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Abstract

Designing with photovoltaics (PV) is the core focus of this paper which presents the

results of a design study on conceptual PV applications for electric mobility systems.

This is a relevant direction for new product development because PV technology can

contribute to improved features of electric mobility systems not just in terms of CO2

emissions reduction but also regarding product aesthetics and user experiences.

Design studies are multidisciplinary by nature; therefore, in this case technical, user,

regulatory and aesthetic aspects are covered. Eleven conceptual designs were devel-

oped in 2019 by means of a design project executed at the University of Twente,

encompassing solutions for PV-powered charging of electric vehicles, vehicle-

integrated PV products and other applications. The concepts focus on various modes

of transport beyond passenger cars such as public transportation, electric bicycles

and utility vehicles, in some cases applying alternative charging technologies such as

battery swapping and induction charging in their design. In this paper four of these

conceptual designs are presented as case studies, showing their multidisciplinary

focus as well as parts of the design process behind their development. An evaluation

of these conceptual designs revealed several design challenges that need to be

addressed in their development, including the limited space available for integrating

PV cells, the technical limitations posed by some of the proposed charging methods

and the effective visual communication of the concept's intended function.
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1 | INTRODUCTION

1.1 | A solar revolution in design

To achieve the goal of maintaining the rise in global average tempera-

ture below 2�C (preferably below 1.5�C) compared to pre-industrial

levels set by the Paris Agreement signed in 2015,1 100% renewable

supply will be necessary by 2050. Therefore, a smooth energy transition

from fossil fuels to renewable energy sources is one of the principal

challenges that mankind faces at the moment in order to delay and

hopefully stop climate change caused by the emission of large quanti-

ties of CO2 and other greenhouse gases. These emissions largely origi-

nate from our fossil energy demand, which as such should be drastically

reduced. The change from a fossil fuel society to one based on renew-

able energy, also called the energy transition, will require a huge effort

by a varied group of stakeholders: the public, policy makers, scientists,
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industry and also engineers and designers. Many international and

national agreements state that solar photovoltaic (PV) energy technolo-

gies will be one of the main contributors to achieve a prospective 100%

renewable energy supply, and both societal acceptance and technology

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 which people like to use,2,3 and in this paper we

will explain why Industrial Design Engineering could be a useful

approach for enhancing solar applications in mobility.

The idea of integrating solar technology into objects such as

products, buildings or vehicles (see Figure 1) 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 gener-

ate electricity for these products.2,4–6 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.3 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 whether they are urban or rural.

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 orienta-

tion and positioning, colour, transparency and even flexibility and

form-giving. These developments are needed to stimulate the large-

scale adaptation of PV technologies in our living environment.

1.2 | Aspects of interest for designing with
photovoltaics

Despite the situation sketched in the previous section, at present the

application of PV solar cells and PV systems beyond primary energy

production is still limited. Earlier work revealed that the design poten-

tial of PV solar cells and PV systems is often not fully used,9 and

therefore in this paper the opportunities and challenges of designing

with photovoltaic materials and systems are explored in the context

of five aspects that are relevant for successful product design.

The five aspects that are relevant for successful product design2

are as follows: (1) Technologies and Manufacturing, (2) Financial

Aspects, (3) Societal Context, (4) Human Factors and (5) Design and

Styling, which all together form the so-called ‘innovation flower’
shown in Figure 2. These five aspects will be shortly described to

create context for this paper.

The aspect ‘Technologies and Manufacturing’ deals with the pho-

tovoltaic materials and the manufacturing techniques that are used to

create PV cells and modules. The electric and electronic equipment

that is applied to convert, distribute, monitor and store solar energy

plays an important role in this aspect. ‘Financial Aspects’ deal with

investments in solar systems and related PV products and the eco-

nomic value of the energy produced.

