lifetime/reliability  

Bus operators, battery lifetime may better match the vehicle lifetime 

Reduced load on grid Local governments and grid managers 

Mobile battery packs Bus operators may be able to create new business opportuntites as power 
providers 

 

Market Potential: By 2030 it is expected that there will be about 7M e-busses globally. With the assumption that VIPV 
can be applied to 1% of these vehicles this would be an addressable market of approximately  700k, or in terms of PV, 
approximately 2 GWp.  

Technical Challenges: The technical challenges are similar to those for passenger cars but the PV element probably does 
not need to curved and the aesthetics are less important. 

• Reliability and design for manufacturing for fully integrated concepts 

• Lightweight designs based on polymers 

• Methods to generalize design to multiple vehicle manufacturers 
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• Electronics for 12V and 48V systems 

• Backend / telematics systems 

• Validated energy yield modelling and forecasting 

• Improved performance under dynamic conditions. 

 

Case 3. VIPV for Electric Light Commercial Vehicles  

A third opportunity for VIPV are electric light commercial vehicles. Due to the COVID-19 pandemic, there is an increase 
of delivery by LCVs for groceries, packages, etc. Many experts think that the demand for such delivery services will likely 
continue and will help to drive the need for e-LCVs as cities require low emission transportation in urban and residential 
areas. 

ROI Target for Delivery Company: 4-8 years 

Table 5. Potential benefits and value propositions for VIPV of electric Light Commercial Vehicles 

Benefit Who benefits 

Reduced Charging 
Frequency 

Delivery company, logistics and drivers. Improves effective range and facilitates 
easier routing logistics for deliveries. 

Reduced CO2 emissions Greener image for goods and delivery company. Possible tax credits. 

Cost Savings Fleet operator with 4-8 year payback time 

Carbon Credits OEMs or Fleet operator 

Smaller batteries Fleet operators 

Improved battery 
lifetime/reliability  

Tier 1 suppliers of batteries, OEMs 

Reduced load on grid Local, state, and national government 

 

Market Potential: Prepandemic it was expected that there will be about 27M electric LUVs by 2030. Assuming that PV 
could be installed on 1% of these vehicles, there will be approximately a market of 300k vehicles or about 400 kWp of 
PV installation. 

Technical Challenges: The technical challenges are similar to those for passenger cars but the PV element probably does 
not need to curved and the aesthetics are less important. 

o Reliability and design for manufacturing for fully integrated concepts 

o Lightweight designs based on polymers 

o Methods to generalize design to multiple vehicles 

o Electronics for 12V and 48V systems 

o Backend / telematics systems 

o Validated energy yield modelling and forecasting 

o Improved performance under dynamic conditions 
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 International VIPV Workshop 

On 15 October, the PViM consortium held an online workshop. Approximately 100 people registered from both the PV 
and Mobility community in the Netherlands, surrounding coutries like France, Germany, and Belgium, as well as a small 
global audience. There were four speakers: 

Prof. Kenji Araki – Univ. of Miyazaki, Japan – Solar Resource for VIPV is not as simple as you may imagine – 3D irradiance 
and 3D curved surfaces 

Prof. Manuela Sechilariu – Alliance Sorbonne University, France – PV-powered EV charging stations: requirements dan 
feasibility conditions considering grid interactions 

Dr. Alonzo Sierra and Dr. Cihan Gercek – University of Twente – Design driven research on photovoltaic mobility 

Dr. Anna Carr – TNO Energy Transition – Quantifiying the benefits of On-board PV for Passenger Cars 

The first two presentations were from the international community and the second two were based on the research 
from the PV in Mobility project.  Additionally, there were presentations from all of the industrial partners. 

The workshop also served as an announcement for the formation of the Alliance for Solar Mobility, ASOM. This initiative 
has been a direct outcome of the PV in Mobility project as the industrial advisory board members found that increased 
and shared communications, modelling, measurements, data sharing would be advantageous to realizing PV mobility 
projects on the market. More information can be found at http://ASOM.solar. 

 Conclusion and recommendations 

The PViM project has resulted in four main outcomes, namely: 

• Energy flow modelling of the potential for on-board PV for various vehicles and types and for various locations. 

• Measurements of irradiance available on vehicles driving in the Netherlands. 

• Novel conceptual design of four new PV2EV solutions  

• Intial evaluation of the business potential for mulptiple market sectors for VIPV 

• Excellent dissemination to a Dutch audience both industrial and general public, growing interest internationally. 
 
We have found that on-board VIPV systems are likely a good opportunity, now and in the future in order to realize 
ensure that the future electric transportation sector does not detrimentally increase the load on the energy grid. It 
addition, it offers cost savings, convenience, flexibility and potentially other benefits for the prosumers of this 
technology. However, it will not be able to provide all of the necessary electricity and it is still important to install 
sustainable energy systems on the grid to meet this increased demand and maintain truly low or zero-emission 
transporatation.    

