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Abstract

Growing climate concerns push policymakers to enact laws to reach national climate goals. In
Germany, the “Energiewende” fosters the expansion of renewable energy sources (RES), and
simultaneously pursues to reduce the dependency on fossil fuels. In the transport sector, the Ger-
man Government, among others, aims to shift from internal combustion engine vehicles to electric
vehicles (EVs). The widespread adoption of EVs, however, will result in additional electricity
demand. Yet, integrating the EV’s battery via a bidirectional power flow into the grid could pro-
vide short-term flexibility options for the electricity system. Hence, vehicle-to-grid (V2G) enables
a smoother and more efficient integration of large EV numbers and a higher potential of integrat-
ing RES into the grid.

The adoption of this technology takes place at the local or household level, which, inevitably,
assigns the EV owner a key role in the whole V2G system. Achieving system benefits is thus
dependent on the user’s acceptance of this technology, highlighting the multilevel and multifac-
eted character of V2G. This dissertation focuses on the user's perspective, analyzing different user
motivations to adopt V2G technology. To this end, this work first provides a systematic overview
of scientific studies in the field of smart charging, assessing how the user is integrated into state-
of-the-art research. Secondly, developing three empirical studies, this thesis builds upon several
theories, e.g., value belief norm theory, evaluating economic, environmental, technical, and social
motives to adopt V2G, using statistical methods, such as mediation analysis and multi-group
structural equation modeling. Additionally, the thesis provides comparisons between sub-groups,
i.e., countries (Germany, France, Switzerland, UK), EV experience levels, and between energy
initiative members and non-members. Understanding the acceptability of V2G and its underlying
motives for different sub-groups is at the core of this thesis.

The systematic literature review confirms the existence of typical patterns of how the user is in-
tegrated into the different research streams and highlights the need for more in-depth analysis of
the user motivations, while calling for integrative research, accounting for the inherent complexity
more holistically. The empirical studies analyze user requirements and motivations to adopt a
V/2G charging tariff, extending current research by using and developing direct rating methods to
capture users’ interest in V2G tariff schemes. Results demonstrate, that user requirements about
minimum range and monetary compensation are high. Yet, environmental and economic motives
positively influence users’ range requirements, and willingness to participate in a V2G charging
tariff, raising higher flexibility potentials. Importantly, this especially holds for EV owners. More-
over, battery degradation is perceived as a relevant barrier to V2G, increasing users’ monetary
compensation requirements. Next to environmental and economic motives, community factors
can act as drivers of adoption interest, too. Specifically, community factors are uniquely related
to adoption interest and, furthermore, influence the adoption interest of V2G via personal norms,
indirectly. Finally, while motives seem to be similar between the studied countries, EV knowledge
levels, and initiative membership have an impact on how V2G is evaluated and which require-
ments are applied.
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Chapter 1

1 Introduction

1.1 Motivation

The world is under stress due to climate change, and mankind is beginning to witness its severe
effects. Heat waves, forest fires, and floods, just to name a few, happen in regions and in seasons
where these heavy weather conditions were not common before. To limit the consequences, a
majority of countries worldwide have agreed in the Paris Agreement to reduce their greenhouse
gas emissions significantly to hold the increase in global warming below 2°C, compared to pre-
industrial levels (UNFCCC, 2015). To this end, governments develop strategies and enact laws
to carry out appropriate measures. In Germany, the climate protection law, the “Klimaschutzge-
setz” (Bundesministerium fir Wirtschaft und Klimaschutz) which was in force in its previous
version until June 2024, earmarked reduction goals for greenhouse gases that have to be achieved
by the six sectors': energy economy, industry, building, transport, agriculture and waste, and oth-
ers. Yet, the transport sector missed its targets for several years in a row (Agora Verkehrswende,
2023). The share of transport in total emissions has risen from around 13% in 1990 to almost 20%
in 2022 (UBA, 2024).

To decrease CO2 emissions in the transport sector, the German Government is promoting electric
vehicles (EVs) with several measures® to reach the aim of 15 million electric vehicles by 2030, as
stated in the coalition agreement of the 2021 -elected German Government (SPD, Biindnis 90/Die
Griinen and FDP, 2021). In 2024, there were ~1.4 Mio EVs on Germany’s roads (Kraftfahrtbun-
desamt, 2024). When charged with 100% renewable energy sources (RES), the operation of an
EV produces less CO2 emissions than internal combustion engine vehicles (ICEVs), and further-
more reduces the dependency on fossil fuels. Thus, EVs are currently the most economical and
energy-efficient solution of the currently available reduction options in the transport sector
(Wietschel et al., 2022).

The market ramp-up of EVs will result in additional electricity demand. According to a study by
Prognos (Kemmler et al., 2021) the additional gross electricity consumption will rise from 2018

1 The climate protection law is the core of the German climate policy. It defines, that Germany has to reduce its green-
house gas emissions by at least 88 % by 2040 and become climate-neutral by 2045 (Die Bundesregierung, 2024).
Various changes were made to the law and it was criticized in particular for softening the greenhouse gas emission
reduction targets per sector (Tagesschau, 2024). Compared to the previous frame, sectors are no longer strictly bound
to achieve their goals, but the reduction over all sectors is the baseline for success 2045 (Die Bundesregierung, 2024).
2 The so-called ,,Masterplan Ladeinfrastruktur I is the basis for the targeted market ramp-up of EVs in Germany. It
includes several measures, among others promoting the expansion of public and private (particularly for businesses)
fast-charging stations for EVs and trucks, and fostering electricity from PV for EV charging. (BMDV, 2024).



1 Introduction

to 2030 by 68 TWh only due to electromobility. With this, electromobility will be one of the main
drivers of increasing electricity demand in the future. Additionally, in light of expansion targets
for RES in Germany (Bundesministerium fir Wirtschaft und Klimaschutz, 2023), and further
electrification, for example in the heating sector, the electricity system changes from once unidi-
rectional and centralized to a bidirectional decentralized system. With this, the energy system
undergoes a radical transformation, where flexibility options are becoming increasingly important
to uphold the system’s stability. Short-term battery storage is one substantive pillar in this system
transformation, as it provides geographic and temporal distributed flexibility (Knezovic et al.,
2017). In this context, the EV’s battery can make a substantial contribution to the ambitious Gov-
ernment targets, given the potential storage capacities. Using the EV’s battery as a distributed
short-term flexibility could provide flexibility options for the electricity system and thus enable a
smoother and more efficient integration of these large EV numbers and consequently, higher po-
tential of integrating RES into the grid. Enabling a bidirectional power flow of the EV’s battery
while optimizing the charging process towards one or multiple goals and reaching a desired state
of charge (SoC) is called vehicle-to-grid (V2G) (Huber et al., 2019; Sovacool et al., 2017).

Besides the technological and regulatory challenges which are associated with V2G, new tech-
nologies have to be integrated into user practices, organizations, and routines to be successful.
Therefore, it is important to understand how people form an opinion on V2G and why people take
action in favor or against it (Huijts et al., 2012). This is especially important as V2G is adopted
on a household level, which makes the owner of the EV a key stakeholder in the whole V2G
system. System benefits can thus only be achieved when users accept and adopt this technology.
Consequently, it is necessary to analyze and understand user motivations to adopt V2G technol-

ogy.

1.2 Scope and research objective

This work aims to derive an improved understanding of the user’s role in a V2G system. To this
end, it is necessary to unfold how the user is characterized and integrated into the V2G system.
Moreover, going one step further, itis essential to examine the factors and their role in influencing
the user acceptability of V2G technology. Specifically, as the study’s object is a technology that
is not yet market-ready, the thesis’ focus is on acceptability, a concept describing the user’s in-
tention to use and engage with the technology in question, in this sense, a pre-condition for adop-
tion (Schade and Schlag, 2003). To gain a more holistic understanding of V2G acceptability, it is
vital to consider a variety of motives. Four different factor dimensions are taken into account.
Technical factors relate to the technology’s benefits for grid stability and the technological barri-
ers arising from using the technology, such as increased battery degradation. Economic factors
play a key role as participating in V2G is, on the one hand, associated with additional investments
and, on the other, bears the promise to generate revenue. In contrast, environmental motives focus
on the technology’s benefits for the environment, particularly the potential of increasing the share
of RES in the grid. Yet, these motives are often in conflict with economic motives. While eco-
nomic motives reflect individual interests and focus on a shorter time horizon, strong environ-
mental motives tend to reflect collective interests that include concemn for future generations. Fi-
nally, individuals don’t act in a vacuum but are influenced by their social environment, which is



1.2 Scope and research objective

why it is important to also consider social factors as an essential aspect of V2G acceptability from
the user's perspective. As the perception of technical, economic, environmental, and social mo-
tives may be substantially different between sub-groups, this work offers group comparisons as
well. Particularly, this work compares V2G case studies based on EV knowledge, membership in
an energy initiative, and the country context. Pursuing an analysis for specific sub-groups allows
to draw targeted recommendations for these sub-groups and increases the generalizability of re-
sults (Figure 1). Understanding the acceptability of V2G and its underlying motives for different

------------------- Sub-group comparison

Figure 1: V2G acceptability dimensions, own illustration.

sub-groups is at the core of this thesis. Specifically, the thesis addresses three empirical research
questions, which can be categorized into two complementary parts.

The first part provides a systematic overview of the current state of research on smart charging
(including both uni- and bidirectional charging), investigating disciplines and methods that are
used in this research field, and identifying stakeholders and dominating research topics through-
out the various disciplines. Furthermore, this part scrutinizes how the human factor of smart
charging is approached by predominating topics and disciplines and provides examples of re-
search topics and the way in which the user characteristics are typically integrated. The first part
thereby addresses the following research question:

i. How is the user represented and characterized in current research on smart charging and
how do disciplinary approaches differ?

Since the research landscape investigating user motivations to participate in V2G is still underde-
veloped, and comparisons across countries and different stakeholder groups are scarce, the second
part builds upon the first one by focusing on different factors and their impact on V2G accepta-
bility. Importantly, the thesis does not only focus on one specific motivation but stands out by
conflating a diverse set of user motivations analyzing them against the background of different
country settings. Conceptually, this thesis develops different approaches to operationalizing V2G
acceptability. The focus is on framing V2G charging tariffs and asking for users’ willingness to
pay (WTP), willingness to accept (WTA), and willingness to participate, using direct approaches.
Methodologically, different statistical methods are used to analyze the relationships between V2G
acceptability and its predictors, among others, structural equation modeling and mediation mod-
eling. Finally, the thesis undertook considerable efforts to carry out different approaches to ana-
lyze different V2G case studies for different sub-groups, firstly by comparing groups of distin-
guishable EV knowledge levels, second by comparing energy community members with non-
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members, and finally by comparing different countries. Thus, the second part addresses two re-
search questions:

i. To what extent do technical, economic, environmental, and social factors explain V2G
acceptability?

ii. How does the analysis of sub-groups add to and extend the understanding of technical,
economic, environmental, and social acceptability factors of V2G?

This thesis proposes that, though there seems to be a general willingness to participate, the per-
ceived barriers arising from the technological peculiarities are evident and are reflected in high
user requirements to participate in V2G, particularly high expectations toward compensation and
high minimum range requirements. Yet, offering EV owners to charge particularly climate-
friendly or in a cost-minimizing way, leads to lower range requirements, providing the aggregator
with greater amounts of flexibility. Moreover, the thesis illustrates the importance of considering
sub-groups. Specifically, group membership, and EV knowledge level matter and significantly
impact V2G adoption interest. In particular, these characteristics influence V2G adoption interest
directly and indirectly, highlighting the important role of knowledge and energy initiative mem-
bership in creating interest in novel energy technologies. Finally, this thesis shows that country
differences seem less relevant in the context of VV2G adoption interest.

The cumulative dissertation consists of two parts. Its structure is illustrated in Figure 2. Part |
contains this introduction (Chapter 1). The thesis at hand focuses on an innovative technology,
that is on the one hand relevant to the energy system by providing flexibility, but, on the other,
will be adopted on the household level. Hence, this thesis continues by outlining the technology’s
fundamentals in the context of the German electricity market, thereby focusing on the relevance
for energy economics, and its technical and regulatory barriers (Chapter 2). Chapter 3 focuses on
the human dimension of VV2G, describing the theoretical fundamentals and concepts, relevant to
explain V2G acceptability. Besides the theoretical part, this chapter also includes a review of
empirical studies on V2G acceptability, deriving and structuring the most important factors pre-
dicting V2G acceptability. Chapter 4 builds upon the previous chapters, outlining the research
design of this thesis and how it was implemented in the appended research papers. Thereby, Chap-
ter 4 puts a particular focus on how V2G acceptability was operationalized and how the group
analysis was performed within the scientific papers. Hereafter, Chapter 5 provides a synthesis of
the four research papers. Next, this thesis summarizes the most important finding and derives
political and theoretical implications (Chapter 6) and finally, concludes with a critical reflection
and recommendations for future research (Chapter 7).

Part Il consists of the interconnected scientific papers A-D:

Paper A The objective of Paper A is to systematically analyze the current state-of-the-art re-
search on smart charging (including V2G) of EVs with a specific focus on the question of how
different disciplines integrate the user into their research, which variables and methods are used,
and which research areas are being studied. The literature review provides examples of the dif-
ferent disciplines, identifies best practices, and provides recommendations for future research.
Paper A is a systematic literature review and was published in 2023 in the journal Energy Re-
search & Social Science (Baumgartner et al., 2023).