The ‘Societal Context’ plays an important role in the realisation

and acceptance of PV systems within society. Policy, regulations, laws

and standards are typically categorised as societal aspects. However,

the public opinion on sustainability and the willingness to use PV

technologies play important roles as well. The ‘Human Factors’ aspect
deals with the use of PV systems; this is especially important in the

case of PV systems in in the built environment and product integrated

PV (PiPV) where usability, performance and visibility features will

determine the appreciation of users.10,11

The last aspect, ‘Design and Styling’, deals with the appearance

of PV technologies. An interesting and contemporary appearance

can have a major influence on the desirability of PV-integrated

products but can also play a role in making PV systems more

acceptable by its users or in its environment of use, as is the case

for building-integrated PV (BIPV) systems. Well-designed objects

tend to encounter less resistance and also have an increased func-

tionality because of a positive and forgiving attitude from the

user.12 Moreover, the communication function of design can help to

improve the other four aspects, in particular the ‘Human Factors’13

and, hence, also stimulate the acceptance of innovative

technologies.14,15

Usually in the PV industry only two out of these five aspects,

namely, (1) ‘Technologies and Manufacturing’ and (2) ‘Financial
Aspects’, are emphasised in product development of PV modules,

with ‘Societal Context’ being occasionally taken along in the design

process. The two remaining aspects (‘Human Factors’ and ‘Design

and Styling’) that are also required to create a successful product in

the market are usually neglected. This is a serious omission from the

product development chain, which potentially can have a negative

impact on consumers' long-term interest in photovoltaic products.

Therefore, it makes sense to evaluate how we can design with

F IGURE 1 Examples of integration of solar
technologies in objects. Left: A PV-powered
building: the Copenhagen International School.7

Right: A PV-powered car, the Sono Sion8
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photovoltaics instead of just applying the technology,9 and in this

scope Industrial Design Engineering can play an important role.

1.3 | What is Industrial Design?

Before continuing it would be useful to shortly evaluate the definitions

that exist for Industrial Design Engineering. For instance, the World

Design Organization (WDO), formerly known as the International Coun-

cil of Societies of Industrial Design (ICSID), defines Industrial Design as

a strategic problem-solving process that drives innova-

tion, builds business success, and leads to a better

quality of life through innovative products, systems,

services, and experiences.3

According to an extended description, Industrial Design

bridges the gap between what is and what's possible. It

is a trans-disciplinary profession that harnesses creativ-

ity to resolve problems and co-create solutions with the

intent of making a product, system, service, experience

or a business, better. At its heart, Industrial Design pro-

vides a more optimistic way of looking at the future by

reframing problems as opportunities. It links innovation,

technology, research, business, and customers to pro-

vide new value and competitive advantage across eco-

nomic, social, and environmental spheres.3,16

These definitions are very descriptive and rather instrumental. A more

meaningful definition of what Industrial Design really can bring is

needed to understand its role in the engineering process which is the

‘humanisation of technologies’ or ‘making technology available for

people’. Other important aspects of Industrial Design are creativity

and cultural and economic exchange. On a broader level, design can

be seen as the human capacity for changing the world around us in a

preferable direction:

design, stripped to its essence, can be defined as the

human capacity to shape and make our environment in

ways without precedent in nature, to serve our needs

and give meaning to our lives.17

1.4 | PV-powered electric mobility applications

The current uptake in the use of electric vehicles (EVs) is expected

to lead to a substantial reduction of global CO2 emissions since

road vehicles currently account for around 70% of greenhouse gas

emissions in the transport sector.18 This reduction, however,

greatly depends on the carbon intensity of the electricity used for

EV charging. For instance, the CO2 emissions per kilometre driven

by an EV in countries with carbon-intensive grid electricity such as

Latvia (169–234 g CO2 eq/km) and Poland (140–195 g CO2 eq/km)

could be as high as those of an equivalent internal combustion

engine (ICE) vehicle.19 In order to reduce these emissions, it is of

particular interest to charge EVs with renewable energy technolo-

gies such as solar PV. According to our previous work,20 the

emission reduction potential of solar-powered EVs can be as high

as 60–90% compared to grid charging depending on the location

and over 90% compared to a gasoline-fueled ICE vehicle (see

Table 1).

F IGURE 2 Innovation flower
of industrial product design
showing objects that contain
integrated solar cells, such as
(clockwise from top left) a solar-
powered coat park, a PV tracking
system, building-integrated PV
and a PV-powered electric
vehicle (courtesy of A. Reinders

and Stevens Idepartners)2,3
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Two types of PV-powered applications for electric mobility are

being considered at the moment:

1. Vehicle-integrated PV (VIPV): In these applications, PV cells or PV

modules are integrated into the vehicle body and produce electric-

ity which can be used for powering the vehicle's electric engine or

stored in the battery pack as shown in Figure 3. Photovoltaic sys-

tems can be integrated into various types of vehicles such as cars,

bicycles, planes and boats21,22 but in this paper the scope of this

technology will be limited to road vehicles only.