2.7.1. Policy Recommendations 

There are three key policy issues identified in this report that should also be considered in order to encourage the 
uptake of VIPV on passenger cars.  

1. Updated emission standards that take into account full LCA of vehicles. 

2. Tax or financial incentives to for lower carbon emissions and reduced load on grid. 

3. Standards for safety and performance of VIPV systems. 

2.7.2. Future Research  

Similarly, the PV in Mobility project has identified a few areas that would benefit from further research. 

Mobile irradiance measurements and sharing of data in order to better estimate the impact of shading from buildings, 
infrastructure, trees, or other as a function of road and trip type. It would be ideal for this data to be in the public 
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domain and accessible for bothc companies and research institutions as well as consumers in order to better understand 
the market potential and design better products. 

Improved understanding of the impact that mobile battery packs on buses, truck trailers and even passenger cars can 
have on the grid. This includes the potential to use this storage in order to smooth variability and increase the overall 
renewable energy resource. 
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3. Dissemination of results  

 Publications  

 
Sierra, A., de Santana, T., MacGill, I., Ekins-Daukes, N. J. and Reinders, A.H.M.E., A feasibility study of solar PV-powered 
electric cars using an interdisciplinary modeling approach for the electricity balance, CO2 emissions, and economic 
aspects: the cases of The Netherlands, Norway, Brazil, and Australia, Progress in Photovoltaics: Research and 
Applications, 28, 517–532, 2020. 
Download link: https://onlinelibrary.wiley.com/doi/full/10.1002/pip.3202 
 
Sierra, A., Gercek, C., Geurs, K. and Reinders, A.H.M.E., Technical, financial and environmental feasibility analysis of 
photovoltaic EV charging stations with energy storage in China and the United States, Journal of Photovoltaics, 
10.1109/JPHOTOV.2020.3019955, 2020. 
Download link: https://ieeexplore.ieee.org/document/9189831 
 
Kanz, O., Reinders, A., May, J. and Ding, K., Environmental impacts of integrated photovoltaic modules in light utility 
electric vehicles, Energies, 2020,13, 5120, 2020. 
Download link: https://www.mdpi.com/1996-1073/13/19/5120 
 
Sierra, A. and Reinders, A.H.M.E., Designing innovative solutions for solar‐powered electric mobility applications, 
Progress in Photovoltaics: Research and Applications, 1-17, 2020. 
Download link: https://onlinelibrary.wiley.com/doi/10.1002/pip.3385 
 
Carr, A.J., van der Tillart, E., Burgers, A.R., Kӧhler, T., Newman, B.K.,  Vehicle integrated photovoltaics – Evaluation of 
the Energy Yield Potential through Monitoring and Modelling, EU PVSEC 2020, online. 
 
Invited Presentations 
 
Dr. Bonna Newman: Opportunities and challenges for vehicle intergrated PV, University of New South Wales, School of 
Photovoltaic and Renewable Energy Engineering Seminar, Sydney, Australia, February 2020. 
 
Dr. Bonna Newman: How the Netherlands is making solar powered cars a reality, University of New South Wales, Digital 
Grid Futures Institute, Sydney, Australia, February 2020. 
 
Dr. Bonna Newman: Solar Cars: Challenges and Opportunities, TÜV Module Forum, Kӧln, Germany, February 2020. 
 
Dr. Anna Carr: VIPV – Examining Use Cases with the TNO Energy Flow Model, ETIP I3PV Virtual Conference, online, 
November 2020. 
 
Dr. Anna Carr: Quantifying the benefit of VIPV, Solar Mobility Forum, online, September, 2020. 
 
Prof. Angèle Reinders: Design-driven research on solar PV-powered mobility, Invited presentation, PVSEC-30, Jeju, 
Korea, online, 2020. 
 
Prof. Angèle Reinders: Design-driven research on solar PV-powered mobility, Distinguished Lecturer presentation, IEEE 
EDS Mini Colloquium, Taragona, Spain, online, 2020. 
 
Prof. Angèle Reinders, Univ. of Twente: Design-driven research on photovoltaic technologies – System performance and 
solar integration in buildings, mobility and our environment, Keynote presentation, 7th International Academic 
Conference on Places and Technologies, Belgrade, Serbia, online, 2020. 
 

https://onlinelibrary.wiley.com/doi/full/10.1002/pip.3202
https://ieeexplore.ieee.org/document/9189831
https://www.mdpi.com/1996-1073/13/19/5120
https://onlinelibrary.wiley.com/doi/10.1002/pip.3385
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Prof. Angèle Reinders, Univ. of Twente, Design-driven research on photovoltaic technologies – System performance and 
solar integration in buildings, mobility and our environment, Keynote presentation, IEEE Photonics North Conference, 
Niagara Falls, Canada, online, 2020. 
 