1.2 Scope and research objective

Paper B This proceeding article follows three objectives. First, to assess the expected user
compensation requirements for participating in V2G charging when informing them about the
necessary additional investments and the issue of battery degradation. Second, to evaluate differ-
ent predictors of users’ willingness to participate in V2G charging. And last, to compare the re-
sults between a German and a United Kingdom sample. To this end, a survey was developed,
which asks for users’ compensation requirements. Furthermore, a hierarchical multi-regression
model was developed to analyze users’ willingness to participate in V2G and its predictors. This
proceeding article was presented at the EEM conference in June 2024 and was published in the
IEEE (Baumgartner et al., 2024).

Paper C  Paper C focuses on user requirements with regard to the minimum range require-
ments and WTP for a VV2G charging tariff for EVs. Moreover, it analyses the extent to which
different charging strategies affect the requirements of people with different EV experience lev-
els. Based on a unique data set including a high share of people owning an EV and having expe-
rience with EVs, minimum range requirements and users’ WTP for a two-level charging tariff are
calculated. For calculating users’ WTP, the price sensitivity meter by van Westendorp was ap-
plied. Furthermore, in this paper three distinct charging strategies are developed — climate-neutral,
cost-minimizing, and grid-beneficial charging — and integrated as mediators into a mediation
model with categorical predictors. This scientific paper was published in 2022 in the journal
Transportation Research Part D (Baumgartner et al., 2022).

Paper D  This paper develops a new theoretical model considering personal and community
factors as potential drivers of energy technology adoption, with V2G being the test case. To test
this model, an empirical study was conducted based on nationally representative panel data col-
lected in three European countries (Germany, France, and Switzerland). The model was analyzed
using structural equation modeling. Furthermore, a grouping variable (country) was introduced in
a second step to test the model for the three European countries. The objective of this study is to
explain whether membership in a community energy initiative increases the likelihood of engag-
ing in additional energy transition practices. This paper was published in 2025 in a special issue
of the journal Ecological Economics (Baumgartner et al., 2025).
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Chapter 2

2 Vehicle-to-grid fundamentals in
the context of the German energy
transition

New technologies, actors, and roles will shape the future energy system that is envisaged by po-
litical strategies. This system is characterized by decentralized and renewable energy-based pro-
duction, and bidirectional power flows. Importantly, scholars have identified the need for flexi-
bility as an integral part of the new energy system design. Energy storage, as well as customer
engagement in the frame of demand response programs or dynamic tariffs, are thereby two major
bottlenecks in matching intermittent renewable energy supply with electricity demand (Hampton
etal., 2022; Heilmann and Friedl, 2021). Moreover, to reach a climate-neutral future, RES are at
the beginning of nearly every supply chain, replacing fossil fuels either directly through the elec-
trification of processes and sectors, such as the transport or heating sector, or indirectly through
hydrogen or synthetic carriers. Ultimately, this gives rise to new technologies and contributes to
sector coupling. In Germany, four technologies have been identified as the main drivers of sector
coupling — heat pumps, EVs, power-to-heat and district heat, and electrolysis (Agora Ener-
giewende, 2022; Ubertragungsnetzbetreiber CC-BY-4.0, 2023), whereby EVs and the possibility
of utilizing their battery as decentralized storage, is the main focus of this thesis.

This chapter provides an overview of the theoretical foundations of V2G from a technical and
economic viewpoint. The purpose of this section is

i. to highlight the role of V2G in the energy transformation

ii. to provide an overview of the V2G system and its applications
iii. to describe the existing challenges
iv. to introduce the user role.

Chapter 2 aims to give an overview of the fundamentals of V2G, starting by introducing the tech-
nology’s role and relevance for a future energy system (Section 2.1). Section 2.2 provides an
overview of the V2G fundamentals, including a definition and demarcation to other forms of
smart charging, an introduction to the primary and secondary actors of a V2G system, and appli-
cations. Section 2.3 highlights the major technical and regulatory challenges that persist, hinder-
ing, up to now, a complete market introduction of V2G. The chapter closes with an introduction
of the user role in a V2G system, focusing on the conflict between mobility needs and flexibility
provision (Section 2.3.2).
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2.1 Electric vehicle market integration: Challenges
and potentials

As of 2024, there are just over 1 million EVs on Germany's roads (Kraftfahrtbundesamt, 2024).
The German government aims to increase this number to 15 million in 2030° (SPD, Biindnis
90/Die Grlnen and FDP, 2021), while the grid development plan predicts 31 million EVs by 2037
and 37 million EVs by 2045 in its scenarios B (decarbonization through intensive electrification)
and C (decarbonization despite low efficiency) (Ubertragungsnetzbetreiber CC-BY-4.0, 2023).
This would mean an enormous additional electricity demand of up to 90 TWh in 2045, when
assuming a net electricity consumption of 2.4 MWh per year and vehicle (Figure 3). To put this
into context: in 2023, the net energy consumption in Germany amounted to 467 TWh (BDEW,
2024a). Thus, 15 million EV is equivalent to 20% of today’s energy demand.

Another challenge that arises with the ramp-up of EVs is that the load profiles of EVs add to the
residual load, which runs counter to the power from RES (especially solar energy). The residual
load can be defined as the total grid load that is independent of the volatile renewable energy
carriers — the residual electricity demand, of which the majority is covered by conventional
sources (Next Kraftwerke). Prospectively, fluctuations in electricity generation will become
stronger and more frequent (Brunner et al., 2020), highlighting the demand for increased flexibil-
ity and renewable energy production at the same time. These fluctuations can be observed in
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Figure 3: Registered EVs and net EV electricity consumption in Germany, own illustration based on Kraftfahrtbun-
desamt (2024), * Kemmler et al. (2021) ** Ubertragungsnetzbetreiber CC-BY-4.0 (2023).

Note: The net EV electricity consumption is calculated assuming a net electricity consumption of 2.4 MWh per
year and vehicle (Bundesministerium fiir Umwelt, Naturschutz, Bau und Reaktorsicherheit).

3 Given the necessary reductions of greenhouse gas emissions to reach climate goals, ambitious targets in the transport
sector were formulated in the coalition agreement (2022-2025). Yet, several projections certify that these goals will not
be reached. For example, based on the current registrations and (political) incentives, the Expertenbeirat Klimaschutz
in der Mobilitat (2023) forecast a total of 10.5 million battery electric vehicles (BEVs) by 2030, while the Umweltbun-
desamt (UBA) (Harthan et al., 2023) forecasts a total of 8.2 million BEVs.
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Figure 4: Potential storage capacity of EVs in GWh in Germany, own illustration based on Kraftfahrtbundesamt
(2024), * Kemmler et al. (2021) ** Ubertragungsnetzbetreiber CC-BY-4.0 (2023).

Note: The potential EV storage capacity is calculated assuming an average battery capacity of 50 kwh.
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Figure 5: Net renewable electricity production, 10th of June, 2024 and residual load profiles in Germany, own illustra-
tion based on Nobis and Kuhnimhof (2018), Fraunhofer ISE (2024).

Note: Residual load and EV load is based on ) residual load + EV load of 15 Mio EVs in 2030.

Figure 5, resembled in the peak during midday. Moreover, Figure 5 depicts the residual load in
contrast to the electricity production by wind (offshore and onshore) and photovoltaic systems
PV. Moreover, it highlights how the residual load would change when adding the electricity de-
mand of 15 million EVs. Ultimately, it can be observed that the more EVs add to the residual
load, the more power generation is necessary to cover the additional demand.

This illustrates the need for new innovative ideas and strategies for successful system integration.
One way to enable a smoother integration of large EV fleets into the energy system is to use the
battery of the EV as a flexible prosumer. By doing so, additional short-term flexibility could be
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provided. Scholars point to the potential benefits of providing additional decentralized flexibility
to the electricity system, particularly the integration of higher shares of RES and more efficient
system operation (Blumberg et al., 2022; Kempton and Letendre, 1997, Kempton and Tomi¢,
2005). This potential becomes apparent when calculating the potential storage capacity of the EV
fleet in Germany. Assuming a battery capacity of 50 kWh and a target fleet of 15 Mio EVs in
2030, this would sum up to 800 GWh storage capacity (Figure 4). To compare, the capacity of
the pumped-storage power plants in Germany to date is “50 GWh (Statista, 2023). Thus, there is
great potential in the EVs capacity, that could be raised and employed for system services.

2.2 Vehicle-to-grid fundamentals

Recent developments in EV sales and the ambitious political EV targets worldwide highlight the
necessity for strategies and concepts to handle the concomitant increasing electricity demand. In
this context, the concept of using the EV’s battery as a power source has gained increasing recog-
nition, which is reflected in an increase in the scientific literature (Baumgartner et al., 2023), by
first market-ready bidirectional-enabled EVs®, and by (political) strategies and frameworks to put
this concept into practice (NOW, 2024). Using the EV’s battery as a power source is suitable for
three main reasons: First of all, vehicles spend approximately 97% of their lifetime unused in a
private parking lot, of which 84% park at home and 7% at the workplace (Nobis and Kuhnimhof,
2018). Second, vehicles are spatially distributed, and third, they have a quick response time
(Englbergeretal., 2021). This makes EVs valuable assets in a decentralized and bottom-up energy
system.

2.2.1 Defining vehicle-to-grid

In the literature, differing technical concepts exist, describing the integration of large amounts of
EVs into the electricity system by intelligently steering the charging process. These charging con-
cepts can be differentiated by their power flow direction, namely uni- or bidirectional power
flows. From a technical perspective, these concepts are very different (Yilmaz and Krein, 2013).
Unidirectional charging intelligently delays the charging process in response to a steering signal
and can be defined “as an information system that optimizes the charging process toward one or
multiple objectives besides reaching a desired SoC within a given time frame” (Huber et al., 2019,
p. 2). In contrast, the bidirectional chargeable EV serves as a power source during idle times, with
the ability to store and discharge electricity when needed or desired (Jansen et al., 2024; Sovacool
etal., 2020; Sovacool et al., 2017; Sovacool and Hirsh, 2009). With this, EVs become decentral-
ized power sources and open up a wide range of possibilities for diverse stakeholders in terms of
applications, and business models. Different denominations exist. For example, V2G emphasizes
the services that can be provided by the vehicle’s battery to the power grid (Pearre and Ribberink,
2019; Sovacool et al., 2020), while vehicle-to-home (V2H) or vehicle-to-business (V2B) focus

4 For example, the Kia EV9 from Hyundai Motors or the Nissan LEAF are already equipped with V2G technology,
while other automotive companies announced the introduction of a series of V2G-enabled vehicles, such as BMW,
Tesla or Mercedes-Benz (Schmidt et al., 2023).
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on services that can be provided to a single building or entity, i.e., a commercial or non-commer-
cial house or building (Pearre and Ribberink, 2019). Vehicle-to-x (V2X) or vehicle-grid-integra-
tion (VGI), thereby serve as umbrella terms. Importantly, these differentiations refer to the entity,
that benefits from the dispatched energy from the vehicle, with numerous application opportuni-
ties arising therefrom (Section 2.2.3). However, these terms have in common that they require a
certain level of control over the charging process (Will and Schuller, 2016). This can include the
coordination of the charging process of EVs and the provision of ancillary services from the ve-
hicle to the grid (Kempton and Letendre, 1997). In the following thesis, | will use the term V2G,
referring to the bidirectional power flow between the EV and the electricity grid.

2.2.2 Actors in a vehicle-to-grid system

A V2G system encompasses a rich collection of actors on different scales. Noel et al. (2019b)
categorize those actors into primary and secondary actors. Primary actors play a pertinent role,
while secondary actors are located at the periphery of the system. Figure 6 depicts a V2G system,
with some of its most important primary and secondary actors®. This figure depicts the V2G
system in a very simplified way and does not make any claims of completeness or generalizability.
Indeed, a V2G system is very complex by nature, involving different scales, actors, and sectors,
depending on the application that is pursued.
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Figure 6: Primary and secondary actors in a V2G system, own illustration based on FfE (2022),
Noel et al., (2019b), Sovacool et al., (2020).

There are four main actors in a V2G system, the EV owner, the aggregator, the grid operator, and
the market operator. The EV owner is located at the beginning of the chain, having a simple, but
decisive role. This actor decides upon the available power capacity and the duration of its
availability (Noel et al., 2019b). The aggregator is the connecting link between the EV owner and

5 Secondary actors operate in the periphery of a V2G system, “creating the space to allow V2G to contribute to the
grid, as well as potentially increase its value” (Noel et al., 2019b, p. 24). Secondary actors include most importantly,
the government, the EV industry, and electricity producers (Noel et al., 2019b). Beyond secondary actors, a variety of
further actors come into play depending on the application. Examples are mobility-as-a-service (MaaS) providers, pub-
lic transit operators, and secondhand markets (see Sovacool et al., (2020) for an overview). However, due to their
limited role, they are no further described.
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the grid, being responsible for gathering “information about the market situation, schedule (...)
[charge and discharge] (...) according to the bargained rules and expected revenues” (Geske and
Schumann, 2018, p. 392). Importantly, this actor aggregates individual EVs to a fleet, enabling
the participation in electricity markets and providing complex electricity grid services (Das et al.,
2020; Noel et al., 2021; Noel et al., 2019b). This is essential, as especially ancillary services,
require the participant to provide a minimum power capacity, which is challenging to achieve at
the early up-take phase of V2G (Gschwendtner et al., 2021; Sovacool et al., 2020). In Germany,
the minimum power capacity is 0.1 MWh for spot markets and 1 MWh for future markets (DIHK,
2020; EPEX SPQT, 2022). Thus, pooling EVs opens more economically efficient means to pursue
a variety of V2G applications with differing value streams (Section 2.2.3) (Sovacool et al., 2020).
The electricity grid operator is the third actor within this group, interacting directly with the ag-
gregator. For both, TSO and distribution system operators (DSO), EVs are valuable assets to
guarantee ancillary services. While the TSO is responsible for transmitting large-scale electricity
production through extra high-voltage lines over large areas, the DSO is responsible for distrib-
uting the electricity from the transmission system to the end-user (Noel et al., 2019b). Both actors
are responsible for a resilient and secured distribution and transmission system (Das et al., 2020).
Finally, electricity markets provide a (communication) platform to either trade electricity or pro-
vide ancillary services (Heilmann and Friedl, 2021; Signer et al., 2024). To this end, market op-
erators are responsible for carrying out the given market procedures from the various markets,
wherein market participants can participate (Tsaousoglou et al., 2022).