2. PV-powered EV charging stations: These consist of EV charging

points which rely on a PV system to supply part or all of the energy

required to charge one or several EVs. The station can include a

local battery system for storing the surplus electricity generated by

the PV array (see Figure 4).

At present both of these applications are being developed with

a merely technical scope in order to show that from an energy bal-

ance perspective and a PV perspective it will be possible to drive

on solar power. Table 2 lists several examples of existing PV-

powered vehicles and charging stations, including their estimated

technical features.

1.5 | Structure of the paper

This paper is structured as follows: Section 2 describes the context in

which the design study on PV-powered electric mobility applications

was carried out, including the design brief. Section 3 presents the results

of the study with an overview of the developed conceptual designs

followed by a more detailed description of four of these concepts which

are presented as case studies. The concepts are then critically evaluated

in Section 4, encompassing an analysis of the current design limitations,

possible improvements and other potential applications for each con-

cept. Finally, Section 5 will summarise and discuss the findings of this

evaluation followed by some conclusions on the design study.

2 | DESIGN STUDY DESCRIPTION

2.1 | Context of the design study

Since there is at present limited experience with the application of PV

systems in electric vehicles and their charging infrastructure, a con-

ceptual design study was carried out in 2019 with students of Indus-

trial Design Engineering and Mechanical Engineering at the University

of Twente (UT) in the Netherlands to explore how innovative PV

applications for these technologies could look like in a near-future

mobility context. This paper presents the results of this design study

consisting of several innovative conceptual designs for the integration

of PV in future electric mobility systems which are critically evaluated

regarding their expected benefits, points of improvement and barriers

towards implementation in practice. The design study and the evalua-

tion of its results have an interdisciplinary scope by considering the

technical, user, regulatory and aesthetic aspects introduced in

Section 1.2. This fits to existing theoretical frameworks for designing

with photovoltaics2,3 which have been developed through the execu-

tion of design projects in the past 15 years at the University of

Twente.32–35

The design study was executed within the framework of the

research project ‘PV in Mobility’36 and as part of the Master-level

course ‘Sources of Innovation' which is offered for students at the

University of Twente. The approach in the ‘Sources of Innovation'

course is twofold: theory is provided on innovation processes and

TABLE 1 Driving emissions (in g CO2/km) from an EV charged with different energy sources in three locations around the world20

Location: Perth, Australia S~ao Paulo, Brazil Amsterdam, The Netherlands

100% PV Charging 10 11 13

50% PV + 50% Grid Charging 75 24 66

Grid charging 135 30 110

Equivalent ICE vehicle 178 178 178

F IGURE 3 Scheme showing the main
components of a vehicle-integrated PV (VIPV)
system
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innovation methods, and this knowledge is simultaneously applied in a

design project.37 The innovation process is studied from different

points of view such as diffusion of innovations, industry dynamics and

strategy. The design projects then focus in the use of innovative prod-

uct design for an emerging technology, and the final result should be

an innovative technology-based product concept which is well suited

for a future market. This approach has been successfully applied in

the past to other projects aimed at designing with concentrator pho-

tovoltaics, luminescent solar concentrators, smart grid technologies

and other PV applications.9,34,35,38

During the period of September to November 2019, students

were tasked with designing a conceptual product-service combination

for solar PV-powered EV charging solutions with a focus on increasing

their adoption potential by future users. The design projects took

place in a period of 10 weeks and involved a specialist lecture intro-

ducing the students to the topic as well as the application of several

industrial design methodologies. These innovation methods are com-

monly used in industrial design for the development of an innovation

strategy focusing on the design of technology-based products. The

course was completed by a poster presentation of the final concepts

and written reports from each project team.

2.2 | 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 five features which

are key for designing with photovoltaic technologies: technical

aspects, human factors, financial feasibility, product styling and socie-

tal context (see Figure 2). The PV-powered mobility solution should

be suitable for the Netherlands as well as other international locations

of the students' choice such as China, India and the United States.

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,27 IM Efficiency39 and Trens Solar Trains.40

Students were also required to apply innovation methods in the

development of their concept. These methods include the Innovation

Phase Model (IPM),41 the Russian technical problem-solving method

TRIZ42 and Platform-driven Product Development (PDPD),43 among

others.

