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SUMMARY 
 

In order to maintain the rise in global average temperature below 2 °C compared to  

pre-industrial levels set by the Paris Agreement, it will be necessary to significantly 

reduce the emission of CO2 and other greenhouse gases by converting to a fully 

renewable energy supply by 2050.  

The transport and residential sectors are two of the key areas where this energy 

transition will take place. In the transport sector, the transition from fossil-fuelled 

internal combustion engine (ICE) vehicles to electric vehicles (EVs) offers an 

effective path for reducing emissions in this sector. However, a key issue with EVs 

is that their emissions intensity depends on the source of the electricity that powers 

them. At the same time, in the residential sector rooftop PV systems have enabled 

individual households to locally generate electricity to cover their energy demand. To 

optimise self-consumption and enhance the energy efficiency of the interaction 

between consumers and their PV systems, energy generation and consumption can 

be locally coordinated through home energy management systems (HEMS). 

The majority of PV-powered solutions which have been developed so far for these 

two sectors has emerged from a technology-push mindset which is mainly focused 

on technical and economic aspects. This approach, however, tends to ignore or 

undervalue other aspects which are essential for ensuring a smooth adoption by users 

which limits the potential for implementing these solutions in the urban 

environment.  

The main aim of this thesis is therefore to explore how a multidisciplinary design-

driven research approach can be used to develop technically functional, financially 

feasible and low-emissions PV-powered applications in the urban environment 

which are more likely to be adopted by end users. This is supported by the following 

research sub-questions: 

• How can the technical, financial and environmental feasibility of PV-powered 
charging systems be evaluated using a multidisciplinary assessment (Chapter 2), 
and what are the results of this assessment in different locations around the 
world? (Chapter 3) 

• What kind of innovative conceptual solutions can be developed for PV-powered 
mobility and which design challenges are they likely to encounter? (Chapter 4) 
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• What is the perception of (potential) users for PV-powered mobility solutions 
which are already under development or in the market, and what is their likelihood 
to adopt or use these solutions? (Chapter 5) 

• What design lessons can be learned from applying a dual approach consisting of 
energy simulations and user testing to conceptual home energy management 
systems? (Chapter 6) 

 

 

Chapter 2 presents a feasibility model which can simulate the operation of a grid-

connected solar EV charging station with local energy storage in order to determine 

this system's energy balance, financial attractiveness and avoided CO2 emissions. This 

is followed by an analysis of the model’s response to different driving and charging 

profiles and a sensitivity analysis on key input variables. 

Overall, the modelling results show that in contrast to driving an ICE vehicle, the 

longer an EV is driven, the more affordable solar-powered charging becomes and a 

higher environmental dividend is achieved. The presented results also show the 

importance of a multidisciplinary analysis of these applications since there are 

instances in which an improvement in one aspect of the system can significantly 

affect another one, setting up a trade-off between both aspects that needs to be 

resolved. 

The feasibility model was found to be highly sensitive to the total driving distance 

rather than to the hourly distribution of the driving profile; this is because the total 

distance plays a more important role in defining the vehicle's energy demand than 

the moment when this distance is travelled. This confirms the importance of using 

accurate driving consumption information so that the modelled results can correlate 

to driving behaviour in reality. Additionally, modelling results did not vary 

significantly with larger EV battery capacities meaning that this model could be easily 

extended to a wider range of vehicles. 

An important aspect to be considered is that construction and interconnection costs 

were not included in the present analysis. These costs could vary significantly 

depending on the location, but a key advantage of PV-powered charging stations 

over conventional EV charging stations is that a smaller grid connection is likely to 

be required, especially if local energy storage is included in the system. It is also 

important to mention that this analysis did not include the vehicle production and 

end-of-life phases, and further work should account for the impact of these phases 

through a life cycle assessment (LCA).  
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In Chapter 3, the feasibility model is used to evaluate the potential of solar EV 

charging stations in eight locations around the world, assuming an EV with a 30 kWh 

battery driving between 26 and 47 km each day in irradiation conditions of 910 – 

1970 kWh/m2. The results from this international feasibility study show that with the 

right combination of battery storage and PV array sizes, the use of PV systems can 

be a feasible solution for charging EVs from a technical, financial and environmental 

perspective in comparison with both a gasoline-fuelled ICE car and a grid-charged 

EV. 

The technical evaluation focused on the energy balance between PV electricity 

generation, EV charging, battery storage and the local grid. This evaluation showed 

that in countries with a consistently high solar irradiance throughout the year such as 

Brazil and Australia, PV-powered EVs can be operated more effectively than in 

countries with a high seasonal variability of irradiance such as the Netherlands and 

Norway. Yearly PV electricity shares of 50% and 75% are achievable in nearly all 

locations with PV array sizes in the order of 1 to 1.5 kWp provided that a 5 kWh 

battery is part of the system. The required PV capacity for a 100% share of PV 

electricity mostly depends on the available solar irradiation during the winter. 

Although a 100% PV share will be difficult to achieve in a few locations without 

additional local battery storage, it is important to consider that 50% and 75% PV 

shares already achieve a significant environmental benefit to these systems at a 

comparatively lower cost as well as significantly reducing the number of grid charging 

events. 

The economic evaluation showed that grid-only charging scenarios had the highest net 

present value (NPV) in a 10-year period given that no investment in a PV system or 

local battery storage is needed. More importantly, charging stations with only a PV 

array and no battery storage have in all cases a positive NPV, meaning that these 

designs are already economically feasible while also being able to supply close to 

100% solar charging on locations with a low seasonal variability of irradiance. For 

systems with both a PV system and battery storage, storage costs were observed to 

have a significantly larger impact than PV costs in the system’s NPV. However, it is 

important to consider that while reducing the size of local storage from the system 

significantly increases its financial attractiveness, this can in some cases come at the 

expense of lower self-consumption and an increase in system CO2 emissions.  

The environmental evaluation focused on calculating the total CO2 emissions of each 

system configuration, showing that in nearly all locations grid-only charging resulted 

in a reduction in CO2 emissions compared to a gasoline-fuelled vehicle. PV charging 

was found to achieve an even greater reduction, corresponding to CO2 footprints as 
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low as 12-13 g CO2-eq per km travelled in all locations. The results from this 

evaluation also highlight the importance of using PV for charging EVs in locations 

where grid electricity has a relatively high CO2 emissions intensity. In both Chinese 

locations, where there is at present a high share of coal-fired plants, grid-only 

charging of EVs is found to result in a net increase in generated emissions. 

Conversely, PV charging was also found to cause a small increase in generated 

emissions compared to grid charging in countries with a close to zero-emission grid 

such as Norway.  

The output of both the economic and environmental evaluations was combined to 

calculate the greenhouse gas (GHG) mitigation costs for these systems. This showed 

that grid-only charging and systems without local storage invariably result in a 

negative mitigation cost, meaning they are ‘no-regret’ options where it is possible to 

achieve both a reduction in CO2 emissions and a net financial benefit.  
 

Chapter 4 presents a conceptual design study exploring the range of applications 

that can be developed for solar-powered mobility. A total of eleven different design 

concepts were developed, ranging from mobile EV charging stations to solar bikes 

and solar-powered public transportation. Subsequently executed energy balance 

calculations using the model presented in Chapter 2 show that the extent to which 

the PV electricity produced by these systems will meet vehicle demand will vary 

significantly, ranging from 9% to 69% in Australia and from 7% to 50% in the 

Netherlands, depending on the type of application.  

One of the main design limitations found in the development of these conceptual 

applications was the small area available for installing PV systems, particularly for 

designs that integrated PV cells on vehicles. These designs focus on using larger, 

flatter surfaces to provide more surface area for the array and simplify the integration 

of PV cells, and in some cases extendable arrays were proposed as one of the possible 

solutions. Designs for PV-powered charging infrastructure, on the other hand, 

showcase the potential for using alternative charging technologies such as battery 

swapping and inductive charging.  

In addition to these design considerations, it was found that an important aspect of 

designing these applications is the use of their visual appearance not only for 

providing an aesthetically pleasing element to their environment but also for 

communicating to users their function and their focus on sustainability. Charging 

infrastructure has more liberty to achieve this goal than the vehicles themselves 

although in urban areas available space might be another limiting factor.  
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Remarkably, none of the projects considered changing the colour, transparency, 

texturing or shape of PV cells. Although this could mean that PV technologies in 

their current form already have value for designers, it is also possible that designers 

are just starting to become aware of these possibilities and the potential for PV 

integration in these products is yet to be fully exploited.   
 

Chapter 5 presents the results of an exploratory user study into the needs and 

motivations behind the potential user adoption of four existing solar-powered 

mobility applications. An online survey was carried out for this purpose, including 

questions on previous experience with PV systems and electric mobility, pro-

environmental attitudes and respondents’ perception of each application, as well as 

socioeconomic and demographic variables. 

The survey was answered by respondents in 14 different countries (N = 86), with a 

significant share being male, highly educated and/or in a relatively high income 

category. Overall, while respondents tended to have a mostly positive impression of 

the presented applications, their likelihood to adopt them in the near future was 

relatively low.  Despite this, results showing that a vast majority of respondents (88%) 

are willing to pay more for a version of their current EV with integrated solar cells 

indicate that these applications are perceived as having an added value. 

A binary logistic regression analysis of the survey responses for one of these 

applications (namely the Sono Sion, an EV with integrated PV cells) found that 

factors such as owning a residential PV system, the type of household electricity 

contract (e.g. ‘green’ or ‘grey’ energy) and some pro-environmental attitudes can have 

a significant impact on the willingness to adopt this application. Notably, a significant 

difference in EV ownership was found between respondents with residential PV 

(64%) and respondents without it (10%), indicating a positive relationship between 

the use of solar energy at home and an interest in sustainable transport.  

Although the collected sample is comparatively small it offers a useful initial 

exploration into respondents’ attitudes and motivations regarding this type of 

mobility applications, especially considering that given their novelty there is still low 

public awareness for    solar-powered mobility among the general public.   

 

Chapter 6 presents the results of a dual analysis for evaluating the potential of HEMS 

concepts to enable the effective use of energy in households with residential PV 

systems. The operation of three HEMS prototypes was first tested using a simulation 

environment, proving the usefulness of this tool for quickly and accurately validating 
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the operation of smart energy products using simulated PV production and load 

profiles. The tests presented a simple, quick visualisation of how these prototypes 

would operate in households without the need to involve the end users themselves.  

The scenario-based modelling then served as a more extensive test on HEMS 

performance by providing a more accurate approximation to real-life conditions. 

This helped identify some of the advantages and limitations of the current designs, 

revealing issues that would otherwise come to light later on and become much more 

difficult to overcome. 

During user tests, the performance of the HEMS prototypes in households was 

compared to reference energy measurements, revealing that the concepts did not 

always seem to achieve their intended purpose. Testing on one of the prototypes 

showed an increase of both average (25%) and peak (3%) loads, and a more deficient 

match between energy supply and demand. Tests carried out on another prototype, 

on the other hand, showed a positive impact since the overall energy consumption 

was reduced in comparison with the reference measurements (27%). These 

conflicting results show the complexity of user behaviour around household energy 

consumption and the importance of carefully designing HEMS to ensure they are 

successful not just in terms of reducing energy consumption but on matching 

consumption with times of high PV production as well.  

 

From the results presented in this thesis which is focused on multidisciplinary design-

driven research on PV-powered applications, it can be concluded that an assessment 

of these applications should whenever possible consider multiple elements at the 

same time, including technical, financial, environmental, user and design aspects such 

as aesthetics. This will enable the identification of key trade-offs as well as optimal 

combinations or synergies which would not be apparent if these aspects were studied 

or optimised separately.  

Furthermore, PV-powered applications in the urban environment need to account 

for and adapt to the complexity of users’ behaviour and motivations from their early 

development stages. Analytical tools like simulation and modelling followed by end 

user studies and testing can provide a useful first approach to understanding how a 

given application will perform in practice and how users are likely to respond to it, 

providing important information which can improve the effectiveness of the final 

design. 
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Recommended future work on this topic includes exploring a wider range of PV-

powered applications, the interaction between different types of applications and the 

effects of upscaling both in terms of total system impact and the interactions between 

individual components. Further research into policy and regulations should also be 

conducted, as well as the use of a stakeholder-centred perspective to better 

understand how different actors such as user communities and local governments 

can work together in the development and implementation of these applications. 
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1 

Introduction  
 

This thesis explores how a multidisciplinary design-driven research approach can be 

used to develop technically functional, financially feasible and low-emissions PV-

powered applications in the urban environment which are more likely to be adopted 

by end users. In this chapter, relevant background information on the current state 

of PV in the urban environment and existing multidisciplinary frameworks for 

sustainable product design will be provided, followed by the main research questions 

and an outline of the presented work.  
 

1.1 | Research Background  

 

The mitigation of climate change is one of the main challenges that mankind faces at 

present. In response to this challenge, the Paris Agreement was signed in 2015 [1] 

with the objective of maintaining the rise in global average temperature below 2 °C 

compared to pre-industrial levels. In order to achieve this goal, it will be necessary to 

reduce the emission of CO2 and other greenhouse gases by converting to a fully 

renewable energy supply by 2050. The process of changing from a fossil fuel-based 

society to one based on renewable energy is known as the energy transition, and this 

process will require a huge effort by a varied group of stakeholders including 

policymakers, scientists, industry and the general public [2]. 

The transport and residential sectors are two of the key areas where this transition 

needs to take place. These two sectors accounted for 52.8% of total energy 

consumption in the European Union in 2018, a significantly larger amount than both 

industry (23.2%) and services (12.7%) as shown in Figure 1.1 [3]. 



 

4  | Chapter 1 

 

Figure 1.1 Energy supply by source (left) and energy use by sector (right) in the EU (2018) 

according to the IEA [3] 

The transport sector is currently responsible for almost a quarter of global energy-

related CO2 emissions according to the Intergovernmental Panel on Climate Change 

(IPCC), a majority of which is caused by road transport [4]. Given this background, 

the transition from fossil-fuelled internal combustion engine (ICE) vehicles to 

electric vehicles (EVs) is considered to offer an effective path for reducing CO2 and 

other volatile emissions in this sector. 

There are currently more than 7 million EVs on the road (see Figure 1.2 below) of 

which about two-thirds are battery electric vehicles (BEVs), with the rest being 

composed mostly of plug-in hybrid vehicles (PHEVs)1 [5]. The adoption of EVs is 

expected to increase significantly in the next decade as battery costs continue to 

decrease and EV charging infrastructure is further developed.  

One of the key issues with using EVs is that their emissions intensity depends on the 

source of the electricity that powers them. Additionally, the projected increase of 

EVs is expected to create an additional electric demand, which currently estimated 

to become nearly 10% of total electricity demand in the EU by 2050 [6]. This will 

place significant stress on electrical grids unless additional generating capacity is 

installed. Recharging EVs with low emission power which can be locally generated, 

such as solar power, could be an effective solution to the two issues addressed above. 

 
1 In this thesis the term ‘EV’ will refer to battery electric vehicles (BEVs) unless otherwise 

specified. 
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Figure 1.2 Global electric car stock 2010-2019, showing BEVs in dark green and PHEVs in 

light green. Data from the IEA [5] 

 

At the same time, the residential sector is undergoing an important transformation 

in which rooftop PV systems have enabled individual households to locally generate 

electricity to cover their energy requirements [7]. Consequently, it has become 

necessary to coordinate energy generation and consumption at the local level through 

the use of home energy management systems (HEMS). The main goal of these 

systems is to use energy more efficiently and increase the self-consumption of locally 

generated PV electricity, either through the automated control of energy flows in a 

household or by fostering a more active role from users in energy management [8]. 

 

Solar photovoltaic (PV) technologies can significantly contribute to the reduction of 

CO2 emissions since they have zero emissions during use and very low CO2 emissions 

over their entire life cycle, ranging between 18 and 28 g CO2-eq per kWh produced 

[9]. With more than 500 GWP installed capacity in 2018, PV generation currently 

accounts for more than 2.7% of total global electricity generation. This represented 

a yearly increase of 22% in 2019, the second-largest absolute generation growth of 

all renewable technologies [10]. Furthermore, as the technology has matured and 

economies of scale have been established the cost of PV systems has decreased down 

significantly over the last decade (see Figure 1.3), creating opportunities for the 

development of new types of PV-powered applications.  
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PV technologies have several features which make them particularly attractive for 

integration into existing products or structures, including their modular character, 

high energy efficiency, proven reliability, low maintenance requirements, absence of 

moving parts and lack of noise during use. Moreover, solar cells can be flexibly 

shaped, bent into various forms and modified in their transparency and colour [11].  

 

 
Figure 1.3 Global PV Installed Capacity and PV Module Price (2010-2018) according to data 

from the European Commission [12]   
 

The following sections will present a brief overview of some of the existing or 

proposed technical solutions for integrating PV systems in both transport and the 

residential sector as well as relevant research state of the art in order to provide 

context for the conducted research. 

 

1.2 | Solutions for PV-powered mobility  
 

As previously indicated, the use of PV technologies for powering electric mobility 

can contribute towards lowering CO2 driving emissions while reducing grid stress by 

acting as a local energy source. There are several pathways for charging an EV with 

electricity produced from a PV system as shown in Figure 1.4 below. PV systems can 

be integrated directly into the vehicle, but it is also possible to use intermediate steps 

which incorporate additional components such as charging infrastructure, energy 
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storage systems and the local electricity grid. An additional pathway involves the use 

of hydrogen produced with solar power in fuel cell electric vehicles (FCEVs), but 

this technology is beyond the scope of this thesis. 

 
Figure 1.4 Overview of existing technical solutions for supplying PV power to electric 

vehicles. Adapted from M. Yamaguchi  [13]; the shaded area indicates solutions covered in 

this thesis. 

 

This thesis will be constrained to electric solutions for supplying solar power to EVs. 

This section will therefore focus on two types of solutions for PV-powered mobility: 

solar charging stations and vehicle-integrated photovoltaic (VIPV) systems.  

 

1.3.1 Solar Charging Stations 

Solar charging stations rely on a solar photovoltaic system to supply part of the 

energy required for recharging the batteries of one or more electric vehicles (see 

Figure 1.5). In addition to providing a low-emissions energy source for EVs, these 

charging systems can help prevent grid overloading caused by charging a large 

number of vehicles at the same time, which is expected to occur in the near future as 

EV uptake increases [14], [15]. Electricity transmission losses which are typically 

between 8 and 15% [16] are also avoided since energy is generated at the same 

location where it is consumed. 
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Figure 1.5 Left: artist impression of a solar charging station (Source: Nordens Solvarme AB). 

Right: Main components of a grid-connected solar charging station with local energy storage. 

Solar charging stations are usually grid-connected systems consisting of the following 

components: 

• PV modules, which act as the station’s main source of renewable electricity. 

Fixed arrays with silicon or CIGS modules are usually the chosen technologies at 

present, but tracking systems and concentrator PV systems could also be used in 

some instances [17].  

• Balance of System components including power conversion electronics as well 

as wiring, switches, and the mounting structure for the PV array. 

• An Energy Management System (EMS), which can monitor and control the 

power flows between the PV system, the EV, the grid and (optionally) a storage 

system. 

• The EV Supply Equipment (EVSE), which includes all the necessary 

components for connecting the EV to the charging station such as the connector 

plug, power supply cable, charging stand and protection components, as well as 

the station’s user interface. 

• Optionally, a Battery Energy Storage System (BESS) can be added to grid-

connected solar charging stations to overcome the mismatch between supply and 

demand. 

There are several examples of solar charging stations which are already commercially 

available, ranging from individual charge points such as Envision Solar's EV ARC 

[18] to full-scale service stations such as those operated by European companies 

Fastned [19] and Gridserve [20], among others (see Figure 1.6). 
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Figure 1.6 Examples of solar carports developed by Envision Solar (left) [18] and Gridserve 

(right) [20] 

While some work has been already conducted on the specific operation of solar 

charging stations [21], [22], research has mostly focused on the development of 

control algorithms for EV charging in general; this is a key issue for any type of 

charging infrastructure since charging a large amount of EVs at the same time could 

generate peaks in energy demand and place considerable stress on the local grid.  

Control algorithms for EV charging can be centralised or decentralised, scheduling 

through rule- or optimisation-based approaches [23]. Rule-based algorithms involve 

setting basic rules which prioritise some power flows over others. For instance, using 

energy produced by the PV system can be given the highest priority, redirecting 

power to the local storage system or selling it to the grid only when the EV battery 

is full [24], [25]. Optimisation-based algorithms, on the other hand, manage power 

flows in order to optimise a target indicator [22], [26], [27]. Common optimisation 

targets include maximising self-consumption, minimising total cost and peak shifting 

or shaving.  
 

1.3.2 Vehicle-integrated Photovoltaic (VIPV) Systems 

In addition to integrating a PV system into the charging infrastructure, it is possible 

to integrate PV cells into the body of vehicles themselves: this approach is known as 

vehicle-integrated photovoltaics (VIPV) [28] or on-board PV [29]. Vehicles with an 

integrated PV system have the advantage of being able to charge while driving and 

reducing the vehicle's dependence on plug-in charging while parked. Photovoltaic 

systems can be integrated into various types of motor vehicles such as cars, lorries 

[30], boats [31], [32], aeroplanes and bicycles [33], but the present work will focus on 
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the application of VIPV in electric passenger cars. A passenger EV with an integrated 

PV system (see Figure 1.7) has the following components: 

• Integrated PV cells, which are most effectively located in the car roof since it is 

the section with the largest area and the most favourable orientation toward the 

sun. Cells can also be integrated into the car bonnet, boot and doors which have 

less direct irradiation but instead receive additional diffuse and reflected 

irradiation from surrounding objects. Crystalline silicon technology is often 

chosen for this purpose, but III-V cells and CPV and have been used as well [34].  

• A charging inlet which, as with regular EVs, is used to obtain electricity from a 

charging point which will still be an important energy source for these vehicles. 

• The battery pack, which can store energy from both the on-board PV system 

and regular charging points. Lithium-ion is currently the preferred battery 

technology for electric vehicle applications [35]. 

• The electric motor, which draws energy from the battery pack to power the 

vehicle. 

 
Figure 1.7 System configuration of a passenger EV with PV cells integrated on the car roof 

and bonnet [36]  

 

The first combinations of solar energy and EVs date as far back as the early 1980s 

but these initial prototypes served as demonstration vehicles to generate research and 

public interest in solar-powered vehicles rather than as a transport solution for daily 

use [37]. It was only recently that automobile manufacturers started to consider this 

technology as a possible option for powering passenger cars, initially in the form of 

“solar roofs” for powering the vehicle’s air conditioning or heating systems [38], [39]. 

At present, several efforts are being undertaken to develop commercial VIPV 

applications by both research institutions and large car manufacturers such as Toyota 

and Hyundai, as well as start-up companies like Sono Motors and Lightyear (see 

Figure 1.8).  
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Figure 1.8 Examples of VIPV applications. From left to right: Toyota Prius with ’solar roof’ 

[38], RED E racing car developed by Solar Team Twente [40], and the Sono Sion [41].  

The integration of PV systems into electric vehicles is currently facing several 

technical challenges [34], [42], one of which is the limited amount of surface area 

available in the car body. A possible solution to this limitation is the use of more 

energy-efficient electric drivetrains, high-efficiency solar cells [43] or solar 

concentrators [44], [45] although the relatively high cost of these PV technologies is 

likely to remain an issue in the near future. An additional difficulty for integrating PV 

cells involves the curved surfaces found in many passenger vehicles since curved PV 

systems have a smaller projected area and there can be mismatch losses due to self-

shading [29], [34]. This means that if several modules are connected in series, the net 

current for all modules in the series will be equal to the lowest generated current. 

Finally, another key issue affecting the performance of VIPV systems is the 

complexity of external shading effects given that irradiation onto the car body is 

fundamentally different to that of typical solar panels: the orientation of PV cells in 

a car is not optimised for the utilization of solar energy and frequently changes 

depending on the driving route and parking location chosen by the driver [34].  

 

 

1.3 | Solutions for home energy management 
 

As part of the energy transition in the residential sector, an increasing number of 

households are becoming smart homes where energy is not only consumed but also 

produced (typically with a rooftop PV system), with the possibility of storing energy 

locally as well. The main components found in smart home systems (see Figure 1.9) 

include [46], [47]:  
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• Micro-generators, which produce energy for local use in the household.  

• Energy storage systems, which balance energy supply and demand in the 

household by storing energy either as heat or electricity.  

• Smart meters, which provide bidirectional, real-time information on energy use 

and pricing.  

• (Smart) appliances that can communicate with other devices and in some cases 

be programmed to operate at a specific time. 

 

 
Figure 1.9 Schematic showing the main components of a smart household with local energy 

generation and storage: (1) micro-generators, (2) energy storage system, (3) smart meter and 

(4) (smart) appliances. 

 

As previously mentioned, the operation of these components and the interactions 

between them can be coordinated through home energy management systems 

(HEMS). HEMS can act as a central connection point for the entire smart home 

system and collect data that can also be shown to users through a visual display [48]. 

There are currently several HEMS products on the market (see Figure 1.10), many 

of which are offered by energy companies to their customers.  
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Figure 1.10 Examples of HEMS developed by E.ON [49] (left) and Bosch [50] (right). 

 

The operation of HEMS can either focus on the use of control algorithms optimised 

for a specific objective [51], [52] or alternatively encourage users to modify their 

energy consumption on their own by providing relevant information [48].  

An important factor studied in HEMS development involves the degree of 

(perceived) user control over these applications [11], [53] given that users often 

dislike devices that take the power of decision-making away from them [54], [55]. 

While this perception can be partly shaped by choosing which information is shown 

to users in order to build trust between them and the HEMS, information alone is 

often not sufficient and encouraging a behavioural change from users becomes 

necessary [56] through incentives focusing on rewarding certain actions (‘pull’ 

measures) or on penalising them (‘push’ measures) [57].  

While research has typically focused on economic incentives [58], [59] there are other 

incentives that become more important to users with time [60]; these include 

increasing awareness on energy consumption, increased comfort and security, 

increasing property value and becoming independent of utility companies [53], [61], 

[62] among others. 

The consequences of using incentives to induce a specific response from users are 

often hard to predict, and the adoption of HEMS and smart energy products can 

sometimes result in unintended, counterproductive side effects such as the ‘rebound 

effect’ where a household’s energy consumption increases after smart energy 

technologies are installed instead of decreasing [46], [60].   
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1.4 | Sustainable product design frameworks 
 

Given that most of our energy demand occurs in the built environment, the design 

of these solutions has to be adapted to these densely-populated locations and will 

require the creation of integrated solutions instead of purely technological 

approaches. The majority of PV-powered solutions which have been developed so 

far for the residential and transport sectors have emerged from a technology-push 

mindset where the main focus is placed on technical and economic aspects [46]. This 

approach, however, tends to ignore or undervalue other aspects which are essential 

for ensuring these solutions are adopted by users and is currently limiting the 

potential for implementing these solutions in the urban environment. [56], [63], [64]. 

This section will present several existing frameworks for sustainable product design 

which can support the development of this type of solutions. The research approach 

followed by this thesis will be based on these frameworks which will therefore serve 

as a reference point for the presented work. The following four frameworks will be 

presented: (1) the Three-Layer Model [65], (2) the Innovation Flower for product 

design [11], (3) Environmental Quality Function Deployment [66] and (4) the 

Sustainable Product Design model [67].  
 

Three-Layer Model for Sustainable Energy Environments  
This model was developed as part of the Co-Evolution of Smart Energy Products 

and Services (CESEPS) project in order to evaluate smart grid environments in a 

multidisciplinary context, and builds on the findings of the ERA-Net Smart Grids 

Plus research programme [68]. The three-layer model approaches the development 

of sustainable energy environments using a multidisciplinary research model built 

around three categories or layers [65] (see Figure 1.11). The stakeholders/adoption layer 

covers the diverse group of entities that interact with sustainable energy systems and 

the process by which they accept or adopt new energy applications. The marketplaces 

layer comprises the financial and business-oriented aspects of these systems, 

including the required investment, net present value (NPV) and levelised cost of 

electricity (LCoE), as well as electricity tariffs and pricing mechanisms. Finally, the 

technologies layer focuses on the technological aspects of sustainable energy systems, 

electrical grids and the communications technologies necessary for their operation 

[2], [65]. Understanding each of these three layers and the relationship between them 

can provide a more complete assessment of sustainable energy environments and 

improve the design of the products and services that constitute them. 
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Figure 1.11 Three-layer research model for sustainable energy environments [65] 

 

Innovation Flower for Product Design  

The ‘Innovation Flower’ is an industrial design engineering framework that 

summarises the key elements that need to be considered in the product development 

process. This framework expands on prior approaches such as the ‘Four Leaf Clover 

of Industrial Design Engineering’ [69] and was initially developed for a wide range 

of product design applications. Reinders, Diehl and Brezet [11] applied this 

framework to PV-powered products, identifying the following five key aspects:  

(1) Technologies and Manufacturing involve the properties of photovoltaic materials 

and the manufacturing techniques used to create PV cells and modules. 