2.2.3 Vehicle-to-grid applications

V2G holds many benefits and opens up a variety of applications to different stakeholders. Essen-
tially, the commodity that is central to all these applications is the geographically distributed and
temporal flexibility that can be provided by battery storage capacities of aggregated and available
EVs. Importantly, with respect to V2G, its value, and cost-effectiveness lies primarily in provid-
ing power capacity, which would be provided otherwise by backup and other storage systems
(Sovacool et al., 2017). In this sense, the EVs’ flexibility as a service can be defined as a ‘power
adjustment maintained from a particular moment for a certain duration at a specific location’
(Knezovic et al., 2017).

Clearly, with V2G, different objectives can be pursued, the constraints being determined by the
EV owner’s mobility needs and preferences. Direct beneficiaries are grid operators, companies,
governments, and EV owners, just to name the most important ones. The objectives are of a tech-
nical, economic, and environmental nature (Huber et al., 2019), while at the same time being
interrelated. In this context, scholars discuss different V2G applications, culminating in a variety
of customer services and products. One benefit that is inherent to all V2G applications, and that
is also seen as one of the major benefits of V2G, is its capacity to provide flexibility to exploit the
full electricity production from fluctuating and distributed RES. VV2G can have a significant im-
pact in leveling out fluctuations in renewable electricity generation (Kempton and Tomi¢, 2005;
Sovacool et al., 2017), avoiding congestion (Heilmann and Friedl, 2021), and mitigating expen-
sive redispatch measures (Englberger et al., 2021). With this, V2G can increase the share of in-
termittent RES into the electricity grid and, consequently, contribute to reducing carbon emissions
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of energy generation (Huber et al., 2019; Lund and Kempton, 2008). The following provides a
synthesis of major V2G applications.

V2G applications can be subsumed into two overarching categories — market applications and
ancillary services, including system, and grid applications — whereby a clear distinction is often
not possible. Flexibility, which is provided to electricity markets, pursues the goal of optimizing
electricity purchase costs or generating revenues by taking advantage of price spreads (Muller et
al., 2023; Signer et al., 2024). One example of a V2G market application is spot market trading,
which is solely performed to achieve monetary benefits (Heilmann and Friedl, 2021). The spot
market includes the intraday and the day-ahead market. In both markets, EVs can profit by capi-
talizing on the short-lived price differentials — also called arbitrage trading (Englberger et al.,
2021; Signer et al., 2024) This can be achieved by shifting the charging process to hours of low
electricity prices, and feeding electricity back when electricity prices are high. By doing so, they
can either generate economic benefits or mitigate charging costs (Brinkel et al., 2023; Englberger
et al., 2021; Heilmann and Friedl, 2021). Yet, the magnitude of generating economic benefit is
rather low as the costs may easily exceed the available revenue (Heilmann and Friedl, 2021).
Moreover, recent studies also call attention to the associated risks that come along with avalanche
effects (Signer et al., 2024).

In contrast, system and grid applications serve to stabilize the grid or to avoid critical network
situations. 813 EnWG obligates system operators to carry out measures that stabilize the grid.
Thus, making use of the EVs flexibility lies within the responsibility of the grid operator. Partic-
ularly, in the framework of system applications, these measures include frequency regulation,
load control, grid operation, and grid balancing (Muller et al., 2023). For example, frequency
regulation and load control contribute to stabilizing the grid by balancing supply and demand at
all times (Heilmann and Friedl, 2021). With an increase in fluctuating RES and the phasing out
of traditional electricity-generating power plants, the reliability and operation of the power system
become non-trivial (Knezovi¢ et al., 2017). Specifically, in this context, the frequency contain-
ment reserve (FCR) is increasing. Yet, providing this service necessitates short reaction times and
high-power rates within short time periods (Englberger et al., 2021), both of which can be pro-
vided by EVs with a V2G function (Martinenas et al., 2017). By participating in the frequency
control market, V2G enables the balancing of frequency fluctuations through coordinated charg-
ing and discharging in the short-term (Heilmann and Friedl, 2021). In the long-term, infrastructure
expansion could be reduced. Yet, at one point, a saturation effect will occur, and the remuneration
for this service will decrease accordingly (Englberger et al., 2021; Gschwendtner et al., 2021).

Another future application which can be subsumed under ancillary services and which is particu-
larly relevant for big commercial players is peak reduction. Although there is currently no market
for peak shaving and no product available, this application could offer benefits to the grid opera-
tor, and big consumers. Specifically, peak shaving is interesting to big consumers due to economic
reasons, while it is a promising tool for grid operators to reduce the maximum occurring demand
and, as a result, enhance the reliability of the electricity system (Ostermann et al., 2022). Cur-
rently, many commercial players consume significant amounts of electricity. When consuming
above 100 MWh, commercial players are not only charged for what they consume but also for
their peak power demand (Englberger et al., 2021). Hereby, the highest power consumption in the
billing period is the basis for the electricity grid surcharge. The more uniform the electricity
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consumption, the lower the electricity prices of the electricity grid surcharge (Next Kraftwerke,
2024). Subsequently, peak shaving is a major concern for large consumers as it can result in a
significant reduction of grid tariffs (ACER, 2021; Brinkel et al., 2023). Consequently, using V2G
as a means to reduce large power spikes, brings cost reduction to the affected commercial players,
while at the same time contributing to reduced stress in the grid. Moreover, it has been suggested
that V2G can bring further benefits by avoiding or decelerating grid reinforcement measures
(Englberger et al., 2021; Kucevic et al., 2021). On the downside, this use case is very energy-
intensive and bears the risk of excessive discharging of the battery and subsequently increased
battery degradation (Englberger et al., 2021).

These applications offer the possibility to a multitude of actors to profit monetarily. Yet, economic
profitability varies widely between studies (for a review see Englberger et al., 2021; Sovacool et
al., 2017), its viability being dependent on different factors such as market conditions and struc-
tures, technological conditions, and business models (Englberger et al., 2021; Heilmann and
Friedl, 2021). Moreover, it has been shown that by applying V2G’s potential not only to a single-
use case but to a multitude, synergies can be raised, utilization increased, and the share of idle
times reduced (Englberger et al., 2021; Kern et al., 2022). On the other side, these applications
enable multi-use cases and involve many stakeholders, which make these applications structurally
very complex and, therefore, difficult to govern. Naturally, there is also a temporal dynamic to
technological innovations such as V2G, resulting in shifting costs and benefits over time (Sova-
cool et al., 2020). While VV2G use-cases, particularly grid-scale use-cases, will evolve in the long
term as, for example, market structures or regulatory frameworks need to be developed and tech-
nological improvements need to be achieved, the implementation of V2H applications is more
realistic in the near term, specifically the increase of self-consumption with V2H (Weiller and
Neely, 2014). This use-case profits from falling PV and EV prices. Subsidies further foster this
trend. Particularly, this is interesting for private and commercial buildings for several reasons:
First of all, EVs increase the electricity demand tremendously, for a privately owned housg, this
often means a doubling of electricity costs (BMUB). Additionally, the typical EV charging pattern
is contrary to PV production curves. While PV systems produce during the day, EVs typically
charge in the morning and evening peak, which makes the imbalance of supply and demand evi-
dent (van der Kam and van Sark, 2015). Using the synergies of a PV system with a V2G-enabled
EV can thus be beneficial in economic and environmental terms, as electricity costs and carbon
emissions can be reduced (Weiller and Neely, 2014). The economic benefits are especially evi-
dent in countries with high electricity prices (Englberger et al., 2021), which is the case for Ger-
many. Furthermore, as already noted above, some business models are prone to market saturation,
while others will stay relevant even with high adoption rates.

2.3 Technical and regulatory challenges to vehicle-to-
grid implementation
While V2G is ready for the market from a technical point of view and only requires further tech-

nological optimization, a number of challenges for V2G commercialization persist. These chal-
lenges span technical but mainly social and regulatory aspects. Particularly, the most important
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ones include battery degradation, costs, unsuitable market conditions, range anxiety, knowledge,
regulations and standards (Signer et al., 2023).

2.3.1 Technical aspects

From a technical perspective, V2G has been validated, and first V2G-enabled vehicles can be
purchased on European markets (Gschwendtner et al., 2021; Schmidt et al., 2023). Yet, two major
overarching issues persist that are directly related to V2G technology. Firstly, even though the
technology itself has reached a high level of maturity, issues persist, such as the impact of V2G
on battery degradation. Furthermore, and related therewith, hardware costs are high and are seen
as a major barrier to a successful market ramp-up. Second, issues arise in connection with inte-
grating the EV into the electricity system. These market-related issues span topics such as stand-
ards and operationalization as well as questions on market frameworks and conditions. While the
basic functionality is guaranteed and is not affected by either of these challenges, they are sub-
stantial to exploit the economic advantages (Noel et al., 2019c). What follows is a brief descrip-
tion of these challenges®.

Battery technology and costs

o Battery degradation is an issue for V2G implementation, as it is associated with additional
costs. Hereby, it is important to distinguish between calendar aging, caused by time, and
cyclic aging, which occurs due to charging and discharging (Noel et al., 2019¢). In the
context of V2G, cyclic aging becomes important, as increased numbers of charging and
discharging cycles used for providing V2G services put additional stress on the EV’s bat-
tery (Baumgartner et al., 2024). Additionally, battery type, temperature, driving, and charg-
ing behavior affect battery degradation (Gschwendtner et al., 2021). Yet, it can be assumed
that battery degradation will decrease in relevance in the near future, particularly due to
technological development (Signer et al., 2024).

e Implementation costs: Compared to EVs without V2G functionality, V2G technology re-
guires more complex and costly bidirectional chargers and communication systems, which
result in higher initial and operational costs (IRENA, 2023). Yet, technological advance-
ments promise a decrease in these costs in the near future (Mdller et al., 2023).

Market integration

o Standards and interoperability: There are three types of standards — EV charging compo-
nent standards, EV grid integration standards, and safety standards (Das et al., 2020) — with
the first and second being of primary interest for V2G implementation. Currently, a wide
range of standards exist (Noel et al., 2019b), yet they do not enable the interconnection
between the vehicle and the grid, and neither do they guarantee the interoperability of V2G
equipment. To this end, unified communication, and interconnection standards are essential
(Gschwendtner et al., 2021).

6 The list below captures only some of the major challenges and has no claim to completeness.
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o Market conditions: Next to these technology-related standards, further barriers exist that
complicate the participation of EVs in electricity markets and the provision of ancillary
services. One of the major barriers that are primarily relevant in the early adoption phase
is that particularly anciallary services require a minimum bid size, which cannot be offered
by single EVs. Therefore, large-scale aggregation is needed, which, on the downside, mul-
tiplies the costs of the verification process. Moreover, until now, it is difficult to distinguish
between the electricity that is charged for providing a service and the electricity that is
charged for mobility purposes. (Gschwendtner et al., 2021).

2.3.2 Regulatory aspects

Several regulatory frameworks’ exist in Germany, regulating the electricity market and the inte-
gration of RES. Particularly, the Gesetz ber die Elektrizitats- und Gasversorgung (Ener-
giewirtschaftsgesetz - EnWG) is the main framework regulating network operation and competi-
tion between energy producers. Thus, the EnWG affects the way in which bidirectional EV fleets
are integrated into the electricity market®, potentially impeding the economic implementation of
V2G applications and business models. Until recently, no unified definition for energy storage
technologies existed on a German and European level. Consequently, storage technologies that
intermediately stored energy were considered end-consumer and thus burdened with double-tax-
ation (Burger et al., 2022; Gschwendtner et al., 2021; Hildermeier et al., 2023; Schmidt et al.,
2023; Signer et al., 2024). Energy storages were thus taxed twice, for drawing electricity (to
store), and for feeding it back into the grid. In Germany, this regulation had particular economi-
cally impairing effects, as the electricity price consists of several components — the wholesale
price, taxes, fees, and surcharges — where the share of taxes, fees, and surcharges sum up to over
60% of the household electricity price (BDEW, 2024b). Therefore, the electricity price is a deci-
sive factor for the economic success of storage technologies and VV2G in particular.