3 | RESULTS

A total of 11 different conceptual designs were created by the

student teams as part of the ‘Sources of Innovation' course, cover-

ing a wide range of application purposes and vehicle types (see

Figure 5). A short description of each of these designs can be

found in Table 3.

Figure 6 presents an overview of the design features selected for

the developed concepts. Designs mostly focused on either PV-

powered charging infrastructure (seven concepts) or vehicle-

integrated PV systems (five 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.

The design projects also proposed PV-powered mobility solu-

tions for different vehicles beyond passenger cars. This type of

vehicle was covered in 5 of the 11 designs, with the rest focusing

on city buses or trains (4 concepts), vans (2), electric bicycles

(1) and utility vehicles (1). Although plug-in charging was the pre-

ferred charging technology in the developed designs (4 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 pri-

vate (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 sections will introduce four examples of the designs

developed by the student teams in further detail as case studies. The

concepts presented in Sections 3.1 and 3.2 focus on PV-powered

charging infrastructure, while those in Sections 3.3 and 3.4 address

vehicle-integrated PV applications.

F IGURE 4 Left: A PV-powered
EV charging station. Right: Scheme
showing the main components for
this system
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TABLE 2 Technical specifications for PV-powered mobility applications which are commercially available or under development at the time
of writing

PV system

Storage

capacity Charging Driving range

PV-powered EV charging stations

Charging station (Fastned) 23,b Variable, estimated 4–8 kWp n.a. 50 kW DC

175 kW DC

(1–4 EVs)

n.a.

SEVO Sunstation (Paired Power) 24,b 16.8 kWp n.a. 16.8 kW

(6 EVs)

n.a.

EV ARC (Envision Solar) 25,b 4.3 kWp 24–40 kWh 4.2 kW AC (1

EV)

n.a.

E-Port(SECAR)26,b 4–6 kWp

depending on model

n.a. 22 kW AC (1–2
EVs)

n.a.

Vehicle-integrated photovoltaic (VIPV) systems

Lightyear One (Lightyear)27 Estimated 750 Wp, cells on vehicle roof, bonnet

and rear

60 kWh 22 kW AC

60 kW DC

575 km

Solar

Range:50 km/day

(Continues)
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3.1 | Solar Bus Terminal

This conceptual design consists of a terminal for electric city buses

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 (see Figure 7). The terminal is connected to

the local grid in order 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.

TABLE 2 (Continued)

PV system

Storage

capacity Charging Driving range

Sono Sion (Sono Motors)8 Estimated 1.2 kWp, cells on vehicle roof, bonnet,

doors and rear

35 kWh 11 kW AC

50 kW DC

225 km

Solar range:

34 km/day

Solar O, L, R and A

(Hanergy)28
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) 29,a Estimated 200 Wp, cells on vehicle roof 9.8 kWh 3.3 kW AC 43 km

Solar Range:

1,300 km/year

Revero(Karma Automotive) 30,a,b 200 Wp, cells on vehicle roof 21 kWh 6.6 kW AC

40 kW DC

80 km

Solar Prius (Toyota) 31,a 860 Wp, cells on vehicle roof, bonnet and rear 8.8 kWh 3.3 kW AC 50 km

‘Solar range’: range gained with the energy from the integrated PV cells.
aVehicle with hybrid powertrain, range shown in table is electric-only.
bCommercially available at the time of writing.

SIERRA AND REINDERS 7



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

moment. This visual feedback, together with a design aesthetic which

highlights the PV modules on top of the structure, is intended to com-

municate the sustainability-oriented focus of the bus service to its

end users.

Table 4 shows some of the technical specifications for this con-

cept including PV system size, battery capacity and charging speed.

3.2 | Solar Train Stop

In this concept, a small PV system is integrated with a street bench in

order to create a stop for city trains which provides shelter to users

while also acting as a local renewable energy source. Figure 8 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.

The vehicle is charged by using a set of charging pads located

on the street which use induction charging to 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 which

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

in order to help it blend in with the urban environment as well as pro-

viding a more pleasant and eco-friendly appearance to users. This dis-

tinct appearance is also important for making the station recognisable

as part of a sustainable transportation system.

Table 5 shows some of the technical specifications for this con-

cept including PV system size, battery capacity and charging speed.