 PR activities of the project and future PR opportunities  

VIPV is a topic that has recently captured the attention of the press. As such there have been a number of public relations 
events that have stemmed from the project. 

Podcast. The Driven. How Close are we to Solar Cars?  https://thedriven.io/2020/02/24/the-driven-podcast-how-close-
are-we-to-solar-cars/.  February 2020. 

TV. NOS Journaal. Solar on truck trailers. https://www.npostart.nl/nos-journaal/09-09-2020/POW_04508411 Starting 
18:30, 9 September, 2020 

TV. NOS Nieuwsuur. Solar on passenger cars. https://www.npostart.nl/nieuwsuur/24-01-2021/VPWON_1324107 
Starting 23:20, 1 January, 2021 

PV Magazine Interview. https://www.pv-magazine.com/2021/02/24/vehicle-integrated-pv-reduces-ev-charging-time-
in-sunny-regions-by-40/ 24 February 2021. 

ASOM has a working group focused on PR activities. Outcomes from this project will be further disseminated through 
this alliance. 

 

  

https://thedriven.io/2020/02/24/the-driven-podcast-how-close-are-we-to-solar-cars/
https://thedriven.io/2020/02/24/the-driven-podcast-how-close-are-we-to-solar-cars/
https://www.npostart.nl/nos-journaal/09-09-2020/POW_04508411
https://www.npostart.nl/nieuwsuur/24-01-2021/VPWON_1324107
https://www.pv-magazine.com/2021/02/24/vehicle-integrated-pv-reduces-ev-charging-time-in-sunny-regions-by-40/
https://www.pv-magazine.com/2021/02/24/vehicle-integrated-pv-reduces-ev-charging-time-in-sunny-regions-by-40/
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Executive Summary 

The market for PV systems has been rapidly expanding with significant penetration in grid-connected markets in 

an increasing number of countries, connected to both the distributed as well as the central transmission network. 

This strong PV market expansion has been contributing to savings in fossil fuel consumption and mitigating 

environmental impacts in residential, commercial, industrial and power sectors. In contrast, the PV market in the 

transport sector is still small. However, there is a huge potential. 

In the transport sector, battery and plug-in hybrid electric vehicles are being adopted globally as a solution to 

mitigate CO2 emissions. In line with this, vehicle emissions targets have been proposed and adopted by many 

countries and policy bodies around the world with goals for the adoption and use of electric vehicles in the near 

future. With widespread electrification of transportation, PV generated electricity and other renewable energy 

sources are needed to leverage the EV adoption into even more significant CO2 emissions reductions. The 

distributed nature of PV electricity generation offers new opportunities for charging battery electric vehicles.  

Options for low-carbon charging of electric vehicles include charging from the existing grid network with PV or other 

sustainable electricity sources, charging from a dedicated charge point with local PV electricity generation, or 

directly and independently with on-board PV (PV-powered vehicle). 

In order to contribute to reducing the CO2 emissions of the transport sector and to enhance PV market expansions, 

IEA PVPS Task 17 is aiming to clarify the potential of the utilization of PV in transport and to propose how to 

proceed towards realising the concepts. Task 17’s scope includes various PV-powered vehicles such as passenger 

vehicles, light commercial vehicles, heavy duty vehicles and other vehicles, as well as PV applications for electric 

systems and infrastructures, such as charging infrastructure with PV, battery and other power management 

systems. 

Among these options, this report has focused on PV-powered vehicles, with on-board integrated PV systems, that 

can run anywhere without or with less dependency on grid electricity. These vehicles offer more than just low 

emissions transport but also options of convenience and autonomy. The market introduction of PV-powered 

vehicles can be important for the uptake of electric transport and create opportunities for other PV applications in 

the transport sector, as well. 

This report is the first technical report of Task 17, as an interim report, and presents on the recent trends in PV-

powered vehicles including PV technologies, expected benefits of PV-powered vehicles, estimates of solar 

irradiance on vehicles, and next steps for realising PV-powered vehicles in the market. 

 

A. Recent trends in PV-powered vehicles 

In recent years, multiple projects, consortia and companies have been aiming at delivering PV-powered vehicles, 

especially passenger vehicles. Considering the direct usage of PV electricity for vehicles, the available area for PV 

modules is limited. However, even in a limited area PV will be able to supply electricity to the battery of the vehicle.  