Recently, legal changes have come into force, first, on a European level, which were translated
into German law. As a result, a definition of energy storage was included in 83 No. 15d, EnWG,
recognizing the independent function of battery storages in the energy system® (BVES - Bun-
desverband Energiespeicher Systeme e. V., 2023). Asa result, the previously existing impediment
of double taxation was resolved, paving the way for electricity storages to benefit from tax and
surcharge exemptions, in particular, grid surcharges and energy taxes. Yet, the term “energy stor-
age” has so far only been consistently applied in a few regulations of energy law. For example,
the Stromsteuergesetz (StromStG) provides a definition for stationary storage systems, which is

" The dynamics of the energy market, i.e., the introduction of new technologies, put constant pressure on legislation,
leading to permanent modifications of the law. This is why the challenges described in this section picture the status
quo until the first half of 2024. Revisions beyond July 2024 are not taken into account. Furthermore, the described
challenges refer to German law.

8 These challenges refer to the market integrations of EVs. The applications V2H and V2B are already feasible from a
regulatory point of view (Schmidt et al., 2023).

9 83 No. 15d EnWG defines energy storage systems as follows: ,,an installation in an electricity network which post-
pones the final use of electrical energy to a point in time later than its generation or which converts electrical energy
into a storable form of energy, stores such energy and subsequently converts it back into electrical energy or uses it as
another energy carrier. (Bundesministerium fr Wirtschaft und Klimaschutz).
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not consistent with the definition given in the EnWG, explicitly excluding EV batteries (§ 2, No.
9 Bundeministerium der Finanzen). Thus, some barriers still persist, impeding the integration of
storage technologies, and bidirectional EVs in particular, in an economic way:

e Exemptions were recently introduced for stationary storage systems regarding electricity
grid surcharges. According to 8 14a EnWG, the law earmarks a reduction of these sur-
charges of 60%, when dimming the load of the charging process. Furthermore, new storage
systems profit from complete exemptions from electricity grid surcharges (8 118 Abs. 6
EnWG). This, however, only applies when the electricity is fed into the same grid as it was
withdrawn. (Schmidt et al., 2023).

o Exemptions regarding electricity taxes are granted for renewable energy systems that feed
electricity back into the electricity grid or use the electricity for self-consumption (8 5 Abs.
4 StromStG). The temporary storing of electricity in EVs, however, is not recognized by
this law. As a result, both the purchase and the supply of electricity by EVs are taxed (8 9
Abs. 1a StromStG) — leading to double taxation. Additionally, exemptions are granted for
electricity from renewable energy systems producing up to 2 MW, when this electricity is
either used for self-consumption (§ 9 Abs. 1 Nr. 1 StromStG) or reused for electricity pro-
duction (8 9 Abs. 1 Nr. 2 StromStG). Electricity, that is withdrawn for feed-in, is taxed
according to StromStG 8§ 9 Abs. 1a. (Schmidt et al., 2023).

Although these barriers evidently hinder a successful market ramp-up, technological advance-
ments are likely to dissolve some of the problems. Moreover, as political strategies have recog-
nized the importance of decentralized flexibility potential as a pillar of the energy transition, cur-
rent laws are under review and reconsidered, as evidenced by the recent amendments (i.e., 83 No.
15d, EnWG).

2.4 User perspective on vehicle-to-grid

Challenges arising from the implementation of VV2G in society are inextricably linked to the EV
user. An individual’s behavior is complex and multifaceted, which is why its prediction and de-
termination are subject to uncertainty. Consequently, the EV owner’s behavior is a great un-
known. Hence, there is uncertainty about the actual adoption of V2G, and about the amount of
flexibility that users will provide (Jansen et al., 2024). While the significant loads of EVs have
great potential to function as flexibility providers they can also contribute ultimately to lower
household expenditures. Yet, adoption and the user’s interaction with V2G are thereby dependent
upon several factors, acting as conditions and fundamentally framing the utilization of the EV for
V2G applications, thus directly influencing potential benefits on different levels.

One major conflict arises from the fact that EVs are either owned by private individuals, house-
holds, or companies, and their main function is to satisfy mobility needs unconditionally. In con-
trast, V2G directly involves the EV user, requiring a certain level of user compliance to be suc-
cessfully implemented (Baumgartner et al., 2022; Biihler et al., 2014). For example, the amount
of flexibility that is provided is dependent on the user’s charging and mobility behavior but also
on the decision to plug in the EV when parked (Bailey and Axsen, 2015). Thus, the plug-in rate
has been identified as one of the most sensitive factors when it comes to social aspects affecting
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V2G integration. Current research has shown that the plug-in rate of EVs (without V2G capabil-
ity) lies around 30%, and plugging-in is only perceived as necessary when the SoC is low
(Gschwendtner et al., 2021). Due to their primary role, these factors are the most frequently used
parameters to integrate user characteristics into energy system modeling approaches (Baumgart-
ner et al., 2023). Relatedly, V2G causes the user to weigh up different (opposing) goals, leading
to increased planning and interfering with the user’s lifestyle and mobility behavior (Sovacool et
al., 2017). As a consequence, the user might feel restricted in his or her flexibility (Franke and
Krems, 2013).

Another barrier that scholars identified as a major issue for users, and that is directly linked to the
charging and discharging process, is battery degradation (see also Section 2.3.1). This barrier not
only holds for EV charging per se but is valid for bidirectional charging as well (Geske and Schu-
mann, 2018; Ghotge et al., 2022). Yet, pursuing a battery-friendly charging strategy can counter-
act increased battery aging through V2G (Lacey et al., 2017). This strategy would for example
charge at lower SoC values and reduce the pressure on the battery by reducing the amount of
charging cycles (Lacey et al., 2017). While positively affecting the battery’s lifetime, such a strat-
egy might in turn restrict the user’s flexibility. In either case, the user is confronted with disad-
vantages associated with the use of V2G, having financial consequences in terms of monetary
losses through increased battery aging or in terms of potentially restricted flexibility to accom-
modate mobility needs. For users, battery aging is thus mainly perceived as a financial issue and
raises the question of product guarantee and compensation (Geske and Schumann, 2018).

Relatedly, range anxiety is another issue associated with EVs, but also relevant in the context of
V2G. Range anxiety can be defined as “the psychological anxiety a consumer experiences in
response to the limited range of an electric vehicle” (Noel et al., 2019c, p. 96). From the user
perspective, range anxiety seems even more important than battery aging (Ghotge et al., 2022).
Yet, this anxiety has been shown to be not purely rational, but much of this anxiety is perceived,
especially in the frame of daily trips and mobility needs (Noel et al., 2019c). As statistics show,
the maximum ranges of EVs, i.e., the maximum technical range of an EV, have significantly in-
creased during the last few years. Yet these advancements seem to have contributed little to ac-
commodate the user’s perceived risks (Baumgartner et al., 2019). Also, when looking at the min-
imum range, i.e., the range that users have at their disposal at any time during the charging process
to react to unplanned mobility needs (Ensslen et al., 2018), is still perceived as an important hin-
drance (Baumgartner et al., 2022; Baumgartner et al., 2019). Thus, in the framework of V2G,
both, maximum and minimum range requirements are still important parameters.

The previous explanations illustrate that the usage of the technology itself entails several disad-
vantages and can furthermore conflict with individual mobility needs. Therefore, emphasizing as
well as accommodating user preferences and needs are essential foundations to a successful mar-
ket ramp-up.

20



Chapter 3

3 Theoretical and empirical
background of user acceptability
research on vehicle-to-grid

A growing body of literature is dedicated to assessing the roles and perspectives of individuals on
V2G. EV owners are central to the adoption of V2G as they decide whether to provide flexibility
and to which extent. Thus, the societal dimension of technology adoption often comes with great
challenges and barriers, as behavior is not purely rational, but driven by values, norms, and pref-
erences (Huckebrink and Bertsch, 2021). Therefore, understanding the human dimension of V2G
is essential to its successful implementation. The following chapter provides an overview of the
fundamentals of user acceptability of vehicle-to-grid. In particular, it seeks to

i. define and delineate the concept of acceptability in relation to the concept of acceptance,
ii. introduce the most important factors explaining technology acceptance,
iii. provide an overview of the empirical research landscape on V2G and smart charging,
iv. derive the most important factors for V2G acceptability.

Section 3.1 gives an overview of existing acceptability and acceptance concepts and definitions,
delineating the acceptability concept from the acceptance concept, and providing a definition that
is used and referred to throughout this thesis. This section is followed by illuminating the role of
product and adopter characteristics (Section 3.2) and the complementary role of contextual factors
(Section 3.3) in framing technology acceptability. This chapter closes with a literature review
(Section 3.4) of empirical studies deriving the most important factors for V2G acceptability.

3.1 Acceptability concepts and definitions

The energy transition results in an encompassing system transformation, shifting from a formerly
unidirectional, centralized energy system toward a bidirectional and decentralized energy system.
With the introduction of new energy technologies on a micro level, households become part of
the decentralized energy system, resulting in the shifting and creation of new roles, whereby in-
dividuals turn from mere consumers to prosumers. To successfully master this transformation,
societal acceptance, alongside technological, economic, and regulatory challenges, has gained
importance in the context of structural and technological changes (Fournis and Fortin, 2017
Upham et al., 2015). Different research streams exist, with their own definitions and conceptual-
izations of acceptance. Moesker et al. (2024) provide a literature overview, identifying three ma-
jor research streams, each having its own understanding of the term:
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e Social science studies on the acceptance of energy systems encompass a wide range of
understandings and perspectives. These studies are primarily influenced by Wistenhagen
et al. (2007), who introduced the ‘triangle of social acceptance’’®. Acceptance is hereby
understood as “the positive response to, or tolerance of a technical or socio-technical tran-
sition project by members of a given social unit” (Klok et al., 2023, p. 2). Yet, the under-
standing in this tradition changed from an outcome-oriented understanding, where ac-
ceptance is desired to mark the endpoint of this transition, to a process-oriented
understanding, where the focus lies on the transition process while the outcome is open and
undefined (Moesker et al., 2024).

o Ethics of technology, highlighting the ethical and normative concerns that come along with
technological developments. The main objective is to evaluate the moral desirability and
implementation of a specific technology. The concepts of “distributive justice” and “pro-
cedural justice” are two major concepts standing in the tradition of ethics of technology.
(Moesker et al., 2024).

¢ Innovation studies are a particular research field of social sciences, with a special focus on
technology acceptance and adoption. The diffusion of innovation (DOI) and the Technol-
ogy Acceptance Model (TAM) are two prominent examples of this research stream.
Hereby, acceptance refers to a behavioral response toward an acceptance object and reflects
the actual purchase and use. (Moesker et al., 2024).

This latter research stream is thereby closely related to Wistenhagen et al. (2007) market
acceptance, which is based on Rogers (1983) “process of market adoption of an innovation”
(Busse and Siebert, 2018; Fournis and Fortin, 2017, p. 3). Market acceptance is characterized by
the actual adoption of the technology by the end-user and by investments (Fournis and Fortin,
2017; Wustenhagen et al., 2007). Importantly, this type of acceptance takes place at the micro- or
individual level (Moesker et al., 2024). This is also displayed in the work of Upham et al. (2015),
who contextualize the three types of social acceptance based on three levels (general, local, house-
hold) and distinguish by the acceptance object (technology, infrastructure, and application). In
their framework, the household level displays the acceptance of the end-user and refers to the
concept of market acceptance. Additionally, the authors note that this type of acceptance not only
becomes visible through technology adoption but also has a psychological, social, and political
dimension to it. In aggregated form, individual decisions become a powerful means of social
acceptance. (Upham et al., 2015).

Within the process of market adoption, a new technology is introduced to the market and diffuses
over time via different communication channels among a variety of actors (Rogers, 1983). The
widespread adoption of the technology stands at the end of a successful diffusion process. Yet,
the adoption process undergoes different stages, in which the purpose of this technology, its ben-
efits, and risks may be perceived differently by consumers and subsequently may affect the

10 This concept consists of three dimensions: The socio-political acceptance refers to the most general level of social
acceptance and includes key stakeholders and policy actors, shaping the political and regulatory frameworks for steer-
ing technological developments and their implementation. By contrast, community acceptance comes into play on the
local level when a specific project is to be implemented by local stakeholders, and local authorities. Finally, market
acceptance is characterized by the actual adoption of the technology by the end-user and by investments. (Fournis and
Fortin, 2017; Wistenhagen et al., 2007).
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evaluation of this innovation. Therefore, following the tradition of innovation studies, it is sug-
gested to distinguish between ‘intention’ and ‘behavior’ as two distinct target outcomes within
the adoption process. While adoption intention refers to the state of mind before the actual behav-
ior which is reflected in the actual purchase and use of the product, the intention can be seen as a
prerequisite to adoption. (Arts et al., 2011).