(2) Financial Aspects include the investments and costs required for the production 

and operation of PV systems and products, as well as the economic value of the 

produced energy. 

(3) Societal Context encompasses the policies, regulations, laws and standards 

influencing PV deployment and its environmental impact, as well as the public’s 

opinion on sustainability and their willingness to use PV technologies. 

(4) Human Factors focus on the interaction of users with PV systems, as well as the 

role of usability, performance and visibility in user acceptance. 

(5) Design and Styling deal with the visual appearance of PV technologies and its 

influence on the desirability and acceptance of PV-integrated products.  
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Figure 1.12 Innovation flower showing the five key elements for PV product design [11] 

 

Environmental Quality Function Deployment (QFD-E)  
This method was developed by Masui et al. [66] as an extension of quality function 

development (QFD), an engineering tool for quality management commonly used 

for translating customer demands into product features. In this approach, QFD is 

combined with several elements of life cycle assessment (LCA) to define the possible 

alternatives for improving a given product's quality and reduce its environmental 

impact. QFD-E can be applied during the initial stages of the product development 

process and consists of four main phases: 

▪ The most important functions or engineering metrics required for a given product 

concept and based on customer demands are first identified and scored.  

▪ The identified engineering metrics are then used to assign a relative ‘importance’ 

level for each of the product's main components. 

▪ Using the inputs from the previous two phases, the effect of design changes on 

engineering metrics are assessed to determine the improvement rate of each 

possible design change. 

▪ The technical effects of these changes are translated into an environmental 

impact evaluation. 
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This approach has also been extended by reframing engineering metrics into customer 

attributes and technical requirements and exploring the correlation between them to define 

a set of design priorities [70].  

Figure 1.13 Main phases of the QFD-E method [66]  
 

 

Sustainable Product Design model  
This product design model was developed by Howarth and Hadfield with the aim of 

giving ‘sustainability’-based aspects such as social and environmental impact a more 

central role in the design of new products and services [67]. The Sustainable Product 

Design model can thus be used to evaluate a given product or product design in 

terms of its impact on ‘sustainable development’, including not only the product itself 

but also the company which manufactures it and the site where this process takes 

place. The scope of this evaluation includes social, environmental and economic 

aspects during each phase of the product's life cycle. 

The model proposes three distinct phases for conducting this evaluation: 

• Background: An overview of the product's life cycle is defined, together with 

the identification of the main stakeholders involved in its development. 

• Worksheet: Based on the previous information, key topics regarding the 

product's social, environmental or economic impact are listed and scored; this 

process is repeated for the product, the company and the production location. 

• Analysis: Risks and benefits from each of the listed topics are identified and 

prioritised to determine the product’s total impact.  

This method can be applied both to assess the impact of an already existing product 

or to estimate the impact of a product concept and improve its design during its 

development process, as shown in Figure 1.14. 
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Figure 1.14 Sustainable Product Design model overview [67] 

 

While the four presented methodologies incorporate multidisciplinary aspects, they 

have a different focus on how these aspects are applied to product design. While the 

QFD-E and Sustainable Product Design models are more directed towards the actors 

in the product development process and are almost exclusively aimed at improving a 

product's technical design, both the Three-Layer Model and the Innovation Flower are 

more focused on the product/service itself and place user aspects such as adoption, 

interaction and styling on the same level as other factors in the design process. 

While the research approach followed in this thesis will allude to some elements from 

all of these methods, the scope of the presented research is limited to the design of 

the products or services themselves rather than the actors involved in the design 

process. Since this research is also aimed at placing a stronger focus on user aspects 

in PV product design, the Three-Layer Model and the Innovation Flower 

frameworks were chosen for structuring the conducted research. This approach will 

be described in further detail in the next section. 

 

1.5 | Problem Definition and Research Plan 

 

The main objective of the research presented in this thesis is therefore to explore 

how a design-driven approach combining technical and non-technical aspects can be 

applied to the development of innovative PV-powered applications in the urban 

environment, specifically in the residential and transport sectors, in order to provide 
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a more comprehensive view on the current design challenges these applications are 

facing and how to overcome them. This approach will combine elements from the 

Three-layer model and Innovation Flower introduced in section 1.4, creating a new 

context that can help make these technologies more effective in facilitating 

sustainable behaviour from their users.   

For the purposes of this research, the elements previously shown in Figures 1.11 and 

1.12 are grouped into feasibility and design aspects (see Figure 1.15 below). Feasibility 

aspects include the ‘Technologies and Manufacturing’, ‘Financial Aspects’ and 

‘Societal Context’ components as well as the ‘Technologies’ and ‘Marketplaces’ layers. 

Design aspects, on the other hand, encompass the ‘Human Factors’ and ‘Design and 

Styling’ components together with the ‘Stakeholders/Adoption’ layer. While policy, 

standards and regulations are not expressly included in the present research, 

environmental impact (which was not explicitly included in either of the 

aforementioned methods but is nonetheless a key factor to be considered for 

sustainability and its societal context) is studied in the form of system CO2 emissions. 

 
Figure 1.15 Feasibility and design aspects considered in the present research 

 

 

1.5.1 Research Questions 
The main research question this thesis aims to answer is the following: 

▪ How can a multidisciplinary design-driven approach contribute to the 

development of sustainable PV-powered solutions for the urban 

environment which are more effectively adopted by users? 
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The main research question is expanded by the following sub-questions: 

1. How can the technical, financial and environmental feasibility of PV-powered 

charging systems be evaluated using a multidisciplinary assessment, and what are 

the results of this assessment in different locations around the world? 

2. What kind of innovative conceptual solutions can be developed for PV-powered 

mobility and which design challenges are they likely to encounter? 

3. What is the perception of (potential) users for PV-powered mobility solutions 

which are already under development or in the market, and what is their 

likelihood to adopt or use these solutions? 

4. What design lessons can be learned from applying a dual approach consisting of 

energy simulations and user testing to conceptual home energy management 

systems?  

 

The initial stages of this research were carried out as part of the Co-Evolution of 

Smart Energy Products and Services (CESEPS) project, which focused on the 

development of smart energy products and services that can better respond to 

stakeholder demands and concerns in terms of performance, cost, sustainability and 

user comfort [65]. Within this project, the development of home energy management 

systems (HEMS) was studied in order to improve their user adoption potential 

through an approach combining the aforementioned feasibility and design aspects in 

the form of performance simulations and user testing.  

The insights gained from implementing this multidisciplinary approach in the 

CESEPS project were then applied to the development of PV-powered EV charging 

systems within the framework of the PV in Mobility (PViM) project [71]. Research 

activities were expanded to include the development of a dedicated simulation model, 

a conceptual design study and a user survey. 

The conducted research is therefore multidisciplinary by nature, combining a ‘top-

down’ implementation from a techno-economic perspective with a ‘bottom-up’ 

assessment of user needs, perceptions and capabilities [72]. A mix of qualitative and 

quantitative methods including modelling, simulation, testing and user surveys are 

employed as a result; the research methods used during each step of the conducted 

research will be identified in their corresponding chapter.  
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1.6 | Thesis Outline  
 

This thesis is divided into seven chapters, and is structured as follows: 

Chapter 2 will introduce a simulation model which estimates the technical, economic 

and environmental feasibility of a PV-powered EV charging station as compared to 

both a grid-charged EV and a gasoline-fuelled internal combustion engine (ICE) 

vehicle. An analysis of different driving and charging profiles, as well as a sensitivity 

analysis on key model variables, are included to provide further insight into the 

model’s operation.  

 
Chapter 3 expands on the previous chapter by using the feasibility model to simulate 

PV-powered EV charging stations in eight locations around the world to explore 

how the feasibility of these systems is affected by different real-world contexts. The 

results presented for each location include required PV system size, net present value 

(NPV), CO2 emissions per km driven and greenhouse gas (GHG) mitigation costs, 

among other indicators.  

 

Chapter 4 presents the results of a design study aimed at the development of 

innovative applications for PV-powered mobility. Four of the resulting concepts are 

presented as case studies, along with an evaluation of their design and an estimation 

of the PV share they can achieve during their operation.  

 
Chapter 5 shows the results of a user survey on several market-ready applications 

for solar-powered mobility which aims to identify the perceived benefits or barriers 

to their adoption from the perspective of potential users, as well as the impact of 

factors such as previous experience with EVs, residential PV ownership and pro-

environmental attitudes on these perceptions. 

Chapter 6 presents the results of a dual analysis of three home energy management 

system (HEMS) concepts. In the first stage of this analysis, the operation of each 

prototype in response to different energy demand and PV production profiles was 

tested using a laboratory simulation environment as well as a series of scenario-based 

simulations. This was followed by end user testing in a real-life environment which 

also served as a validation for the modelled scenarios. 
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Finally, Chapter 7 presents the general conclusions from the present work. The 

insights and knowledge obtained from the previous chapters are used to propose a 

series of recommendations for the design-driven development of PV-powered 

applications in the urban environment. 

 

An overview of the structure of this thesis is presented in Figure 1.16. 

 

 

 

Fig 1.16 Structure of the thesis  

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

2  

A feasibility model for PV-

powered EV charging stations 

 

 

 

This chapter is based on the following publication:  
 

A. Sierra, T. de Santana, I. MacGill, N.J. Ekins-Daukes, and A.H.M.E. Reinders. A feasibility study of solar PV‐

powered electric cars using an interdisciplinary modelling 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, vol. 28, no. 6, pp. 517-532. June 2020.  
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2 

A feasibility model for PV-powered EV 

charging stations   
 

This chapter will introduce a simulation model which estimates the technical, 

economic and environmental feasibility of a PV-powered EV charging station as 

compared to both a grid-charged EV and a gasoline-fuelled internal combustion 

engine (ICE) vehicle. An analysis of different driving and charging profiles, as well 

as a sensitivity analysis on key model variables, are included to provide further insight 

into the model’s operation. 

 

2.1 | Introduction 
 

In general, the electricity required to charge an EV is provided by the local grid. 

However, the use of solar PV systems could potentially further minimise the 

CO2 emissions of road transportations with the added benefits of reducing local grid 

overloading, providing self-sufficiency and increasing energy self-consumption [73], 

[74]. The falling battery costs that are currently driving EV uptake also enable the 

possibility of adding battery energy storage systems (BESS) to PV-powered charging 

stations, which can increase the share of solar energy supplied to EVs while 

increasing the grid’s resilience to the intrinsic intermittency of PV power [75], [76].  

EVs can also be powered by PV cells integrated with the car’s body parts. The 

maximum annual drive range (𝐷𝑚𝑎𝑥) of a PV-powered EV can in principle be 

estimated by excluding major energy losses such as drag as:   

𝐷𝑚𝑎𝑥 =
𝐴𝐸𝑉 ∗ 𝐻 ∗ 𝜂𝑃𝑉

𝐸𝐸𝑉
 (2.1), 

where 𝐴𝐸𝑉 is the maximum area available for integrating PV on the EV, 𝐻 is the 

annual irradiation (in kWh/m2), 𝜂𝑃𝑉 is the PV system efficiency (unitless) and 𝐸𝐸𝑉 is 

the EV energy consumption in kWh/km. Figure 2.1 shows that assuming an area of 

4 m2 for the integration of PV cells, an EV energy consumption of 0.174 kWh/km 
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[77] and present 𝜂𝑃𝑉 values of 15 – 17%, a 𝐷𝑚𝑎𝑥 above 6000 km/year can only be 

achieved in areas with an 𝐻 above 1500 kWh/m2. Under these irradiation conditions 

a 𝐷𝑚𝑎𝑥 of over 10000 km/year will only be possible at a future 𝜂𝑃𝑉 of 30%, 

notwithstanding that under stable, very high irradiation conditions of 2000 

kWh/m2 and an 𝜂𝑃𝑉 of 22%, these annual distances could already be realised at 

present.    

 

 
Figure 2.1 Maximum annual drive range in kilometres per year as a function of annual 

irradiation and PV system efficiency for 4m2 of PV integrated EVs. 

It can be therefore concluded that for mainstream PV efficiencies, EVs with 

integrated PV only seem technically feasible for short-distance travel or under 

extreme irradiation conditions at present. As a result, in most climates solar-powered 

EVs will be likely charged through PV-powered charging stations in combination 

with local storage and additional grid charging. As such, this hybrid type of solar 

charging system was chosen as the framework for the development of a simulation 

model.  

Several technical models have already been proposed to simulate the solar charging 

of EVs [14], [15], [27], [74], [78], [79]. These models typically focus on minimising 

grid dependence, maximising renewable production, avoiding transformer 

overloading or extending battery lifetime. Models that focus on other aspects such 

as the minimisation of operational costs [75] are less common. In addition to this, 
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the environmental impact of EV use has been evaluated mostly through life cycle 

assessments (LCAs) [80]–[82] but these studies have thus far only included charging 

from the grid without looking into the environmental effects of using charging 

stations which are directly powered by renewables such as PV systems.   

In this context, no other studies have assessed the financial and environmental 

impact that these systems could have in practice in parallel with their technical 

performance. This is particularly important considering the influence a given location 

has on aspects such as irradiation, electricity prices and CO2 emissions per kWh 

generated by the local energy mix which can be decisive in determining the feasibility 

of installing a PV-powered charging station.   

The developed multidisciplinary simulation model is thus able to carry out a 

simultaneous analysis for the technical, economic and environmental feasibility of 

PV-powered EV charging stations and compare these results to those of EVs 

charged by electricity from the grid as well as gasoline-fuelled ICE cars. 

  

2.2 | Model Description 
 

The feasibility model consists of time-step simulations executed for a 10-year period 

using hourly input data. The model calculates the power flows for a system 

comprising a grid-connected solar PV charging station with a battery energy storage 

system (BESS) and a battery-powered EV for various scenarios, each representing 

charging with different shares of PV and grid power. These results can be 

simultaneously compared with the performance of an ICE car with identical features 

as the EV.  

The model is divided into technical, economic and environmental sub-models as 

shown in Figure 2.2. The technical sub-model first calculates energy flows into and 

out of the system in order to determine the charge level of both the EV and the 

station BESS as well as the resulting energy exchange with the grid. The economic 

sub-model, based on the data provided by the technical sub-model, then calculates 

the costs and economic savings of the system and evaluates its financial feasibility 

using a yearly cash flow analysis. Next, the environmental sub-model calculates the 

system’s CO2 emissions in order to assess its environmental impact. 

The following subsections will describe each of the three sub-models in further detail, 

including the required input data and the resulting feasibility indicators.   
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Figure 2.2 Overview of the feasibility model showing the three main sub-models with their 

main inputs and outputs 

2.2.1 Technical Sub-model 

Figure 2.3 shows the system boundaries for this sub-model, which defines the 

charging station as a closed system with two main sources of energy: the electricity 

produced by the PV system (‘PV Production’) and the electricity purchased from the 

grid (‘Grid Supply’). Energy can leave the system by either charging the EV (‘Energy 

Demand’) or by being injected back to the grid (‘Electricity fed into the grid’). The 

two main time-step series calculated on an hourly basis are the state of charge of both 

the EV battery and the station’s BESS.  

 

PV Production    

The feasibility model uses hourly PV production values extracted from the validated 

PV simulation environment PVGIS [83] as an input time-series of energy generated 

per installed nominal power (in kWh/kWp). This time-series assumes crystalline 

silicon PV technology at an optimal tilt angle for each location with a system loss of 

14%. The technical sub-model further assumes a yearly degradation rate of 0.5% [84] 

for the system’s PV production.  

An example of this data can be seen in Figure 2.4 which shows the typical monthly 

irradiation and energy production for a PV system located in Amsterdam, The 

Netherlands. 
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Figure 2.3 Energy balance of the technical sub-model, which calculates the charge level of 

both the EV (𝑆𝑂𝐶) and the station BESS (𝑆𝐵) for each timestep   

 

 
Figure 2.4 Monthly global horizontal irradiation and PV production at an optimal tilt for a 

sample location (Amsterdam, NL).  

 

Grid Connection   

Grid charging power in the model is set at 6.6 kW; this corresponds to Level 

2 charging and is the maximum power allowed for slow charging EVs such as 

the Nissan Leaf [77]. The model assumes that grid charging only occurs if the 

stationary battery is depleted and the car’s battery reaches a depth of discharge of 

80%. Grid charging will then be available until the EV charges to its full capacity or 
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if, according to the expected drive pattern, it is time to disconnect it from the 

charging station. The system can also export power to the grid, since the energy that 

is produced by the PV system but cannot be supplied to the EV battery or the BESS 

will be assumed to be sold back to the grid. 

 

Vehicle Driving Cycle   

A recurring daily routine can be attributed to the average vehicle owner living and 

commuting in a given location [85]–[87]. Based on this, a fixed driving pattern (see 

Figure 2.5) was used to construct the driving profiles used in the model, scaling the 

pattern to the average daily driving distance at each location. Furthermore, 

the EV driving efficiency is estimated at 0.174 kWh/km according to NEDC 

standards [77], while the fuel consumption of the reference ICE car is set at 7.2 

L per 100 km [88].  

 

 
Figure 2.5 Hourly driving cycle used for constructing the driving profiles in the technical 

sub-model.  

 

In general, the EV will be considered to be connected to the PV charging system 

while the user is at work, with the working day taking place from 9:00 until 18:00. 

Consequently, the energy produced outside this period cannot be used for directly 

charging the EV and will either be stored on the station BESS or sold back to the 

grid.   
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Charging Algorithm    

The technical sub-model first determines the state of charge for the station BESS 

before calculating the EV battery charge and estimating the resulting energy 

exchange with the grid. If the EV is connected to the station and its battery is not 

full, the generated PV energy will be allocated to charging the EV. The remaining 

energy will be stored in the station BESS or fed to the grid if the latter is full. While 

the EV is not connected to the station, its charge level will decrease according to the 

projected energy demand. When connected, the EV battery charge will increase 

according to the amount of energy provided by the PV system and/or the station 

BESS.  

Figures 2.6, 2.7 and 2.8 visually illustrate the algorithms used for calculating the 

station BESS charge (𝑆𝐵), the EV charge (𝑆𝑂𝐶) and the electricity fed to the grid 

(𝐸𝑓𝑒𝑑) during each interval, where 𝐷𝐸𝑉 is the EV energy demand (in kWh), 𝐷𝑂𝐷 is 

the EV battery depth of discharge (in %), 𝐸𝑔𝑟𝑖𝑑  is the electricity supplied by the grid 

(in kWh), 𝐸𝑃𝑉  is the electricity generated by the PV system (in kWh), 𝑆𝐵0 is the 

charge of the station BESS from the previous hour (in kWh), 𝑆𝐵𝑚𝑎𝑥 is the maximum 

charge of the station BESS (in kWh), 𝑆𝑂𝐶0 is the charge of the EV battery from the 

previous hour (in kWh), 𝑆𝑂𝐶𝑚𝑎𝑥 is the maximum charge of the car battery (in 

kWh) and 𝜂𝑐ℎ is the battery charging efficiency.   

 

 

Figure 2.6 Calculation algorithm for the station BESS charge level (𝑆𝐵) in the technical sub-

model. 
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Figure 2.7 Calculation algorithm for the EV charge level (𝑆𝑂𝐶) in the technical sub-model. 

 

 

 

Figure 2.8 Calculation algorithm for the electricity fed to the grid (𝐸𝑓𝑒𝑑) in the technical sub-

model. 
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Lithium-ion technology is assumed for both the station BESS and the EV battery 

pack with a maximum depth of discharge of 80% and a charge/discharge efficiency 

of 90% (see Figure 2.9 below). Both the BESS capacity and the PV system power 

will have different values depending on the scenario applied to the simulation.  

 
Figure 2.9 Conversion efficiencies used in the technical sub-model.  

 

Figure 2.10 below presents an overview of the technical sub-model, showing the 

required input variables and the outputs resulting from the model calculations.    

 

 
Figure 2.10 Technical sub-model overview. 
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2.2.2 Economic Sub-model 

This sub-model uses the output from the technical sub-model to evaluate the system 

from an economic perspective, treating it as an investment with yearly cash flows. 

The financial feasibility is hence evaluated through projected financial returns. In this 

study, an ICE car travelling the same distance as the EV is chosen as a reference 

scenario; a specific scenario can then be classified as more or less economically 

attractive depending on the cost difference relative to this reference.  

The yearly cash flows for each scenario are in turn defined by the difference between 

system costs and expected revenues. System costs include grid purchasing, PV and 

storage costs while sales to the grid and avoided fuel costs are considered revenues. 

Assuming all values are positive, cash flow during each year is therefore calculated 

as:  

𝐶𝐹 = (𝑅𝑒𝑙 − 𝑐𝑃𝑉 − 𝑐𝑠𝑡 − 𝑐𝑔𝑟𝑖𝑑) + (𝑐𝑓𝑢𝑒𝑙) (2.2), 

 

where 𝐶𝐹 is the system cash flow, 𝑅𝑒𝑙 is the revenue from electricity sold back to the 

grid, 𝑐𝑃𝑉 is the cost of the PV system, 𝑐𝑠𝑡 is the cost of the storage system, 𝑐𝑔𝑟𝑖𝑑 is 

the cost related to grid supply and 𝑐𝑓𝑢𝑒𝑙 is the fuel cost for an ICE car travelling the 

same distance as the EV. In this study, all costs will be expressed in euros (€). 

Electricity and fuel costs are modelled as having a fixed rate per kWh or L, while PV 

and storage costs are defined as initial investments which depend on system size. 

Each cost category is calculated according to the following equations: 

𝑅𝑒𝑙 =  𝐸𝑓𝑒𝑑 ∗ 𝑟𝑠𝑜𝑙𝑑 (2.3), 

𝑐𝑃𝑉 = 𝐴𝑃𝑉 ∗ 𝑟𝑃𝑉 (2.4), 

𝑐𝑠𝑡 = 𝑆𝐵𝑚𝑎𝑥 ∗ 𝑟𝑠𝑡 (2.5), 

𝑐𝑔𝑟𝑖𝑑 = 𝐸𝑔𝑟𝑖𝑑 ∗ 𝑟𝑔𝑟𝑖𝑑 (2.6), 

𝑐𝑓𝑢𝑒𝑙 = 𝐹𝑢𝑠𝑒𝑑 ∗ 𝑟𝑓𝑢𝑒𝑙 (2.7), 

 

where 𝑟𝑠𝑜𝑙𝑑  is the rate for grid sales (in €/kWh), 𝐴𝑃𝑉 is the PV array size (in kWp), 

𝑟𝑃𝑉 is the cost rate for PV systems (in €/kWp), 𝑟𝑠𝑡 is the cost rate for storage systems 

(in €/kWh),  𝑟𝑔𝑟𝑖𝑑 is the grid electricity cost rate (in €/kWh), 𝐹𝑢𝑠𝑒𝑑 is the total amount 

of gasoline used (in L) and 𝑟𝑓𝑢𝑒𝑙 is the fuel price (in €/L). A linear fuel price increase 

of 6% per year is forecasted in line with historical trends in crude oil prices [89]. 
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Based on this cash flow analysis, the performance of each scenario is evaluated 

through three economic indicators: net present value (NPV), modified internal rate 

of return (MIRR) and payback time. These economic indicators are calculated as 

follows: 

𝑁𝑃𝑉 = ∑
𝐶𝐹𝑖

(1 + 𝑑)𝑖

𝑌

𝑖=1
− 𝐶𝐹0 (2.8), 

𝑀𝐼𝑅𝑅 = (
−𝑁𝑃𝑉𝐶𝐹𝑝 ∗ (1 + 𝑟)𝑌

𝑁𝑃𝑉𝐶𝐹𝑛 ∗ (1 + 𝑓)
)

1
𝑌−1

− 1 (2.9), 

 

where 𝐶𝐹𝑖  is the cash flow for year 𝑖, 𝐶𝐹0 is the initial investment,  𝑑 is the discount 

rate, 𝑌 is the investment period in years, 𝑁𝑃𝑉𝐶𝐹𝑝 is the NPV for positive cash 

flows, 𝑁𝑃𝑉𝐶𝐹𝑛 is the NPV for negative cash flows, 𝑟 is the reinvestment rate and 𝑓 is 

the financing rate. Payback time is simply calculated as the number of years it takes 

for the NPV to become positive. 

Figure 2.11 below presents an overview of the economic sub-model, showing the 

required input variables and the outputs resulting from the model calculations.   

 

Figure 2.11 Economic sub-model overview. 
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2.2.3 Environmental Sub-model 

This sub-model calculates the CO2 emissions of various scenarios based on the local 

footprint of electricity sources. The total CO2 emissions calculated in each scenario 

is the sum of the CO2 footprint from the electricity provided to the EV by the 

grid and the PV system as well as the embedded emissions from the station BESS. 

In a similar way to the economic sub-model, an ICE car travelling the same distance 

as the EV is used as a reference.  

The performance of a given scenario is evaluated using two main indicators: the 

system’s cumulative emissions during the selected period and the average CO2-eq 

emissions per km travelled. The system’s total emissions are the sum of each year’s 

CO2-eq emissions, which is calculated as:  

𝐹𝑇 = ∑[(𝐹𝑔𝑟𝑖𝑑 ∗ 𝐸𝑔𝑟𝑖𝑑,𝑦) + 𝐹𝑃𝑉 ∗ (𝐸𝑃𝑉,𝑦 − 𝐸𝑓𝑒𝑑,𝑦)] + (𝑆𝐵𝑚𝑎𝑥 ∗ 𝐹𝑠𝑡)

𝑌

𝑦=1

 (2.10), 

 

where 𝐹𝑇 is the total system carbon footprint (in g CO2-eq), 𝑌 is the selected period 

(in years), 𝐹𝑔𝑟𝑖𝑑 is the grid footprint (in g CO2-eq/kWh), 𝐸𝑔𝑟𝑖𝑑,𝑦 is the yearly grid 

supply (in kWh), 𝐹𝑃𝑉 is the PV footprint (in g CO2-eq/kWh), 𝐸𝑃𝑉,𝑦 is the yearly PV 

production (in kWh), 𝐸𝑓𝑒𝑑,𝑦 is the yearly amount of electricity fed into the grid (in 

kWh), 𝑆𝐵𝑚𝑎𝑥 is the maximum storage capacity (in kWh) and 𝐹𝑠𝑡 is the storage 

footprint (in g CO2-eq/kWh). The emissions per km travelled are then calculated as 

follows:   

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑝𝑒𝑟 𝑘𝑚 =
𝐹𝑇

𝐷𝑐𝑢𝑚
 (2.11), 

 

where 𝐷𝑐𝑢𝑚 is the total distance travelled by the EV during the selected period.  

 

 

Figure 2.12 presents an overview of the environmental sub-model, showing the 

required input variables and the outputs resulting from the model calculations. 
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 Figure 2.12 Environmental sub-model overview. 

 

2.3 | Driving and Charging Profile Analysis 
 

In order to assess the impact of different charging and driving profiles, a series of 

basic simulations were carried out using the model for a sample scenario. The 

charging system was assumed to be located in Amsterdam, The Netherlands, 

with a 1 kWp PV system and 5 kWh local storage capacity. The EV charged by this 

system was in turn assumed to have similar properties to a Nissan Leaf [77], driving 

on average 30 km per day.  

 

2.3.1 Driving Profile Analysis  

Three different weekly profiles were considered for this analysis, all of which were 

scaled to have the same total distance in order to be comparable. The studied profiles 

are:  

Daily Driving – The EV drives the same distance each day, seven days a week. 

Weekday Driving – The EV is used only from Monday to Friday, but it travels a 

slightly longer distance compared to the previous profile.  
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Realistic Driving – This profile includes trips with three different purposes: a daily 

commute from Monday to Friday, one long weekend trip (20% longer than the 

commuting distance) and three short shopping trips (20% of the commuting 

distance) spread out through the week.     

 

Day charging (i.e. EV plugged in from 9:00 to 17:00) was considered for all cases. A 

visual representation of the weekly driving profiles can be seen in Figure 2.13 below; 

detailed hourly values for all profiles can be found in Appendix A.  

 

 
Figure 2.13 Weekly driving profiles used in the analysis. Clockwise from top left: Daily 

Driving, Weekday Driving, Realistic Driving.  

Table 2.1 shows the results of comparing these driving profiles for one year, including 

the PV share (defined as the fraction of EV demand covered by electricity generated 

by the PV system), the total number of charging moments and the power exchanged 

with the grid as well as the system’s NPV and driving emissions intensity.  