As pioneer manufacturers of PV-powered vehicles in Europe, Sono Motors and Lightyear are developing PV-

powered passenger vehicles equipped with crystalline Si solar cells, and their vehicles will be likely coming to the 

market (see Figs. A-1 and A-2). “Sion”, by Sono Motors, has lightweight PV modules at least 20% lighter than 

comparable metal body parts, which can generate 1 208 Wp. Sono Motors estimates a range of 5 800 km/year 

using only solar energy and up to 34 km/day (in Munich). “Lightyear One”, by Lightyear, has been designed to be 
very light, with high performance materials. PV modules on 5 m² and 215 Wp/m² may provide up to 70 km/day. 

Additionally, CEA-INES developed a prototype vehicle equipped with 1,3 m2 crystalline Si PV modules. 

In Japan, two major car manufacturers, Toyota Motor Corporation (Toyota) and Nissan Motor Corporation (Nissan), 

engineered prototypes of PV-powered passenger vehicles using high-efficiency III-V multijunction solar cells, 
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supported by NEDO, and started testing. PV capacity of Toyota’s PV-powered vehicle, Prius-HEV, is 860 Wp and 

that of Nissan’s PV-powered vehicle, e-NV200, is 1 150 Wp (see Figs. A-3 and A-4). It is noted that both vehicles 

are commercial passenger vehicles implying that the III-V multijunction solar cells are capable of being mounted 

on normal passenger vehicles without sacrificing elegant body shapes. 

 

  
Fig. A-1 Sion from Sono Motors 

(https://sonomotors.com/en/sion/) 

Fig. A-2 Lightyear One  

(https://lightyear.one/lightyear-one) 

  
Fig. A-3 PV-powered Prius-HEV (Toyota) 

(https://www.nedo.go.jp/news/press/AA5_101150.html) 

Fig. A-4 PV-powered e-NV200 (Nissan) 

(https://www.nedo.go.jp/news/press/AA5_101326.html) 

 

Silicon-based cells are the most common technology for PV-powered vehicles. The modules using silicon-based 

cells show the best compromise between performances and price with an acceptable level of reliability. The weak 

point is their lack of flexibility in two-directional bending. III-V multijunction solar cells have also been applied to PV-

powered vehicles due to higher power conversion efficiency. The disadvantages are higher price and spectrum 

mismatching loss compared with crystalline Si solar cells. For reducing such disadvantages, a four-terminal III-V 

on Si multijunction solar cells has also been demonstrated. Other thin-film solar cells, such as amorphous silicon 

and chalcogenide, compare unfavourably in efficiency to other photovoltaic technologies. However, they represent 

the most efficient of the thin-film materials that can be deposited onto glass or metal foil, providing the potential to 

fabricate curved PV active vehicle body parts directly and perhaps more cheaply. Perovskite cells have the potential 

of combining high efficiency, low-cost and flexibility, but this technology is not currently manufactured at large scale 

due to a lack of reliability/durability and, at present, lower efficiency than c-Si based PV at large scale. 

From the viewpoint of PV module assembly, there are additional module costs associated with reliable 

encapsulation of photovoltaic solar cells in curved vehicle body parts. Compared to conventional flat-plate PV 

modules, these vehicle parts will be manufactured in relatively small volumes for each vehicle design. Curved, 

flexible and lightweight module technologies with low cost and high reliability are required. The modules will also 

be subject to vibrational environments that are much more challenging than for standard terrestrial PV modules. 

The aesthetic appeal of a vehicle will be an important factor in any consumer purchase, so the modules must not 

only be efficient but also coloured. With well-engineered optical coatings, it is possible to deliver colour with 

relatively little efficiency loss. 
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B. Expected benefits of PV-powered vehicles 

To a certain extent, PV-powered vehicles replace grid or charging station electricity with on-board PV generated 

electricity. This offers benefits for users in terms of reduction of CO2 emissions during driving (in most countries), 

cost savings, and reduction in the frequency of grid charging, as well as less quantifiable benefits in terms of 

autonomy and independence. In order to foresee the expected benefits, case studies are included in this report. 

Modelling and case studies confirm that all PV-powered vehicles will realise the benefits listed above to various 

levels. 

Case studies on PV-powered passenger vehicles 

A case study in Japan found that a PV-powered vehicle could produce approximately 220 kg CO2-eq/year emission 

reduction in comparison to the same electric vehicle without PV, especially for longer driving distances. However, 

for shorter driving distances a 1 kW PV system can result in excess PV generation. In order to increase the 

environmental benefits of PV-powered vehicles, it is necessary to ensure high utilisation of PV electricity. Thereby, 

many aspects of the PV-powered vehicle need to be considered and optimised; the PV capacity (considering the 

effective solar irradiation), the vehicle efficiency, and the vehicle battery, including its capacity, efficiency and 

operating conditions. The Japanese case study also showed that a PV-powered vehicle will have a decreased 

charging frequency and that in some cases with a shorter driving distance, the PV-powered vehicle will be free 

from grid electricity charging. This benefit will make the vehicle attractive, even if the expected environmental 

benefits will only be small. 