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 9, left) which were then used for

creating a set of potential concept designs (Figure 9, right). The

selected design was created by combining some of these alternatives

and was further refined by improving the concept's aesthetics to

F IGURE 5 Selected conceptual designs from the ‘Sources of Innovation’ student projects: (1) Solar Mobile Charger,a (2) Solar Luggage
Vehicle,b (3) Zun,c (4) Solar Bus Terminal,d (5) Lock n'Load shed,e (6) Solar Train Stop,f (7) Solar Trains Serviceg and (8) Solarshare+ charge pointh
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communicate its intended function as well as resolving several design

contradictions presented by the initial ideas.

The conceptual design resulting from this process is shown in

Figure 10, consisting of an electric van with integrated PV panels

which 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 though 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 which is accessible to all users.

Table 6 shows some of the technical specifications for this con-

cept including PV system size, battery capacity, charging speed and

vehicle range.

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 existing charg-

ing infrastructure which has already been developed for electric air-

port utility vehicles.46

The solar luggage vehicle (shown in Figure 11) 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 airplanes and the terminal building.

Table 7 shows some of the technical specifications for this con-

cept including PV system size, battery capacity, and charging speed.

4 | CONCEPTUAL DESIGN EVALUATION

The conceptual designs introduced in the previous section were pres-

ented as they were conceived by the designers. These designs, how-

ever, 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.

4.1 | Solar Bus Terminal

One of the main limitations of the proposed concept involves the chal-

lenges posed by the battery swapping process which requires drivers

to exit the bus for a brief period of time. This could be problematic dur-

ing 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)47 making the

packs too heavy to be carried by a single person. Several smaller small

battery packs could be used instead, but this would greatly increase

TABLE 3 Conceptual designs created in the ‘Sources of
Innovation' course

Concept name Description

Solar Mobile

Charger

A van with an extendable PV array which acts 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 to the

vehicle sides and roof which can be used to

recharge EVs in areas with no available

charging infrastructure.

CoolSun A city bus with an integrated PV roof which

informs 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 that can recharge the

buses through a battery swapping process.

Extendable CPV

Car Roof

A modular roof for a passenger EV which uses

concentrator PV technology and 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 N0 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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the time required for performing the swapping operation. Another pos-

sibility involves automating the swapping process which has already

shown positive results in the Chinese EV market.48

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 sys-

tem which is able to 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 inte-

grated into other parts of the structure, but their location would

F IGURE 6 Overview of specific features of
concepts resulting from the design project: type
of mobility solution, vehicle type, ownership and
charging modes

F IGURE 7 Solar Bus Terminal conceptual
design. Designers: M. Dijkstra, A. Suresh and
S.V. Ramana

TABLE 4 Technical specifications for the Solar Bus Terminal
concept

PV system size 10–20 kWp

Dimensions (L × W × H) 18 × 4 × 6 m (terminal structure)

50 × 15 × 30 cm (battery packs)

Battery capacity 200–300 kWh (bus)

20–25 kWh (battery packs)

Charging speed Battery swapping at periodic intervals

10 SIERRA AND REINDERS



ultimately depend on the specific location and orientation of each

terminal.

This concept for a solar bus terminal can be adapted for simi-

lar 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 as shown in

Figure 12.

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,44 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 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

F IGURE 8 Solar Train Stop conceptual
design. Designers: S. Elango, U. Parvangada and
G. Ribeiro

TABLE 5 Technical specifications for the Solar Train Stop concept

PV system size 1–2 kWp

Dimensions (L × W × H) 3.5 × 2 × 2.5 m

Battery capacity Up to 10 kWh

Charging speed Inductive charging, 100–200 kW44,45

Note: Specifications shown are for one bench; total values for a given stop

can be scaled depending on the total number of benches used.

F IGURE 9 Ideation process for the Solar Mobile Charger conceptual design. Left: Brainstorm on EV recharging solutions. Right: Initial
sketches based on brainstorming results
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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.

4.3 | 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, particu-

larly 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 bat-

tery 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 alterna-

tive for solving this issue.

F IGURE 10 Solar Mobile Charger conceptual
design. Designers: R. den Hertog, S. de Jonge and
T. Willems

TABLE 6 Technical specifications for the Solar Mobile Charger
concept

PV system size 1–3 kWp

Dimensions (L × W × H) 9 × 2 × 2 m

9 × 6 × 2 m (Extended panels)

Battery capacity 250 kWh

Charging speed Up to 100 kW per port

4 charging ports

Vehicle range 300 km

Note: This battery capacity is used to power not only the mobile unit itself

but also the EVs it is servicing.