These results show that there is virtually no difference between the three analysed 

profiles, with only a minor exception on the grid imports and exports for the 

Weekday Driving scenario which are higher than on the other two cases. This is 

probably caused by prolonged periods where the EV is stationary but the PV system 

keeps producing energy (i.e. weekends).    
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TABLE 2.1: DRIVING PROFILE COMPARISON – KEY INDICATORS 

 Daily Driving  Weekday Driving  Realistic Driving  

PV Share 48.0% 47.7% 47.9% 

Charging moments 39 40 39 

Grid Imports (kWh) 11,043 11,206 11,065 

Grid Exports (kWh) 0 112 19 

NPV (€) 6156 6162 6155 

Driving Emissions   

(g CO2-eq / km) 
65.1 65.9 65.2 

 

Figures 2.14, 2.15 and 2.16 show the yearly charge curves for both the EV (left) and 

the stationary BESS (right) using each of the three analysed driving profiles. While 

the charge curve for the EV follows a roughly similar pattern in all cases, significant 

differences can be observed for the BESS charge curves. This is particularly the case 

for the Weekday Driving case, where during certain periods maximum charge is 

reached before a quick discharge process takes place.   

 

Figure 2.14 Daily Driving – EV Charge and Grid Imports (left); BESS Charge (right) 

 

 
Figure 2.15 Weekday Driving – EV Charge and Grid Imports (left); BESS Charge (right)  
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Figure 2.16 Realistic Driving – EV Charge and Grid Imports (left); BESS Charge (right) 

 

2.3.1 Charging Profile Analysis  

In a similar manner to the driving profiles compared in the previous 

subsection, several different charging profiles were considered for this analysis, with 

the EV assumed to follow the Daily Driving pattern in all cases as a reference. The 

following charging profiles were analysed:  

Day Charging – The EV is plugged to the charging station from 9:00 to 17:00 every 

day.   

Night Charging – The EV is plugged in from 19:00 to 7:00 the next day seven days 

a week.  

Work Charging – The EV is charged from 9:00 to 17:00 from Monday to Friday 

only.  

Realistic Charging – Day Charging on weekdays and Night Charging on 

weekends.  

  

Table 2.2 shows the comparison between the four analysed charging profiles. Unlike 

the previous analysis, in this case some noticeable differences can be observed, 

particularly in the Night and Work Charging scenarios. These two scenarios show 

lower PV shares and higher driving CO2 emissions than the other two scenarios, 

which is to be expected since there is a more pronounced mismatch between the 

production and consumption of energy in the system. Work Charging in particular 

showed instances in which the EV runs out of charge; this is likely to happen on 

weekends when the EV is still in use but is not being charged.  
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TABLE 2.2: CHARGING PROFILE COMPARISON – KEY INDICATORS 

Location Day  

Charging 

Night 

Charging 

Work 

Charging 

Realistic 

Charging 

PV Share 48.0% 45.5% 43.1% 47.1% 

Charging moments 39 44 39 * 39 

Grid Imports (kWh) 11,043 12,080 12,194 11,417 

Grid Exports (kWh) 0 121 953 44 

NPV (€) 6156 6007 6123 6102 

Driving Emissions   

(g CO2-eq / km) 
65.1 70.5 70.8 67 

* EV ran out of battery in some instances during this scenario.  

Figures 2.17 to 2.20 show the yearly charge curves for both the EV (left) and the 

stationary BESS (right) using each of the four analysed charging profiles. The EV 

charge in Figure 2.19 clearly shows the instances in which the EV runs out of charge 

which as was previously mentioned are likely to take place during weekends. 

 
Figure 2.17 Day Charging – EV Charge and Grid Imports (left); BESS Charge (right) 

 

 
Figure 2.18 Night Charging – EV Charge and Grid Imports (left); BESS Charge (right)  
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Figure 2.19 Work Charging – EV Charge and Grid Imports (left); BESS Charge (right)  

 

 

 
Figure 2.20 Realistic Charging – EV Charge and Grid Imports (left); BESS Charge (right) 

 

2.4 | Sensitivity Analysis 
 

In addition to the analysis of charging and driving profiles presented in the previous 

section, a sensitivity analysis was carried out to assess how the uncertainty of several 

key input variables can impact the feasibility model results. A charging system located 

in Amsterdam, the Netherlands with a 75% PV share was chosen as a reference 

scenario to execute this analysis.  

The impact of three key variables (annual irradiation, EV battery capacity and daily 

driving distance) on the required PV system size was first analysed, as shown in 

Figure 2.21. These results show that, as expected, a smaller PV system is required for 

charging EVs that drive shorter distances. The capacity of EV batteries has a 

negligible impact on PV system size while the model has the highest sensitivity for 

driving distance, underscoring the importance of correctly predicting driving 

patterns. 
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Figure 2.21 PV array size sensibility to key variables. 

The impact of these three variables (along with other variables of interest) on the 

system’s NPV and CO2 emissions per km driven were also analysed, leading to the 

following results:  

Annual Irradiation   

Figure 2.22 shows that, as the annual irradiation increases, the system’s NPV shows 

a linear increment since more PV power is produced by the system and as a result 

grid imports (and their associated costs) are reduced. The system’s emissions intensity 

on the other hand decreases with higher irradiation as grid emissions, which are 

significantly higher than PV emissions, are avoided as well.   

 
Figure 2.22 NPV and CO2 emissions per km sensitivity to annual irradiation.  
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EV Battery Size   

Figure 2.23 shows the impact of varying EV battery sizes on the system’s 

outputs. NPV is found to increase with larger EV batteries, but this increase is in the 

order of tens of euros and as such virtually negligible. System emissions show a slight 

decrease with increasing battery capacities, remaining relatively constant for batteries 

larger than 40 kWh. 

 
Figure 2.23 NPV and CO2 emissions per km sensitivity to EV battery size. 

Driving Distance   

Driving distance was found to have the highest impact on the system’s financial 

feasibility and a significant impact on driving emissions as shown in Figure 2.24. This 

is due to the fact that driving distance is a key variable for determining the EV (and 

therefore the system’s) energy demand.  

 
Figure 2.24 NPV and CO2 emissions per km sensitivity to driving distance.  
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System Costs  

Figure 2.25 shows the impact different cost variables have on the model’s NPV. 

Fuel costs were found to have by far the largest impact, also showing an opposing 

trend to the other cost variables which is to be expected as it is an avoided cost. 

Regarding the remaining variables, the model results are slightly more sensitive to 

changes in storage cost than PV or grid costs but not by a significant amount.  

 
Figure 2.25 NPV sensitivity to grid, fuel, PV and storage costs.  

Emissions Footprints  

The impact of grid, PV and storage CO2 footprints on the model’s emissions intensity 

are shown in Figure 2.26 below. Results are most sensitive to grid footprint, followed 

by both PV and storage footprints which are found to have a relatively low impact 

on system emissions. Finally, it is worth mentioning that fuel footprint is not included 

since it is only used to calculate the equivalent ICE car’s emissions and as such has 

no impact on EV emissions.  

 
Figure 2.26 CO2 emissions per km sensitivity to grid, PV and storage footprints. 
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2.5 | Model Constraints 
 

While the feasibility model offers a useful overview of the charging system’s 

technical, economic and environmental performance, it has several constraints or 

limitations which need to be considered when interpreting its results. These include 

the following:   

- The presented model’s results are highly sensitive to driving distance. This confirms 

the importance of using accurate driving consumption information so that the 

modelled results can correlate to the statistical variability of driving patterns in 

reality. It is important to consider that the assumed driving distances can be based 

on the Euclidean (“as the crow flies”) distance rather than on the actual network 

distance which is higher by definition [90].  

- The economic sub-model does not include construction and interconnection costs 

which could vary significantly depending on the location. Despite this, it is worth 

mentioning that a key advantage of PV-powered charging stations is that a smaller 

grid connection is likely to be required, especially if the station includes local energy 

storage and is optimised for maximising self-consumption.  

- In the environmental evaluation, the CO2 emissions from grid electricity cover 

direct emissions only while those for PV systems and gasoline are life cycle values. To 

improve the results of this evaluation, life cycle emissions from manufacturing the 

EV itself should be included in the model, as well as the end-of-life impact of both 

the batteries and the equivalent ICE vehicles. Since barely any LCAs have been 

executed for PV-powered vehicles at the time of writing [91], this could be a topic 

for future research.    

 

2.6 | Conclusions 
 

Electric vehicles (EVs) are increasingly considered to be a viable option to reduce 

fossil fuel consumption as well as CO2 and other volatile emissions in the road 

transportation sector. The feasibility model introduced in this chapter can calculate 

the interactions between PV systems, local storage, EVs and the grid to determine 

the electricity balance, the financial attractiveness and the avoided CO2 emissions of 

PV powered EVs, as compared to EVs which are solely charged by the grid as well 

as conventional passenger cars with an internal combustion engine (ICE).  
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The analysis conducted for different charging and driving profiles shows that in 

general charging behaviour has more impact than driving behaviour on model results. 

However, the sensitivity analysis indicates that not only is the average distance 

travelled by the EV more important than its hourly driving distribution, but it is also 

one of the variables with the most overall impact on the model. This is due to the 

fact that distance is key in defining the system’s energy demand which in turn 

determines the required PV capacity, system NPV and CO2 emissions. Additionally, 

modelling results did not seem to change with larger EV batteries meaning that this 

model could be easily extended to vehicles with different battery capacities.  

Finally, the feasibility model was found to have several constraints regarding its 

sensitivity to driving distance, the inclusion of construction and interconnection costs 

as well as the scope of the CO2 emissions estimations. These factors can be addressed 

in the future but should be considered when interpreting the model outputs.  
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3  

Global feasibility analysis of  

PV-powered EV charging 

 

 

This chapter is based on the following publications:  

A. Sierra, T. de Santana, I. MacGill, N.J. Ekins-Daukes, and A.H.M.E. Reinders. 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, vol. 28, no. 6, pp. 517-532. June 2020. 

A. Sierra, C. Gercek, K. Geurs and A.H.M.E. Reinders. Technical, Financial, and Environmental Feasibility Analysis 
of Photovoltaic EV Charging Stations With Energy Storage in China and the United States. IEEE Journal of 
Photovoltaics, vol. 10, no. 6, pp. 1892 – 1899. November 2020.   
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3 

Global feasibility analysis of PV-powered 

EV charging 
 

In this chapter, the feasibility model introduced in Chapter 2 is used to simulate PV-

powered EV charging stations in eight locations around the world to explore how 

the feasibility of these systems is affected by different real-world contexts. The results 

presented for each location include required PV system size, net present value (NPV), 

CO2 emissions per km driven and greenhouse gas (GHG) mitigation costs, among 

others.   

 

3.1 | Method 
 

The previous chapter introduced a feasibility model which can analyse the 

interaction between a PV system, an EV and the local grid (with the possibility of 

adding a local battery storage system) in order to determine the charging system’s 

global energy balance, yearly cash flows and cumulative emissions within a specific 

time frame.  

In order to evaluate how PV-powered EV charging systems would 

work under different conditions, a feasibility analysis using this model was 

conducted for eight locations around the world. The first phase of this analysis 

focused on two cities in Europe (Amsterdam, The Netherlands and Oslo, 

Norway) which are currently experiencing a significant uptake in EVs as well 

as two other locations which have a relatively high solar resource throughout the 

year (São Paulo, Brazil and Perth, Australia) and could therefore show potential for 

solar EV charging [92].  

The analysis was subsequently expanded to include the United States and China as 

well: with 1.1 and 2.3 million units respectively, these two countries had the largest 

EV fleets in the world in 2018 which represented over 60% of the global EV 

stock [5]. Due to their geographic dimensions and the expected variability in 

conditions such as irradiation and system costs, two different cities in each 

country (San Francisco and Chicago in the US; Guangzhou and Xi’an in 
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China) were studied to give a clear representation of the feasibility of these 

systems [93].   

An overview of all selected locations and their irradiation conditions are shown in 

Figure 3.1 and Table 3.1 respectively.  

Figure 3.1 Selected locations for the global feasibility study: (1) San Francisco, US, (2) 

Chicago, US, (3) São Paulo, Brazil, (4) Amsterdam, Netherlands, (5) Oslo, Norway, (6) Xi’an, 

China, (7) Guangzhou, China and (8) Perth, Australia. 

 

Four different scenarios were modelled to evaluate the feasibility of a PV-

powered charging system at each location, based on different PV/grid energy shares 

over a year:  

• 100% PV: all charging electricity originates from the PV system; excess 

generation is exported to the grid.  

• 75% PV + 25% Grid: 75% of the annual charging electricity is supplied by the 

PV system and 25% is supplied by the grid.  

• 50% PV + 50% Grid: 50% of the annual charging electricity is produced by the 

PV system and 50% from the grid.  

• 100% Grid: the EV is only charged by electricity from the grid. 
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TABLE 3.1: LOCATIONS SELECTED FOR THE GLOBAL FEASIBILITY STUDY 

Location 
GHI 

[kWh/m2] 

Optimal  

Tilt [o] 

In-plane 

irradiation  

[kWh/m2]* 

Yearly PV 

production 

[kWh/kWp] 

Monthly 

irradiation 

ratio *  

San Francisco, US  

(37.78, -122.42)  
1810  34  2090  1680  0.53  

Chicago, US  

(41.88, -87.63)  
1440  35  1650  1330  0.33  

São Paulo, BR  

(-23.56, -46.66)  
1640  0  1640  1260  0.59  

Amsterdam, NL  

(52.37, 4.91)  
1060  39  1240  1010  0.10  

Oslo, NO  

(59.91, 10.75)  
910  44  1130  910  0.09  

Xi’an, CN  

(34.34, 108.94)  
1410  32  1570  1200  0.69  

Guangzhou, CN  

(23.13, 113.26)  
1430  21  1490  1140  0.58  

Perth, AU  

(-31.96, 115.87)  
1970  0  1970  1510  0.31  

* At optimal tilt angle. 

 

3.2 | Input Data 
 

The feasibility model assumes EV properties similar to those of a Nissan Leaf which 

is used for commuting during weekdays, travelling a given distance during a fixed 

period. In order to match the times at which PV production takes place, the charging 

system is assumed to be a silicon PV system installed in commercial or office parking 

lots where users park and charge their vehicle during working hours (9:00 am – 5:00 

pm). The charging point operates at 6.6 kW corresponding to a Level 2 

charger. Regarding the station’s charging operation, electricity is stored in the 

charging station’s stationary battery (BESS) whenever the PV system produces 

electricity and the EV is either not plugged in or the car’s battery is fully charged. 

Grid charging only occurs if the stationary battery is depleted and the car’s battery 

reaches a depth of discharge of 80%.  

PVGIS datasets with hourly solar irradiance values for a period of one year are used 

as the main input for estimating PV production, followed by an estimation of the 

hourly state of charge for the EV and the BESS as well as the system’s expected 

exchange with the grid. A more detailed description of this charging algorithm can 
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be found in Chapter 2; further information on the driving profiles used can be 

found in Appendix A.  

The feasibility analysis on all three aspects was executed on a time frame of 10 years; 

Tables 3.2, 3.3 and 3.4 present the main inputs used in the technical, economic and 

environmental feasibility sub-models for each of the eight selected locations.  

 

TABLE 3.2: MAIN INPUT DATA – TECHNICAL SUB-MODEL 

 
San 

Francisco 
Chicago 

São 

Paulo 
Amsterdam Oslo Xi’an Guangzhou Perth  

EV Battery 

capacity (kWh) 

[77] 
30 

Charging Power 

(kW) [77] 6.6 

EV Energy 

Consumption 

(kWh/km) [77] 
0.174 

ICE Car 

Efficiency  

(L / km) [88] 
0.072 

Average 

Driving 

Distance 

(km/day) 

 [94]–[99] 

26 32 32 30 47 26 28 32 

Yearly Driving 

Distance (km) 6780 8340 8340 7820 12250 6780 7300 8340 

ICE Car Fuel 

Consumption 

(L / year) 
490 600 600 560 880 490 530 600 

PV degradation 

rate (%/year) 

[84] 
- 0.5 

Project lifetime 

(years) 10 
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TABLE 3.3: MAIN INPUT DATA – ECONOMIC SUB-MODEL 

 San 

Francisco 
Chicago 

São 

Paulo 
Amsterdam Oslo Xi’an Guangzhou Perth  

Base Fuel Price 

(€/L) [100]–

[102] 
0.90 0.75 1.03 1.72 1.72 0.94 0.94 0.88 

Grid Electricity 

Price (€/kWh) 

[103]–[109] 
0.24 0.05 0.15 0.21 0.13 0.06 0.06 0.18 

Sellback Rate* 

(€/kWh) [110]–

[112] 
0.03 0 0.15 0.21 0.04 0.03 0.03 0.05 

PV Cost 

(€/kWp) [113]–

[115] 
1160 1160 1520 1140 1140 920 920 920 

Storage Cost 

(€/kWh) [116] 900 900 920 880 880 900 900 750 

Discount Rate 5% 

*Surplus compensation for net metering in the US, feed-in tariff in all other locations. 

 

TABLE 3.4: MAIN INPUT DATA – ENVIRONMENTAL SUB-MODEL 

 San 

Francisco 
Chicago 

São 

Paulo 
Amsterdam Oslo Xi’an Guangzhou Perth  

Grid Footprint  

(g CO2-eq / 

kWh)        

[117]–[121] 

239 577 157 569 9 1180 910 700 

PV Footprint (g 

CO2-eq / kWh) 

[9] 

21 26 21 29 33 26 26 19 

WTW Gasoline 

Footprint (g 

CO2-eq/km) 

[122] 

178 

Storage 

Footprint  

(g CO2-eq / 

kWh) [123] 

110 

 

Sections 3.3, 3.4 and 3.5 will present the results of each of the three sub-models for 

all locations, followed by an estimation of the system’s greenhouse gas (GHG) 

mitigation costs in section 3.6. 
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3.3 | Technical Feasibility Results 
 

Table 3.5 shows the PV array size required to achieve the PV share set for each 

scenario for systems with different BESS capacities ranging from 0 kWh (no 

stationary storage) to 20 kWh. The required PV capacity was found to remain 

practically constant for systems with more than 5 kWh storage; this battery capacity 

was therefore used as a reference for further analysis. 

TABLE 3.5:  PV NOMINAL POWER (kWp) FOR DIFFERENT BESS CAPACITIES 

Location Scenario 
BESS Capacity 

0 kWh 1 kWh 5 kWh 10 kWh 20 kWh 

San Francisco, 

US 

100% PV 1.7 1.5 1.3 1.1 1 

75% PV, 25% Grid 0.8 0.8 0.7 0.6 0.6 

50% PV, 50% Grid 0.5 0.5 0.4 0.4 0.4 

Chicago, US 100% PV 3.9 3.7 3 2.6 2.5 

 75% PV, 25% Grid 1.3 1.3 1.1 1 1 

 50% PV, 50% Grid 0.8 0.8 0.7 0.7 0.7 

São Paulo, BR 100% PV 2.2 2 1.6 1.4 1.3 

75% PV, 25% Grid 1.1 1.1 0.9 0.9 0.9 

50% PV, 50% Grid 0.7 0.7 0.6 0.6 0.6 

Amsterdam, 

NL 

100% PV 8.3 7.4 5.4 5 4.6 

75% PV, 25% Grid 1.6 1.6 1.3 1.3 1.2 

50% PV, 50% Grid 1.1 1 0.8 0.8 0.8 

Oslo, NO 100% PV - - - - - 

75% PV, 25% Grid 3.3 3 2.5 2.5 2.5 

50% PV, 50% Grid 1.9 1.8 1.5 1.4 1.4 

Xi’an, CN 100% PV 4.1 3.6 2.6 2.4 1.9 

75% PV, 25% Grid 1.2 1.2 1 0.9 0.9 

50% PV, 50% Grid 0.9 0.7 0.6 0.6 0.6 

Guangzhou, 

CN 

100% PV 2.3 2.2 1.9 1.6 1.6 

75% PV, 25% Grid 1.3 1.3 1.1 1 1 

50% PV, 50% Grid 0.9 0.8 0.7 0.7 0.7 

Perth, AU 100% PV 3.1 2.9 2.4 2.2 2.1 

75% PV, 25% Grid 1.2 1.2 1 0.9 0.9 

50% PV, 50% Grid 0.7 0.7 0.6 0.6 0.6 

* The 100% Grid scenario is not included in this table since it does not include a PV array nor a BESS. 

- These scenarios required more than 30 kWp capacity and were therefore considered unfeasible. 
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Figure 3.2 shows the required PV capacity for systems with 5 kWh stationary storage, 

where it is possible to see that in countries with a lower irradiance throughout the 

year, logically larger PV systems are required to achieve a specific PV share for EV 

charging. This effect is most obvious in Norway, where reduced irradiation during 

the winter causes the PV capacity required to achieve a 100% PV share larger than 

30 kWp, making this charging scenario unfeasible from a technical perspective. 

For all other locations, the required capacity roughly correlates with the in-plane 

irradiation found at each location, with Amsterdam (5.4 kWp) and Chicago (3 kWp) 

requiring a significantly larger PV system than São Paulo (1.6 kWp) or San Francisco 

(1.3 kWp) for the 100% PV scenario. The difference in array size becomes 

significantly smaller for lower PV shares with most locations requiring between 0.5 

and 1.5 kWp for the 75% and 50% PV scenarios. 

 
Figure 3.2 Array size required to meet the PV share set by each scenario for a system with a 

5 kWh BESS in all locations.  

The technical feasibility results can also be visualised in a contour plot as a function 

of PV and BESS capacity. The contour plots for systems located in Perth and Xi’an 

shown in Figure 3.3 below indicate that in both locations installing just 1 kWp of PV 

capacity will yield PV shares higher than 50% regardless of which BESS size is used. 

Furthermore, it can also be seen that storage capacity only has a relatively small 

influence on the PV share which becomes negligible for systems with more than 5 

kWh storage capacity.  
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Figure 3.3 Technical evaluation: Contour plots of a charging system located in Perth, 

Australia (left) and Xi’an, China (right) showing dotted lines with a constant PV share of 50%, 

75% and 100 %.  

Contour plots showing the PV share achieved in all other analysed locations can be 

found in Appendix B.  

 

Hourly EV Charge and Grid Charging Moments  

Figure 3.4 shows an example of the calculated hourly EV charge and grid supply (in 

kWh) in all four scenarios, in this case for a system located in Amsterdam. It can be 

observed that a lower PV share correlates with an increased number of battery 

charging cycles, particularly cycles involving deep discharging; this is expected to 

decrease EV battery lifetime, showing an additional benefit of EV charging in high-

share solar power scenarios.  

Additionally, it is possible to see how the number of grid charging events 

(corresponding to peaks in the grid supply curve) decreases as the PV share increases, 

with the 50% and 75% PV scenarios drawing power from the grid only 27 and 14 

times respectively as opposed to the 43 grid charging events required in the grid-only 

charging scenario. This decrease follows a seasonal pattern, as the density of charging 

events in the summer months is lower than that of the winter months; this effect is 

visible in the 75% PV scenario where no grid charging is required between mid-

March and October.  



 

Chapter 3 |  59 
 

 
Figure 3.4 Hourly EV charge (blue) and grid supply (red) in kWh during a 1-year period in 

Amsterdam for each of the four modelled scenarios (5kWh BESS). Clockwise from top left: 

100% PV (APV = 5.4 kWp), 75% PV + 25% Grid (APV =1.3 kWp), 100% Grid, 50% PV + 

50% Grid (APV = 0.8 kWp).   

 

TABLE 3.6: REQUIRED YEARLY GRID CHARGING MOMENTS. 

Location  100% PV 
75% PV,  

25% Grid 

50% PV,  

50% Grid 
100% Grid 

San Francisco, US  0 14 26 43 

Chicago, US  0 16 32 52 

São Paulo, BR  0 13 27 52 

Amsterdam, NL  0 14 27 52 

Oslo, NO  - 23 43 103 

Xi’an, CN  0 17 25 43 

Guangzhou, CN  0 17 28 57 

Perth, AU  0 14 27 52 

   - These scenarios required more than 30 kWp capacity and were therefore considered unfeasible. 

 

Table 3.6 summarises the required grid charging moments for each of the eight 

analysed locations, showing that systems in most locations require a similar number 

of charging moments, requiring between 13 and 17 charging events for the 75% 

scenario, between 25 and 32 charging events for the 50% PV scenario and between 

43 and 57 charging events for a grid-only charging scenario. The reason for this 

homogeneous behaviour is that daily driving distances (and the resulting EV energy 



 

60  | Chapter 3 

 

demand) remain relatively constant across practically all locations, ranging from 26 

to 32 km per day. Oslo is the only exception: because of its significantly higher daily 

driving distance (47 km) logically a much larger amount of grid charging moments is 

required. 

 

Grid Exchange  

Figures 3.5 and 3.6 show the yearly grid imports and exports for systems located in 

Amsterdam and São Paulo respectively. The annual distribution of these grid 

exchange moments can be explained by the seasonal variation of irradiation at each 

location: in Brazil, the relatively stable irradiation conditions over the year result in a 

steady supply of excess PV power to the grid while in the Netherlands this only takes 

place during the summer months.  

These results also highlight the difference between adding or removing the system’s 

stationary storage. It is possible to see in both locations that in cases where no storage 

is present the amount of energy sold to the grid is significantly higher; this is because 

in systems with stationary storage part of this surplus energy is stored within the 

system and used to recharge the EV later on, increasing the system’s self-

consumption rate. 

Figure 3.5 Grid supply and sales for a system with 5 kWh local storage (left) and no local 

storage (right) for the 75% PV + 25% Grid scenario, located in Amsterdam, NL. 

 
Figure 3.6 Grid supply and sales for a system with 5 kWh local storage (left) and no local 

storage (right) for the 75% PV + 25% Grid scenario, located in São Paulo, BR. 
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3.4 | Economic Feasibility Results 
 

Figure 3.7 below shows the net present value (NPV) for each scenario in all locations 

after the first 10 years of operation. In all countries analysed, a combination of 

relatively low electricity prices and/or high initial costs (particularly for the station’s 

BESS) resulted in the grid-only charging scenario having the highest NPV.   

An important distinction to be made with these results is that, since avoided fuel 

costs are considered a revenue stream, the presented NPV values can indicate 

whether this system is more or less cost-effective than driving a gasoline-fuelled 

vehicle. In all analysed locations, grid-only scenarios and PV charging scenarios 

without energy storage achieved a positive NPV indicating that EVs charged by this 

type of systems will invariably be cheaper to drive than conventional vehicles. 

In scenarios with stationary storage, NPVs are around a break-even point in São 

Paulo and Perth, while in Amsterdam and Oslo they always have a positive value. 

The reason for this positive economic case in both European locations is mostly due 

to high fuel prices which when avoided greatly increase the financial attractiveness of 

EV charging. 

 

Figure 3.7 Net present value after 10 years for a system with a 5 kWh BESS located in each 

of the eight analysed locations; icons denote results for a system with the same PV energy 

share and no storage. 
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In general, it can be observed that the NPV at a specific location tends to decrease 

as PV share increases. An exception to this trend can be seen in the Netherlands, 

where a relatively high feed-in tariff causes that, at large PV capacities, selling surplus 

power to the grid becomes a significant revenue stream. A similar effect takes place 

in San Francisco, where a net metering scheme causes an optimal cost point to occur 

near the 75% PV share when grid imports are matched the closest with grid exports. 

The impact of storage investment costs is more evident when comparing the systems 

with added storage to their equivalent no-storage scenario (see Table 3.7) which 

invariably show a higher NPV. For instance, a charging station in Chicago with a 5 

kWh BESS has a present value of -€ 1070 in a 50% PV + 50% Grid scenario which 

increases to € 3370 if the storage system is removed while maintaining the same PV 

energy share.   

TABLE 3.7: SYSTEM NET PRESENT VALUE (€) 

Scenario: 100% PV 
75% PV,  

25% Grid 

50% PV,  

50% Grid 

100% 

Grid 

Location 
No 

storage 

5 kWh 

storage 

No  

storage 

5 kWh 

storage 

No  

storage 

5 kWh 

storage 

No 

Storage 

San Francisco, US 2770 -1420 3450 -1310 2950 -1780 1980 

Chicago, US -80 -3480 3050 -1360 3370 -1070 3890 

São Paulo, BR 4830 -10 4550 -130 4450 -210 4290 

Amsterdam, NL 11470 5480 7990 3410 7650 3160 7190 

Oslo, NO - - 11270 7290 11980 7820 12730 

Xi’an, CN 1490 -2010 3340 -970 3570 -820 3900 

Guangzhou, CN 3020 -1180 3580 -730 3820 -570 4210 

Perth, AU 3570 30 3710 140 3430 -120 3020 

 

In a similar way to the plots shown in the previous section, contour plots for the 

system’s NPV with different PV and BESS capacities are shown in Figure 3.8 below 

for two locations: San Francisco and São Paulo. The contour plot for a system located 

in San Francisco (Figure 3.8, left) shows that the PV system size reaches an optimum 

cost point around 0.9 kWp which corresponds to the point at which grid imports and 

exports are equal and maximum revenue is earned according to the net metering 

scheme used at this location.  
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However, results from a system in São Paulo (Figure 3.8, right) show this is not 

always the case as in this location increasing PV capacity has a relatively small impact 

on the system’s NPV. In both locations, storage costs have the largest impact on 

financial attractiveness, with a break-even point reached only at BESS capacities 

lower than 4 kWh in San Francisco and 6 kWh in São Paulo. 