A case study in the Netherlands showed that even with a relatively low solar irradiation, PV-powered vehicles could 

make a significant impact on the electricity consumption of electric vehicles. As PV and EVs become more efficient, 

the impact can increase. It was also shown that driver behaviour, in the form of charging strategies and driving 

profiles, can have a measurable effect on the benefits of PV-powered vehicles. This may lead to a 60% reduction 

in charging frequency, which can increase the autonomy and a feeling of security for the EV driver. While CO2 

emissions reduction will depend on the carbon intensity of the local grid, current values for the Netherlands indicate 

that there can be an effective CO2 reduction of about 200 kg CO2-eq/year. Finally, cost savings of up to 164 

EUR/year are shown, but are likely to be much higher when commercial EV charging rates would be taken into 

account, which are currently significantly higher than household electricity prices. It is noted that in order to have 

the most impact on cost savings and CO2 emissions, the energy generated by the PV should be utilised to the 

maximum. 

Realising benefits of PV-powered vehicles depends on variables such as driving patterns, available solar irradiance 

on the vehicle, vehicle efficiency, battery size, PV capacity installed and the utilization of the PV resource. Based 

on the case studies in Japan and the Netherlands, the expected benefits of PV-powered passenger vehicles in all 

IEA PVPS Task 17 member countries have been estimated (see D). 

Case studies on PV-powered commercial vehicles and trucks 

A case study in Germany focused on PV-powered light commercial vehicles. Based on the solar irradiance 

measurements on specific test routes, it was found that a side-to-roof ratio is about 40% on average. Also, it was 

estimated that a total energy yield from 1 170 kWh/a (Hamburg, Germany) to 2 210 kWh/a (Rome, Italy) for the 

modules mounted on the roof and side (2 180 Wp in total). In parallel, a life cycle assessment (LCA) of PV 

components, assuming production in China and integration in Germany, found that PV-powered vehicles can 

improve the carbon footprint for the case, based on an average shading factor of 30% and eight years of operation 

time. The emissions factor of 1 kWh of on-board generated PV electricity is calculated at 0,357 kg CO2-eq/kWh, 

and the average grid emissions for the operation time are expected to be 0,435 kg CO2-eq/kWh. The lower shading 

factor and the longer operation time are important for realising the environmental benefits. 

A case study in Spain discussed the economic feasibility of PV-powered reefer trucks, by integrating PV modules 

on the roof of refrigerated trucks. ICE engine trucks consume diesel fuel, and the fuel consumption varies with the 

temperature of refrigeration, ambient temperature, the mass of the pay-load, and the costs of diesel (there are 

different costs for diesel depending on the fuel being used for driving or for refrigeration). The economic feasibility 

of PV depends of the use given to the produced PV electricity on-board, and how to substitute fuel and freight load, 
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in addition to the cost and performance of PV. As an example, if the same diesel is used both for motion and 

refrigeration (0,75 EUR/l), considering that 75% of the time the trucks travel with full load, the best payback time is 

estimated to be 3,62 years, which seems reasonable from an investment point of view. Based on these conclusions, 

preliminary concepts for PV-powered heavy-duty vehicles, especially trucks have been indicated. 

A case study on PV-powered truck trailers in the Netherlands estimated the PV electricity production on the roof 

and on the sides of semi-trailers. The vertical installation represents two vertically oriented PV systems attached 

to the sides of a semi-trailer, and the horizontal installation represents just one roof-based PV system with a similar 

size as one of the two vertically oriented PV systems. The preliminary studies indicated that the effectiveness of 

vertical solar panels on trailers, is about 50% of that of roof-based panels. This is highly dependent on the latitude, 

the route the truck-trailer drives, the locations the truck visits, the surroundings of those locations, the changeability 

of the weather and the date/time. It will be essential to develop tools and methods to forecast the possible power 

and energy production during a journey ahead of the actual trip itself. 

These case studies have given valuable insights upon which in-depth studies of integrated PV systems for trucks 

and trailers can build upon. Taking into account the possible use of PV electricity for auxiliary demand, PV 

integration in trucks and trailers seem close to realisation and will be coming to the market.  

 

  
Fig. B-1 PV-powered light commercial vehicle 

(Photo: Institute for Solar Energy Research Hamelin) 

Fig. B-2 PV truck trailer  

(Photo: IM Efficiency) 

 

C. Solar irradiance for PV-powered vehicles 

In order to promote development and adoption of PV-powered vehicles, it is necessary to understand the effects 

of the dynamic environment of the vehicle for optimal design of on-board PV systems. The amount of PV electricity 

generated on-board depends on factors such as available solar irradiance and temperature. The solar irradiance 

falling on a PV-powered vehicle depends on the specific location and direction during parking and driving. 