F IGURE 11 Solar-powered luggage vehicle conceptual design. Designers: J. Liao, N. Pizzigoni and V. Rachmanda
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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.

4.4 | Solar Luggage Vehicle

The designers proposed a fully autonomous vehicle design, but there

are several barriers for 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 consump-

tion 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 sys-

tem 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 air-

ports followed by the development of other applications such as last-

mile delivery in urban locations (see Figure 13).

4.5 | Simulations of EV energy demand and PV
production

In order to quantitatively assess the potential of PV systems for

powering the mobility concepts developed in this design project, the

TABLE 7 Technical specifications for the Solar Luggage Vehicle
concept

PV system size 0.5–1 kWp

Dimensions (L × W × H) 4 × 1.5 × 2 m

Battery capacity 10–20 kWh

Charging speed 10–50 kW

F IGURE 12 Design impression of
passengers using the Solar Bus Terminal
concept by M. Dijkstra, A. Suresh and
S.V. Ramana

F IGURE 13 Impression of solar-powered
vehicle design adapted for last-mile delivery
applications in urban environments
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approximate share of their energy demand covered by the integrated

PV system was calculated applying a simulation model which has been

previously developed and published by the authors.20

Two representative locations with different yearly irradiation

were chosen for this assessment: Amsterdam, The Netherlands (GHI:

1060 kWh/m2 per year), and Perth, Australia (GHI: 1960 kWh/m2 per

year).49 Additionally, two scenarios considering different shading fac-

tors (no shading and 30% shading) were defined at both locations in

order to determine each concept's expected PV share under different

conditions.

Table 8 below shows the estimated PV shares for all four con-

cepts introduced in Section 3 as well as the technical assumptions

considered in each simulated scenario based on the specifications pro-

vided in Tables 4–7. The PV share is defined as follows:

PV share =
EPV,year
EEV,year

, ð1Þ

where EPV,year is the yearly energy production from the PV system

(in kWh) and EEV,year is the vehicle's yearly energy demand (in kWh). It

TABLE 8 Simulated PV shares achieved by each conceptual design

Concept Input variables
Energy
demand

PV share (Amsterdam, NL) PV share (Perth, AU)

No shading
30% shading
factor No shading 30% shading factor

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 50, 2

buses operating per

station

17,400 kWh/

year

50% 35% 69% 51%

Solar Train

Stop

Train stops consisting of

3 bench modules, each

with 2 kWp PV

installed. 45 kWh EV

battery capacity,40

10 kWh stationary

storage. Drive distance

30,000 km/year,

driving efficiency

0.58 kWh/km 29

17,400 kWh/

year

32% 22% 46% 32%

Solar

Mobile

Charger

3 kWp PV installed,

250 kWh storage

capacity. PV energy

used exclusively for

charging user EVs,

each driving

30 km/day,51 driving

efficiency 0.174 kWh/

km52 and 30 kWh

battery capacity.

Separate shares

calculated depending

on number of EVs

charged

simultaneously.

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

1 kWp PV installed,

20 kWh EV battery, no

local storage, driving

distance

160 km/day,53 vehicle

efficiency 0.17 kWh/

km.

10,000 kWh/

year

9% 7% 13% 9%

*Crystalline silicon technology assumed for all PV systems.
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is worth noting that these estimations assume that the energy pro-

duced by the PV systems is used by the vehicles. This may not always

occur in practice as in some situations the on-board or stationary bat-

teries could already be fully charged and thus generated PV energy

cannot be stored.

5 | DISCUSSION AND CONCLUSIONS

A total of 11 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 esti-

mated for the four conceptual designs introduced in Section 3 show

that for public transport applications PV systems could supply approx-

imately 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.

One of the main design limitations found in this study was the

small area available for installing PV systems, particularly for designs

which integrated PV cells on vehicles. Extendable arrays were pro-

posed 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 vehi-

cle 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 swapping48,54 and inductive charging55,56; 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 sustainabil-

ity. 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 devel-

oped at the conceptual stage only and as such it is difficult to evaluate

design aspects such as costs, user acceptance and the required bal-

ance of system (BOS) components for each concept. Further develop-

ment 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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