 
Figure 3.8 Economic evaluation: Contour plots of a charging system located in San 

Francisco, US (left) and São Paulo, Brazil (right) showing the break-even point (NPV = 0) as 

a dotted line. 

As was the case with the PV share contour plots shown in the previous section, NPV 

contour plots for all eight locations can be found in Appendix B.  

 

3.5 | Environmental Feasibility Results 
 

The results seen in Figure 3.9 show that for 100% PV scenarios driving emissions 

can be as low as 10 – 13 g CO2-eq per km travelled in all locations, with grid-only 

scenarios having the highest amount of CO2 emissions. Norway is again an 

exceptional case: because of its remarkably low-emissions grid, PV charging is in fact 

more emissions-intensive than grid charging. 

In general, the difference in CO2 emissions between scenarios for a given location is 

a function of its grid energy mix. This is why this effect is more pronounced in 

locations with carbon-intensive grids such as Australia and both Chinese cities than 

in São Paulo or San Francisco which have a comparatively larger presence of 

renewables in the energy mix. 
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Figure 3.9 CO2-eq emissions per km travelled for a system with a 5 kWh BESS located in 

each of the eight analysed locations; icons denote results for a system with the same PV share 

and no storage while the dotted line indicates the emissions per km travelled of a gasoline-

fuelled ICE car (178 g CO2-eq/km). 

 

Tables 3.8 and 3.9 present an overview of the emissions intensity calculated by the 

feasibility model for each location. Interestingly, two cases where EVs performed 

worse than ICE cars were found with grid-charged EVs in Guangzhou (176 g CO2-

eq/km) and Xi’an (228 g CO2-eq/km) emitting an equal or higher amount of CO2 

than a gasoline-fuelled ICE vehicle (178 g CO2-eq/km). This underscores the 

importance of using low-carbon electricity for EV charging if CO2 emissions in the 

transport sector are to be reduced. 

Comparing systems with stationary storage to their corresponding no-storage 

alternatives shows that the system’s emissions intensity can be slightly larger in some 

cases and lower in others. This depends on the trade-off between the addition of 

embedded CO2 emissions from the BESS and the decrease in grid imports with their 

corresponding emissions. 
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TABLE 3.8: DRIVING CO2 EMISSIONS INTENSITY (g CO2-eq/km) 

Scenario: 100% PV 
75% PV,  

25% Grid 

50% PV,  

50% Grid 

100% 

Grid 

Location 
No 

storage 

5 kWh 

storage 

No  

storage 

5 kWh 

storage 

No  

storage 

5 kWh 

storage 

No 

Storage 

San Francisco, US 4 12 17 22 28 33 46 

Chicago, US 5 12 41 39 67 65 112 

São Paulo, BR 4 11 13 17 19 24 30 

Amsterdam, NL 6 13 41 41 69 66 110 

Oslo, NO - - 5 10 4 8 2 

Xi’an, CN 5 12 78 71 141 125 228 

Guangzhou, CN 5 13 60 57 104 94 176 

Perth, AU 4 10 48 44 84 75 135 

 

 

TABLE 3.9: TOTAL EV EMISSIONS (ton CO2-eq) 

Location  
Reference 

ICE car 
100% PV 

75% PV, 

25% Grid 

50% PV, 

50% Grid 
100% Grid 

San Francisco, US  12.1 0.8 (93%) 1.5 (88%) 2.3 (81%) 3.1 (74%) 

Chicago, US  14.9 1 (93%) 3.2 (78%) 5.5 (63%) 9.3 (37%) 

São Paulo, BR  14.9 0.9 (94%) 1.4 (90%) 2 (87%) 2.5 (83%) 

Amsterdam, NL  13.9 1 (93%) 3.2 (77%) 5.2 (63%) 8.6 (38%) 

Oslo, NO  21.8 - 1.2 (95%) 1 (95%) 0.2 (99%) 

Xi’an, CN  12.1 0.9 (92%) 4.8 (60%) 8.5 (30%) 15.5 (-28%) 

Guangzhou, CN  13 0.9 (93%) 4.2 (68%) 6.9 (47%) 12.8 (1%) 

Perth, AU  14.9 0.9 (94%) 3.6 (76%) 6.3 (58%) 11.3 (24%) 

 * Numbers between parentheses indicate reduction relative to the reference ICE vehicle. 

 

The contour plots shown in Figure 3.10 illustrate which PV and BESS sizing 

combinations can yield the lowest emissions per km driven for systems located in 

Oslo and Guangzhou. As previously mentioned, in the exceptional Norwegian case 

emissions intensity will be invariably low and will actually increase with larger PV and 

BESS systems. On the other hand, CO2 intensity in Guangzhou depends almost 
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entirely on PV capacity, showing that systems with at least 1 kWp of installed PV can 

reduce driving emissions by about 50% compared to a gasoline-fuelled ICE car.   

 

Figure 3.10 Environmental evaluation: Contour plots of a charging system located in Oslo, 

Norway (left) and Guangzhou, China (right) showing dotted lines with constant emissions of 

10, 25, 50, 100 and 150 g CO2-eq/km as well as the average emissions of an equivalent ICE 

car (178 g CO2-eq/km). 

Emissions contour plots for all eight analysed locations can be found in Appendix B. 

 

3.5 | GHG Mitigation Costs 
 

The outputs from the economic and environmental feasibility analyses presented in 

the previous sections can also be combined to estimate the system’s greenhouse gas 

(GHG) mitigation cost. This indicator is frequently used to compare different 

strategies for GHG emissions reduction [124], [125], and is defined as the net cost of 

an emissions reduction measure divided by the total avoided emissions (units: € /ton 

CO2-eq). 

Tables 3.10 and 3.11 show the GHG mitigation costs in each scenario for systems 

with respectively 5 kWh storage and no storage; as was previously the case an 

equivalent ICE car is used as a reference for calculating the emissions reduction. It is 

important to mention that mitigation costs could not be calculated for all scenarios 

as in some cases PV-powered charging was found to be unfeasible while in others a 

reduction in emissions was not observed.   
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TABLE 3.10: SYSTEM GHG MITIGATION COSTS (€/ton CO2-eq) –  

5 kWh STORAGE

 
 

 

TABLE 3.11: SYSTEM GHG MITIGATION COSTS (€/ton CO2-eq) –  

NO STORAGE

 

 

Overall, PV charging scenarios with local storage have mitigation costs in the order 

of 80 – 250 €/ton CO2-eq in the US and China and around zero in Brazil and 

Australia. PV charging in Amsterdam and Oslo, as well as grid charging in all 

locations (with the exception of China where no CO2 emissions reduction was 

observed), were found to have negative mitigation costs meaning that they are ‘no-

regret’ options where it is possible to achieve a net reduction in both CO2 emissions 

and system cost at the same time. 

Systems without storage (shown in Table 3.11) were also consistently found to have 

negative mitigation costs, mostly due to the fact that the achieved emissions 

reductions were similar to scenarios with added storage but storage costs, which were 

found to have a significant impact on the system’s financial attractiveness, were 

avoided.  
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3.6 | Results Discussion 

 

The presented results show the importance of an interdisciplinary analysis of 

emerging technologies like PV charging stations since there are instances in which an 

improvement in one aspect of the system is detrimental to another one, setting up a 

trade-off between both aspects that needs to be resolved.   

The technical sub-model results show that 50 and 75% PV shares are achievable in 

all locations with PV array sizes in the order of 1 – 1.5 kWp (with the exception of 

Norway which requires a larger PV system) while the 100% PV condition is harder 

to meet but still feasible. In general, results were found to be sensitive to driving 

distance which is the main factor determining total EV demand; for a sensitivity 

analysis on the model’s response to this and other factors such as the EV battery size 

and yearly solar irradiation please refer to Chapter 2. It is important to consider that 

the assumed driving distances are in some cases based on the Euclidean (“as the crow 

flies”) distance rather than on the actual network distance which is higher by 

definition and can vary depending on the location [90]. 

Despite an observed reduction in CO2 emissions, the financial analysis on several PV 

charging cases yielded a negative net present value at the end of a 10-year period; this 

was particularly the case for systems relying entirely on PV electricity since they sell 

a significant amount of surplus energy to the local grid but only receive a small 

compensation for it.  

Storage costs represent a significant share of the total system costs but, while 

decreasing the size of the BESS or removing it altogether can reduce investment 

costs, it results in a lower PV share and an increase in total emissions creating a trade-

off between sustainability and cost-effectiveness. A possible solution to this trade-

off is installing only a small storage capacity so that a sufficiently high PV share is 

achieved while keeping investment costs reasonably low. Furthermore, it is worth 

mentioning that lithium-ion cost figures from 2017 were considered for the current 

analysis but are expected to decrease further as this technology continues to mature, 

increasing the financial attractiveness of this type of systems. 

The environmental assessment for the grid-only scenario in both Chinese locations 

highlights the need for coupling EVs with PV in locations with CO2-intensive 

electricity production, where EV implementation on its own could result in a net 

increase in generated emissions. With the exception of these cases, grid-only charging 

resulted in emissions reductions between 24 and 99% compared to a gasoline-fuelled 
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ICE vehicle, while PV charging can reduce emissions by up to 92 – 94% depending 

on the location.  

It is important to note that the CO2 emissions from grid electricity cover direct 

emissions only while those for PV systems and gasoline are life cycle values. In 

addition to this, while grid emissions figures from 2014 – 2015 were used in this 

study, grid CO2 emissions around the world are expected to decrease in the future as 

large-scale renewable sources are gradually added to the energy mix. Furthermore, 

this evaluation does not consider the EV’s production and end-of-life phases. 

Estimating the impact of these phases on the system’s generated emissions through 

an adequate life cycle assessment would further improve the accuracy of the modelled 

results.  

Regarding the presented GHG mitigation costs, it is important to consider that due 

to the inherent uncertainty in estimating system costs and emissions, mitigation costs 

should only be compared based on their order of magnitude [124]. Based on this 

criterion, it can be concluded that systems with PV charging and energy storage in all 

locations (except both European cities) have roughly equivalent mitigation costs 

while grid-only charging and systems without local storage invariably result in a 

negative mitigation cost. Other studies have cited GHG mitigation costs for electric 

mobility in the range of 300 – 1100 USD/ton CO2-eq [125] and 1900 – 4500 €/ton 

CO2-eq [126] but their focus is on the EVs themselves rather than on charging 

stations.   

  

3.7 | Conclusions 
 

The results presented in this global feasibility study show that with the right 

combination of BESS and PV array sizes, the use of PV systems can be a feasible EV 

charging solution from a technical, financial and environmental perspective in 

comparison not only with a gasoline-fuelled ICE vehicle but with a grid-charged EV 

as well.  

3.7.1 Technical Feasibility  
Yearly PV electricity shares of 50% and 75% are achievable in nearly all locations 

with PV array sizes in the order of 1 to 1.5 kWp. Systems with a 100% PV share 

would require a larger PV system ranging from 1.3 to 5.4 kWp depending on the 

location with the exception of Norway where more than 30 kWp capacity would be 
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required. The use of local storage was found to have a significant impact only for 

achieving PV shares larger than 75%.   

It is logically found that in countries with high irradiation conditions throughout the 

year, such as Brazil and Australia, PV-powered EVs can be operated more effectively 

than in countries with a high variability of irradiation over the year such as the 

Netherlands and Norway, although in the latter two countries the number of 

charging events from the grid can be significantly reduced. For instance, if the 

charging system’s PV share is increased from 0 to 50%, the number of required grid 

charging events per year can be reduced from 104 to 34 in the Netherlands and from 

123 to 55 in Norway.    

 

3.7.2 Economic Feasibility  
Grid-only charging scenarios had the highest net present value in a 10-year period 

since no investment in a PV system or local storage was needed. In all other cases, 

the storage cost was observed to have a significantly larger impact than PV costs in 

the system’s economic feasibility. While removing the BESS from the system 

significantly increases NPV, this comes at the expense of lower self-consumption 

and an increase in system CO2 emissions.  

From a financial perspective, PV-powered EVs are not yet financially feasible in all 

locations for a 10-year time frame, although in other locations 100% PV charging is 

already a viable option. In general, it can be concluded that in contrast to driving an 

ICE vehicle, the longer a PV-powered EV is driven, the more affordable it becomes 

(even generating financial revenues in some cases) and a higher environmental 

dividend is achieved.    

 

3.7.3 Environmental Feasibility and GHG Mitigation Costs  
PV-powered charging stations can reduce the CO2 emissions produced by an EV by 

30 to 94% in the analysed locations when compared to an equivalent gasoline-fuelled 

vehicle. This translates to CO2 footprints as low as 12 to 13 g CO2-eq per km travelled 

in 100% PV scenarios. Grid-only charging in the two Chinese cities was found to 

potentially emit an equal or higher amount of CO2 than an ICE vehicle due to the 

CO2-intensive grid energy mix at these locations. On the other hand, in countries 

with a close to zero-emission grid such as in Norway, CO2 emissions related to PV 

charging of EVs will slightly increase the greenhouse gas emissions per km driven.  
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Systems with PV charging and local storage have been found to have GHG 

mitigation costs in the order of -420 to -320 €/ton CO2-eq in both European 

locations and 0 – 250 €/ton CO2-eq in all other locations. Grid-only charging 

scenarios and systems without local storage invariably show negative mitigation costs, 

meaning they are ‘no-regret’ options where it is possible to achieve both a reduction 

in CO2 emissions and a net financial benefit. 

 

Due to the present scarcity of solar PV charging EV systems, validating these results 

against real measurements has not been possible; conducting this validation in the 

future is recommended to further support these findings. 
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4 

Designing innovative applications for  

PV-powered mobility 
 

 

This chapter presents the results of a design study aimed at the development of 

innovative applications for PV-powered mobility. Four of the resulting concepts are 

presented as case studies, along with an evaluation of their design and an estimation 

of the PV share they can achieve during their operation. 

 

4.1 | Introduction 
 

Photovoltaic (PV) energy technologies will be one of the main contributors for 

achieving a prospective 100% renewable energy supply in the near future, and both 

societal acceptance and technological development will be key to realise this goal. 

The interdisciplinary field of design can bring these two aspects together through the 

creation of products or systems incorporating new technologies that people are more 

willing to adopt [11], [127].  

The idea of integrating solar technology into objects such as products, buildings or 

vehicles is not new. Already in the 1950s researchers and business developers thought 

about integrating solar PV cells into smaller products that were not connected to the 

household’s mains to let them autonomously generate electricity for these products 

[11], [128]–[130]. In the past 70 years, increasing production volumes have caused 

cost reductions for silicon PV cells which together with enhanced solar cell 

efficiencies and an increased social acceptance of photovoltaic technologies have led 

to a new trend which we call a solar revolution in design [127]. Since the price of solar 

electricity has become significantly lower than before, there exists now an 

opportunity to consider the aesthetic features of PV modules and PV systems and 

innovative ways for their integration in vehicles, buildings and landscapes (see Figure 

4.1) whether they are urban or rural. 
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Figure 4.1   Examples of integration of solar technologies in objects. Left: a PV-powered 

building: the Copenhagen International School [131]. Right: a PV-powered car, the Sono Sion 

[41]. 

In this framework, because solar PV modules can be easily observed in the public 

space, their image and visual appearance is becoming more important and might need 

changes or new types of applications. Solar PV technologies can become a natural 

part of our environment, our buildings and our cars, making it possible to create 

more diversity in placing and integrating solar cells in terms of orientation and 

positioning, colour, transparency and even flexibility and form-giving. However, 

despite this favourable environment for new PV-powered applications, at present the 

application of PV solar cells and PV systems beyond primary energy production is 

still limited.  Earlier work on this topic has revealed that the design potential of PV 

solar cells and PV systems is often not fully used [132], and capitalising on this 

potential is needed to stimulate the large-scale adaptation of PV technologies in our 

living environment. 

The opportunities and challenges of designing with photovoltaic materials and 

systems can be framed in the context of five aspects that are relevant for successful 

product design which were previously introduced in Chapter 1. These aspects are: (1) 

Technologies and Manufacturing, (2) Financial Aspects, (3) Societal Context, (4) 

Human Factors and (5) Design and Styling. Usually, in the PV industry only two out 

of these five aspects, namely ‘Technologies and Manufacturing’ and ‘Financial 

Aspects’, are emphasised in the development of PV modules with ‘Societal Context’ 

being occasionally included in the design process.  The two remaining aspects 

(‘Human Factors’ and ‘Design and Styling’) are mostly neglected which is a serious 

omission from the product development chain that can potentially have a negative 

impact on consumers’ long-term interest in photovoltaic products.  

For this reason, it makes sense to evaluate how we can design with photovoltaics 

instead of simply applying the technology to existing concepts or ideas [132], and in 

this scope Industrial Design Engineering can play an important role. Well-designed 
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objects tend to encounter less resistance and also have an increased functionality 

because of a positive and forgiving attitude from the user [133]. In particular, the 

communication function of design can play a key role in stimulating the acceptance 

of innovative technologies [134], [135].  

 

4.2 | Design Study Context 
 

The application of PV systems in electric vehicles and their charging infrastructure is 

at present being developed with a merely technical scope in order to show that from 

an energy balance perspective it can be possible to drive on solar power. Table 4.1 

lists several examples of existing PV-powered vehicles and charging stations, 

including their estimated technical features. 

Since there is at present limited experience with this type of applications, a conceptual 

design study was carried out with Industrial Design Engineering and Mechanical 

Engineering students at the University of Twente in the Netherlands to explore how 

innovative PV applications for transport could look like in a near-future mobility 

context. The design study was executed within the framework of the research project 

‘PV in Mobility’ [71] and as part of the Master-level course ‘Sources of Innovation’ 

at the University of Twente.  

The approach in the ‘Sources of Innovation’ course is twofold: theory is provided on 

innovation processes and innovation methods, and this knowledge is simultaneously 

applied in a design project [141].  The design projects focus on the use of innovative 

product design for an emerging technology, and the final result consists of an 

innovative technology-based product concept that is well-suited for a future market. 

This approach fits with existing theoretical frameworks for designing with 

photovoltaics [11], [127] which have been developed through the execution of design 

projects in the past 15 years at the University of Twente [31], [142]–[144], and has 

been successfully applied in the past for designing with concentrator photovoltaics, 

luminescent solar concentrators, smart grid technologies and other PV applications 

[132], [143]–[145].  

Between September and November 2019, students were tasked with developing 

conceptual designs for a solar PV-powered EV charging solution. The design 

projects included specialist lectures introducing the students to the topic as well as 

the application of several industrial design methodologies which are commonly used 

for the development of an innovation strategy for technology-based products. The 
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course was completed by a poster presentation of the final concepts and written 

reports from each project team. 

 

TABLE 4.1:  PV-POWERED MOBILITY APPLICATIONS COMMERCIALLY 

AVAILABLE OR UNDER DEVELOPMENT 

 
PV System 

Storage 

Capacity 

(kWh) 

Charging 
Driving 

Range 

PV-powered EV Charging Stations 

Charging station 

(Fastned) [19] + 

 

Variable,  

estimated 4 – 8 kWp 

n.a. 50 kW DC 

175 kW DC 

(1 – 4 EVs) 

n.a. 

SEVO Sunstation  
(Paired Power)    

[136] + 

16.8 kWp n.a. 16.8 kW 

(6 EVs) 

n.a. 

EV ARC (Envision 

Solar) [18] + 

4.3 kWp 24 – 40 4.2 kW AC 
 (1 EV) 

n.a. 

E-Port (SECAR) 

[137] + 

4 – 6 kWp  

depending on model 

n.a. 22 kW AC 

(1 – 2 EVs) 

n.a. 

Vehicle-integrated Photovoltaic (VIPV) Systems 

Lightyear One  
(Lightyear) [138] 

Estimated 750 Wp, cells 

on vehicle roof, bonnet 

and rear 

60  22 kW AC 

60 kW DC 

575 km 

Solar Range: 
 50 km/day 

Sono Sion  
(Sono Motors) [41] 

Estimated 1.2 kWp, cells 

on vehicle roof, bonnet, 

doors and rear 

35 11 kW AC 

50 kW DC 

 

225 km 

Solar Range: 

34 km/day 

Solar O, L, R  
and A  (Hanergy) 

[139] 

Estimated 0.8 – 1.5 kWp 

depending on model, 

cells on vehicle roof and 

bonnet 

n.a. n.a. 350 km 

Solar Range: 

80 km/day 

Sonata  
(Hyundai) [39] * 

Estimated 200 Wp, cells 

on vehicle roof  

9.8 3.3 kW AC 43 km 

Solar Range: 

1300 km/year 

Revero 
(Karma Automotive) 

[140] *, + 

200 Wp, cells on vehicle 

roof  

21 6.6 kW AC 

40 kW DC 

80 km 

Solar Prius  
(Toyota) [38] * 

860 Wp, cells on vehicle 

roof, bonnet and rear 

8.8 3.3 kW AC 

 

50 km 

‘Solar range’: range gained with the energy from the integrated PV cells 
 * Vehicle with hybrid powertrain, range shown in table is electric-only. 
 + Commercially available at the time of writing 
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Design Brief  
The design assignment required the student teams to “develop the conceptual design 

of a product-service combination for solar PV-powered EV charging solution which 

will have a better adoption potential”. This conceptual design should cover the five 

key features for designing with photovoltaic technologies (which were introduced in 

the previous section) and should be suitable for the Netherlands as well as another 

international location of the students’ choice such as China, India and the United 

States.   

Students were also required to apply innovation methods in the development of their 

concept; these methods include the Innovation Phase Model (IPM)[146], the Russian 

problem-solving method TRIZ [147] and Platform-driven Product Development 

(PDPD) [148], among others.   

To provide a realistic context and to stimulate ideation, during the assignment 

students were asked to imagine being part of the design team of one of three 

companies participating in the PV in Mobility project: Lightyear [138], IM Efficiency 

[149] and Trens Solar Trains [150]. 

 
Figure 4.2 Selected conceptual designs from the ‘Sources of Innovation’ student projects: (1) 

Solar Mobile Charger, (2) Solar Luggage Vehicle, (3) Zun, (4) Solar Bus Terminal, (5) Lock n’ 

Load shed, (6) Solar Train Stop, (7) Solar Trains Service and (8) Solarshare+ charge point. 
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4.3 | Results 
 

A total of eleven different conceptual designs were created by the student teams, 

covering a wide range of application purposes and vehicle types. A short description 

of each of these designs can be found in Table 4.2; for additional information on 

these designs see Appendix C. 

 

TABLE 4.2: OVERVIEW OF CREATED CONCEPTUAL DESIGNS 

Concept Name Description 

Solar Mobile Charger A van with an extendable PV array acting as a mobile charge unit for charging 

EVs upon request. 

Robot Charger A robot arm able to plug in and perform ultra-fast charging for any type of EV, 

in particular EVs that can drive autonomously. 

SolarShare+ An energy sharing platform connecting EV users and residential PV owners, 

also including a simple PV-powered charge point for users of this platform. 

Zun A van with rotating PV panels integrated into the vehicle sides and roof that can 

be used to recharge EVs in areas with no available charging infrastructure. 

CoolSun A city bus with an integrated PV roof which provides information to passengers 

on the amount of energy and CO2 emissions saved by the vehicle through a set 

of displays. 

Solar Bus Terminal A station for city buses with a PV array which charges battery packs used for 

recharging the buses through a battery swapping process. 

Extendable CPV  

Car Roof 

A modular roof for a passenger EV using concentrator PV technology that can 

be extended to increase energy production. 

Solar Train Stop A tree-shaped stop for city trains where integrated PV panels are used for 

providing shelter to waiting passengers as well as for charging the vehicle 

through a set of induction charging pads. 

Solar Luggage Vehicle A solar-powered autonomously operated vehicle used for loading and unloading 

luggage in airports. 

Lock N’ Load A shed for electric bicycles with an integrated PV system. Induction pads are 

used to wirelessly charge the bicycles while they are parked. 

Solar Trains Service A subscription programme for solar-powered city trains which includes 

maintenance, remote support and a battery swapping service. 
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As shown in Figure 4.3, the developed designs mostly focused on either PV-powered 

charging infrastructure (7 concepts) or vehicle-integrated PV systems (5 concepts), 

with two projects combining both applications in the form of a mobile charging unit 

for recharging passenger EVs. Additionally, one project offered a product-service 

combination where a residential PV charger is coupled with an energy sharing 

platform, while another project proposed a service-only solution aimed at solar city 

trains. 

 
Figure 4.3 Key features of concepts resulting from the design project: type of mobility 

solution, vehicle type, ownership and charging modes. 

The design projects also proposed PV-powered mobility solutions for different types 

of vehicles beyond passenger cars (5 designs), including city buses or trains (4 

concepts), vans (2), electric bicycles (1) and utility vehicles (1). Although plug-in 

charging was the preferred charging technology in the developed designs (4 
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concepts), several projects involved the application of alternative charging 

technologies such as battery swapping and inductive charging (2 concepts each).  

In line with the different vehicle types proposed, the developed concepts covered 

both public (5 concepts) and private (3) transport as well as vehicles intended for 

shared use (3). The design teams also considered user interaction as an important 

component of their solutions, with four projects including the design for a dedicated 

user interface. 

 

The following subsections will introduce four examples of the designs developed by 

the student teams in further detail as case studies. The first two concepts focus on 

PV-powered charging infrastructure while the remaining two address vehicle-

integrated PV applications. 

 

4.3.1 Solar Bus Terminal  
This conceptual design consists of a terminal for electric city buses (see Figure 4.4) 

where a PV system located on top of the structure charges battery packs which are 

used for recharging the buses while they are parked at the terminal. The terminal is 

connected to the local grid to ensure the battery packs are charged even during times 

of low PV production, and the PV modules can also be fitted with a one-axis tracking 

system to increase energy production. 

 
Figure 4.4 Solar Bus Terminal conceptual design. Designers: M. Dijkstra, A. Suresh and S.V. 

Ramana 

The bus terminal has a series of LED lights in the two pillars located next to the PV 

system as well as in several panels near the passenger waiting area. The lights can 

show yellow or green colouring, and the ratio between these two colours is used to 

indicate how many battery packs have been charged by the PV system at any given 
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moment. This visual feedback, together with a design aesthetic which highlights the 

PV modules on top of the structure, is intended to communicate the sustainability-

oriented focus of the bus service to its end users. 

TABLE 4.3: SOLAR BUS TERMINAL – TECHNICAL SPECIFICATIONS 

Variable Value 

PV System Size 10 – 20 kWp 

Dimensions (L x W x H) 
18 x 4 x 6 m (Terminal Structure) 
50 x 15 x 30 cm (Battery Packs) 

Battery Capacity 
200 – 300 kWh (Bus) 

20 – 25 kWh (Battery Packs) 

Charging Speed Battery swapping at periodic intervals 

 

 

4.3.2 Solar Train Stop  
In this concept, a small PV system is integrated with a street bench to create a stop 

for city trains which provides shelter to users while also acting as a local renewable 

energy source. Figure 4.5 shows how this design would operate in combination with 

an electric train where both the stop and the vehicle have integrated PV cells. This 

concept has a modular design since the number of benches can be modified 

depending on the available space and the required PV capacity. 

 
Figure 4.5 Solar Train Stop conceptual design. Designers: S. Elango, U. Parvangada and G. 

Ribeiro. 
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The vehicle is recharged using a set of induction charging pads located on the street 

which provide a small amount of charge while the vehicle stops to pick up and drop 

off passengers. Adequate contact between the train and the charging pads is achieved 

through a system of sensors and actuators that uses compressed air and small heaters 

to clear the pad surface in case of rain or snow. The charging pads are only active 

when the vehicle is directly above them in order to prevent safety hazards to other 

vehicles or pedestrians. 

The solar train stop concept is intended to provide a comfortable environment for 

waiting passengers while making the vehicle charging process as unobtrusive as 

possible from both the driver and the user’s perspective. The station’s visual design 

replicates the shape of a tree to help it blend in with the urban environment as well 

as providing a more pleasant and eco-friendly appearance to users. This distinct 

appearance is also important for making the station recognisable as part of a 

sustainable transportation system.  

 

TABLE 4.4: SOLAR TRAIN STOP – TECHNICAL SPECIFICATIONS 

Variable Value 

PV System Size 1 – 2 kWp 

Dimensions (L x W x H) 3.5 x 2 x 2.5 m 

Battery Capacity Up to 10 kWh 

Charging Speed 
Inductive charging,  

100 – 200 kW [151], [152] 

                         * Specifications shown are for one bench, total values for a given stop can be  
                         scaled depending on the total number of benches used. 