Additionally, the solar irradiance during use is always changing; due to the surrounding environment of the route 

(buildings, structures or foliage may cause shade or reflect light on the vehicle). Several different methodologies 

have been developed for measuring the real irradiance falling on vehicles in some organization by: TNO in the 

Netherlands, ISFH in Germany, the University of Miyazaki in Japan, Bern University of Applied Sciences in 

Switzerland and UNSW in Australia (see Table C-1). 

Although there has not yet been enough data collected to make generalisations on the characteristics of the solar 

irradiance, each approach led to results and from these, a few tendencies and directions were found. 

A preliminary study in Japan, which was conducted at limited locations (Miyazaki city and Sapporo city) and periods 

of time, resulted in the following observations: shades of buildings, trees, power poles, and the like, cause a drop 

in solar irradiance in affected locations and sections of the car; larger shades like that of a building may cover an 

entire surface, such as the vehicle’s roof, or may only partially shade the surface; due to reflections from buildings, 
the solar irradiance on a vehicle in some locations and sections may exceed the insolation on a roof or rooftop of 

a building; fluctuations in solar irradiance due to shades and reflections often occur with very short cycles (less 

than 0,1 seconds). Fluctuations in solar irradiance on vehicle’s roof were observed by measurements in the 
Netherlands and Germany, as well. Although too few data are available to make generalisations on the 

characteristics of the solar irradiance on vehicles, it can be stated with some level of confidence that the ratio of 

solar irradiance on the vehicle’s roof during driving relative to GHI may range from 50% to 90%, e.g. from high-rise 
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sections to urban and open-air sections. A ratio of roof-to-side measured in Miyazaki was from 30% to 50%, 40% 

on average, which is relatively close to the measured ratio in Germany.  

 

Table C-1 Solar irradiance measurement by some organisations 

TNO, Netherlands ISFH, Germany 
Univ. of Miyazaki, 

Japan 

Bern University of 

Applied Sciences, 

Switzerland 

UNSW, Australia 

Four horizontal 

pyranometers and 

PV module on roof 

rack 

10 kHz irradiance 

measurements 

Five direction 

pyranometers on 

roof rack 

Five reference cells 

on two types of 

vehicles 

Low-cost, 

autonomous 

irradiance sensor 

installed on a large 

number of vehicles 

    

High fidelity 

irradiance 

measurements on 

horizontal plane. 

Partial and dynamic 

shading quantified 

High fidelity 

irradiance 

measurements with 

high temporal 

accuracy 

High fidelity 

irradiance 

measurements in 

all directions. 

High fidelity 

irradiance 

measurements in 

all directions. 

Crowdsourced 

irradiance and 

driving data under 

‘real-world’ 
conditions, 

including parking 

behaviour 

 

Measurements in Burgdorf, Switzerland found that a vehicle’s roof gets around 70% of the irradiance that a flat 
area of the same extent would receive. This value needs to be confirmed in the months to come as it appears to 

differ with the position of the sun throughout the year. Also, in this case, the vehicle has very good sun exposure 

during the whole day. In the case of another vehicle, which is parked in the shade most of the time, the ratio was 

around 21%. This result shows that where the car is parked will greatly influence the electricity generation of PV 

on vehicles. 

In Australia, two initial vehicle irradiance surveys have been carried out. In the case of a long road trip from Sydney 

to Canberra, a total of 5,4 kWh/m2 was estimated to fall on the vehicle during the journey that is estimated to add 

30 km of solar range to the vehicle. Long term monitoring of a passenger vehicle during the autumn and winter in 

Melbourne (and during a period of restricted mobility due to the COVID-19 pandemic) showed that the vehicle was 

parked 97% of the time and that 80% of the irradiance falling on a passenger vehicle took place while the vehicle 

was stationary. 

In addition to the impact of environmental shading, it was found that at higher latitudes (where there is a relative 

decrease of the sun’s height), the inherent curvature of on-board PV had a negative impact on electricity generation. 

However, the model-based study in Japan found that both the curve-correction factor and effective solar resource 

to the vehicle’s roof, normalized to GHI, do not show a strong correlation to latitude. They are unlike other typical 

solar resource parameters, more affected by local meteorological conditions. Also, both the curve-correction factor 

and the effective solar resource relative to GHI, are strongly influenced by the specific distribution of shading objects. 

More irradiance measurements are needed in order to more accurately quantify the possible energy yields and 

driving distances on solar power throughout the year in specific locations and on specific driving routes. Additionally, 

once a large data set is acquired, the measured values need to be normalized to standard irradiance levels 

measured in the past decades in order to eliminate statistical deviances. 