This distinction is also reflected in the conceptual differentiation between (technology)
"acceptance’ and "acceptability’. In innovation studies, acceptance refers to a behavioral response
toward an acceptance object and reflects the actual purchase and use. In contrast, acceptability is
an attitude toward an object, reflecting an individual’s readiness or willingness to adopt the
technology and can, therefore, be regarded as a hypothetical situation with regard to the actual
decision. (Emmerich et al., 2020; Huijts et al., 2012; Moesker et al., 2024). While it is desirable
to measure acceptance in terms of actual behavior, this is an impossible undertaking with regard
to not-yet market-ready technologies. This is why the core of this work is to understand the ac-
ceptability of V2G technology, using behavioral intention as an approximation of actual behavior.
Indeed, previous studies focusing on technological innovations have considered acceptability as
a proxy variable for acceptance (Bamberg and Mdser, 2007; Ozaki, 2011; Ozaki and Se-
vastyanova, 2011; van Zomeren et al., 2008; Wolske et al., 2017), operationalized in terms of
consumer readiness and the willingness to adopt an innovation (Arts et al., 2011; Rezvani et al.,
2015; Schuitema et al., 2013). In this context, the TPB is a widely applied model to explain pro-
environmental behavior and technology adoption. Yet, conceptually, the model stresses that the
predictors of a pro-environmental behavior determine behavior only indirectly, via intention to
perform that behavior. Attitudes, perceived behavioral control, and social norms thus predict be-
havior only indirectly via intention. A meta-analysis performed by Bamberg and Méser (2007)
provided evidence that intention is indeed highly correlated with behavior and that intention func-
tions as a mediator between all other psycho-social variables and pro-environmental behavior.
Importantly, none of the psycho-social variables directly predicted pro-environmental behavior
(Bamberg and Mdser, 2007). Therefore, it can be concluded that intention is a suitable approxi-
mation of behavior.

In this work, the definition of technology acceptability by Huijts et al. (2012) is applied, who
define “acceptance as behavior towards energy technologies and acceptability as an attitude (an
evaluative judgment) towards new technologies and attitude towards possible behaviors in re-
sponse to the technology” (see also Schade and Schlag, 2003).

3.2 The role of product and user characteristics for
technology acceptability

Studies concerned with energy technologies oftentimes focus on the technical or economic di-
mension of the technology, assuming a rational user and a high level of technology-smartness
(Libertson, 2022a). Yet, scholars increasingly come to the conclusion that technologies must be
understood in their societal context to achieve widespread acceptance (Sovacool et al., 2017).
This is particularly true for energy technologies, which often do not only satisfy a specific user
need but have far-reaching effects on the energy system, society, and the environment as well.
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EVs can be classified into this category. Due to their anticipated role in reducing greenhouse gas
emissions in the transport sector, EVs symbolize a more environmentally friendly alternative to
cars with combustion engines. In this context, EVs have been characterized as an eco-innovation,
requiring a high level of consumer involvement during the purchase process. An eco-innovation
can be defined as “a new product that avoids or reduces environmental harm™ (Jansson et al.,
2011, p. 51) (see also Beise and Rennings, 2005; Rezvani et al., 2018), while “high-involvement”
is associated with a costly product (such as a house, or EV), where the purchase necessitates a
careful evaluation of the product attributes and is therefore not repetitious and carried out on a
daily basis (Rezvani et al., 2018). Hence, the evaluation of such technologies is a goal-directed
process (Arts et al., 2011).
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Figure 7: Technology and user characteristics as predictors of energy technology acceptance, own illustration.

Innovation adoption literature posits adopter and product characteristics to be the main factors
explaining the adoption of innovations. While adopter characteristics can be described in terms
of sociodemographic and psychographic characteristics, innovation characteristics are described
in terms of their attributes'* (Arts et al., 2011). In the specific case of energy technologies that
enable individuals and households to become part of the energy system, not only the perceived
benefits and costs for the individual may be relevant factors explaining adoption, but also the
benefits arising on a system level may be relevant determinants of the technology. Yet, these
factors solely explain adoption based on individual perceptions, and values. However, the sur-
rounding context frames and reflects upon the individual’s decisions as well, i.e., how technolo-
gies are perceived, and what values are stimulated (Bradley et al., 2024) (see Section 3.3). Thus,
technology acceptability depends upon a variety of factors. Following Figure 7, this includes on
the product side the objectives on a system level that can be pursued with the technology, and the
user’s perception of its attributes. On the adopter side, these factors refer to the user’s sociodem-
ographic and psychographic characteristics, including values, attitudes, and preferences. Last but
not least, contextual factors essentially affect acceptability as well, which, in contrast to personal

11 With regard to the perception of product attributes, it is suggested that individuals may evaluate them differently
depending on how distant the future behavior is. This implies that behaviors, such as the adoption intention of an
innovative product, are guided by more abstract and general considerations as behaviors, that will happen in the near
future. Particularly, perceived costs may thus outweigh the perceived benefits, when the behavior is more distant. (Arts
etal., 2011).
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variables, is outward-looking, focusing on the understanding and interaction of individuals with
their various environments (Section 3.3).

Different research streams apply different perspectives to study the acceptance of energy technol-
ogies. These research streams have been synthesized by Upham et al. (2015), identifying five
major research domains, whereby four of them also apply to empirical studies on EVs and V2G:

e Economics: Studies from this research domain stand in the tradition of choice experiments,
explaining technology acceptance based on trade-offs between different product attributes.
In this tradition, the individual makes decisions based on economic rationality. Behavioral
economics extends the economic rationale by accounting for psychological factors as well.

e Sociology and human geography: This research stream studies technology acceptance in
terms of equity issues, habits, sociodemographics, and lifestyles, or takes a policy and in-
stitutions perspective. Sociology thus focuses on social factors, determining the interaction
with technologies or the processes, by which problems are socially constructed.

o Social psychology: This research tradition aims to explain technology acceptance based on
psychological characteristics. Hereby, social psychology applies a wide range of models,
i.e., TPB, norm activation model, and factors, such as risk perception, environmental
norms, values, and behavior, place identity and attachment, and social representations.

o Frameworks and methods-driven work: These studies do not take an explicit theoretical
stance, but are methods-driven and avoid a mono-theoretical subscription.

These research streams take different perspectives, by which technology acceptance is studied.
While studies in the tradition of economics focus on the preferences and perceptions of the tech-
nology’s attributes, sociology puts forward adopter characteristics. Social psychology can be
placed in between these two research traditions, focusing on beliefs about technology on the one
hand and adopter characteristics on the other. Yet, product attributes mirror the outcomes and use
of an energy technology, thus indirectly reflecting upon an individual’s values and norms. Thus,
many motivational factors go hand in hand with the perceived benefits and associated risks of a
technology (SchmalfuB et al., 2015).

Research suggests that attitudes and perceptions may change over time, while values are assumed
to be relatively stable (Steg and Groot, 2012). These values influence which information people
detect, affecting attitudes, beliefs, and preferences, and finally, the willingness to engage in a
specific action. Thus, specific objectives or product attributes can trigger specific values. This
suggests that values are independent of the technology, even though the preferences for specific
technology attributes are often congruent with the value, providing a stable and general basis for
attitudes and preferences. (Steg et al., 2014a; Steg et al., 2014b).

Building on the previous argument, these motivations can be conflated into three major goals,
encompassing adopter characteristics and perceptions of product attributes and the evaluations of
the technology’s objectives. According to goal-framing theory, acceptance is motivated by dif-
ferent goals, acting as guiding principles and influencing individuals' decisions and behaviors
(Huijts et al., 2012; Lindenberg and Steg, 2007). Goals can be defined as “a mental representation
of a desired future state with both cognitive and motivational components” (Lindberg and Steg,
2013, p. 95). This theory posits three goals, hedonic, gain, and normative goals (Lindenberg and
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Steg, 2007). Translated to the evaluation of an energy technology, hedonic goals stand for emo-
tions, i.e., positive or negative feelings, which are associated with the technology, gain goals refer
to a rational evaluation of the technology, based on costs, risks, and benefits, and finally, norma-
tive goals, focusing on moral evaluations, emphasizing the possible environmental and societal
consequences, that could result from the technology (Huijts et al., 2012, p. 526). These goals are
said to be relatively stable over time (Steg, 2016). Yet, these goals often stand in conflict with
each other, reflecting different underlying rationales. While gain goals focus on monetary and
economic aspects in the short term, normative goals stand for collective interests in the long-term,
leading to a “social dilemma” (Steg et al., 2014a).

Furthermore, known theories, such as the theory of planned behavior (TPB) or the value-belief-
norm theory (VBN), which are mainly applied in the research streams (behavioral) economics
and social psychology, coincide with one of these goals, explaining technology adoption based
on a particular rationale (Huijts et al., 2012). Generally, pro-environmental behavior is said to be
comprised of a mixture of these rationales, self-interest, and concern for other people, species,
and the ecosystem (Bamberg and Mdser, 2007). Depending on which rationale is emphasized,
either the TPB or the VBN are applied. For example, the TPB has been widely used to understand
decision-making processes within an environmental context (Azjen, 1991), emphasizing rational
choices. It has been introduced as an expectancy-value model of attitude-behavior relationships
(Conner and Armitage, 1998). The model explains behavior indirectly through intention, which
is mainly determined by attitudes, perceived behavioral control, and social norms and was adapted
and applied to various contexts, for example, to explain EV adoption (Haustein et al., 2021; Lee
et al., 2023), V2G acceptability (van Heuveln et al., 2021) or engagement in environmental ac-
tivism (Fielding et al., 2008a). While this theory remains grounded in rational choices and self-
interest, others argue that sustainable behavior is not purely rational but influenced by intrinsic
motivations such as values and norms, which is given more weight in the VBN theory developed
by Stern et al. (1999). This theoretical strand argues that acting pro-environmentally is primarily
rooted in altruism, directed at humans and other species (Dietz, 2015; Jackson, 2005; Wolske et
al., 2017). It posits a causal chain where relatively stable and general factors, such as values affect
behavior-specific variables such as problem awareness, outcome efficacy, and personal norm (van
der Werff and Steg, 2016; Wolske et al., 2017). Pro-environmental behavior is thus rooted in a
moral obligation (van der Werff and Steg, 2016).

3.3 The role of social and contextual factors framing
technology acceptability

Despite the important role of individual factors affecting technology acceptability, individuals do
not act in a vacuum, but their decisions and behaviors are influenced by the context in which a
person resides and acts (Barth et al., 2016; Bradley et al., 2024). Hence, scholars have argued that
factors on a personal level and the social context are equally relevant in explaining environmental
behavior, and can be seen as complementary and interdependent. While personal factors focus on
the self, social context factors are outward-looking, considering the context within the decision-
making process. (Bradley et al., 2024). These contexts and social affiliations frame perceptions,
attitudes, and behaviors (Barth et al., 2016). Though these factors are often correlated, they are
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yet distinctive. Social context factors have been considered in previous studies on technology
acceptance or environmental behavior, but their understandings of the “social context” differ
(Bradley et al., 2024). Based on the literature, Bradley et al. (2024) identify five different under-
standings of the term “social context™:

(1) the geographical, climatic, or cultural contexts (e.g., Gifford and Nilsson, 2014;
Kollmuss and Agyeman, 2002)

(2) the sociodemographic, and socioeconomic characteristics of the geographic surrounding
(e.g., Axsen et al., 2016; Chadwick et al., 2022)

(3) the structural and institutional characteristics of the geographic surroundings (e.g., Kra-
mer and Petzoldt, 2022; Perlaviciute and Steg, 2014; Steg et al., 2015)

(4) individual’s membership in a social entity or group, shaping social identities (e.g., Barth
et al., 2016; Fielding and Hornsey, 2016; Fritsche et al., 2018)

(5) the characteristics of social situations and momentary circumstances triggering behavior
(e.g., Houser et al., 2022).

What these understandings have in common is that they either facilitate or hinder a specific be-
havior. Yet, these understandings are distinctive in the way, in which they emphasize either the
“social” or the “context”. While (3) explicitly stresses the “context” by highlighting the geograph-
ical conditions and realities, (4) and (5) put more emphasis on the “social” aspects, referring to
groups to which individuals feel a sense of belonging and thereby influence an individual’s be-
havior. (1) and (2) can be filed in between, emphasizing peoples’ affiliations while at the same
time factoring in given structures and geographies. Specifically in the context of crises, such as
climate change, each understanding has its own relevance. Hereby, it can be argued, that consid-
ering the social context is essential as it facilitates or impedes individual pro-environmental be-
havior, be it in terms of infrastructure, policies, or social norms (Bamberg et al., 2015).

When applying an understanding in terms of geographical, structural, or socioeconomic features,
the social context can be defined as the “availability of products [or structures] that hinder or
promote a specific behavior or acceptance” (Kramer and Petzoldt, 2022, p. 2). Thus, the context
defines the costs and benefits of a behavior and makes some behaviors even impossible (Steg et
al., 2015). Additionally, geographical contexts can also influence behavior not only via infrastruc-
ture but also through targeted policies to pursue a specific goal. For example, taxes and subsidies
have a steering effect that can promote a specific technology or make its use less attractive. This
way, the national context can influence the decision-making of individuals more directly. Geog-
raphies can also act in a more subtle way. Following a specific national target, such as climate
neutrality, may also create different cultural norms and attitudes (Chard et al., 2024). Conse-
quently, the existence or non-existence of structures, such as infrastructure and institutions or
geographies and culture can be the reason for the adoption or rejection of a specific technology
(Chadwick et al., 2022).

Yet, applying the understanding of social identities is distinctive, in that it functions on a more
abstract level. Herby, individuals oftentimes experience themselves as part of a group, framing
one’s identity. Social identity theory posits that an identity comprises personal and social identi-
ties. The social identity thereby develops through the process of categorization, by accentuating
similarities with the group and dissimilarities with the outgroup. As a result, the norms, attitudes,
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and beliefs of the salient social group become internalized, leading individuals to act in accord-
ance with them (Barth et al., 2016; Fielding and Hornsey, 2016). Group norms are thus assumed
to affect individual decision-making via the internalization of what relevant social groups stand
for in terms of their goals and values. Norms, in the tradition of social identity, can be character-
ized as injunctive and descriptive norms. Injunctive norms influence behavior through the belief
in the existence of certain group expectations, while descriptive norms refer to the belief in what
distinguishes the behavior of other group members (Barth et al., 2016). It can thus be argued that
the norms of a specific group will influence the behavior rather than the expectations of others
that do not belong to the same group — the norms of the group will act as a guide for appropriate
behavior (Barth et al., 2021; Fielding et al., 2008b; Fielding and Hornsey, 2016).