 

 

4.3.3 Solar Mobile Charger  
For the development of this concept, designers started by defining several search 

areas based on the information provided with the design brief such as solar power, 

electric vehicles and vehicle charging technologies. Brainstorming on each of these 

areas generated several initial ideas for the concept (Figure 4.6, left) which were then 

used for creating a set of potential concept designs (Figure 4.6, right). The selected 

design was created by combining some of these alternatives and was further refined 

by improving the concept’s aesthetics to communicate its intended function as well 

as resolving several design contradictions presented by the initial ideas. 
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Figure 4.6 Ideation process for the Solar Mobile Charger conceptual design. Left: Brainstorm 

on EV recharging solutions. Right: Initial sketches based on brainstorming results. 

The conceptual design resulting from this process is shown in Figure 4.7, consisting 

of an electric van with integrated PV panels that functions as a mobile charging unit 

(MCU) aimed at reducing range anxiety among EV users. PV cells are integrated on 

the roof, front, and back of the vehicle as well as on two side panels which can be 

rotated and extended to double the total area of the array when the MCU is not in 

motion. The power generated by the VIPV system is stored in an on-board battery 

bank which can later be used for charging EVs through a series of charging ports 

located on the sides of the MCU.  

The size of the MCU is similar to that of a small bus which provides enough space 

for charging up to four EVs at the same time. This charging service can be requested 

by EV users through a mobile application which allocates the closest available MCU 

to each user; if several users in the same area request the charging service, it is possible 

to dispatch the MCU to a central location that is accessible to all users. 

TABLE 4.5: SOLAR MOBILE CHARGER – TECHNICAL SPECIFICATIONS 

Variable Value 

PV System Size 1 – 3 kWp 

Dimensions (L x W x H) 
9 x 2 x 2 m 

9 x 6 x 2 m (Extended panels) 

Battery Capacity 250 kWh * 

Charging Speed 
Up to 100 kW per port  

(4 charging ports) 

Vehicle Range 300 km 

                          * This battery capacity is used to power not only the mobile unit itself but also 
                          the EVs it is servicing. 
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Figure 4.7 Solar Mobile Charger conceptual design. Designers: R. den Hertog, S. de Jonge 

and T. Willems. 

 

4.3.4 Solar Luggage Vehicle  
This conceptual design proposes a VIPV solution for utility vehicles used for loading 

and unloading luggage in airports. The PV cells are located in the vehicle roof which 

is flat-shaped in order to simplify the integration process. The vehicle can also be 

charged by the existing charging infrastructure which has already been developed for 

electric airport utility vehicles [153]. 

The solar luggage vehicle shown in Figure 4.8 is powered by four in-wheel motors, 

with a small battery pack located in the back section of the chassis. Luggage is loaded 

and unloaded through a multi-level system of conveyor belts which maximises the 

use of space in the vehicle’s storage compartment. The vehicle is intended to operate 

autonomously, performing a simple sequence of loading and unloading operations 

and always following a predetermined route between the aeroplanes and the terminal 

building. 
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Figure 4.8 Solar-powered luggage vehicle conceptual design. Designers: J. Liao, N. Pizzigoni 

and V. Rachmanda.  
 

TABLE 4.6: SOLAR LUGGAGE VEHICLE – TECHNICAL SPECIFICATIONS 

Variable Value 

PV System Size 0.5 – 1 kWp 

Dimensions (L x W x H) 4 x 1.5 x 2 m 

Battery Capacity 10 – 20 kWh 

Charging Speed 10 – 50 kW 

 

 

4.4 | Design Evaluation 
 

The conceptual designs introduced in the previous section were presented as they 

were conceived by the designers. These designs, however, are still at an early 

development stage and there are still many factors that need to be considered before 

they are implemented in practice. This section will therefore evaluate each of the 

conceptual designs in order to identify possible design limitations as well as 

suggesting possible improvements and alternative applications that could be explored 

in the future.   

4.4.1 Solar Bus Terminal  
One of the main limitations of the proposed concept involves the challenges posed 

by the battery swapping process which requires drivers to briefly exit the bus. This 

could be problematic during peak hours or at times with unfavourable weather 

conditions, and might also become an inconvenience to passengers as additional 

waiting time could be required. In addition to this, the assumed energy capacity of 

the battery packs is relatively high considering the specific energy of current lithium-

ion batteries (200 – 500 Wh/kg) [154] making the packs too heavy to be carried by a 
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single person. Several smaller small battery packs could be used instead but this 

would greatly increase the time required for performing the swapping operation. 

Another possibility involves automating the swapping process which has already 

shown positive results in the Chinese EV market [155].  

A likely reason for choosing battery swapping as the charging technique for this 

design is the short amount of time city buses are stationary during their route. 

However, in order to provide a sufficient amount of charge during this brief period, 

a high charging speed is required which cannot be directly provided by the terminal’s 

PV system. A possible solution to this issue could be replacing the battery packs with 

a centralised battery storage system that can provide the necessary power for high-

speed charging. An additional limitation from this design is the potential self-shading 

of the PV system due to the pillars located at its sides. This can be corrected by 

designing less intrusive pillars or removing them altogether. Additional PV cells could 

also be integrated into other parts of the structure but their location would ultimately 

depend on the specific location and orientation of each terminal. 

This concept for a solar bus terminal can be adapted for similar applications, such as 

passenger EV or electric bicycle charging in the form of a structure which also 

provides sitting areas to users in public spaces such as parks or squares. 

 
Figure 4.9 Design impression of passengers using the Solar Bus Terminal concept by M. 

Dijkstra, A. Suresh and S.V. Ramana 

 

4.4.2 Solar Train Stop  
During its operation, the solar train will only be in front of the stop for several 

seconds while passengers board or exit the vehicle. This means that a high charging 

speed is required and, while induction pads are able to provide ultra-fast charging 

with speeds of up to 200 kW [151], the PV system is not able to directly provide this 

amount of power to the vehicle. Installing an energy storage system near the train 

stop or adding a grid connection could enable more power to be transferred to the 
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vehicle but there would still be safety concerns from the use of high-power charging 

near passengers. Despite this limitation, even if a lower charging speed is used the 

concept could allow for smaller on-board batteries to be used, reducing vehicle 

weight and increasing its energy efficiency.  

The concept’s designers proposed the addition of PV systems in nearby buildings as 

a way to increase its total PV capacity, but this idea could be further developed for 

creating a local microgrid where surplus production from the solar train stop is used 

to partially cover the electric demand of these buildings. Like the previously 

introduced Solar Bus Terminal concept, this design can be adapted for charging other 

types of vehicles such as passenger EVs or electric bicycles in public areas. Similar 

applications for other objects found in the urban environment such as street signs 

and lamps could also be developed for charging parked vehicles.  
 

4.4.3 Solar Mobile Charger  
In order to maximise the size of its on-board PV and battery systems, this concept 

was designed to have relatively large dimensions, particularly lengthwise. This design 

choice could make the vehicle too difficult to move around in dense urban areas, 

meaning that future designs need to consider the trade-off between vehicle size and 

the desired PV and battery capacities. A similar issue is likely to arise with the 

extendable side panels which need free space around the vehicle to be deployed.  

As was the case with the concepts involving EV charging stations, it is unclear 

whether the PV system can provide a sufficient amount of instantaneous power for 

its intended use.  The required energy could be produced at a different time and 

stored in the on-board battery bank but a high storage capacity would be required 

for powering both several EVs and the MCU itself which might not be feasible with 

current energy densities for on-board battery systems. Furthermore, the proposed 

charging service aims to allocate a single unit to multiple EVs, but this represents an 

inconvenience to users since they would be required to move to a central location. 

Designing smaller MCUs which are scaled for charging a single EV could be a feasible 

alternative for solving this issue.  

While this concept was designed for charging electric vehicles the generated 

electricity could be used for other purposes such as replacing diesel generators in 

remote locations. A similar design could also be proposed for using the electricity 

generated by the extendable PV system to power a stand-alone vehicle.  
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4.4.4 Solar Luggage Vehicle  
The designers proposed a fully autonomous vehicle design but there are several 

barriers to implementing this technology at present, one of which involves safety 

concerns arising from the lack of a human driver aboard the vehicle. Remote control 

through a user interface was suggested as an option but might not be sufficient to 

mitigate these risks, so subsequent versions of this concept should include more 

direct driver control or supervision in their design.  

It is unclear whether the PV capacity for this design is sufficient for covering the 

required energy demand although energy consumption per km driven for this type 

of vehicles is expected to be lower than in other applications due to their relatively 

low transit speeds. While in some cases regular charging can be locally available, a PV 

system installed at a nearby location with minimal shading could also be used as an 

alternative power source. Another possible issue involves potential shading from 

surrounding objects and the terminal building itself: airport utility vehicles are 

normally parked on a specific location and if this location is near or inside a building 

the on-board PV system will not be able to produce electricity when the vehicle is 

not in use.  

Overall, while this concept offers an innovative mobility solution for utility vehicles 

in airports, these are environments with predictable traffic and shading conditions 

which can make it difficult to expand this concept beyond this niche application. A 

possible first step would be designing similar solutions for other types of vehicles 

found in airports followed by the development of other applications such as last-mile 

delivery in urban locations as shown in Figure 4.10. 

 
Figure 4.10 Impression of solar-powered vehicle design adapted for last-mile delivery 

applications in urban environments  
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4.5 | PV Share Simulations 
 

In order to quantitatively assess the potential of PV systems for powering the 

mobility concepts developed in this design project, the approximate share of their 

energy demand covered by the integrated PV system was calculated applying the 

simulation model which was introduced in Chapters 2 and 3. 

Two representative locations with different yearly irradiation were chosen for this 

assessment: Amsterdam, The Netherlands (GHI: 1,060 kWh/m2 per year) and Perth, 

Australia (GHI:  1,960 kWh/m2 per year) [83]. Additionally, two scenarios 

considering different shading factors (no shading and 30% shading) were defined at 

both locations to determine each concept’s expected PV share under different 

conditions.  The PV share is defined as:                                          

𝑃𝑉 𝑠ℎ𝑎𝑟𝑒 =  
𝐸𝑃𝑉,𝑦

𝐷𝐸𝑉,𝑦
 (4.1), 

where 𝐸𝑃𝑉,𝑦 is the yearly energy production from the PV system and 𝐷𝐸𝑉,𝑦 is the 

vehicle’s yearly energy demand; both variables are measured in kWh. The following 

assumptions were made for calculating each concept’s PV share based on the 

technical specifications provided in Tables 4.3 – 4.6 : 

1. Solar Bus Station: 20 kWp PV installed, 250 kWh EV battery capacity, 50 

kWh stationary storage, drive distance 30,000 km/year, driving efficiency 

0.58 kWh/km [156], 2 buses operating per station. 

2. Solar Train Stop: Train stops consisting of 3 bench modules, each with 2 

kWp PV installed, 45 kWh EV battery capacity [150] with 10 kWh stationary 

storage, drive distance 30,000 km/year, driving efficiency 0.58 kWh/km 

[156]. 

3. Solar Mobile Charger: 3 kWp PV installed, 250 kWh storage capacity. PV 

energy used exclusively for charging user EVs, each driving 30 km/day [96], 

driving efficiency 0.174 kWh/km [77], 30 kWh battery capacity. Separate 

shares calculated depending on the number of EVs charged simultaneously. 

4. Solar Luggage Vehicle: 1 kWp PV installed, 20 kWh EV battery, no local 

storage, driving distance 160 km/day [157], vehicle efficiency 0.17 kWh/km. 
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Table 4.7 below shows the estimated PV shares for all four concepts at each of the 

two selected locations.   

TABLE 4.7: CONCEPTUAL DESIGNS – SIMULATED PV SHARES 

Concept 
Energy 

Demand 

PV Share  
(Amsterdam, NL) 

PV Share  
(Perth, AU) 

No Shading 30% Shading No Shading 30% Shading 

Solar Bus 

Station 

17 400 

kWh/year 
50% 35% 69% 51% 

Solar Train 

Stop 

17,400 

kWh/year 
32% 22% 46% 32% 

Solar Mobile 

Charger 

1,900 

kWh/year 

per EV 

98% (1 EV) 
72% (2 EVs) 
49% (3 EVs) 
36% (4 EVs) 

91% (1 EV) 
49% (2 EVs) 
32% (3 EVs) 
24% (4 EVs) 

100% (1 EV) 
96% (2 EVs) 
70% (3 EVs) 
53% (4 EVs) 

100% (1 EV) 
70% (2 EVs) 
47% (3 EVs) 
35% (4 EVs) 

Solar 

Luggage 

Vehicle 

10,000 

kWh/year 
9% 7% 13% 9% 

* Crystalline silicon technology assumed for all PV systems. 

 

4.6 | Discussion and Conclusions 
 

A total of eleven design solutions were developed in this study, most of which 

focused on charging infrastructure or on vehicle-integrated PV systems. Designs also 

included a product-service combination as well as a service-only solution aimed at 

one of the companies participating in this project. The developed concepts focused 

on several different vehicle types such as passenger cars, buses and electric bicycles 

with either public, private or shared ownership. 

The extent to which the PV electricity produced by these systems will meet vehicle 

demand will vary significantly. The PV shares estimated in section 4.5 for the four 

conceptual designs show that for public transport applications PV systems could 

supply approximately 22 – 50 % of vehicle demand in the Netherlands and 32 – 69% 

in Australia, while the shares for a mobile EV charger depend on how many EVs it 

charges simultaneously, ranging from 24% and 35% when charging four EVs in 

Amsterdam and Perth respectively to 98 and 100% when charging only one EV. On 

the other hand, due to their high daily use airport service vehicles are only likely to 

obtain around 10 – 15% of their energy demand from an integrated PV system in 

both locations.  
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One of the main design limitations found in this study was the small area available 

for installing PV systems, particularly for designs that integrated PV cells on vehicles. 

Extendable arrays were proposed as one of the possible solutions; this is feasible in 

principle given that vehicles are stationary most of the time but could become 

problematic in urban environments where there is usually limited space around 

parked vehicles. In general, vehicle-integrated PV designs focused on larger vehicles 

such as vans and buses while avoiding applications in passenger cars. This allowed 

the vehicle designs to use larger, flatter surfaces which provide more surface area for 

the array and make the PV cells easier to integrate into the vehicle body. Furthermore, 

the concept for a PV-powered airport utility vehicle shows there might be some 

interesting niches for VIPV technology beyond passenger transportation. 

Designs for PV-powered charging infrastructure, on the other hand, showed how 

PV systems can be used for powering a wide range of modes of transportation 

beyond electric passenger cars. The use of alternative charging technologies presents 

an innovative approach; at present significant progress has been made in the 

development of both battery swapping [155], [158] and inductive charging [159], 

[160]. However, it is still unclear when these charging methods will be widely 

implemented. 

Finally, an important aspect of designing these applications is the use of their visual 

appearance not only for providing an aesthetically pleasing element to the urban 

environment but also for communicating to users their function and their focus on 

sustainability. Charging infrastructure has more liberty to achieve this goal than the 

vehicles themselves although it is still constrained by the limited space available in 

urban areas, particularly those with high structural density. Remarkably, none of the 

projects considered changing the colour, transparency, texturing or shape of PV cells. 

This could mean that these features are not as relevant to designers as previously 

thought and that the current attributes of PV technologies are already valuable from 

a design perspective. 

It is important to consider that the presented designs were developed at the 

conceptual stage only and as such it is difficult to evaluate design aspects such as 

costs, user acceptance and the required balance of system (BoS) components for each 

concept. Further development of these concepts is therefore required to better 

capture and quantify the required design elements for innovative PV-powered 

mobility solutions before they can be fully implemented in practice. 
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5 

An exploratory user study for PV-powered 

mobility applications 
 

This chapter presents the results of a user survey on several market-ready applications 

for solar-powered mobility which aims to identify what the potential users for these 

applications perceive as benefits or barriers to their adoption, as well as the impact 

of factors such as previous experience with EVs, residential PV ownership and pro-

environmental attitudes on these perceptions. 

 

5.1 | Introduction 
 

Electric vehicles (EVs) have recently emerged as a promising solution for reducing 

CO2 emissions in the transport sector, with global vehicle stock for both battery 

electric and plug-in hybrid cars reaching 7.2 million electric cars in 2020 [5]. This 

growth has been driven by reduced costs and government incentives aimed at 

emissions reductions. It is important to consider, however, that the potential for an 

EV’s CO2 emissions reduction is dependent on how the electricity that powers it is 

produced [161]. A substantial reduction of CO2 emissions from EV usage could be 

achieved by the development of solutions that rely on PV systems as a primary energy 

source such as solar-powered EV charging stations or vehicles with integrated PV 

cells.  

With the exception of rooftop PV systems being used for charging EVs, there are 

currently very few applications for solar-powered mobility available on the market or 

under commercial development. Nevertheless, the potential for solar-powered 

mobility is enormous and it is important to understand how possible ‘lead users’ or 

early adopters perceive these technologies and what aspects they believe are their 

main advantages and limitations. This information can help to increase the 

willingness to adopt this type of applications in the near future not just for this 

specific group of users, but for a larger segment of the future market as well. 
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In general, the motivations for using a car [162] as well as the key factors behind its 

adoption have been extensively studied, particularly regarding the adoption of electric 

vehicles compared to internal combustion engine (ICE) vehicles [163] [164]. While 

some user studies have been conducted for electric vehicles as well as their charging 

infrastructure [165]–[168], solar-powered applications have not been specifically 

included so far. Likewise, user studies have been executed on the adoption of 

renewable and smart energy applications [48], [145], [169], [170] but transport is rarely 

included in these studies with the notable exception of solar-powered bicycles [171], 

[172]. 

The user study presented in this chapter therefore aims to bridge this gap by 

presenting exploratory findings on the perceived benefits and limitations of existing 

solar-powered mobility applications from the perspective of their (potential) users, 

as well as exploring which factors (such as experience with EV use, residential PV 

ownership and sustainable or pro-environmental attitudes) play a significant role in 

determining these perceptions.  

 

5.2 | Method 
 

5.2.1 Theoretical Framework 

The selection of variables to be captured by the user study was based on the Unified 

Theory of Acceptance and Use of Technology (UTAUT) model [173] which is 

frequently applied for studying the acceptance of new technologies including, among 

others, new transport modes [174], [175]. UTAUT incorporates elements from 

previous technology adoption frameworks such as Rogers’ Innovation Diffusion 

Theory (IDT)[176] and the Technology Acceptance Model (TAM) [177], using 

several variables such as experience, facilitating conditions and social influence to 

predict the use of a given technology or product (see Figure 5.1). 
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Figure 5.1 UTAUT model framework [173] 

 

Table 5.1 shows the selected variables for this study after applying the UTAUT 

framework to solar-powered mobility. 

TABLE 5.1: SELECTED USER STUDY VARIABLES 

User Variable UTAUT Component [173] 

General  

Previous experience with PV and EVs Experience 

Pro-environmental attitudes Social Influence 

Facilitating Conditions 

Adoption of PV and EVs by peers Social Influence 

Future intention to purchase or lease a vehicle Behavioural Intention 

Socio-economic and demographic variables Gender 

Age 

Facilitating Conditions 

PV-powered mobility applications  

General perception and willingness to adopt Voluntariness of Use 

Evaluation of specific attributes (e.g. sustainability, 

cost, appearance) 

Performance Expectancy 

Effort Expectancy 

 

 

This user study is also based on similar work conducted for electric mobility adoption 

[164], [172], specifically studies on ultrafast charging [178] and ’mobility as a service’ 

[179], as well as other studies on pro-environmental attitudes [180]–[182]. 
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5.2.2 Questionnaire Structure and Data Collection 

The questionnaire created for this user study consisted of 33 questions, both semi-

open and closed. A full version of this questionnaire can be found in Appendix D. 

The questionnaire is composed of three main sections: 

1. Experience with PV and EVs – In this section, respondents are asked about 

their familiarity with EV use and whether they own a residential PV system. 

Questions also address respondents’ likelihood to buy or lease a vehicle in the 

near future as well as a list of attitude statements aimed at evaluating respondents’ 

environmentally-friendly or sustainable behaviour.   

 

2. Perception on PV-powered applications – Respondents are introduced to 

several PV-powered mobility applications, followed by a short series of questions 

on their general perception of each application, their likelihood to adopt it (i.e. 

purchase/lease a vehicle or use a charging station in the near future) and their 

assessment on specific elements such as visual attractiveness and sustainability.  

EV drivers were also asked to respond to an additional question regarding their 

willingness to pay more for a version of their current vehicle which includes 

integrated PV cells since these respondents may not be interested in the specific 

applications presented in the survey but might still value PV-powered vehicles in 

general.  

 

3. Socio-economic and demographic questions – This section is used to capture 

variables such as gender, age, household structure and yearly household income 

among others. 

 

Table 5.2 describes the four different PV-powered applications which were presented 

to users in the survey, consisting of two vehicles with integrated PV cells and two 

solar charging stations (see also Figure 5.2).  
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TABLE 5.2: USER SURVEY – PRESENTED MOBILITY APPLICATIONS 

Application Description Cost Range 
Charging 

Speed 

Sono Sion  A solar-powered electric car developed by 

German company Sono Motors with solar 

panels integrated with the car’s roof, bonnet, 

doors and back. 

€25.500  

(est.) 

225 km 
(est.) 

[183] 

- 

Lightyear 

One  

A solar-powered electric sports car 

developed by Dutch start-up Lightyear with 

solar panels located on the car’s bonnet, 

roof and back. 

€149.000 

(est.) 

575 km 

(est.) 

[183] 

- 

Fastned  Fastned operates over 100 superfast EV 

charging stations in the Netherlands, 

Germany and the UK. The charging stations 

have integrated solar panels which produce 

part of the electricity used for charging EVs. 

€0,59 per 

kWh 

- Up to  

150 kW 

SECAR  
e-Port 

A solar carport developed by Austrian 

company SECAR with solar panels on its 

roof which produce electricity for charging 

EVs as well as shading them from the sun 

while they are parked. The e-Port has a 

modular design that can be adapted for 

charging one or several EVs. 

€0,40 per 

kWh (est.) 

- Up to  

22 kW 

 

 

 

 
Figure 5.2 PV-powered mobility solutions evaluated during the user survey. Clockwise from 

top left: Sono Sion, Lightyear One, SECAR e-Port and Fastned charging stations. 
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The four applications shown in Table 5.2 and Figure 5.2 were selected because they 

represent some of the few examples of solar-powered mobility which are at an 

advanced development stage or already available on the market at the time of writing.  

Data collection for this study was carried out using the Qualtrics web-based survey 

environment, which made it possible to easily distribute the questionnaire to a large 

number of respondents. An important issue with user studies involves the 

responsible management of datasets and the adequate protection of personal 

information. To avoid any potential conflicts on this issue, data protection policies 

were managed in coordination with the University of Twente’s ethics committee, 

placing special care in complying with the European Union's GDPR regulations. 

The survey was initially focused on EV drivers in the Netherlands but was later 

extended to potential respondents in other locations to increase the respondent 

sample size; for this reason, the online questionnaire was distributed in both English 

and Dutch. 

A pilot version of the questionnaire was first tested with the participants of a 

workshop on PV-powered mobility in October 2020 to identify possible 

improvements or corrections. Additionally, both companies developing solar-

powered EVs were contacted to corroborate the descriptions presented in the survey, 

including driving range and expected market price. The validated survey was then 

active from November 2020 to January 2021. Respondents were contacted through 

driving associations, online forums on electric vehicles and social media platforms 

such as LinkedIn and Twitter.  

 

5.3 | Survey Results 
 

This section presents the results of the conducted survey starting with descriptive 

statistics and followed by statistical significance tests and regression modelling, both 

of which was carried out using the SPSS statistics software. 

A total of 108 respondents took part in the online survey. Several answers were 

excluded from any further analysis due to incomplete or inconsistent data 2, resulting 

in a final number of 86 responses. The aim of this study is therefore not to 

characterise a representative sample of potential adopters for these applications but 

rather to present exploratory findings on possible user preferences.  

 
2 This mostly includes respondents who did not complete the survey, had missing answers 
or indicated driving a different type of car (e.g. plug-in hybrid, fuel cell, etc.). 
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5.3.1 Descriptive Statistics 

Table 5.3 presents the demographic composition of the respondent sample.  It is 

possible to see that the majority of respondents are male (84%), highly educated 

(76%) or with a relatively high income (59%). This is consistent with the results of 

two recent surveys on EV drivers [184] and people interested in electric mobility in 

the Netherlands [185], indicating that this is the market segment currently interested 

in electric mobility.   
 

TABLE 5.3: USER SURVEY – SAMPLE COMPOSITION 

Gender   Education  

    Male 84%      High School 4% 

    Female 10%      Bachelor’s Degree 20% 

       Master’s degree or higher 76% 

Age Group     

    0 - 30 24%  Household Structure  

    31 - 40 28%      Single (no children) 15% 

    41 - 50 23%      Single parent 0% 

    51 - 60 16%      Couple (no children) 35% 

    60+ 10%      Couple with children 48% 

       Other 3% 

Annual Income     

    Less than €12.500  3%  Cars in Household  

    €12.500 - €26.200 8%      None 19% 

    €26.201 - €38.800 10%      One 34% 

    €38.801 - €65.000 21%      Two 37% 

    €65.001 - €75.500 20%      More than two 10% 

    More than €75.500 39%    

 

As a result of the survey distribution process, nearly half (49%) of respondents were 

from the Netherlands, but there was also significant participation from countries 

such as Australia (11%), Germany (8%) and Belgium (6%). The remaining responses 

originated from a diverse group of countries including China, Japan, France, the 

United Kingdom, Spain, Portugal, Italy, the United States, Canada and Mexico.  

 

Electric Vehicle Use – Regarding their experience with driving EVs, 27% of 

respondents have never driven an EV while 41% have only occasionally used an EV. 

mong the remaining 33% who do own an EV, most have owned their vehicle for 

more than four years (10%), followed by 1-2 years (9%) and less than one year (7%). 
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Regarding vehicle ownership, a majority of respondents (67%) indicated that they 

privately owned their EV followed by business leasing (17%), private car-sharing 

(13%) and private leasing (3%). Notably, 62% of people who indicated driving an 

EV have at least two vehicles at home compared to 38% of people who do not own 

an EV.  

Figure 5.3 shows the average weekly distance respondents travelled with their 

personal vehicle. Notably, more than 35% of respondents travelled less than 100 km 

each week which is well below the average daily distances reported in several 

countries [96], [99] as well as recent studies on EV drivers in the Netherlands [178]. 

These comparatively small driving distances could be a result of the COVID-19 

global pandemic, where lockdowns forced a large number of respondents to stay at 

home and change their car usage habits.  

 

Figure 5.3 Histogram showing weekly distance travelled by the survey respondents; the 

dotted line shows the distance travelled by Dutch drivers in 2019 [178]. 

 

PV Ownership and Environmental Attitude – 42% of respondents reported 

owning a rooftop PV system at home. This is a relatively high share considering that 

on average only 26% of Dutch people interested in electric mobility [185] and 5% of 

Dutch households currently have residential PV [186]. Nearly half (48%) of 

respondents also indicated having an energy contract that specifically includes 'green’ 

electricity. This partly overlaps with PV owners but also includes a significant number 

of respondents who do not have PV at home. 
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Table 5.4 below shows the survey response to some of the attitude questions on 

environmentally-friendly or sustainable behaviour using a 5-point Likert scale. A 

majority of respondents indicated being mindful of their environmental impact when 

travelling (62%) and using energy at home (79%), with 70% willing to pay a higher 

price for more sustainable products.  
 

TABLE 5.4: SELECTED ENVIRONMENTAL ATTITUDE STATEMENTS 

Statement 
Strongly 

Disagree 
Disagree 

Neither 

agree nor 

disagree 

Agree 
Strongly 

Agree 

(1) Being environmentally responsible is 

very important to me 
0% 0% 5% 38% 57% 

(5) I think everyone should behave in an 

environmentally friendly way 
0% 2% 8% 41% 49% 

(7) Environmentally friendly behaviour 

does not fit my current living situation 
35% 44% 10% 7% 3% 

(9) I would buy a more environmentally 

friendly product even if it is more 

expensive 
1% 7% 22% 48% 22% 

(11) I always try to use energy at home 

as efficiently as possible 
0% 6% 15% 51% 28% 

(12) I always pay attention to 

environmental friendliness in my travel 

behaviour 

3% 9% 26% 43% 19% 

* Responses for all 13 attitude questions can be found in Appendix E. 

 

Evaluation of Mobility Applications – Figures 5.4 and 5.5 respectively show 

respondents’ overall impression of each of the four mobility applications as well as 

their likelihood to adopt them on a 5-point Likert scale. This was defined as the 

likelihood to purchase or lease one of the vehicles (i.e. the Sono Sion or the Lightyear 

One) in the next five years or the likelihood to use the charging services (i.e. Fastned 

and the e-Port) in the next year. 