Data on solar irradiance acquired by a vehicle is a first step toward the use of PV in automobiles and will provide 

vital information for evaluating the significance and effect, as well as optimal design, of on-board PV systems. 
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D. Next steps for realising PV-powered vehicles 

This report presents an overview of recent trends of PV-powered vehicles in the world, and discussed expected 

benefits of PV-powered vehicles and measurements of solar irradiance on vehicles. Although more and more PV-

powered vehicle projects are being started, further actions will be necessary to realise practical deployment of PV-

powered vehicles. As next steps for realising PV-powered vehicles, potential benefits of PV-powered passenger 

vehicles, and issues for realising PV-powered vehicles, standardisation of solar irradiance and module design, and 

combination with PV-powered infrastructures have been explored. 

Potential benefits of PV-powered vehicles in IEA PVPS Task 17 member countries 

Based on the case studies on PV-powered passenger vehicles described in B, expected benefits of PV-powered 

passenger vehicles in IEA PVPS Task 17 member countries were estimated (see Fig. D-1). 

 

 

Fig. D-1 Comparison of CO2 emissions for each location with and without PV 

(The locations with the lowest local grid carbon intensity, Bern and Paris, both have no CO2 benefit from the 800 

Wp PV on the long-range vehicle for the simple 15 km commute driving profile.) 

 

In most cases, CO2 emissions are reduced during the operation of the vehicle by the on-board PV. However, in 

some cases, e.g. in countries with very clean grid energy, the embedded CO2 based on the manufacturing of PV 

modules might lead to slightly higher lifetime emissions. In order to increase the CO2 reduction achieved for all PV-

powered vehicles, PV modules with lower embedded emissions are needed, in addition to higher efficiencies and/or 

longer PV component lifetimes. Well-integrated PV technologies such as curved, flexible and lightweight PV 

modules, in addition to higher efficiency PV technologies, will contribute to increased PV electricity generation. 

These studies also find that maximizing PV utilisation is important in order to realise the maximum benefits of PV. 

The value of the PV utilisation ratio where the CO2 emissions from PV electricity are equal to the CO2 emissions 

from the grid corresponds to a crossover point where the PV powered vehicle goes from producing an increase in 

CO2 emissions to providing a decrease or an environmental benefit. This point is equal to the ratio of ‘CO2 emission 

by PV electricity with 100% utilisation ratio’ to ‘CO2 emission by grid’ (see Fig. D-2).  

This cross-over, or minimum PV utilisation ratio, has been calculated for each of the Task 17 countries’ locations 
(see Fig. D-3). The minimum utilisation ratio required varies between locations. The higher the grid carbon intensity 

and PV generated electricity, the lower the required utilisation ratio. In most locations, the minimum PV utilisation 

ratio is less than 30%. When the grid carbon intensity is very low, as in Paris and Bern (not shown), the minimum 

utilisation ratio is above 100% indicative of the higher CO2 emissions of the PV modules resulting in an increase in 

CO2 emissions with PV on-board with current state-of-the-art technology. Research and development to lower 

embedded emissions of PV modules, as well as increasing efficiency and improved reliability of PV components is 

needed to increase the environmental impact on on-board PV, in terms of CO2 emissions. These results do not 

currently consider the potential for trading battery capacity for on-board PV and the accompanying impact on 

lifetime CO2 emissions.  
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Fig. D-2 Image of relations between CO2 emissions of PV/grid electricity, utilisation ratio of PV electricity, 

and CO2 reduction by PV-powered vehicle 

 

 

Fig. D-3 PV generated electricity and carbon intensity of the local grid (left axis) and the minimum 

utilisation ratio of PV electricity to begin achieving a CO2 reduction (right axis) 

(Bern, Switzerland and Paris, France have been omitted as they will not have a CO2 reduction for the given 

example.) 

 

Driving patterns and solar irradiance vary by region, country, and driver. In order to increase the level of utilised 

PV electricity, optimised design of PV-powered vehicles with respect to PV capacity considering effective solar 

irradiation and vehicle efficiency, battery capacity and efficiency and the operating condition is required. On the 

other hand, increasing the utilisation ratio of PV electricity also avoids surplus PV electricity. One of the most 

promising approaches will be to provide PV electricity to surroundings when the PV-powered vehicle is parked, i.e. 

V2X. Another approach to maximise PV utilisation is managing the battery’s state-of-charge (SOC) to ensure that 

enough capacity is available for storing on-board PV electricity. When reserved capacity for PV electricity is well-

managed, demand for grid electricity is reduced and less PV electricity generated on-board will go to waste. 