In this context, scholars have shown that pro-environmental norms of a group explain pro-envi-
ronmental behavior on a personal level, even when considering social norms (Fritsche and Mas-
son, 2021). Beyond that, pro-environmental behavior may also be fostered simply because indi-
viduals care about being involved with a relevant social group (Sloot et al., 2019). Thus, the norms
of the group decisively determine individuals’ pro-environmental actions (Barth et al., 2021;
Fielding and Hornsey, 2016). Moreover, group membership might not only influence individual
behavior but enable collective action and bring about social change as well (Barth et al., 2016).
This is specifically relevant, as many existing crises result from collective behavior (Barth et al.,
2021). Research has thus highlighted the importance of social identities for sustainable energy
behavior (Fielding and Hornsey, 2016; Fritsche et al., 2018), emphasizing the role of groups and
identities in fostering a sustainable energy transition in a more indirect way by creating involve-
ment in the system transformation. A prominent example of such a group is an energy initiative,
playing a significant and influencing role in decentralizing and transforming the energy system
over the past decades. Their success lies mainly in their bottom-up approach, their regional root-
edness, allowing individuals to play an active role in this transition, creating awareness and ac-
ceptance towards energy technologies, and motivating individual and collective sustainable en-
ergy behavior (Bauwens et al., 2016; Devine-Wright, 2008; Koirala et al., 2018). These initiatives
are an example of how collective efforts can drive system transformation.

Importantly, in this work, the author differentiates between “social” and “contextual” factors.
While social factors refer to the understanding of the internalization of social identities, contextual
factors include factors, that shape individuals’ physical environment, such as countries, and insti-
tutions or infrastructure.

3.4 Review of empirical studies on vehicle-to-grid

Having provided an overview of acceptability concepts and technology acceptability in particular,
as well as factors explaining technology acceptability, this section presents empirical studies that
were conducted on V2G and smart charging. The focus of the literature research is on V2G and
smart charging, as the terms are often used synonymously in empirical studies. It is often unclear,
which form of controlled charging is referred to. Furthermore, both forms imply an active role of
the EV user, though the applicability differs from a system perspective (Section 2.2.3). The liter-
ature is systematically narrowed down to i. empirical studies, which ii. specifically focus on V2G
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acceptability, iii. focus on the individual level, iv. were published between 2015-2024*, and v. in
peer-reviewed journals. In total 22 studies meet the above criteria. Table 1 presents an overview
of the included studies. Importantly, the studies are presented according to the following catego-
ries:

e Type of charging: specifying the charging concept in focus.

o Country/-ies: specifying the country/-ies, in which the study was conducted.

e Target group/-s: specifying the group of people that were surveyed or interviewed.

o Operationalization of acceptability: specifying how acceptability was framed and meas-
ured.

o Methodology: specifying, which data collection methods were used.

It can be observed from Table 1, that most studies have their theoretical origin in (behavioral)
economics, focusing on preferences for specific product attributes. Some studies come from social
psychology, applying a specific theoretical model to explain V2G acceptability and only one
study can be categorized as a sociological study. Finally, three studies fall into the category frame-
work and method-driven, meaning they are not explicitly theory-driven. Interestingly, some stud-
ies use the more general term “smart charging”, while only a few studies directly focus on the
V2G" use case. Moreover, the majority of studies are conducted in a single Western country’s
context, including European countries, the United States, and Canada, and only the minority are
conducted in Asian or developing countries. Moreover, the studies focus on a single group of
people, mainly early adopters or the general population. Consequently, there are few comparative
analyses. Importantly, V2G acceptability is operationalized in different ways, which can be clus-
tered into four categories: (i) The most common approach is to operationalize V2G acceptability
in terms of user’s WTP for different tariff and service attributes. (ii) Conversely, several studies
operationalize V2G acceptability in terms of users” WTA. (ii1) Closely related, some studies ap-
proach V2G acceptability by assessing preferences for V2G services and tariffs. (iv) Finally, some
studies operationalize V2G acceptability in terms of interest or intention to use V2G. Interest-
ingly, there is a bandwidth of data collection methods. Although most studies collected their data
using surveys, some studies applied qualitative methods such as focus groups and interviews, and
some applied a mixed methods approach.

12 The literature review was conducted in August 2024. Therefore, only literature that was published until August 2024
is included in this section.

13 For reasons of simplification and consistency, henceforth, the term “V2G” will be used solely. This also includes
studies that use other terms, such as “smart charging”, or “utility-controlled charging”.

29



3 Theoretical and empirical background of user acceptability research on vehicle-to-grid

Table 1: Empirical studies on vehicle-to-grid between 2015-2024.

Authors Research stream Type of charging Country/-ies Target group/-s Operationalization of acceptability Methodology
Axsen etal., 2017  (behavioral) Economics Utility controlled CAN Mainstream vehicle - Interviews
charging (UCC) buyers
Bailey and Axsen,  (behavioral) Economics Utility controlled CAN Early mainstream PEV  Enrollment in a UCC program and Mixed-mode sur-
2015 charging (UCC) buyers WTP for product features vey
Daziano, 2022 (behavioral) Economics Coordinated EV charg- USA EV owners, lessees WTP for a service Online survey
ing
Dean and Kockel-  (behavioral) Economics Supplier-managed USA General population Preference for a charging program Online survey
man, 2024 charging and WTP
Delmonte et al., (behavioral) Economics Smart charging UK Actual vs. potential Participants' willingness to partici- Interviews
2020 PEV users pate
Geske and Schu- (behavioral) Economics V2G DE Vehicle users Willingness to participate online survey
mann, 2018018
Helferich et al., (behavioral) Economics Smart charging DE BEV users Smart charging tariffs online survey
2024
Henriksen et al., Sociology & human geography ~ Smart charging NO Pilot participants Interviews
2021
Huangetal., 2021  (behavioral) Economics V2G NL EV users V2G contract Online survey
Huberetal., 2019  Frameworks & methods-driven ~ Smart charging - Experts - Expert survey
Kesteretal., 2019  Frameworks & methods-driven  V2G ICLD, SWE, DK  General population - Focus groups
FIN, NO
Khezrietal., 2024  Frameworks & methods-driven ~ V2G and V2H SWE EV users Interest in V2G / V2H Online survey
Kubli, 2022 (behavioral) Economics Smart charging CH Potential EV users Willingness to accept (WTA) Online survey
Kubli et al., 2018 (behavioral) Economics Flexibility co-creation CH Early adopters Power contract Online survey
Lagomarsino etal., (behavioral) Economics Smart charging - Early adopters Interest in charging choice scenarios  Online survey
2022
Table 1 (continued): Empirical studies on vehicle-to-grid between 2015-2024.
Authors Research stream Type of charging Country/-ies Target group/-s Operationalization of acceptability Methodology
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Leeetal., 2020
Libertson, 2022b

Mehdizadeh et al.,
2024

Schmalful? et al.,
2015

van Heuveln et al.,
2021

Will and Schuller,
2016

Wong et al., 2023

(behavioral) Economics

(behavioral) Economics

Social psychology
Social psychology
Social psychology

Social psychology

(behavioral) Economics

V2G
Smart charging
V2G
Smart charging
V2G
Smart charging

Smart charging

KR

SWE

NO

DE

NL

DE

USA

General population
Pilot participants, BEV
and PHEV users

EV and non-EV users
Pilot participants

EV users

Early adopters

EV users vs. EV inter-
ested buyers vs. gen-
eral population

Monthly Willingness to accept
(WTA) for a V2G service

Willingness to participate, duration
of smart charging session

Intention to use V2G (Theory of
planned behavior)

Acceptability, Willingness to use
Consumer acceptance

Usefulness of and satisfaction with
smart charging

Willingness to sign up for a smart
charging program

Online survey
Mixed-methods
Online survey
Mixed-methods
Interviews
Online survey

Online survey
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3.4.1 Vehicle-to-grid acceptability factors

The following provides a detailed analysis of the literature review, including 22 empirical studies
on V2G and smart charging, synthesizing the most important factors explaining V2G acceptabil-
ity. These factors are a conglomerate of product and adopter characteristics as shown in Figure 7
in section 3.2 — starting with V2G objectives, followed by product attributes, adopter character-
istics, and social context factors.

3.4.1.1 Objectives from a user perspective

Objectives ultimately influence an individual’s behavior. This is particularly relevant in the con-
text of energy technology adoption as a prerequisite for a successful energy transformation. In the
context of V2G, different objectives exist that can potentially shape a user’s decision to adopt
V2G and incentivize them to provide higher levels of flexibility to the grid. These objectives
partially overlap with the applications described in Section 2.2.3. The acceptance of V2G thus
depends, among others, on the objective that can be pursued by adopting and using the technology
(Geske and Schumann, 2018; Huber et al., 2019).

Economic Ecologic

Generate revenues for different stake- Increase shares of RES

holders

Offset fluctuations

from RES . .
Reduced electricity bill Reduced climate impact
. Decentralization
Reduced need for additional battery Reliable and
storage efficient grid Contribute to climate goals
. . operation )
Reduced grid expansion Reduced health impact
Emergency power
Improve society’s well being
Reduced stress on the grid
Technical Societal

Figure 8: V2G objectives from a user perspective, own illustration.

Figure 8 summarizes the most important objectives from a user perspective. The categorization
is based on Huber et al. (2019), who cluster smart charging objectives into three categories: tech-
nical, economic, and socio-environmental. The categorization at hand, however, differentiates
between social and environmental as well, considering social and environmental factors as inde-
pendent dimensions. Importantly, these categories are not distinctive but fluid and intersect. The
following analyses of the various approaches of this review follow this categorization. Obviously,
most objectives center around economic and ecological objectives. While economic objectives
are mainly based on an individual level and include savings in terms of reduced electricity costs
(e.g., Dean and Kockelman, 2024; Geske and Schumann, 2018; Helferich et al., 2024), ecological
objectives are based on a system level and capture overarching societal objectives, such as in-
creasing the share of RES (e.g., Dean and Kockelman, 2024; Lagomarsino et al., 2022; Will and
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Schuller, 2016) and contributing to the decentralization of the energy system in order to contribute
to the energy transition and subsequently climate goals (Geske and Schumann, 2018). These goals
are particularly intuitive and easy to understand for potential users, which might be the reason
why these objectives have been shown to be relevant to users’ acceptability toward V2G (Huber
et al., 2019; Will and Schuller, 2016). Yet, also technical objectives are relevant in framing a
user’s decision to adopt and use V2G technology, though they are less intuitive and require some
basic knowledge of the electricity system (Huber et al., 2019). Just like ecological objectives,
technological objectives are based on a broader system-level, targeting grid reliability (e.g.,
Libertson, 2022b; Will and Schuller, 2016), reduced stress on the grid (e.g., Lagomarsino et al.,
2022), or avoiding grid expansion (e.g., Helferich et al., 2024), and investment in additional bat-
tery storages (e.g., Dean and Kockelman, 2024; Geske and Schumann, 2018). These objectives
cannot directly be influenced by a single user providing flexibility, but they can ultimately support
these objectives in aggregation. Finally, societal objectives are less prominently represented in
literature, as they are more difficult to grasp. However, these objectives are implicitly reflected in
the ecological, economic, and technical objectives, such as reducing CO2 emissions or contrib-
uting to grid stability (van Heuveln et al., 2021).

3.4.1.2 Product attributes

Evaluating a new product, that is not widely established on the market is a challenging task for
potential users. Therefore, using product attributes to make the product and its characteristics
more tangible, is a common approach to capture the user’s perceptions and evaluation of the
product as a whole. A widely used framework to cluster attributes of sustainable innovations is
proposed by Axsen and Kurani (2012), defining three categories based on which potential
adopters form their opinion - instrumental, symbolic, and environmental attributes (Axsen and
Kurani, 2012; Noppers et al., 2014). Instrumental attributes reflect the functional outcomes of a
product, while environmental attributes emphasize the effects on the environment. Symbolic at-
tributes refer to the symbolic value (e.g., social status) that the product may bring to the owner.
While functional attributes may inhibit the adoption, environmental and symbolic values may
rather promote the adoption of sustainable innovations (Noppers et al., 2014). In this context,
previous studies have provided evidence that people with strong environmental values are more
likely to adopt sustainable products (e.g., van der Werff et al., 2013).

Table 2: V2G product attributes.