As expected, while the impression of all applications is mostly positive, the likelihood 

of adopting them is comparatively lower. This is more evident for the Lightyear One 

which at an expected market price of €149.000 is well beyond the financial reach of 

most respondents. Results for the Sono Sion, however, are remarkably close to the 

likelihood to buy an electric vehicle (26%) reported on a recent Dutch survey [187]. 

Responses towards both solar charging stations, on the other hand, were found to 

be significantly more positive with 48% of respondents being likely to use the e-Port 

and 33% being likely to use Fastned stations. While this difference could be attributed 
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to the former's lower cost (€0,40 per kWh compared to Fastned's €0,59 per kWh), it 

is important to consider that there is a trade-off between cost and charging speed 

between both applications since Fastned can charge at over 100 kW while the e-Port 

has a maximum charging power of 22 kW. From the survey results, however, it is 

difficult to determine whether the respondents took this trade-off into account. 

Table 5.5 shows the respondents’ evaluation of specific attributes for each 

application. There is a general agreement among respondents that all applications will 

reduce their environmental impact, as well as on the applications’ visual 

attractiveness. An exception to the latter assessment was observed for the Sono Sion, 

although most respondents indicated the vehicle will save them money in the long 

run; this could indicate that this application will be valued on sustainability and cost-

effectiveness rather than appearance. Interestingly, with the exception of the 

Lightyear One, there was not a clear consensus among respondents on whether the 

cost of these applications is too high. 

  
 

Figure 5.4 Respondents’ overall impression of the presented mobility applications 
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Figure 5.5 Respondents’ likelihood to adopt (purchase/lease/use) each of the presented 

mobility applications 

TABLE 5.5: SOLAR MOBILITY SOLUTIONS – ATTRIBUTE EVALUATION 

Application 
Strongly 

Disagree 
Disagree 

Neither 

agree nor 

disagree 

Agree 
Strongly 

Agree 

Sono Sion      

    Environmental impact reduction 3% 9% 7% 49% 31% 

    Long-term money savings 2% 9% 21% 41% 27% 

    High purchasing cost 9% 26% 43% 17% 5% 

    Attractive appearance 13% 37% 26% 22% 2% 

    Independence from plug-in charging 5% 16% 21% 49% 9% 

Lightyear One      

    Environmental impact reduction 5% 8% 10% 55% 22% 

    Long-term money savings 21% 36% 22% 13% 8% 

    High purchasing cost 7% 8% 13% 23% 49% 

    Attractive appearance 2% 7% 21% 40% 30% 

    Independence from plug-in charging 1% 6% 20% 51% 22% 

Fastned      

    Environmental impact reduction 3% 18% 25% 45% 10% 

    High charging cost 3% 13% 40% 35% 10% 

    Attractive appearance 0% 8% 18% 55% 20% 

    Reduced convenience compared to   
    other charging stations 

20% 18% 48% 15% 0% 

SECAR e-Port      

    Environmental impact reduction 5% 0% 18% 53% 25% 

    High charging cost 3% 15% 43% 40% 0% 

    Attractive appearance 5% 3% 23% 58% 13% 

    Reduced convenience compared to   
    other charging stations  

2% 25% 53% 18% 3% 
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Solar EV ‘Version’ – As shown in Figure 5.6, 88% of respondents indicated they 

would be willing to pay more for a version of their vehicle with integrated solar cells, 

equivalent in most cases to up to an additional 10% of the original vehicle's 

purchasing cost. 

Figure 5.6 EV drivers’ willingness to pay an additional cost for a 'solar’ version of their 

vehicle 

Comparing the market price [183] of each respondent’s EV model with their 

indicated response, it is possible to estimate that this additional cost amounts to an 

average of €2.150, with values ranging between €850 and €4.480. While these values 

are only indicative due to the small sample size (N = 38), they can provide an initial 

estimate of the perceived added value of integrated PV cells on electric vehicles.   

5.3.2 Influence of residential PV ownership 

In addition to the descriptive statistics results presented in the previous subsection, 

the specific impact of PV ownership on respondents’ EV experience and their 

likelihood to adopt (purchase/lease/use) the solar mobility applications was 

statistically analysed. 

Figure 5.7 shows respondents’ experience with EVs comparing those who own a 

residential PV system and those who do not. It can be seen that both groups have 

different levels of experience with EVs, with a majority of PV owners having driven 

an EV at least occasionally (33%) or owning an EV outright (64%), as opposed to 

other respondents who have mostly never driven an EV (44%) or only driven one 

occasionally (46%). This difference among both groups was found to be statistically 

significant using a statistical t-test (t = 6.54, df = 84, p<0.001). 

The results of a statistical analysis of other variables of interest can be seen in Table 

5.6. Perhaps unsurprisingly, significant differences between both groups were found 

in several environmental attitude statements including (1) the importance of being 

‘environmentally responsible’, (8) paying attention to sustainability when purchasing 
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appliances and (11) efficient energy use at home. Demographic indicators such as age 

and income were also found to be significantly different among both responder 

subsets; regarding respondents’ likelihood to adopt the presented mobility solutions, 

the only significant difference was observed for the Lightyear One.  

 
Figure 5.7 Experience with EV use among respondents with and without a residential PV 

system 

TABLE 5.6: RESIDENTIAL PV OWNERSHIP – T-TEST RESULTS 

Variable  Test Statistic 
p-value  
(2-tailed) 

Age ** t = 5.114 (df = 78) <0.001 

Annual Income * t = 2.018 (df = 78) 0.048 

Household Structure t = 1.583 (df = 78) 0.147 

Experience with EV use ** t = 6.542 (df = 84) <0.001 

Env. Attitude (8) - Attention to 

sustainability when purchasing appliances * t = 2.376 (df = 84) 0.020 

Env. Attitude (13) - Peers’ opinion on 

using public transport as much as possible* t = -2.199 (df = 66)  0.031 

Likelihood to Adopt   

    Sono Sion t = 1.795 (df = 84) 0.076 

    Lightyear One * t = -2.048 (df = 84) 0.044 

    Fastned Stations t = -0.420 (df = 40) 0.968 

    SECAR e-Port t = 1.037 (df = 38) 0.307 

                - Results for all other variables can be found in Appendix E. 
                 * Significant at 95% level.  
                 ** Significant at 99% level. 
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5.3.3 Logistic Regression Modelling 

In addition to the previous results, a regression analysis using a binary logit model 

was carried out. This type of model can estimate the probability of a binary response 

variable (in this case whether a respondent is likely to adopt (purchase/lease/use) 

one of the mobility applications) based on several predictor variables. Although an 

ordinary logit model would in principle be more suitable for this type of question, 

due to the small sample size a binary logit model was selected instead. 

For this purpose, survey responses involving the likelihood to adopt the applications 

were classified into two groups (‘likely’ and 'neutral or unlikely’), and based on the 

analysis shown in the previous sections the following variables were selected as 

predictors:  

• Annual Household Income 

• Experience with EV use 

• Type of Electricity Contract 

• Residential PV Ownership 

• Environmental attitude statements: 

▪ (1) - Importance of being ‘environmentally responsible’ 

▪ (5) - Sustainable behaviour expected from everyone 

▪ (8) - Attention to sustainability when purchasing appliances 

▪ (9) - Paying more for a sustainable product 

▪ (12) - Sustainability in travel behaviour 

• Likelihood to purchase or lease a vehicle in the near future 

Avoiding multicollinearity (i.e. a strong association between two predictor variables) 

is an important condition in regression modelling to ensure that all predictor variables 

are independent of each other. Therefore, the correlation between these variables 

was investigated as a preliminary step.  

Overall, while some variables were found to be significantly correlated with each 

other (particularly between some of the attitude statements), none of these were 

strong correlations (i.e. Pearson coefficient > 0.65) meaning that the non-

multicollinearity condition is satisfied. A full correlation matrix including all variables 

can be found in Appendix E. 
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Table 5.7 presents the parameters from the resulting regression model for the Sono 

Sion which had a log-likelihood of 60.07 and a Nagelkerke R Square of 0.45, 

indicating a moderately good fit to the input data. Four parameters were found to be 

significant; these are in order of impact: 

• Environmental Attitude (9) – Paying more for a more sustainable product  
(𝛽 = 1.86) 

• Likelihood to purchase a vehicle (𝛽 = 0.68) 

• PV Ownership (𝛽 = -2.41) 

• Electricity – ‘Green Contract’ (𝛽 = -3.41)  
 

TABLE 5.7: BINARY LOGIT MODEL PARAMETERS – SONO SION 

Variable Estimate (𝜷) 
Standard 

Error 
Wald df p-value 

Income (High)   1.79  2 0.409 

Income (Low) 0.66 1.09 0.37 1 0.545 

Income (Mid) -0.96 1.01 0.90 1 0.342 

EV experience (None)   1.79 2 0.408 

EV experience (Occasional) 0.19 1.02 0.04 1 0.851 

EV experience (Own) -1.23 1.27 0.94 1 0.332 

Electricity (Don't know)   6.09 3 0.108 

Electricity (Energy co-op) -1.10 2.11 0.27 1 0.604 

Electricity (‘Green’ contract) -3.41 1.72 3.96 1 0.047 

Electricity (‘Grey’ contract) -1.30 1.38 0.89 1 0.346 

PV -2.41 1.18 4.17 1 0.041 

Env. Attitude (1) -0.14 0.85 0.03 1 0.867 

Env. Attitude (5) -0.40 0.72 0.32 1 0.579 

Env. Attitude (8) -0.30 0.53 0.33 1 0.563 

Env. Attitude (9) 1.86 0.81 5.32 1 0.021 

Env. Attitude (12) -0.72 0.47 2.33 1 0.127 

Likelihood to Purchase 0.68 0.26 6.68 1 0.010 

Likelihood to Lease 0.30 0.20 2.27 1 0.132 

Constant -0.13 4.62 0.00 1 0.977 

 

 

Similar model results for the Fastned charging stations and the SECAR e-Port can 

be found in Appendix E. It is important to mention that since these applications were 

only shown to respondents who indicated owning an EV, the sample size used for 

estimating these two models is comparatively smaller and results should be 

interpreted with caution. Finally, a statistically significant regression model for the 
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Lightyear One could not be estimated given the small number of respondents who 

indicated a positive likelihood to adopt this application in the near future.  

 

 

5.4 | Discussion 

 

As with any statistically-based study, the robustness of the presented results depends 

on how accurately the obtained sample represents the target population. Although 

the number of responses (N = 86) is comparatively lower than the approximately 

400 responses required for an accurate representation of the EV driving population, 

it is worth considering that given the novelty of these applications there is still a low 

level of awareness among the general public and gathering a large volume of 

responses is difficult. These results therefore offer an initial exploration into the 

needs and motivations behind the user adoption of solar-powered mobility 

applications.   

Beyond the specific results for the four presented applications, the survey shows that 

a majority of respondents do see an added value in solar-powered vehicles, with 88% 

indicating they would be willing to pay more for a version of their current vehicle 

which had integrated solar cells on it. Further validation of these results in surveys 

with larger sample sizes could involve comparing solar-powered mobility 

applications with electric mobility in general through stated choice experiments, 

following a similar approach to existing studies which have compared EVs 

themselves to ICE vehicles [165], [188]. 

Another key factor that needs to be considered when interpreting the presented 

results is the complexity of decision-making processes involved in transport use and 

car ownership. One respondent, for instance, mentioned not owning a car and only 

using car-sharing with different EV models while another indicated being a ‘transit-

oriented’ person with no intention to ever own a personal vehicle. Future studies on 

this topic should therefore analyse the behaviour of car owners and non-car owners 

separately as the decision-making process of these two groups is likely to be different. 

Finally, it is worth mentioning that obtaining a larger sample can make it possible to 

use other tools such as principal component analysis and cluster analysis which are 

commonly applied in transport research [179]. Additional qualitative results can be 

also obtained through semi-structured interviews or focus groups where respondents 

can be introduced in further detail to solar-powered mobility applications in order to 

obtain a more comprehensive impression of each solution. The key issues covered in 
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these interviews can then be identified using grounded theory analysis, following a 

similar approach as previous studies on electric mobility [168].  

 

5.5 | Conclusions 
 

The results of this user study show that in general, while respondents tend to have a 

positive perception of the presented PV-powered mobility applications, their 

likelihood to adopt them in the near future appears to be relatively low. This is 

especially the case for the two vehicles, which is not surprising given that purchasing 

or leasing a new vehicle requires a stronger commitment than using a charging 

station, making comparisons between both types of applications difficult. Despite 

this low likelihood to adopt, a majority of respondents indicated they would be willing 

to pay slightly more for a version of their vehicle with integrated solar cells. 

A binary regression analysis of the survey responses for one of these applications, 

namely the Sono Sion, found that factors such as owning a residential PV system, the 

type of household electricity contract (e.g. ‘green’ or ‘grey’ energy) and some pro-

environmental attitudes can have a significant impact on the willingness to adopt this 

application. Notably, a significant difference in EV ownership in general was found 

between respondents with residential PV and respondents without it, indicating a 

positive relationship between the use of solar energy at home and an interest in 

electric transport.  

Overall, the presented results offer an initial indication of user needs and motivations 

regarding solar-powered mobility applications in an international context. In order to 

yield more robust results specifically for the Dutch market, this survey should be 

conducted with a sample of at least 400 Dutch respondents with various backgrounds 

and different incomes, or larger samples if user segmentation is to be done. A larger 

sample size can also enable the use of other analytical tools used in transport research 

such as principal component analysis, cluster analysis and stated choice experiments. 
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Simulation-supported testing of 

HEMS prototypes 

 

 

 

 
This chapter is based on the following publication:   

 
A. Sierra, C. Gercek, S. Übermasser and A.H.M.E. Reinders. Simulation-supported testing of smart energy product 

prototypes. Applied Sciences, vol. 9, no. 10, pp. 2030, May 2019. 
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6 

Simulation-supported testing of HEMS 

prototypes 
 

This chapter presents the results of a dual analysis of three home energy management 

system (HEMS) concepts. In the first stage of this analysis, the operation of each 

prototype in response to different energy demand and PV production profiles was 

tested using a laboratory simulation environment as well as a series of scenario-based 

simulations. This was followed by end user testing in a real-life environment which 

also served as a validation for the modelled scenarios.   

 

6.1 | Introduction 
 

Within the framework for the development and implementation of sustainable 

energy systems, smart energy products and services (SEPS) are set to play a key role. 

These solutions can support the active participation of end users in balancing energy 

demand and supply in the electricity network [189] by creating an environment where 

energy use is flexible [190]–[192], efficient, reliable [193], sustainable and cost-

effective [65]. Examples of SEPS include smart meters, smart appliances, electric and 

fuel cell vehicles [194], [195], residential energy storage systems [196], [197], and 

home energy management systems (HEMS) [48] among others.  

The widespread implementation of HEMS in particular could enable a greater 

interaction between end users, home appliances and energy suppliers, facilitating 

energy efficiency, local production and energy trading with the grid to improve the 

effectiveness of demand response strategies and reduce the required capacity for local 

energy storage [46], [198]. This is especially important for households with local 

energy generation (such as rooftop PV systems), where HEMS can help use the 

generated energy more efficiently and increase local self-consumption. While HEMS 

require a more active involvement from users, existing applications currently face 

limited user acceptance, with users frequently finding these products difficult to 

understand and interact with [54], [199], [200]. There is therefore a need to develop 
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more innovative HEMS that facilitate this role by achieving a better match with user 

expectations and demands. 

Testing methods such as co-simulation and scenario-based simulations can be useful 

tools for quickly evaluating the technical functioning and preferred user interaction 

with a new HEMS design during its early development stages. Co-simulation is a 

method where several subsystems are simulated independently and then coupled 

together to analyse the entire system and the interactions between its components, 

making it possible to quickly and accurately model complex, heterogeneous systems 

by using the simulating tools native to each subsystem [59], [201]. The use of co-

simulations for modelling smart energy systems has been explored in the literature 

[201]–[203] but there is still little evidence of its application with HEMS prototypes. 

Scenario-based simulations, on the other hand, can use existing energy profile 

datasets to replicate real-life conditions without the need to carry out field tests, 

although it is important that the used data accurately reflects system behaviour 

observed in practice. Relevant examples of these tests applied to smart energy 

systems include the scenario-based simulations found in [204]–[206] as well as the 

user tests conducted by [207], [208].   

 

6.2 | Developed HEMS Prototypes 

 

Prototypes for three conceptual HEMS designs (shown in Figure 6.1) were 

specifically developed for this study, consisting of devices with visually appealing 

forms which measure energy production and consumption data from a household 

smart meter. This data can be then displayed to users through simple, intuitive visual 

feedback such as LED colouring and brightness which is updated at regular intervals 

to indicate how household performance changes through time and in response to 

users’ actions.   

The autonomous operation of all prototypes was made possible through the use of 

Raspberry Pi microprocessors together with a Python script which was used to 

periodically obtain energy data from a smart meter, calculate the required key 

indicator(s) and set LED properties accordingly. The operation of the three 

developed concepts is described in further detail below:   
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Figure 6.1 SEPS prototypes developed for this study. From left to right: CrystalLight, Bodhi 

and LightInsight. 

6.2.1 Bodhi  

Bodhi is an arrow-shaped ‘energy budget’ indicator that can show users how a 

household’s energy use compares to a predetermined daily or weekly budget through 

LED colouring. The relationship between actual and planned consumption during a 

given interval is determined through a budget ratio (𝑅𝐵) which is defined as:  

𝑅𝐵 =
𝐸𝑐𝑢𝑚

(𝑗/𝑁) ∗ 𝐸𝐵
 (6.1), 

 

where 𝐸𝑐𝑢𝑚 is the cumulative energy consumption in the current period (in kWh), 𝑗 

is the interval number, 𝑁 is the number of intervals in a period and 𝐸𝐵 is the total 

energy budget for a given period (in kWh). An 𝑅𝐵 between 0.95 and 1.05 will indicate 

that users are ‘on budget’ (corresponding to purple LED lighting); values greater than 

1.05 will correspond to an ‘over budget’ state (orange lighting) while values below 

0.95 will indicate the household is ‘under budget’ (aqua lighting).  

 

6.2.2 CrystalLight  

CrystalLight is a smart home ornament that can act as a virtual energy storage system: 

each day, electricity produced by a household’s PV system will make its LEDs 

brighter (‘charging’ the ornament) while electricity consumption will gradually dim 

them. The state of charge (𝑆𝑂𝐶𝑖) for this ‘battery’ at each measurement interval is 

therefore calculated as:  
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𝑆𝑂𝐶𝑖 =
𝑆𝑂𝐶𝑖−1 + (𝐸𝑃 − 𝐸𝐶)

𝐶𝑚𝑎𝑥
 (6.2), 

where 𝐸𝑃 (kWh) and 𝐸𝐶 (kWh) are the produced and consumed energy during a given 

interval and 𝐶𝑚𝑎𝑥 denotes the total ‘battery’ capacity (kWh). The battery state of 

charge will be converted into a brightness value between 0 and 100% for the 

prototype lights; if at any given interval the charge value becomes negative, it will be 

automatically set to zero to simulate an ‘empty’ battery. Likewise, if the state of charge 

becomes greater than 100%, charge will be set to 𝐶𝑚𝑎𝑥 to simulate a ‘full’ battery. 

 

6.2.3 LightInsight  

LightInsight is a small cylindrical dial that can give users information on the balance 

between a household’s energy production and consumption during the day through 

LED lighting. Four different feedback states are possible: net energy production 

(indicated with green lighting), net consumption (red), transition from net production 

to consumption (yellow) and transition from net consumption to production 

(rainbow). These states are determined by an energy ratio (𝑅𝐸) simply defined as:  

𝑅𝐸 =
𝐸𝑃

𝐸𝐶
 (6.3), 

where 𝐸𝑃 and 𝐸𝐶 are the produced and consumed energy during a given interval in 

kWh. Figure 6.2 summarises the different feedback mechanisms used by the 

developed HEMS prototypes.  

 
Figure 6.2 Visual representation of the lighting feedback provided by each of the 

developed HEMS prototypes: (a) Bodhi, (b) CrystalLight and (c) LightInsight. 
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6.3 | Prototype Simulations 
 

Simulating each HEMS prototype’s operation was carried out in two stages: a simple 

testing sequence with varying energy production and consumption values was first 

conducted in a laboratory simulation environment to provide a reference for the 

prototype’s operation and ensure that its feedback algorithms are functioning 

properly. The second stage then modelled four use scenarios to study how prototype 

feedback would respond to different situations which can be encountered in real-life 

situations.  

 

6.3.1  Laboratory Simulations  

A series of short testing sequences were developed to validate prototype operation 

using the simulation environment from the Smart Electricity Systems and 

Technology Services laboratory (SmartEST Lab) at the Austrian Institute of 

Technology (AIT) [209]. In these tests, energy production and consumption were 

independently simulated to model different system states which were interpreted by 

each prototype in order to set its LED properties accordingly. This was achieved 

through the following process:  

• Energy generation was modelled using a DC voltage/current source which 

simulated a residential PV system. Energy consumption, on the other hand, was 

modelled using an RLC controllable load which consumed the generated power 

or drew power from the local grid whenever consumption exceeded generation.  

• The laboratory’s main measurement system then integrated these two inputs and 

periodically passed them on to the HEMS prototype using a communication 

infrastructure consisting of a custom-built middleware application linking both 

components.  

• The prototype used this information to calculate its key indicator(s) and set the 

corresponding LED properties at regular intervals.   

 

Figure 6.3 shows the testing setup used in the simulation environment.  
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Figure 6.3 HEMS testing process used in the AIT simulation environment. 

 

Using the simulation environment to test these simple sequences on each of the three 

HEMS prototypes yielded the following results:  

  

Bodhi – The testing sequence for this prototype involved a gradual increase in 

cumulative energy consumption relative to an arbitrary energy budget. Figure 6.4 

shows how the prototype’s lighting reacted to this sequence going from the ‘under 

budget’ state (left) to the ‘on budget’ (centre) and ‘over budget’ (right) feedback states.

  

 

 
Figure 6.4 Time-lapse showing Bodhi’s lighting transitions through all three feedback states 

 

CrystalLight – This prototype was tested by simulating a charge-discharge cycle 

where surplus energy initially ‘charges’ the prototype after which household 

consumption ‘discharges’ it. Figure 6.5 shows different stages of the modelled 

charge-discharge cycle, where the prototype’s LED brightness gradually increased 

before reaching its maximum intensity level, then becoming dimmer until the ‘empty 

battery’ state was attained.   
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Figure 6.5 Time-lapse showing CrystalLight at different stages of a charge-discharge cycle 

 

LightInsight – The four system states for this prototype were tested by varying the 

simulated energy production while maintaining the simulated energy consumption at 

a constant value. The visual feedback from this sequence can be observed in Figure 

6.6, where the value of 𝑅𝐸 gradually increases from 0.9 to 1.1 (images 1-3) before 

decreasing back to its initial value (images 3-5). 

 
Figure 6.6 Time-lapse showing each of LightInsight’s feedback states 

 

6.3.2   Scenario-based Simulations  

The operation of each prototype was further tested by using existing production and 

consumption datasets to model several use scenarios. Four different scenarios were 

created by combining summer and winter load curves with PV production data 

reflecting ‘adequate’ or ‘inadequate’ performance according to weather conditions; all 

sources have 1-min resolution and cover a 24-hour period. The following four 

scenarios were modelled: 

1. Summer Load Profile, Inadequate PV Production  

2. Summer Load Profile, Adequate PV Production  

3. Winter Load Profile, Inadequate PV Production  

4. Winter Load Profile, Adequate PV Production  

 

Figure 6.7 shows the daily profiles for energy production and consumption in each 

scenario. 
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Figure 6.7 Energy profiles for the four modelled scenarios, showing consumption in orange 

and production in green. Clockwise from top left: Scenario 1 (Summer Load, Inadequate PV), 

Scenario 2 (Summer Load, Adequate PV), Scenario 4 (Winter Load, Adequate PV), Scenario 

3 (Winter Load, Inadequate PV). 

Since the prototypes were designed to periodically read energy data from household 

smart meters, a Python script which replicated this process was created. This script 

used a series of data points, each consisting of a pair of values for energy 

consumption and energy production, as the main input for the prototype’s feedback 

algorithm (see Figure 6.8).  

 
Figure 6.8 Scenario-based simulation process. 
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Carrying out the scenario-based simulations for the three HEMS prototypes yielded 

the following results:  

 

Bodhi – This prototype was tested in only two scenarios, corresponding to summer 

and winter loads, since its operation has no dependence on PV production.  

In the summer scenario, a smooth transition through all three feedback states was 

observed, with energy consumption starting significantly under budget (𝑅𝐵 < 0.95) 

and staying ‘on budget’ for a short interval before remaining consistently over budget 

(𝑅𝐵 > 1.05) for the rest of the day. This is partly due to the shape of the budget ratio 

curve itself, which shows an upward trend with short intervals where 𝑅𝐵 sharply 

increases; these intervals match peaks in household load and are followed by gradual 

decreases as energy use reverts to the baseline load. The set energy budget (𝐸𝐵) also 

had a significant impact on when these transitions took place since it determines the 

balance point between actual and planned consumption where 𝑅𝐵 = 1.   

 

The winter scenario showed a similar trend for the budget ratio throughout the day 

while showing more pronounced increases in 𝑅𝐵 than during the summer scenario, 

as seen in Figure 6.9. Once again, the energy budget was exceeded by the end of the 

day, although this occurred much later; as was the case before this greatly depended 

on the energy budget selected for this scenario.   

 

 
Figure 6.9 Bodhi prototype performance with: (a) a summer load profile (scenarios 1 and 2) 

and (b) a winter load profile (scenarios 3 and 4). Background colour in the figures corresponds 

to the light colour shown by the prototype LEDs; the yellow line indicates the balance point 

between actual and planned consumption.  

 

CrystalLight – During Scenario 1, this prototype spent the vast majority of the day 

at full discharge, only charging during a few short intervals between 7:30 and 11:00 

where the maximum charge (set at 15 Wh) was quickly reached and then consumed. 
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This should not be surprising considering that energy consumption consistently 

outperforms production in this scenario.  

In Scenario 2, the prototype quickly ‘charged’ between 7:00 to 10:00, remaining at 

full charge for around five hours before gradually discharging for the rest of the day 

(see Figure 6.10, left). As expected, performance was significantly better than in the 

previous scenario; the only times in which a full discharge occurred were the early 

morning hours where PV production had not yet started.  

The combination of poor PV production and a high energy demand in Scenario 3 

resulted in the prototype being fully discharged for the entire day. This means that 

from the user’s perspective the product’s lights would be constantly off.  

Finally, in a similar way to Scenario 2, on Scenario 4 the prototype went through a 

charge-discharge cycle during the daytime, with a second shorter charging phase in 

the early afternoon (see Figure 6.10, right). The discharge phases were faster in this 

case, with the ‘battery’ emptying completely by 18:00. Maximum charge was set at 

4000 Wh, which explains why the charging phase abruptly stopped at around 11:00. 

  

Figure 6.10 CrystalLight prototype performance during: (a) Scenario 2 and (b) Scenario 4. 

LED intensity, corresponding to the prototype’s state of charge, is shown on the right. 

 

LightInsight – The prototype’s ‘net consumption’ state took place around 93% of 

the time on Scenario 1, the only exception being several short periods of ‘net 

production’ between 6:00 and 13:00 (see Figure 6.11, left). The two proposed 

transition states (corresponding to ‘rainbow’ and ‘yellow’ LED lighting) were 

extremely rare, each occurring less than 1% of the time. This is due to the rapid 

changes observed for 𝑅𝐸 which hardly fell within the transition range (0.95 < 𝑅𝐸 < 

1.05).  



 

Chapter 6 |  127 

 

As expected from the increased PV production in Scenario 2, ‘net production’ 

periods were much more frequent, now amounting to around 40% of the total 

intervals and lasting longer on average. The energy ratio was also significantly higher 

both on average (𝑅𝐸 = 1.7 compared to 0.3 from Scenario 1) and on its maximum 

value, exceeding 𝑅𝐸 = 10 on several occasions. Transition states occurred even less 

frequently than on Scenario 1, accounting for only 0.9% of the total intervals.  

The performance of this prototype in Scenario 3 matched the observations made for 

the CrystalLight prototype, since the low values of 𝑅𝐸 failed to approach the 

transition range and red lights were shown the entire day. On Scenario 4, however, 

there were a few hours around noon where the ‘net production’ state occurred with 

little to no interruption (see Figure 6.11, right). Transition states were less frequent 

than in any other scenario, with only two ‘yellow’ intervals (0.14%) and one ‘rainbow’ 

interval (0.07%) during the entire day. The prototype performed better than in 

Scenario 3 as expected but a better performance than in Scenario 1 was also achieved, 

showing that good PV production seems to have a more significant impact on this 

prototype’s feedback than changes in household consumption.  