Issues for realising PV-powered vehicles 

PV modules integrated into vehicles are a part of a PV system, and as well, part of the components of vehicles. 

The product will be tested and rated by two standards. For example, the performance of the PV module will need 

to be verified as a PV system with necessary corrections by the different usage such as moving, frequent shading, 

etc. At the same time, it is to be tested as an exterior component of vehicles, such as different types of glass. And 

it is also to be tested as a vehicle’s electrical component. 

The standard PV modules are installed in such a way to avoid shades on the installation. However, PV modules 

on the vehicle’s roof are not oriented to optimise for the utilization of solar energy. The driver’s parking preferences 
may often lead to shade being cast on the PV. The relative orientation of the PV on the vehicle to the sun’s position 
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is not fixed but frequently changes by driving. The PV on the vehicle’s body and the vehicle’s roof is curved. It is 
often shaded by its own surfaces. Therefore, the methodology for performance analysis needs to be reconstructed. 

For the moment, there is no published standard as well as no records of publications of official activities for the 

international standardisation. In order to establish standards for solar irradiation and module design for PV-powered 

vehicles, rating tests, design qualification, power modelling and energy prediction will need to be addressed. The 

following vehicle-specific issues will need to be considered: greater chance of shading by objects around the vehicle 

(trees and buildings), curved surface, varying orientation angles, and mismatching loss by partial shading. As 

discussions for standardisation will be done by another body like the IEC, technical requirements for PV installation 

into a vehicle’s body will be discussed more in Task 17‘s next steps. 

As another issue, in order to effectively use the PV electricity generated on-board, the potential of PV applications 

for electric systems and infrastructures will need to be addressed. The combination of PV-powered vehicles and 

charging infrastructures takes advantage of PV-powered vehicles: PV production impact in stationary mode, 

requirements regarding the charging infrastructures, and PV benefits when services such as vehicle-to-

grid/home/vehicle are available at charging terminals. 

Regarding the PV-powered charging infrastructure with a PV vehicle parking shade, the PV-powered vehicles may 

present maximum PV benefits while parked outside the shade of the station; therefore, an additional study related 

to the station design is required. Although it will not change the V2X design and technology, the PV electricity 

produced and stored by PV-powered vehicles can be used as an additional flow of electricity for all the V2X services. 

However, the real “additional value” earned from vehicles powered by PV is the PV electricity real-time production 

during the time the vehicle is parked, on public parking or at home. In addition, regarding V2H, if at home the 

vehicle owner does not have a PV installation, the PV benefits provided by the vehicle could be increased. 

These issues will be analysed in Task 17’s next steps, which includes the following objectives: requirements, 
barriers, and solutions for PV-powered infrastructure charging stations, feasibility conditions, and V2X services 

offered by the PV-powered charging stations. 

The way forward 

PV-powered vehicles may offer significant benefits to drivers and may offer an important contribution to the energy 

transition. Their market introduction will require technical optimisation of the PV but also of vehicles and vehicle 

use. Short driving range commuter vehicles, ultra-light weight vehicles, and high efficiency EVs are the most 

realistic concepts to apply PV power for smaller passenger vehicles. As a concept of bridge technology to PV-

powered vehicles, it will be possible to consider PV-equipped vehicles for auxiliary components such as air 

conditioning systems, refrigerators and heating systems. This can already be seen in some passenger vehicles. 

For heavier commercial vehicles such as truck trailers, other goods delivery vehicles, and buses, on-board PV can 

make significant contributions to these auxiliary systems and the electric conversion of these systems. Taking into 

account the area available for PV and the possible use of PV electricity for auxiliary demand, PV-powered 

refrigerated truck trailers and buses are close to market introduction.  

The questions of how to directly use and manage PV electricity for different types of vehicles, driving profiles, and 

locations with different solar irradiance, and how to integrate PV components on-board with keeping mechanical 

and physical reliability and safety including standardisation will be important for all kinds of PV-powered vehicles.  

In order to effectively use the PV electricity generated on-board, an integral approach with PV applications for 

electric systems and infrastructures will be important. This may also contribute to reducing the impact of widespread 

PV generation and EV charging on the stability of the grid. 

The PV market in the transport sector is still small. However, the potential impact is large and the electrified 

transport market will be a key driving force for the further development of PV in the coming years. PV-powered 

vehicles have the potential to further decrease the CO2 emissions impact of electrified transport (particularly in the 

short term) and accelerate the adoption of electric vehicles overall due to decreased dependence on the grid. In 

order to utilise the potential and to realise PV-powered vehicles, expected benefits should be further validated and 

evaluated from viewpoints of not only energy, the environment, and from the perspective of users, but also the 

related industries, and shared with stakeholders such as automotive companies and relevant policy organisations. 