Attribute category Example attributes

Functional (technical) Guaranteed battery level, control over the charging process, average daily plug-in
time, charging mode, discharge cycles, charging duration, user interface, handling

Functional (economic) Charging/service price, pricing scheme, remuneration, penalty, contract duration

Environmental Power mix, use RES for charging, emission reduction

Symbolic Brand of the charging service

With respect to V2G, these categories are also evident in the literature at hand applying choice
experiments to study the user’s perception and evaluation of a V2G charging service. Table 2
provides a synthesis of the product attributes in empirical studies on VV2G. Strikingly, the majority
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of studies focus on functional attributes. Yet, these attributes are either technical or economic by
nature. Economic attributes include the charging or service price (Bailey and Axsen, 2015; Dazi-
ano, 2022; Kubli, 2022; Kubli et al., 2018), the pricing scheme (Helferich et al., 2024) or the
remuneration (Daziano, 2022; Helferich et al., 2024; Huang et al., 2021; Kester et al., 2019; Lag-
omarsino et al., 2022; Wong et al., 2023) that is paid to the EV owner, compensating for providing
flexibility. Finally, there are two studies including the contract duration (Huang et al., 2021; Kubli
et al., 2018) as an additional attribute. Most studies contain technical attributes, although, inter-
estingly, the amount does not signify variety. Most technical attributes focus on the perceived
technical barriers that are inherently connected to V2G. Hence, there are few studies including
the guaranteed battery level or SoC (Bailey and Axsen, 2015; Lagomarsino et al., 2022; Wong et
al., 2023) into their experiment, while the majority of studies consider attributes referring to the
charging process. For example, this is operationalized in terms of hours, the user or the utility has
control over the charging process (Daziano, 2022; Khezri et al., 2024), the average daily plug-in
time (Huang et al., 2021), the charging mode (Helferich et al., 2024), or discharge cycles (Huang
etal., 2021), and the charging duration (Huang et al., 2021; Lagomarsino et al., 2022). In contrast,
environmental attributes are operationalized in terms of the power mix (Kubli et al., 2018), or
refer to emission reduction (Daziano, 2022), and increasing the share of RES (Bailey and Axsen,
2015; Lagomarsino et al., 2022). Symbolic attributes play only a role in terms of the brand of the
charging service (Daziano, 2022), and in what regard the flexibility is used (Kubli et al., 2018).

3.4.1.3 Sociodemographic and psychological factors

Adopter characteristics can be studied in terms of sociodemographic and psychographic factors.
Psychographic characteristics thereby include attitudes, perceptions, and values. These factors
condition and drive technology acceptability in a positive or negative way (Busse and Siebert,
2018). While sociodemographic and household characteristics are suitable to describe individuals
from a social or economic viewpoint™, psychographic characteristics reveal their attitudes, val-
ues, and perceptions. Empirical studies on V2G make use of both factor types, yet, primarily
psychographic factors are used to explain V2G acceptability. Perceptions and attitudes are di-
rected toward the technology at hand and its technical, environmental, economic, and social im-
plications, such as the state of charge, its implications for reducing COz emission, its trustworthi-
ness, and the perceived control over the charging process. While attitudes and perceptions may
change over time, values are said to be relatively stable (Steg and Groot, 2012). Thus, values are
also independent from the technology, yet the objectives of the technology are reflected herein,
and can trigger specific values. Thus, values and beliefs play an important role as well when
determining an individual’s acceptance of the technology.

Empirical studies on V2G assess both, sociodemographic and household characteristics, and psy-
chographic characteristics. While most studies collect data on e.g., age, gender, and household
characteristics, the landscape of psychographic characteristics is more diverse. Noticeably, while

14 Studies in consumer research have shown that sociodemographic characteristics play a subordinate role compared to
psychographic characteristics in predicting sustainable behavior (Jansson et al., 2011).
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Figure 9: Psychographic factors affecting the V2G acceptability, own illustration.

Note: t= technical, ec= economic, en= environment, s= social.

the majority of studies focus on perceptions, followed by attitudes, only few studies assess values
and beliefs. Figure 9 provides a synthesis of the most important sociodemographic, and psycho-
graphic factors that are used to explain V2G acceptability, integrating a categorization based on
the four major categories — technical, economic, social, and environmental — as described in Sec-
tion 3.4.1.1. It has to be noted, once again, that these categories are not distinctive but are fluid
and overlap.

Economic factors mainly concentrate on the monetary costs and benefits that are associated with
V2G and which can thus frame the perceptions and attitudes toward the technology. Three types
of costs can be distinguished that are important to EV owners. The first category refers to the
initial investments in the V2G-enabled EV and the associated charging infrastructure. The second
category refers to operational costs, including maintenance and battery degradation (see also
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Section 2.3.1) (Geske and Schumann, 2018). Empirical studies hereby, mainly focus on percep-
tions of the perceived costs that come along with additional battery degradation (Mehdizadeh et
al., 2024). Yet, participating in a V2G charging scheme also enables the user to earn revenues by
providing flexibility (Libertson, 2022b) and is therefore recognized as an important incentive for
EV users to participate in these services. Technological factors mainly assess users’ perceptions
and attitudes toward the technical peculiarities of the technology, such as (reduced) range com-
pared to an ICEV (Libertson, 2022b), or operational reliability (van Heuveln et al., 2021). More-
over, V2G necessitates the sharing of sensitive data, which is another issue influencing the poten-
tial adopter’s perceptions (e.g., Bailey and Axsen, 2015; Dean and Kockelman, 2024). Finally,
attitudes with regard to V2G are oftentimes assessed in terms of people’s technology orientation
(e.g., Helferich et al., 2024; Henriksen et al., 2021), assuming that a high technology affinity is
related to a higher interest in V2G.

While economic and technical factors trigger both negative and positive associations with V2G,
environmental factors have a mainly positive impact on people’s perceptions and attitudes toward
V2G. Hereby, the positive effects of V2G are stressed, namely, using RES to charge the EV (Bai-
ley and Axsen, 2015), reducing CO2 emissions, and contributing to the energy transition (Kubli,
2022). Noticeably, in this context, environmental values are also assessed (e.g., van Heuveln et
al.,, 2021; Will and Schuller, 2016). Finally, there are a few social factors that are studied with
regard to V2G. Directly related to the technology, the perceived usefulness as well as the user-
friendliness, in terms of handling the technology, seem important. Finally, beliefs play an im-
portant role as well, assessed in terms of individuals’ political orientation (Lagomarsino et al.,
2022) and openness to experience (Helferich et al., 2024).

3.4.1.4 Social and contextual factors

Social and contextual factors have been shown to evidently influence technology adoption on an
individual level by framing perceptions, attitudes, and behaviors (Barth et al., 2016) or by facili-
tating or hindering a specific behavior (Steg et al., 2015). In V2G literature, these factors are
present, though less eminent (Table 3). Indeed, social and contextual factors play a rather subor-
dinate role in empirical studies on V2G, with a focus on either (1) geographical or cultural con-
texts, (2) structural and institutional characteristics, and (3) individual membership in a social
entity or group, shaping social identities.

Table 3: Social and contextual factors in empirical studies on V2G.

Type of social and contextual understanding Examples

(1) Geographical, or cultural contexts Place of residence, country, region, race

(2) Structural and institutional characteristics of the ~ Commuting distance, dependency on/availability of public
geographic surrounding charging stations

(3) Individual’s membership in a social entity or Subjective norm

group, shaping social identities

Category (1) and (2) are similar in the sense, that both underline the context’s ability to create a
sense of belonging and affiliation. Yet, they are distinctive in that the first category is more ab-
stract, by stressing the geographical dimension in terms of the country (Kester et al., 2019), region
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(Lee etal., 2020), or place of residence (e.g., urban, suburban, rural) (Dean and Kockelman, 2024;
Kubli, 2022; Will and Schuller, 2016), and the cultural dimension in terms of race (Dean and
Kockelman, 2024; Wong et al., 2023). In contrast, the second category puts emphasis on the
structural characteristics of the surrounding and is presented in the literature in terms of the com-
muting distance (e.g., Lagomarsino et al., 2022; Wong et al., 2023), and the availability of charg-
ing stations (e.g., Kubli, 2022; Libertson, 2022b). Particularly, the factors of the latter are im-
portant in determining whether V2G charging is feasible on a household level and whether the
infrastructure would allow for such technology adoption.

The last category emphasizes the social dimension more specifically, e.g., by factoring in subjec-
tive norms (Mehdizadeh et al., 2024; van Heuveln et al., 2021). This category is thereby less
tangible but equally important. In this sense, Mehdizadeh et al. (2024) note in their study, that
peoples’ attitudes toward V2G are also influenced by the expectations of others, for example their
beliefs about the technology’s trustworthiness.

3.4.2 Summary and research avenue

The literature review provided an overview of the current research landscape on empirical studies
on V2G acceptability. Essentially, it mapped the most important factors employed to explain V2G
acceptability. The analysis thereby followed the concepts outlined in Section 3.4.1.1. Importantly,
it showed that empirical studies on V2G exist, deploying a broad spectrum of factors, that can be
categorized into technical, economic, social, and environmental factors. Yet, this comprehensive
overview also points out the research gaps that this thesis aims to fill.

The majority of studies concentrate on one specific dimension, with the vast majority focusing on
economic and technical factors, explaining V2G acceptability. Moreover, most studies put their
research focus on product attributes. Therefore, this work concentrates on user characteristics and
seeks to provide a holistic understanding of V2G acceptability, focusing on different factors, com-
bined, covering the four relevant V2G acceptability dimensions technical, economic, environ-
mental, and social factors. Moreover, what is particularly striking is that most studies do not con-
sider social or contextualual factors, which are equally important in explaining interest in and
acceptability of innovative technologies, such as V2G. Importantly, social and contextual factors
enable to study sub-groups and thus allow to transfer results to similar groups and contexts. Last
but not least, it is apparent that most studies focus on one country. Studies, that do focus on dif-
ferent countries only strive for a qualitative comparison. Yet, nearly no studies are available ex-
ploring, whether these contexts influence the user’s motive to participate in V2G. To this end, the
thesis at hand also aims to close this gap by providing three empirical studies, each of which
focuses on different sub-groups. The following chapter outlines the research design of this thesis.
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Chapter 4

4 Research design and approaches

The previous chapters outlined the fundamentals and the theoretical underpinnings with respect
to V2G and the user acceptability of the technology in focus. The following chapter introduces
the methodological choices and research approaches undertaken to study the research questions
described in Section 1.2. In particular, this section seeks to

i. provide an overview of the overall research approach,
ii. outline how acceptability was operationalized in the framework of this thesis,
iii. outline the approaches for the sub-group analysis in the empirical studies.

This chapter first provides an overview of the overall research approach including the four scien-
tific papers (Paper A - D) in Section 4.1. As VV2G is a technology that has, until now, only been
introduced in the framework of pilot studies to customers, particularly the hypothetical character
is a decisive challenge, associated with questioning individuals with regard to their acceptability
toward this technology (Section 4.2). Therefore, the way in which V2G acceptability is framed is
critical to deal with the bias. Furthermore, analyzing the research case for different sub-groups, is
another means to improve the findings’ reliability and generalizability as well. Specifically, the
cases are analyzed for i. groups with differing EV knowledge and experience and ii. energy initi-
ative members and non-members. This is why Sections 4.2.1 and 4.2.2 concretely outline the
operationalization and multi-group analysis of user acceptability of V2G and dive into the meth-
odological approaches to analyze the research cases.

4.1 Research approach

A wide range of approaches exist to elicit user acceptability of innovative energy technologies.
Two major approaches are available, the first one focusing on the preferences for different product
attributes or the objectives that can be pursued by applying the technology, and the second by
studying user characteristics in terms of their sociodemographic characteristics, values, and atti-
tudes. Supplementary, the social context spans both approaches and can be used to form sub-
groups to analyze the research case (Figure 7 in Section 3.2).

Table 4 depicts the research designs of the scientific papers appended to this thesis. While Paper
A provides a systematic literature review on how the user is integrated into current research on
V2G, Papers B - D develop an empirical research case and focus on different factors affecting
user acceptability of V2G. The systematic literature review serves as a basis for the empirical
studies, pointing to the need for further research directed at the user motivations to participate in
V2G and contributing to a more in-depth understanding. To this end, in Paper A, we applied a
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systematic approach, which primarily aims to introduce transparency through their systematic and
reproducible process. The overarching objective of this systematic literature review is to shed
light on and create transparency on how the user is characterized in different research streams and
how different disciplines deal with and consider the user in their research. By doing so, this liter-
ature review scrutinizes how the human factor of smart charging is approached by predominating
topics and disciplines and provides examples of research topics and the way in which the user
characteristics are typically integrated. It furthermore lays the basis for the following three em-
pirical research papers. Specifically, it identifies a lack of research conducted in social science,
with the majority of studies being conducted in “technical” research fields, such as engineering,
economics, and computer science. Essentially, these studies integrate user characteristics into
their modeling approaches only to a limited extent in a very simplified way, using easy-to-inte-
grate parameters, neglecting the complex nature of human behavior. Hence, the human dimension
of V2G, the complexity of behavior is largely neglected. This calls for the need for empirical
studies elaborating on specific factors driving user motivations to accept and ultimately, to use
the technology in question. Moreover, Paper A points out that particularly mobility and charging-
related behavior variables, as well as preferences, are widely used in research to characterize the
user of V2G, while factors, such as values are not prevalent in previous studies.

Building upon the systematic literature review, the empirical research papers address complemen-
tary research questions, displaying different factors relevant to explaining user acceptability of
V2G. Noticeably, as it is the objective of this thesis to analyze different, but complementary view-
points on users’ acceptability of V2G, the research contributions of the empirical studies essen-
tially focus on the different dimensions of V2G, which are based on the framework of Huber et
al. (2019) (Section 3.4.1.1). Particularly, the empirical studies can be categorized into one or sev-
eral of the four dimensions — technical, economic, environmental, and social — representing the
user motivations that are focal for the empirical study.