Figure 6.11 LightInsight prototype performance during: (a) Scenario 1 and (b) Scenario 4. 

Background colour corresponds to the light colour shown by the prototype LEDs; the yellow 

line indicates the balance point between energy consumption and production.  

 

6.4 | End User Testing 
 

In order to compare the results from scenario simulations to a real-life situation, the 

prototypes were briefly tested with end users. The tests were conducted in two 

phases:  

• Phase 1 – Reference Measurements: This phase was used to create a benchmark 

for evaluating the effectiveness of each prototype during the second phase. 



 

128  | Chapter 6 

 

Household energy production and consumption were measured at 15-minute 

intervals by connecting a Raspberry Pi unit directly to the household’s smart 

meter.  

• Phase 2 – Prototype Testing: Users were presented with a brief description of the 

prototypes as well as a short demonstration of their operation, after which one of 

the prototypes was installed in their home. Users were then left to freely interact 

with the prototype for several days; during this phase there was constant 

monitoring of energy consumption and generation with the prototypes capturing 

data from smart meters at 15-minute intervals.   

 
Figure 6.12  End User Testing setup during Phase 1 (a) and Phase 2 (b) 

 

Two of the three developed prototypes (Bodhi and LightInsight) were tested by end 

users 3 with the following results:  

 

Bodhi – The performance of this prototype revealed that the selected energy budget, 

which was based on the household’s average consumption during the previous week, 

greatly overestimated the actual energy use during testing. Consumption during the 

morning of the second day of the testing period was much higher than expected but 

then sharply decreased, transitioning through all three feedback states and remaining 

on the ‘under budget’ state for the rest of the day and the next two full days as well. 

Due to the short length of the testing period, it is hard to determine whether this 

decrease in consumption can be attributed to the users’ reaction to the prototype or 

if there was influence from other factors.  

 
3 The CrystalLight prototype was not tested since there was only one available household 
with both a smart meter and a rooftop PV system at the testing location. 
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Despite this overestimation, it is still possible to see that most daily budget ratio 

profiles follow a similar pattern consisting of an overall increasing trend with short 

intervals where 𝑅𝐵 increases sharply. As was the case with the profiles observed in 

the scenario simulations, these intervals match peaks in household load and are 

followed by smaller gradual decreases as energy use reverts to the baseline load. A 

noticeable exception to this pattern was observed in the first half of the second 

testing day where a decreasing trend took place, as shown in Figure 6.13.   

 
Figure 6.13 Bodhi prototype performance during days 2, 4 and 5 of the testing period. 

Background colour corresponds to the light colour shown by the prototype LEDs; the yellow 

line indicates the balance point between actual and planned energy consumption. 

LightInsight – The performance of the LightInsight prototype during user testing 

showed strong similarities to the patterns observed in some of the simulated 

scenarios, with drastic changes to 𝑅𝐸 taking place in brief periods (see Figure 6.14). 

Peaks are significantly more pronounced in some days than in others, possibly 

indicating sunny or overcast weather.  

The prototype showed red LED lighting for most of the time, with scattered periods 

of ‘net production’ appearing mostly during midday and the early afternoon (11:00-

17:00). The ‘net consumption’ state thus constituted around 86% of the total intervals 

while the ‘yellow’ and ‘rainbow’ transition states, at 1 (0.2%) and 2 (0.5%) intervals, 

rarely took place during testing.  
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Figure 6.14 LightInsight performance during days 1, 2 and 3 of the testing period. 

Background colour corresponds to the light colour shown by the prototype LEDs; the yellow 

line indicates the balance point between energy consumption and production.  

6.5 | Conclusions 
 

The operation of the three HEMS prototypes was successfully tested using a 

simulation environment, proving the usefulness of this tool for quickly and accurately 

validating the operation of SEPS using simulated PV production and load profiles. 

The tests presented a simple, quick visualisation of how these prototypes would 

operate in households without the need to involve the end users themselves. This 

approach can be useful during the early product development phases for rapidly 

testing several modes of operation and determining which one is best suited for 

achieving the intended purpose of a given SEPS.   

Although the proposed testing sequences were relatively simple, they provided a clear 

demonstration of how these HEMS would operate in practice; there is potential for 

improving the accuracy of these tests by designing more complex testing sequences. 

Future simulation testing of the presented concepts should also explore the potential 

for incorporating other methods such as a full co-simulation to obtain more accurate 

results. These tests would require the development of an agent-based model of 

product influence on user behaviour and the resulting impact on the residual load 

profile in order to upscale the physical device to a large number of simulated 

devices.   

The scenario-based simulations and end user testing served as a more extensive test 

on HEMS performance which helped identify some of the advantages and limitations 

of the current designs. For instance, tests on the Bodhi concept helped identify a 
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recurring daily 𝑅𝐵 profile but were limited by inaccurate predictions for the 

household’s energy budget, highlighting the importance of correctly estimating this 

type of parameters during its operation. LightInsight, on the other hand, was able to 

present simple, intuitive information into how energy flows in a household but was 

found to be useful only a small fraction of the day since by definition ‘net 

consumption’ takes place whenever the sun is down. The rapid fluctuations observed 

in the energy profiles also meant that the proposed transition states were extremely 

rare, meaning they should be restructured to better respond to the observed user 

behaviour.   

Overall, the proposed feedback algorithms required only basic energy data to 

determine feedback to users but developing more complex algorithms that use other 

variables as inputs and respond to changes in use patterns could help improve the 

effectiveness of these concepts in the future or even add new functions, such as 

scheduling algorithms for smart appliances [210].   

The scenario-based simulations were also intended to replicate the conditions 

observed during the end user testing. User test performance for 

the LightInsight concept was more closely approximated by Scenario 1 with a root 

mean square error (RMSE) between both datasets of 1.58 followed by Scenarios 3, 4 

and 2 (RMSE = 1.61, 1.96 and 2.43 respectively). For Bodhi, the summer scenario 

(RMSE = 0.31) matched the user tests more closely than the winter scenario (RMSE 

= 0.35). Overall, while the simulations approximated some of the general trends 

observed in the user tests, they are still far from being a significant predictor of 

HEMS operation.   

Comparing HEMS performance during user tests to their reference energy 

measurements, on the other hand, revealed that the concepts did not always seem to 

achieve their intended purpose. Testing on LightInsight resulted in an increase of 

both the average load (25%) and the peak load (3%) compared to the reference phase, 

and a more deficient match between energy supply and demand. User tests with 

Bodhi, on the other hand, had a positive impact since the overall energy consumption 

showed a significant decrease averaging 27% less than in the reference phase. These 

preliminary results can thus show at a glance whether a given concept is working 

adequately, and this information can be used to modify its design during the next 

development phase.  

It is important to consider that the simulated scenarios covered a short period due to 

limited data availability; the use of larger datasets for a longer period could provide a 

more accurate representation of the modelled operating conditions. A previous study 
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on the effectiveness of HEMS in saving energy in households [48] reinforces this 

notion since it had a much larger sample size and a longer duration than the present 

work but still indicated the need for conducting more extensive research into long-

term effects, also pointing out that the initial effectiveness of HEMS feedback tends 

to wear off with time.    

 

In conclusion, the presented testing methods were successful in evaluating the 

potential of HEMS concepts for efficiently using energy in households with 

residential PV systems. These methods also proved useful for identifying possible 

challenges or bottlenecks in the concepts’ design, offering valuable insights which 

can result in significant early improvements and make the product development 

process more efficient. The presented simulation environment can be a good first 

approach for testing and showcasing the operation of SEPS designs in a shorter 

period than with real user tests, with the possibility of obtaining more accurate results 

in the future through a more extensive co-simulation approach.  

In addition to this, scenario-based simulations using existing energy profiles can 

provide an accurate approximation to real-life conditions, revealing flaws or 

limitations which would otherwise come to light later on and would become much 

more difficult to overcome. Since only a limited number of HEMS were tested in the 

present work, it is recommended that these tests are repeated with a wider range of 

concepts as well as with different energy system configurations to enhance the 

robustness of these methods.  
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7 

Conclusions and Recommendations 
 

The work presented in this thesis is aimed at exploring and further developing a 

multidisciplinary design-driven approach for PV-powered applications in the urban 

environment to achieve better-designed products with a higher user acceptance.  

The main research question that this thesis aimed to answer is the following: 

▪ How can a multidisciplinary design-driven approach contribute to the 

development of sustainable PV-powered solutions for the urban 

environment which are more effectively adopted by users? 

 

This main research question is expanded by the following sub-questions: 

1. How can the technical, financial and environmental feasibility of PV-powered 

charging systems be evaluated using a multidisciplinary assessment, and what are 

the results of this assessment in different locations around the world? 

2. What kind of innovative conceptual solutions can be developed for PV-powered 

mobility and which design challenges are they likely to encounter? 

3. What is the perception of (potential) users for PV-powered mobility solutions 

which are already under development or in the market, and what is their likelihood 

to adopt or use these solutions? 

4. What design lessons can be learned from applying a dual approach consisting of 

energy simulations and user testing to conceptual home energy management 

systems? 

 

Figure 7.1 presents an overview of the conducted research activities for both PV 

powered mobility and HEMS in the context of this thesis as well as the corresponding 

research sub-questions answered by each activity.   
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Figure 7.1 Overview of conducted research activities and their relationship to the research 

(sub)questions 

 

The following sections will further elaborate on the key results for each activity by 

following this structure. Thereafter, the main research findings and observations will 

be presented, followed by recommended directions for future research.  

 

7.1 | Conclusions for PV-powered mobility 
 

7.1.1 Feasibility Modelling 

This activity aimed to answer research sub-question 1: 

How can the technical, financial and environmental feasibility of PV-powered charging systems be 

evaluated using a multidisciplinary assessment, and what are the results of this assessment in different 

locations around the world?    
 

The feasibility model introduced in Chapters 2 and 3 was developed to simulate the 

operation of a grid-connected solar EV charging station with local energy storage in 

order to determine this system's energy balance, financial attractiveness and avoided 

CO2 emissions. The model was then used to evaluate the potential of solar EV 

charging stations in eight locations around the world, assuming an EV with a 30 kWh 

battery driving between 26 and 47 km each day in irradiation conditions of  

910 – 1970 kWh/m2. The results from this international feasibility study show that 

with the right combination of battery storage and PV array sizes, the use of PV 
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systems can be a feasible solution for charging EVs from a technical, financial and 

environmental perspective in comparison with both a gasoline-fuelled ICE car and a 

grid-charged EV.  

In general, the model was found to be highly sensitive to the total driving distance 

rather than to the hourly distribution of the driving profile; this is because the total 

distance plays a more important role in defining the vehicle's energy demand than 

the moment when this distance is travelled. This confirms the importance of using 

accurate driving consumption information so that the modelled results can correlate 

to driving behaviour in reality. Additionally, modelling results did not vary 

significantly with larger EV battery capacities meaning that this model could be easily 

extended to a wider range of vehicles. 

The technical evaluation of PV-powered EV charging systems found that, as 

expected, in countries with a consistently high solar irradiance throughout the year 

such as Brazil and Australia, PV-powered EVs can be operated more effectively than 

in countries with a high seasonal variability of irradiance such as the Netherlands and 

Norway.  

Yearly PV electricity shares of 50% and 75% are achievable in nearly all locations 

with PV array sizes in the order of 1 to 1.5 kWp  provided that a 5 kWh battery is part 

of the system. The required PV capacity for a 100% share of PV electricity mostly 

depends on the available solar irradiation during the winter. Although a 100% PV 

share will be difficult to achieve in a few locations without additional local battery 

storage, it is important to consider that 50% and 75% PV shares already achieve a 

significant environmental benefit to these systems at a comparatively lower cost as 

well as significantly reducing the number of grid charging events. 

The economic evaluation showed that grid-only charging scenarios had the highest 

net present value (NPV) in a 10-year period given that no investment in a PV system 

or local storage is needed. More importantly, charging stations with only a PV array 

and no battery storage have in all cases a positive NPV, meaning that these designs 

are already economically feasible while also being able to supply close to 100% solar 

charging on locations with a low seasonal variability of irradiance. 

For systems with both a PV system and battery storage, storage costs were observed 

to have a significantly larger impact than PV costs in the system’s NPV. However, it 

is important to consider that while reducing the size of local storage from the system 

significantly increases its financial attractiveness, this can in some cases come at the 

expense of lower self-consumption and an increase in system CO2 emissions.  



 

138  | Chapter 7 

 

An important aspect to be considered is that construction and interconnection costs 

were not included in the present analysis. These costs could vary significantly 

depending on the location, but a key advantage of PV-powered charging stations 

over conventional EV charging stations is that a smaller grid connection is likely to 

be required, especially if the local energy storage is included in the system. Costs are 

also evaluated from a system perspective but it would be useful to consider the cost 

from the user's perspective as well since this is likely to influence user acceptance of 

these applications.  

Results from the environmental evaluation that in nearly all locations grid-only 

charging resulted in a reduction in CO2 emissions compared to a gasoline-fuelled 

vehicle. PV charging was found to achieve an even greater reduction, corresponding 

to CO2 footprints as low as 12-13 g CO2-eq per km travelled in all locations. The 

results from this evaluation also highlight the importance of using PV for charging 

EVs in locations where grid electricity has a relatively high CO2 emissions intensity. 

In both Chinese locations, where there is at present a high share of coal-fired plants, 

grid-only charging of EVs is found to result in a net increase in generated emissions. 

Conversely, PV charging was also found to cause a small increase in generated 

emissions compared to grid charging in countries with a close to zero-emission grid 

such as Norway.  

It is important to mention that this analysis did not include the vehicle production 

and end-of-life phases, and further work should account for the impact of these 

phases through a life cycle assessment (LCA) or a similar methodology.   

 

The output of both the economic and environmental evaluations was combined to 

calculate the greenhouse gas (GHG) mitigation costs for these systems. This showed 

that grid-only charging and systems without local storage invariably result in a 

negative mitigation cost, meaning they are ‘no-regret’ options where it is possible to 

achieve both a reduction in CO2 emissions and a net financial benefit.     

Overall, the results from the feasibility modelling of solar EV charging stations show 

that in contrast to driving an ICE vehicle, the longer an EV is driven, the more 

affordable solar-powered charging becomes and a higher environmental dividend is 

achieved. The presented results also show the importance of a multidisciplinary 

analysis of these applications since there are instances in which an improvement in 

one aspect of the system can significantly affect another one, setting up a trade-off 

between both aspects that needs to be resolved. 
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The conducted international feasibility analysis also highlights the influence of each 

location's particular context on the feasibility of a solar-powered charging system. 

The design of these systems should therefore not follow a ‘one size fits all’ approach, 

since factors such as the cost of electricity and fuel, the emissions intensity from grid 

electricity and the average daily travel distance are all shown to influence the optimal 

configuration for a charging station on a given location.  

 

7.1.2 Conceptual Design Development 

This activity aimed to answer research sub-question 2: 

What kind of innovative conceptual solutions can be developed for PV-powered mobility and which 

design challenges are they likely to encounter?    
 

In Chapter 4, a conceptual design study exploring the range of applications that can 

be developed for solar-powered mobility was presented. A total of eleven different 

design concepts were developed in this study, ranging from mobile EV charging 

stations to solar bikes and solar-powered public transportation. Subsequently 

executed energy balance calculations using the model presented in Chapter 2 show 

that the extent to which the PV electricity produced by these systems will meet 

vehicle demand will vary significantly, ranging from 9% to 69% in Australia and from 

7% to 50% in the Netherlands, depending on the type of application. 

One of the main design limitations found in the development of these conceptual 

applications was the small area available for installing PV systems, particularly for 

designs that integrated PV cells on vehicles. These designs focus on using larger, 

flatter surfaces to provide more surface area for the array and simplify the integration 

of PV cells, and in some cases extendable arrays were proposed as one of the possible 

solutions. Designs for PV-powered charging infrastructure, on the other hand, 

showcase the potential for using alternative charging technologies such as battery 

swapping and inductive charging.  

In addition to these design considerations, it was found that an important aspect of 

designing these applications is the use of their visual appearance not only for 

providing an aesthetically pleasing element to their environment but also for 

communicating to users their function and their focus on sustainability. Charging 

infrastructure has more liberty to achieve this goal than the vehicles themselves 

although in urban areas available space might be another limiting factor. 
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Remarkably, none of the projects considered changing the colour, transparency, 

texturing or shape of PV cells. Although this could mean that PV technologies in 

their current form already have value for designers, it is also possible that designers 

are just starting to become aware of these possibilities and the potential for PV 

integration in these products is yet to be fully exploited.      

Overall, while the developed designs confirm the potential for developing a wide 

range of solar-powered mobility solutions, it is important to consider that these 

applications were developed at the conceptual stage only and as such it is difficult to 

evaluate other aspects such as its required components, system costs and user 

acceptance which will be key for their successful implementation. 

 

7.1.3 User Study 

This activity aimed to answer research sub-question 3:  

What is the perception of (potential) users for PV-powered mobility solutions which are already 

under development or in the market, and what is their likelihood to adopt or use these solutions?    
 

Results from the user study presented in Chapter 5 offer an initial exploration into 

the needs and motivations behind the user adoption of solar-powered mobility 

applications. An online survey (N = 86) was carried out showing that, in general, 

while respondents tended to have a mostly positive impression of the presented 

applications, their likelihood to adopt them in the near future was relatively low. 

Despite this, results showing that a vast majority of respondents (88%) are willing to 

pay more for a version of their current EV with integrated solar cells indicate that 

these applications are perceived as having an added value.  

A binary logistic regression analysis of the survey responses for one of these 

applications (namely the Sono Sion, an EV with integrated PV cells) found that 

factors such as owning a residential PV system, the type of household electricity 

contract (e.g. ‘green’ or ‘grey’ energy) and some pro-environmental attitudes can have 

a significant impact on the willingness to adopt this application. Notably, a significant 

difference in EV ownership was found between respondents with residential PV 

(64%) and respondents without it (10%), indicating a positive relationship between 

the use of solar energy at home and an interest in sustainable transport.  

In conclusion, although the collected sample is comparatively small it offers a useful 

initial exploration into respondents’ attitudes and motivations regarding this type of 

mobility applications, especially considering that given their novelty there is still low 
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public awareness for solar-powered mobility among the general public. These results 

can be complemented with additional qualitative results obtained through semi-

structured interviews or focus groups where respondents can be introduced in 

further detail to each application.  

 

7.2 | Conclusions for HEMS  
 

This activity aimed to answer research sub-question 4:  

What design lessons can be learned from applying a dual approach consisting of energy simulations 

and user testing to conceptual home energy management systems?   
 

The testing methods presented in Chapter 6 evaluated the potential of HEMS 

concepts for efficiently using energy in households with residential PV systems. 

These methods proved useful for identifying possible challenges or bottlenecks in 

the concepts’ design, offering valuable insights at the early stages of the development 

process. 

7.2.1 Energy Simulations 

The operation of the three HEMS prototypes was tested using a simulation 

environment, proving the usefulness of this tool for quickly and accurately validating 

the operation of smart energy products using simulated PV production and load 

profiles. The tests presented a simple, quick visualisation of how these prototypes 

would operate in households without the need to involve the end users themselves.  

Although the proposed testing sequences were relatively simple, they provided a clear 

demonstration of how these HEMS would operate in practice. The developed 

feedback algorithms, which only require basic energy data, present a useful starting 

point but developing more complex algorithms that use other variables as inputs and 

respond to changes in use patterns could help improve the effectiveness of these 

concepts in the future. 

The scenario-based modelling served as a more extensive test on HEMS 

performance by providing a more accurate approximation to real-life conditions. 

This helped identify some of the advantages and limitations of the current designs, 

revealing issues that would otherwise come to light later on and become much more 

difficult to overcome. 
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Overall, the combination of these two methods can be a useful initial approach for 

testing and showcasing the operation of smart energy product designs in a shorter 

period than with real user tests. This approach can also be useful for rapidly testing 

several modes of operation and determining which one is best suited for achieving 

the intended purpose of a given application. 

 
7.2.2 User Tests 

During user tests, the performance of the HEMS prototypes in households was 

compared to reference energy measurements, revealing that the concepts did not 

always seem to achieve their intended purpose. Testing on one of the prototypes 

showed an increase of both average (25%) and peak (3%) loads, and a more deficient 

match between energy supply and demand. Tests carried out on another prototype, 

on the other hand, showed a positive impact since the overall energy consumption 

was reduced in comparison with the reference measurements (27%).  

These conflicting results show the complexity of user behaviour around household 

energy consumption and the importance of carefully designing HEMS to ensure they 

are successful not just in terms of reducing energy consumption but on matching 

consumption with times of high PV production as well. User testing can therefore 

show at first sight whether a given concept is working adequately, and this 

information can be used to modify its design during the subsequent stages of its 

development process. 

 

7.3 | Main Findings 

 

The PV-powered applications introduced during this thesis, namely solar-powered 

vehicles, solar EV charging stations, and home energy management systems, are still 

emerging technologies and research into their feasibility and user adoption potential, 

particularly from a multidisciplinary perspective, is limited at present. While some 

existing frameworks for sustainable product design (like those presented in Chapter 

1) have already considered the use of various disciplines for evaluating and improving 

the design of a given product, the assessment conducted for each individual factor is 

often completely independent or not sufficiently linked to other factors.  

This thesis therefore aimed to evaluate solar-powered applications for transport and 

the residential sector by combining and/or connecting elements from these 
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frameworks to provide a more comprehensive view on the current design challenges 

these applications are facing and how to overcome them. Based on the proposed 

research (sub)questions, the main findings of this thesis are the following:   
 

• Assessing the feasibility of the studied PV-powered applications should whenever 

possible consider multiple elements at the same time, including technical, 

financial, environmental, user and design aspects such as aesthetics. This will 

enable the identification of key trade-offs as well as optimal combinations or 

synergies which would not be apparent if these aspects were studied or optimised 

separately. It is also important to consider the context in which these applications 

will be implemented, which is likely to change depending on the location.  
 

• PV technologies in their present form are valuable from a design perspective both 

in terms of functioning as an energy source and communicating a product's 

sustainable focus to its users, and there is potential for using a wider range of 

colours, shapes and materials which is yet to be fully exploited by designers. 

Furthermore, framing the design of these applications around user acceptance can 

often result in solutions with a stronger focus on product-service combinations 

or user-friendly interfaces which will facilitate the interaction of users with the 

final product.  
 

• The examined solar-powered mobility applications are perceived by their 

potential users as having an added value. While impressions of market-ready 

solutions are mostly positive, the likelihood to adopt these solutions in the near 

future is relatively low although this is not exclusively due to their estimated cost. 

In addition to this, there is a positive effect between residential PV ownership and 

experience driving EVs among this group of users, as well as a positive influence 

of some pro-environmental attitudes on the perceived value of solar-powered 

mobility.  

   

• From their early development stages, PV-powered applications in the urban 

environment need to account for and adapt to the complexity of users’ behaviour 

and motivations. Analytical tools like simulation and modelling followed by end 

user studies and testing can provide a useful first approach to understanding how 

a given application will perform in practice and how users are likely to respond to 

it, providing important information which can improve the effectiveness of the 

final design. 

 



 

144  | Chapter 7 

 

7.4 | Recommended Directions for Future Research 

 

The presented research highlights the importance of a multidisciplinary approach to 

the design of solar-powered applications in transport and the residential sector. 

However, while aspects from different disciplines were covered in this thesis, due to 

its limited scope it was only possible to explore these aspects to a certain extent. An 

in-depth exploration into all of these aspects is significantly more complex and 

requires expertise and knowledge which go beyond the scope of a single PhD thesis, 

so future research on this topic should attempt whenever possible to combine the 

insights gathered by a group of specialists focusing on different aspects.  

While this thesis explores the use of various methods and tools such as simulation, 

design studies and user testing, it would be useful to combine these methods further 

to obtain more integrated results. The dual evaluation of HEMS presented in Chapter 

6 is an initial form of this approach but further work could include other 

combinations, such as conducting a user study and a design study in alternating stages 

so that the insights gained with one method can be used as input for the other.  

In addition to this combined approach in research methods, the interaction between 

different types of PV-powered applications still needs to be explored in further detail. 

For instance, the operation of a HEMS is likely to be significantly different in 

households where an EV needs to be periodically charged and will require developing 

new algorithms which optimise self-consumption for this type of systems. Future 

work should also expand its scope for simulating, testing and evaluating a wider range 

of solutions. This can involve the inclusion of different HEMS user interfaces or 

other smart appliances in the residential sector, as well as other types of vehicles such 

as lorries and bicycles in the case of transport.  

The feasibility model developed for solar EV charging stations was based on a time-

step algorithm in order to focus on estimating the system’s energy balance but other 

modelling approaches should be explored as well. For instance, simulating an EV or 

a charging station on a particular location or route could provide further insights into 

the effects of shading which are not immediately visible from a system perspective. 

In addition to this, future modelling work should also consider analysing these 

systems from the perspective of individual users, particularly regarding cost and ease 

of use. In addition to this, monitoring existing solar charging stations should yield 

data series on irradiance, PV production, BESS (dis)charging and grid exchange. 

These time series data could then be used to validate and improve existing models, 

which was not possible in this thesis due to the small number of existing solar 
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charging stations at the time of writing and the resulting difficulty of obtaining this 

type of measurements. 

In the case of HEMS, there is potential for increasing the complexity of both the 

operating algorithms and their corresponding testing sequences. The algorithms 

developed for the three presented HEMS prototypes required only basic energy data 

to determine user feedback but developing algorithms that use other variables as 

inputs and respond or adapt to changes in use patterns could help improve the 

effectiveness of future HEMS concepts. Further simulation tests should also explore 

the potential for incorporating other methods such as a full co-simulation by 

developing an agent-based model to predict the influence of a HEMS on user 

behaviour and the resulting impact on a household’s energy profile.  

An important limitation of the modelling results in both cases is that the analysis was 

restricted to a single device when in practice there will be a large number of EVs 

and/or HEMS operating at the same time. Further research on this topic should 

consider the effects of upscaling both in terms of total system impact and the 

interactions between individual components by developing simulation and testing 

methods that can account for a large number of devices. 

The use of PV cells with different colour, transparency, texturing or shapes in the 

design of the presented applications remains an important area to be explored given 

that none of the design projects presented in Chapter 4 considered changing these 

properties. Additionally, since the presented designs were either at the conceptual 

level (in the case of PV-powered mobility) or early prototypes (in the case of HEMS), 

future work should focus on later stages in the development process to gain further 

insights into the required design elements for these applications in terms of cost, user 

acceptance and BoS components. There is also potential for increasing the 

involvement of future users in the design process through participatory design or 

similar approaches. 

Regarding the conducted user studies on both the solar-powered mobility 

applications and the HEMS prototypes, data collection in the future should whenever 

possible involve larger samples focused on increasing the variability of socio-

economic and demographic characteristics of the respondents, as well as a cross-

validation of results between methods. This will not only make results more robust 

but can also enable the implementation of other analytical tools which were beyond 

the scope of the present work such as principal component analysis and cluster 

analysis.  
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Additional qualitative results can be also obtained through semi-structured interviews 

or focus groups where respondents can be introduced in further detail to solar-

powered mobility applications in order to obtain a more comprehensive impression 

of each solution. It is also important to explore the long-term effects of using these 

applications both in terms of their (positive) environmental impact and possible 

changes in user behaviour.   

An important factor that needs to be further considered in future work on designing 

solar mobility applications is the complexity of different decision-making processes 

regarding car ownership and transport mode choices. Public transport use and 

vehicle sharing, for instance, were beyond the scope of this thesis but their impact 

on users’ decisions on personal vehicle ownership and use should be considered in 

future research on the topic. An additional element to consider involves EV fast-

charging since PV systems will in most cases be unable to provide the required 

instantaneous power for this charging speed.  

Finally, while research into policy, business models and governance was beyond the 

scope of this thesis, these aspects strongly affect users’ mobility choices as well as 

their willingness to adopt both residential PV systems and HEMS. Future research 

should also try to incorporate a stakeholder-centred perspective within its scope; this 

will provide a better understanding of how different actors such as user communities 

and local governments can work together in the development and implementation 

of these solutions. 
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Appendix A  

Feasibility Model – Driving Profiles 
 

Day Hour 
Dr 

Daily 
Dr 

Weekday 
Dr 

Weekend 
Dr 

Real 
 Day Hour 

Dr 
Daily 

Dr 
Weekday 

Dr 
Weekend 

Dr 
Real 

1 01:00 0 0 0 0  2 09:00 0.14 0.14 0 0.375 

1 02:00 0 0 0 0  2 10:00 0.156 0.156 0 0 

1 03:00 0 0 0 0  2 11:00 0.06 0.06 0 0 

1 04:00 0 0 0 0  2 12:00 0.03 0.03 0 0 

1 05:00 0 0 0 0  2 13:00 0.016 0.016 0 0 

1 06:00 0.01 0.01 0 0.01  2 14:00 0.03 0.03 0 0 

1 07:00 0.02 0.02 0 0.04  2 15:00 0.04 0.04 0 0 

1 08:00 0.04 0.04 0 0.05  2 16:00 0.035 0.035 0 0 

1 09:00 0.14 0.14 0 0.37  2 17:00 0.04 0.04 0 0 

1 10:00 0.156 0.156 0 0  2 18:00 0.08 0.08 0 0.07 

1 11:00 0.06 0.06 0 0  2 19:00 0.14 0.14 0 0.35 

1 12:00 0.03 0.03 0 0  2 20:00 0.09 0.09 0 0.14 

1 13:00 0.016 0.016 0 0  2 21:00 0.035 0.035 0 0.08 

1 14:00 0.03 0.03 0 0  2 22:00 0.02 0.02 0 0.04 

1 15:00 0.04 0.04 0 0  2 23:00 0.018 0.018 0 0.01 

1 16:00 0.035 0.035 0 0  2 00:00 0 0 0 0 

1 17:00 0.04 0.04 0 0  3 01:00 0 0 0 0 

1 18:00 0.08 0.08 0 0.06  3 02:00 0 0 0 0 

1 19:00 0.14 0.14 0 0.31  3 03:00 0 0 0 0 

1 20:00 0.09 0.09 0 0.09  3 04:00 0 0 0 0 

1 21:00 0.035 0.035 0 0.04  3 05:00 0 0 0 0 

1 22:00 0.02 0.02 0 0.02  3 06:00 0.01 0.01 0 0.01 

1 23:00 0.018 0.018 0 0.01  3 07:00 0.02 0.02 0 0.04 

1 00:00 0 0 0 0  3 08:00 0.04 0.04 0 0.05 

2 01:00 0 0 0 0  3 09:00 0.14 0.14 0 0.37 

2 02:00 0 0 0 0  3 10:00 0.156 0.156 0 0 

2 03:00 0 0 0 0  3 11:00 0.06 0.06 0 0 

2 04:00 0 0 0 0  3 12:00 0.03 0.03 0 0 

2 05:00 0 0 0 0  3 13:00 0.016 0.016 0 0 

2 06:00 0.01 0.01 0 0.025  3 14:00 0.03 0.03 0 0 

2 07:00 0.02 0.02 0 0.05  3 15:00 0.04 0.04 0 0 

2 08:00 0.04 0.04 0 0.06  3 16:00 0.035 0.035 0 0 
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Day Hour 
Dr 

Daily 
Dr 

Weekday 
Dr 

Weekend 
Dr 

Real 
 Day Hour 

Dr 
Daily 

Dr 
Weekday 

Dr 
Weekend 

Dr 
Real 

3 17:00 0.04 0.04 0 0  5 09:00 0.14 0.14 0 0.37 

3 18:00 0.08 0.08 0 0.06  5 10:00 0.156 0.156 0 0 

3 19:00 0.14 0.14 0 0.31  5 11:00 0.06 0.06 0 0 

3 20:00 0.09 0.09 0 0.09  5 12:00 0.03 0.03 0 0 

3 21:00 0.035 0.035 0 0.04  5 13:00 0.016 0.016 0 0 

3 22:00 0.02 0.02 0 0.02  5 14:00 0.03 0.03 0 0 

3 23:00 0.018 0.018 0 0.01  5 15:00 0.04 0.04 0 0 

3 00:00 0 0 0 0  5 16:00 0.035 0.035 0 0 

4 01:00 0 0 0 0  5 17:00 0.04 0.04 0 0 

4 02:00 0 0 0 0  5 18:00 0.08 0.08 0 0.06 

4 03:00 0 0 0 0  5 19:00 0.14 0.14 0 0.31 

4 04:00 0 0 0 0  5 20:00 0.09 0.09 0 0.09 

4 05:00 0 0 0 0  5 21:00 0.035 0.035 0 0.04 

4 06:00 0.01 0.01 0 0.025  5 22:00 0.02 0.02 0 0.02 

4 07:00 0.02 0.02 0 0.05  5 23:00 0.018 0.018 0 0.01 

4 08:00 0.04 0.04 0 0.06  5 00:00 0 0 0 0 

4 09:00 0.14 0.14 0 0.375  6 01:00 0 0 0 0 

4 10:00 0.156 0.156 0 0  6 02:00 0 0 0 0 

4 11:00 0.06 0.06 0 0  6 03:00 0 0 0 0 

4 12:00 0.03 0.03 0 0  6 04:00 0 0 0 0 

4 13:00 0.016 0.016 0 0  6 05:00 0 0 0 0 

4 14:00 0.03 0.03 0 0  6 06:00 0.01 0 0.01 0 

4 15:00 0.04 0.04 0 0  6 07:00 0.02 0 0.02 0 

4 16:00 0.035 0.035 0 0  6 08:00 0.04 0 0.04 0 

4 17:00 0.04 0.04 0 0  6 09:00 0.14 0 0.14 0 

4 18:00 0.08 0.08 0 0.07  6 10:00 0.156 0 0.156 0 

4 19:00 0.14 0.14 0 0.35  6 11:00 0.06 0 0.06 0.02 

4 20:00 0.09 0.09 0 0.14  6 12:00 0.03 0 0.03 0.04 

4 21:00 0.035 0.035 0 0.08  6 13:00 0.016 0 0.016 0.04 

4 22:00 0.02 0.02 0 0.04  6 14:00 0.03 0 0.03 0.05 

4 23:00 0.018 0.018 0 0.01  6 15:00 0.04 0 0.04 0.02 

4 00:00 0 0 0 0  6 16:00 0.035 0 0.035 0.02 

5 01:00 0 0 0 0  6 17:00 0.04 0 0.04 0.01 

5 02:00 0 0 0 0  6 18:00 0.08 0 0.08 0 

5 03:00 0 0 0 0  6 19:00 0.14 0 0.14 0 

5 04:00 0 0 0 0  6 20:00 0.09 0 0.09 0 

5 05:00 0 0 0 0  6 21:00 0.035 0 0.035 0 

5 06:00 0.01 0.01 0 0.01  6 22:00 0.02 0 0.02 0 

5 07:00 0.02 0.02 0 0.04  6 23:00 0.018 0 0.018 0 

5 08:00 0.04 0.04 0 0.05  6 00:00 0 0 0 0 
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Day Hour 
Dr 

Daily 
Dr 

Weekday 
Dr 

Weekend 
Dr 

Real 
 Day Hour 

Dr 
Daily 

Dr 
Weekday 

Dr 
Weekend 

Dr 
Real 

7 01:00 0 0 0 0  7 13:00 0.016 0 0.016 0 

7 02:00 0 0 0 0  7 14:00 0.03 0 0.03 0 

7 03:00 0 0 0 0  7 15:00 0.04 0 0.04 0 

7 04:00 0 0 0 0  7 16:00 0.035 0 0.035 0.03 

7 05:00 0 0 0 0  7 17:00 0.04 0 0.04 0.11 

7 06:00 0.01 0 0.01 0  7 18:00 0.08 0 0.08 0.14 

7 07:00 0.02 0 0.02 0  7 19:00 0.14 0 0.14 0.34 

7 08:00 0.04 0 0.04 0  7 20:00 0.09 0 0.09 0.16 

7 09:00 0.14 0 0.14 0.06  7 21:00 0.035 0 0.035 0 

7 10:00 0.156 0 0.156 0.1  7 22:00 0.02 0 0.02 0 

7 11:00 0.06 0 0.06 0.38  7 23:00 0.018 0 0.018 0 

7 12:00 0.03 0 0.03 0.08  7 00:00 0 0 0 0 
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Appendix B  

Feasibility Model – Full Contour Plots 
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2. Chicago, US 

 
 

 

3. São Paulo, BR  
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4. Amsterdam, NL  
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5. Oslo, NO  
 

 
 

 

 

6. Xi’an, CN  
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7. Guangzhou, CN  
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8. Perth, AU  
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Appendix C  

Design Study – Conceptual designs 
 

Cool Sun – Solar City Bus 
Design by S. Suidgeest, A. van der Veen and T. de Jong 

 

 

 

Lock N’ Load – Solar Bike Shed 
Design by D. Schmidt and D. Nguyen 
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Robotic EV Charger  
Design by A. Vollmar, M. de Smit and S. Eikenaar  

 
 

SolarShare+ – Energy Sharing Platform  
Design by A. Reus, E. van Steenis and J. Schutte  
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Solar Bus Terminal  
Design by M. Dijkstra, A. Suresh and S.V. Ramana  

 
 

 

Solar Luggage Vehicle  
Design by J. Liao, N. Pizzigoni and V. Rachmanda. 

 

 

 

 



 

Appendices |  177 
 

Solar Train Stop  
Design by S. Elango, U. Parvangada and G. Ribeiro  

 

 

Zun – Mobile Solar Unit 
Design by O. Martínez and J. Varghese 
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Appendix D  

User Study – Questionnaire 
 

Welcome to this survey on solar-powered transport! 

In recent years, electric vehicles (EVs) have emerged as a promising solution for reducing 

CO2 emissions from transport. However, EVs are only as clean as the electricity that they use 

which is why there is currently an interest in developing solar-powered charging stations or 

integrating solar panels on the vehicles themselves.  

The following survey aims to evaluate your impression of several solar-powered transport 

solutions which are under development or already available on the market. The results will 

give us valuable information which can be used for developing clean and sustainable electric 

transport that can better respond to the needs and desires of its users. 

This survey is part of my PhD research at the University of Twente and has been approved 

by my supervisors prof. Angèle Reinders and prof. Karst Geurs.  

 

Thank you for participating in this study. 

 

Alonzo Sierra 

Department of Design, Production and Management 

University of Twente 

a.sierrarodriguez@utwente.nl  

  

INSTRUCTIONS 

The survey will consist of three parts: 

Section A: We will first ask you some questions about your use of electric vehicles (EVs) as 

well as any experiences you’ve had with solar energy. 

Section B: We will introduce you to several solar-powered transport applications which are 

currently under development or already commercially available, followed by some general 

questions on your impression of each application. 

Section C: In this section you will provide us with basic information about yourself such as 

your age group and household situation. This will help us to better understand the needs of 

different user groups. 

 

mailto:a.sierrarodriguez@utwente.nl
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Important Information: 

- This survey has been approved by the Ethics Committee of the University of 

Twente. 

- Your answers will be confidential and will not be shared with any external parties 

without your express permission. 

- This survey works best on a desktop or laptop computer. 

 

Filling out this survey should take approximately 5 to 10 minutes.  

 

If you have any questions you can contact us by phone at +31 (0) 617134264 or by email at 

a.sierrarodriguez@utwente.nl . 

[   ] I have read this information and I agree to participate in this survey. I am at least 18 

years old. 

[   ] I have read this information and I decline to participate in this survey. 

 

Section A  

In this section we will ask you some questions about your use of electric vehicles (EVs) as 

well as your experience with solar energy.  

In this survey, ‘electric vehicle’ refers to fully electric passenger cars such as the Nissan Leaf, 

the Renault Zoe and the Tesla Model 3. 

 

 

How many cars are there currently in your household? 

▪ None 

▪ One 

▪ Two 

▪ More than two 
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Which statement best describes your level of experience with electric vehicles (EVs)?  

▪ I have never driven an EV 

▪ I have driven an EV on a few occasions 

▪ I have owned/leased an EV for less than a year 

▪ I have owned/leased an EV between one and two years 

▪ I have owned/leased an EV between two and three years 

▪ I have owned/leased an EV between three and four years 

▪ I have owned/leased an EV for more than four years 

If [Never] or [A few occasions], skip next three questions. 

Which type of EV do you currently drive?  

If you have more than one EV, please refer to the EV you use the most. 

If you don’t currently drive an EV, please refer to the last EV you drove. 

▪ Tesla Model S 

▪ Nissan Leaf 

▪ Tesla Model X 

▪ Volkswagen e-Golf 

▪ Renault Zoe 

▪ BMW i3 

▪ Jaguar I-Pace 

▪ Hyundai Ioniq Electric 

▪ Hyundai Kona Electric 

▪ Opel Ampera-e 

▪ Tesla Model 3 

▪ Other: ________________ 

 

How many kilometres do you usually drive with your EV each week? 

If you have more than one EV, please refer to the EV you use the most. 

▪ Dropdown list: [100, 150, 200, […], 1400, 1450, 1500+ km per week] 

 

Do you own the EV that you currently drive? 

▪ Yes 

▪ No, business lease (company car) 

▪ No, private lease 

▪ No, business car sharing  

▪ No, private car sharing 

▪ Other: ________________ 
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If [Never] or [A few occasions] was previously selected: 

How many kilometres do you usually drive with your car each week? 

If you have more than one car, please refer to the car you use the most. 

▪ Dropdown list: [100, 150, 200, […], 1400, 1450, 1500+ km per week] 

 

Which statement best describes your situation?  

• Nobody I know (friends, family, neighbours, etc.) drives an electric car 

• Only a few people I know drive an electric car 

• Some people I know drive an electric car 

• Most people I know drive an electric car 

 

How likely are you to purchase a new vehicle in the next 5 years? 

• Extremely unlikely 

• Very unlikely 

• Somewhat unlikely 

• Neither likely nor unlikely 

• Somewhat likely 

• Very likely 

• Extremely likely 

 

How likely are you to lease a new vehicle in the next 5 years? 

• Extremely unlikely 

• Very unlikely 

• Somewhat unlikely 

• Neither likely nor unlikely 

• Somewhat likely 

• Very likely 

• Extremely likely 

 

Does your household take special measures to buy renewable (‘green’) energy from your 

electricity provider?  

• Yes, I am part of a renewable energy cooperative 

• Yes, my energy contract specifically includes ‘green’ electricity 

• No, my energy contract only uses regular electricity from the grid 

• I don’t know 
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Do you have solar panels installed in your home? 

• Yes 

• No 

 

If [Yes]: 

How long have you had solar panels installed in your home? 

▪ Less than a year 

▪ Between one and two years 

▪ Between two and three years 

▪ Between three and four years 

▪ More than four years 

 

Which statement best describes your situation?  

• Nobody I know (friends, family, neighbours, etc.) has solar panels at their home 

• Only a few people I know have solar panels at their home 

• Some people I know have solar panels at their home 

• Most people I know have solar panels at their home 

 

To what extent do you agree with the following statements? 

[attitude questions with 5-point Likert scale:]  

❖ Being environmentally responsible is very important to me 

❖ Protecting the environment will create a better world for me and my family 

❖ I am not the type of person that worries about being ‘green’ * 

❖ If I exhibit environmentally friendly behavior, I contribute to a better world 

❖ I think everyone should behave in an environmentally friendly way 

❖ Our current use of natural resources is a threat to the health of future generations 

❖ Environmentally friendly behavior does not fit in my current living situation* 

❖ I always pay attention to environmental friendliness when purchasing electrical or 

household appliances  

❖ I would buy a more environmentally friendly product even if it is more expensive 

❖ I would buy a more environmentally friendly product if my friends or family have 

already bought it 

❖ I always try to use energy at home as efficiently as possible 

❖ I always pay attention to environmental friendliness in my travel behavior and 

transport use 

❖ My friends think you should use public transport instead of the car as much as 

possible 
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Possible answers for each statement:  

[ Strongly Disagree / Disagree / Neither Agree nor Disagree / Agree / Strongly 

Agree ] 

* Question reverse-coded so its score is consistent with other questions. 

 

Section B   

We will now introduce you to several solar-powered electric transport applications which are 

currently under development or already commercially available. Each application will be 

presented with a picture and a short description, followed by some general questions on your 

impression of each application. 

1) Sono Sion 

The Sion is a solar-powered electric car currently in development by German company Sono 

Motors which has integrated solar panels in the car’s roof, bonnet, doors and back. The Sion 

has a range of 255 km, and the solar panels can power the car for up to an additional 34 km 

each day.*  
*Information provided by the manufacturer. 

 

What is your general impression of this vehicle?  

• Extremely negative 

• Very negative 

• Somewhat negative 

• Neither positive nor negative 

• Somewhat positive 

• Very positive 

• Extremely positive 

The Sono Sion is currently expected to cost €25,500  in The Netherlands*.  

How likely are you to purchase or lease this vehicle in the next 5 years? 
*Assuming current tax benefits.  

• Extremely unlikely 

• Very unlikely 

• Somewhat unlikely 
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• Neither likely nor unlikely 

• Somewhat likely 

• Very likely 

• Extremely likely 

 

To what extent do you agree with the following statements? 

[attitude questions with 5-point Likert scale:]  

❖ Using this vehicle will reduce my environmental impact 

❖ Using this vehicle will save me money in the long run 

❖ The purchasing price for this vehicle is too high 

❖ The vehicle has an attractive appearance 

❖ Using this vehicle will make me more independent from plug-in charging 

Possible answers for each statement:  

[ Strongly Disagree / Disagree / Neither Agree nor Disagree / Agree / Strongly 

Agree ] 

 

2) Lightyear One 

The Lightyear One is an electric family car currently being developed by Dutch startup 

Lightyear. Its energy-efficient design allows it to travel up to 725 km on a single charge, and 

the solar panels located on the car’s bonnet, roof and back can provide up to an additional 70 

km of range per day.*   
*Information provided by the manufacturer. 

 

 

What is your general impression of this vehicle?  

• Extremely negative 

• Very negative 

• Somewhat negative 

• Neither positive nor negative 

• Somewhat positive 

• Very positive 

• Extremely positive 
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The Lightyear One is currently expected to cost €149,000  in The Netherlands*.  

How likely are you to purchase or lease this vehicle in the next 5 years? 
*Assuming current tax benefits. 

• Extremely unlikely 

• Very unlikely 

• Somewhat unlikely 

• Neither likely nor unlikely 

• Somewhat likely 

• Very likely 

• Extremely likely 

 

To what extent do you agree with the following statements? 

[attitude questions with 5-point Likert scale:]  

❖ Using this vehicle will reduce my environmental impact 

❖ Using this vehicle will save me money in the long run 

❖ The purchasing price for this vehicle is too high 

❖ The vehicle has an attractive appearance 

❖ Using this vehicle will make me more independent from plug-in charging 

Possible answers for each statement:  

[ Strongly Disagree / Disagree / Neither Agree nor Disagree / Agree / Strongly 

Agree ] 

 

Rest of Section B not displayed if [Never] or [A few occasions] was selected at the 

beginning: 

Extra question: 

If there was a version of your current EV which had solar panels on its roof, how much 

would you be willing to pay for it? 

• Only the same amount as the regular version 

• Up to 5% more than the regular version 

• 5 – 10% more than the regular version 

• 11 – 20% more than the regular version 

• 21 – 50% more than the regular version 

• Over 50% more than the regular version 
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3) Fastned Superfast Charging Stations 

Fastned operates over 100 superfast EV charging stations in the Netherlands, Germany and 

the UK with charging speeds of up to 150 kW, providing up to 300 km range in 15 minutes. 

Fastned’s charging stations have a modern design with integrated solar panels on their roof 

which produce part of the electricity used for charging electric vehicles; the rest is obtained 

from other renewable sources such as nearby wind parks.  

 

What is your general impression of this charging service?  

• Extremely negative 

• Very negative 

• Somewhat negative 

• Neither positive nor negative 

• Somewhat positive 

• Very positive 

• Extremely positive 

EV charging at Fastned stations currently costs about €0,59 per kWh in The Netherlands.  

How likely are you to use this charging service in the next year? 

• Extremely unlikely 

• Very unlikely 

• Somewhat unlikely 

• Neither likely nor unlikely 

• Somewhat likely 

• Very likely 

• Extremely likely 

To what extent do you agree with the following statements? 

[attitude questions with 5-point Likert scale:]  

❖ Using this fast charging service will reduce my environmental impact 

❖ The cost for this fast charging service is too high 

❖ The charging stations have an attractive appearance 

❖ Using this service is less convenient than other fast charging stations * 



 

Appendices |  187 
 

Possible answers for each statement:  

[ Strongly Disagree / Disagree / Neither Agree nor Disagree / Agree / Strongly 

Agree ] 

* Question reverse-coded so its score is consistent with other questions. 

 

4) SECAR E-Port 

The E-Port is a solar carport developed by Austrian company SECAR which incorporates 

several solar panels that can produce electricity for charging electric vehicles as well as shading 

the vehicles from the sun while they are parked. The E-Port has a maximum charging speed 

of 22 kW and has a modular design that can be adapted for charging one or several electric 

vehicles. 

 

What is your general impression of this charging service?  

• Extremely negative 

• Very negative 

• Somewhat negative 

• Neither positive nor negative 

• Somewhat positive 

• Very positive 

• Extremely positive 

Assuming the cost of charging at SECAR E-port stations is about €0,40 per kWh in The 

Netherlands, how likely are you to use this charging service in the next year? 

• Extremely unlikely 

• Very unlikely 

• Somewhat unlikely 

• Neither likely nor unlikely 

• Somewhat likely 

• Very likely 

• Extremely likely 
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To what extent do you agree with the following statements? 

[attitude questions with 5-point Likert scale:]  

❖ Using this charging service will reduce my environmental impact 

❖ The cost for this charging service is too high 

❖ The charging stations have an attractive appearance 

❖ Using this service is less convenient than other charging stations * 

Possible answers for each statement:  

[ Strongly Disagree / Disagree / Neither Agree nor Disagree / Agree / Strongly 

Agree ] 

* Question reverse-coded so its score is consistent with other questions. 

 

Section C   
 

You’re almost at the end of this survey. In this section we would like you to provide us with 

some basic information about yourself. This will help us understand the needs and desires of 

different groups of users.  

 

What is your sex/gender?  

• Male 

• Female 

• Other: _________ 

 

What is your age? 

__________ 

 

In which country do you currently live? 

• The Netherlands 

• Germany 

• Belgium 

• Other: ______________ 

 

What is the highest degree of education you have completed? 

• High school diploma (VMBO/HAVO/VWO) 

• Bachelor’s degree (HBO/WO) 

• Master’s degree or higher 

• Other: _____________________________ 
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What is your household’s yearly gross income?  

• Less than  €12.500  

• €12.500 – €26.200  

• €26.201 – €38.800 

• €38.801 – €65.000  

• €65.001 – €77.500  

• More than €77.500 

 

What is your current household structure? 

• Single (without children) 

• Single parent 

• Couple (without children) 

• Couple with children 

• Other: __________________ 

You have reached the end of this survey.  

For the next stage of our study we will invite some respondents to a follow-up interview 

where we will present these applications for solar-powered transport in further detail and ask 

more in-depth questions on their impression of these solutions. If you would like to be 

contacted for these follow-up interviews, please write your e-mail address below:   

 ________________________________________________________ 

Do you have any further comments or questions on this survey? 

__________________________________________________________________ 

__________________________________________________________________ 

 

 

Thank you for participating in this survey, your answers have been recorded.  
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Appendix E  

User Study – Additional Results 
 

A. Descriptive Statistics 

TABLE A.1: Experience with EV and Residential PV Use  

EV Experience  Residential PV Ownership  
   Never 27%    Yes 42% 
   A few occasions 41%    No 58% 
   Less than 1 year 7%   
   1 – 2 years 9% Type of Electricity Contract  
   2 – 3 years 6%    ‘Green’ Contract 48% 
   3 – 4 years 0%    ‘Grey’ Contract 29% 
   More than 4 years 10%    Part of energy co-operative 12% 
     Don’t know 12% 
Vehicle Ownership    
   Own vehicle 67% Experience with residential PV  
   Business lease 17%    Less than 1 year 14% 
   Private lease 3%    1 – 2 years 14% 
   Business sharing 0%    2 – 3 years 8% 
   Private sharing 13%    3 – 4 years 3% 
     More than 4 years 61% 

 
Figure A.1 Respondent likelihood to purchase or lease a vehicle in the next 5 years 

 
Figure A.2 EV and residential PV adoption among respondents’ peers 
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TABLE A.2: Environmental Attitude Statements – Full Results   

Statement 
Strongly 
Disagree 

Disagree 
Neither 

agree nor 
disagree 

Agree 
Strongly 

Agree 

(1) Being environmentally responsible is very 
important to me 

0% 0% 5% 38% 57% 

(2) Protecting the environment will create a 
better world for me and my family 

0% 0% 1% 26% 73% 

(3) I am not the type of person that worries 
about being ‘green’ 

42% 37% 9% 5% 7% 

(4) If I exhibit environmentally friendly 
behaviour, I contribute to a better world 

0% 1% 5% 43% 51% 

(5) I think everyone should behave in an 
environmentally friendly way 

0% 2% 8% 41% 49% 

(6) Our current use of natural resources is a 
threat to the health of future generations 

0% 0% 3% 33% 64% 

(7) Environmentally friendly behaviour does 
not fit my current living situation* 

35% 44% 10% 7% 3% 

(8) I always pay attention to environmental 
friendliness when purchasing electrical or 
household appliances 

2% 6% 22% 44% 26% 

(9) I would buy a more environmentally 
friendly product even if it is more expensive 

1% 7% 22% 48% 22% 

(10) I would buy a more environmentally 
friendly product if my friends or family have 
already bought it 

6% 16% 43% 28% 7% 

(11) I always try to use energy at home as 
efficiently as possible 

0% 6% 15% 51% 28% 

(12) I always pay attention to environmental 
friendliness in my travel behaviour 

3% 9% 26% 43% 19% 

(13) My friends think you should use public 
transport instead of the car as much as 
possible 

9% 37% 25% 21% 9% 

 

 

TABLE A.3: Likelihood to adopt solar-powered cars among future buyers and 

leasers  

 Sono Sion  Lightyear One 
 Unlikely Neutral Likely  Unlikely Neutral Likely 

All respondents 
(N = 86) 

58% 16% 26%  97% 2% 1% 

Future Buyers 
(N = 51) 

53% 12% 35%  94% 4% 2% 

Future Leasers 
(N = 18) 

39% 17% 44%  89% 6% 6% 

* Responses grouped into (extremely/very/somewhat) ‘unlikely’, ‘neutral’ (neither likely nor unlikely) and 

(extremely/very/somewhat) ‘likely’. Future Buyers or Leasers: Respondents who indicated being at least somewhat 

likely to purchase or lease a vehicle in the next 5 years. 
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B. Correlation Matrix 
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C. Binary Logit Regression Models 

TABLE C.1: Regression Model – Fastned 

Variable Estimate (B) 
Standard 

Error 
Wald df p-value 

Income (High)   0.713 2 0.700 
Income (Low) -0.880 5.437 0.026 1 0.871 
Income (Mid) -1.849 2.223 0.691 1 0.406 
EV experience  6.076 3.196 3.614 1 0.057 
Electricity (Don't know)   3.175 3 0.365 
Electricity (Energy co-op) -9.317 8.918 1.092 1 0.296 
Electricity (‘Green’ contract) -5.475 4.998 1.200 1 0.273 
Electricity (‘Grey’ contract) -11.917 7.266 2.690 1 0.101 
PV 8.516 5.125 2.762 1 0.097 
Env. Attitude (1) -0.738 2.144 0.119 1 0.731 
Env. Attitude (5) -5.939 3.410 3.034 1 0.082 
Env. Attitude (8) -2.436 1.111 4.806 1 0.028 
Env. Attitude (9) 3.513 3.319 1.120 1 0.290 
Env. Attitude (12) 0.875 1.341 0.426 1 0.514 
Constant 11.632 11.978 0.943 1 0.332 

Log-likelihood: 20.024 

Nagelkerke R Square: 0.743 

 

TABLE C.2: Regression Model – SECAR e-Port 

Variable Estimate (B) 
Standard 

Error 
Wald df p-value 

Income (High)   5.517 2 0.063 
Income (Low) -4.957 3.504 2.002 1 0.157 
Income (Mid) -5.640 2.417 5.443 1 0.020 
EV experience  0.168 1.249 0.018 1 0.893 
Electricity (Don't know)   1.444 3 0.695 
Electricity (Energy co-op) -3.185 2.876 1.226 1 0.268 
Electricity (‘Green’ contract) -2.546 2.379 1.145 1 0.285 
Electricity (‘Grey’ contract) -2.206 2.246 0.964 1 0.326 
PV 0.588 1.560 0.142 1 0.706 
Env. Attitude (1) 3.725 1.820 4.190 1 0.041 
Env. Attitude (5) -2.171 1.229 3.120 1 0.077 
Env. Attitude (8) -2.411 1.242 3.768 1 0.052 
Env. Attitude (9) 0.128 0.813 0.025 1 0.875 
Env. Attitude (12) 0.331 0.825 0.161 1 0.689 
Constant 3.451 5.926 0.339 1 0.560 

Log-likelihood: 31.558 

Nagelkerke R Square: 0.598 
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