Paper B focuses on the technical and economic factors relevant to explaining user acceptability
of V2G, by assessing user perceptions with regard to battery degradation, and investments for a
V2G-enabled wallbox, all factors explaining acceptability in economic and technical terms. Paper
C extends this view by also considering environmental factors. Specifically, Paper C develops
three charging strategies — cost-minimized charging, climate-neutral charging, and grid-beneficial
charging — implicitly reflecting V2G objectives and the respective user motivations. The study
assesses, to which extent these charging strategies mediate users’ minimum range requirements
and WTP. Finally, Paper D has the primary focus on social factors and, less prominently, on
environmental and economic motives, predicting V2G adoption interest. Hereby, social factors
refer to community factors, while environmental and economic factors are included in terms of
personal values.

The following provides a detailed synthesis of the research approaches of the three empirical
papers. Starting with describing the challenges arising from the hypothetical character of the stud-
ies’ research cases for the research designs, the section dives into the empirical research Papers
B-D, with a particular focus on the operationalization of V2G acceptability and the sub-group
analysis of the research cases.
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Table 4: Research designs of the scientific papers.

Paper A Paper B Paper C Paper D
Type of study  Literature v x x x
Empirical x v v v
V2G Economic v v v v
dimensions Technical v v v x
Environmental j x v j
Social x x
Sample Year of data collection 2020-2021 2021 2023 2023
Sampling strategy Systematic Randomized*  Randomized*  Randomized*
literature re- and purposive  and purposive
view
SizeP 183 1334 1196 979
Representativeness® x A G F A G,F A G
Sub-groups Target groups x People witha  People with a Homeowners,
driving license  driving li- energy initia-
cense, EV-ex-  tive members
perienced peo-
ple
Countries Global DE, UK DE DE, FR, CH
Operationali-  Scenario experiment x x x v
zation? Willingness to pay x v v x
Willingness to participate ~ * v x x
Factors? V2G objectives x x v x
V2G attributes x v v x
Psychographics x v x v
: - x v v v
Sociodemographics
. x x x v
Social factors
Methods Systematic Hierarchical Mediation Structural
literature re-  multi-regres- analysis equation
view and sion analysis model (SEM)
thematic
analysis

2 Included (v'), not included (%)
b post data cleaning

¢ Age: A, Gender: G, Federal state/region: F

* The sample was collected with a specialized company. These companies offer already selected samples, which is
why it cannot be ensured, that the data contains a truly randomized sample.

4.2 Hypothetical setting of V2G case studies and
research approaches

V2G is a technology, that is not yet established on the German market. Indeed, even though few
bidirectional EVs can be purchased on the market, the technology cannot unfold its potential un-
der the current regulatory framework (Section 2.3.2). Currently, few research projects pilot the
up-scaling of the technology. Yet, these trials take place on a small-scale and within a protected
and controlled environment, implying that it is currently only possible to a limited extent to collect
behavioral data (i.e., revealed preference data). Data from this context is moreover, highly selec-
tive and likely biased. Hence, the majority of studies collect data on intention by putting
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participants into a hypothetical situation when evaluating the technology without any actual ex-
perience (i.e., stated preference data) (Breidert et al., 2006; Jensen et al., 2013). The difference
between stated preferences and real-life behavior is known as hypothetical bias (see also Leh-
mann, 2023). As the studies appended to this thesis assess the intention to adopt V2G, this thesis
distinguishes between acceptance and acceptability (Section 3.1).

The hypothetical character is particularly critical, as it may limit the validity of studies assessing
the acceptability of novel energy technologies. Static characteristics, such as values and more
general motivations, are less susceptive toward this bias. Conversely, this bias may be particularly
apparent with regard to situations, asking about real-life behavior, for example, the adoption of
V2G tariffs. In this case, preferences may diverge from answers based on real-life experiences.
Thus, the respondents’s answers do not reflect opinions based on real-life experience, but only
momentary stated preferences. Scholars provided evidence, that people with real-life experience
evaluate specific energy technologies, and connected attributes differently than people who have
not gained experience yet. For example, in an EV field trial, participants evaluated the EV’s range
differently than before the testing (Jensen et al., 2013). Likewise, respondents living close to a
biogas plant demanded smaller distances to the sites than the general public (Schumacher, 2019),
showing that experience with a specific technology crucially determines its evaluation. Other
sources for hypothetical bias are the survey design, and the personalities of respondents (Lehmann
etal., 2019; see also e.g., Reed Johnson et al., 2013).

Relatedly, this bias of evaluating a novel energy technology may become even more critical, as
the technology’s properties, i.e., the associated benefits and risks, present a very ambiguous pic-
ture to the user. This ambiguity of properties is also known as the paradox of technology (Johnson
et al., 2008). Concretely, while V2G promises revenues to the end user and benefits the grid and
the environment, the purchase of the technology comes with additional costs and may harm the
battery lifetime. To this end, scholars provided evidence that this ambiguity of novel technologies
has rather negative, than positive effects on the user’s evaluation, also called negativity bias
(Rozin and Royzman, 2001), and outperforms positive valence in user adoption intentions (Frank
etal., 2023). Building on this argument, it is suggested that individuals may evaluate the product
attributes differently depending on how distant the future behavior is. This implies that behaviors,
such as the adoption intention of an innovative product, are guided by more abstract and general
considerations as behaviors, that will happen in the near future. Particularly, perceived costs may
thus outweigh the perceived benefits, when the behavior is more distant. (Arts et al., 2011).

Capturing people’s behavioral intentions can be performed using either direct or indirect ap-
proaches. As the literature review in Section 3.4 illustrates, most studies use online surveys to
collect data. These surveys can be categorized into direct and indirect surveys. While indirect
surveys include conjoint analysis, discrete choice analysis, or best-worst methods providing in-
sights into structures of consumer preferences for product attributes (Breidert et al., 2006; Leh-
mann, 2023), they do not reveal underlying reasons and motivations for accepting the product or
service (van Heuveln et al., 2021). In contrast to indirect surveys focusing on product character-
istics, direct methods focus more strongly on user characteristics by applying either expert judg-
ments or customer surveys (Lehmann, 2023). Particularly, direct surveys are used in environmen-
tal psychology to explain behavior of individuals or groups based on a behavioral theory. To
explain a specific behavior, these models use observable and unobservable user characteristics.
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Thereby, unobservable characteristics are created by aggregating multiple indicators, i.e., Likert
scale questions to a latent variable (Lehmann 2023). Interestingly, most empirical V2G studies
that were identified in Section 3.4 (Table 1), perform indirect approaches, to assess users’ WTP
for V2G functionalities or attributes, users’ willingness to accept or preferences with regard to
V2G contracts and services. In contrast, fewer studies apply direct approaches and focus on users’
general willingness, interest, or intention to participate. The schematic categorization displayed
in Figure 10 is based on the results of the literature review presented in Section 3.4. To the au-
thor’s knowledge, there are, until now, no studies using direct approaches to assess users’ will-
ingness to participate in V2G contracts and services. The empirical Papers B — D appended to this
thesis, therefore, put the focus on this gap.

Acceptance
I
Pilot studies
Indirect Direct
approach . - . .
PP Assessing WTP and prefer- Willingness to participate in approach
ences for V2G attributes V2G
‘/_ Acceptability A .
Preferences for certain aspects General acceptability of V2G
of V2G contracts and services technology

Figure 10: Operationalization of VV2G acceptability in direct and indirect approaches, own illustration.

All empirical papers (B — D) are based on data collected via online surveys, including questions
on sociodemographic and household characteristics, questions reflecting a theoretical model (Pa-
per D), and direct approaches (rating-based approaches) to query user acceptability of V2G. Par-
ticularly, as stated above, the hypothetical setting posed several challenges to the research design.
Therefore, each empirical study put emphasis on the way in which V2G acceptability was opera-
tionalized. The concrete procedures are described in detail in the following sections.

4.2.1 Operationalization of vehicle-to-grid acceptability

This thesis operationalizes V2G acceptability using direct approaches. A direct approach refers
to rating-based approaches, i.e., Likert scales, where respondents directly rate the extent to which
they agree or disagree with the statement of the Likert scale item. With regard to V2G, Kubli
(2022) highlights three main situations in which V2G can be initiated, serving as anchor points to
assess users’ acceptability towards this technology — the EV purchase decision, through contracts,
and at the charging event. Papers B - D operationalize V2G acceptability in terms ofa V2G charg-
ing contract or tariff, with a specific focus on the charging conditions. A V2G contract constitutes
the interface between the user of the bidirectional EV and the power system, i.e., the aggregator.
They define, under which conditions the charging process takes place. Importantly, depending on
the contract conditions, these contracts can incentivize a specific charging behavior and thus en-
able the operator to raise flexibility potentials (Emodi et al., 2022). Moreover, as V2G bears the
promise to be economically profitable to a variety of actors, the price level essentially determines
whether users will participate, and, when mirroring them with the market perspective, it can be
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assessed whether these values can be realistically yielded (Baumgartner et al., 2022; Lee et al.,
2020). In this context, Papers B and C determine the monetary value people assign to a V2G
charging tariff using direct measurement methods.

Determining the value a customer assigns to a product is an essential step in the pricing process
when introducing a new product or service (Miller et al., 2011). Two common approaches are to
assess users’ WTP or users’ WTA. While WTP assesses the amount needed to acquire a product
or service, WTA is determined by the amount an individual wishes to receive for giving it up
(Georgantzis and Navarro-Martinez, 2010; Horowitz and McConnell, 2002). In theory, WTA and
WTP values should be equivalent when assuming the same levels of a given product (Contu and
Mourato, 2020). Yet, previous research illustrates that the WTA is usually higher than the WTP
(Georgantzis and Navarro-Martinez, 2010; Horowitz and McConnell, 2002). This asymmetry is
often explained by the perceived loss of the product, arguing that losses weigh stronger than gains
(Anderson et al., 2000; Kahneman et al., 1990). Moreover, research suggests that this discrepancy
is even higher for products the less the product is like an “ordinary market good” (Horowitz and
McConnell, 2002), which is especially relevant for innovative products and services. Research
also suggests that this discrepancy can further be explained by affect or moral considerations (Biel
et al., 2011), or by different personality profiles (Georgantzis and Navarro-Martinez, 2010).

WTP and WTA are oftentimes the results of choice experiments, where respondents repeatedly
rate multiple alternatives to elicit the importance of different product attributes. In the context of
V2G studies, both WTP as well as WTA approaches are used to place a monetary value on users’
acceptance of V2G. While WTP is used in the context of V2G contracts and services, evaluating
different product features, WTA is used with regard to the potential of earning revenues by
providing flexibility to the market and with regard to potential barriers, such as required plug-in
times (Lee et al., 2020). Moreover, WTA approaches can be used to provide insights into the
evaluation of trade-offs between different attributes (Kubli, 2022).

In contrast, when using direct methods, respondents are queried to directly state how much they
would be willing to pay / would be willing to accept for a product or service (Breidert et al., 2006).
The primary advantage of this method is that the focus is set on the price of a product and not on
its attributes. Regarding WTP, the method is based on the assumption that a price range exists,
which is bounded by the maximum and minimum that users are willing to pay (Larson et al.,
2014). Since its first application by Stoetzel (1954), the direct approach has been continuously
developed. A known advancement of the direct WTP measurement approach is the price sensi-
tivity meter (PSM) by van Westendorp (1976), which includes four questions, asking not only for
the maximum and minimum price but also for a reasonable, cheap, and expensive price. This
method is still applied in commercial settings (Breidert et al., 2006). Yet, this method was criti-
cized, mainly for the following reasons: First, and foremost, the focus is set on the price and a
precise evaluation may be difficult, due to the lack of knowledge or prestige effects, in which
customers purposively state higher or lower prices. Particularly with respect to unfamiliar and
complex products, such as a V2G charging tariff, knowledge gaps might lead to over- or under-
estimation of prices. Finally, these direct approaches have been said to not be stable over time
and not automatically translate into behavior (Breidert et al., 2006; Hofstetter and Miller, 2009).
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Paper B follows a WTA approach, assessing the minimum monthly compensation for providing
flexibility deemed necessary by participants after having a proper overview of the technology
with its risks and costs. The description of the technology followed the introduction from Paper
D. As the focus was on the economic aspects of V2G, we provided the participant with the nec-
essary information and queried their perceptions with regard to cost-relevant aspects, such as bat-
tery degradation and wall box costs, which are assumed to exceed the costs of a “normal” wall
box. We ensured that the participants made informed decisions by providing the respondents with
information about the service, and the product’s costs and benefits.

In contrast, Paper C applies the van Westendorp PSM, to assess users’ WTP for a V2G charging
tariff. The charging tariff is thereby comprised of two levels (Table 5) — in the first level, the EV
is instantly charged until reaching the minimum range before switching to the second level, where
the EV is charged bidirectionally until reaching the desired SoC. The design of the charging tariff
follows the criteria of being simple, transparent, and predictable (Dutschke and Paetz, 2013). The
tariff scheme is inspired by an EV-specific controlled charging tariff developed by Ensslen et al.
(2018).

Table 5: Two-level charging tariff design (Baumgartner et al., 2022).

Charging level ~ Charging mode Definition

Instant charging until the individually chosen SoCwin is

- A .
1 tariff level Uni-directional charging reached. The price for this mode is €5.20 / 100 km.

Charging in the bidirectional charging mode until the indi-

2% tarift level Bi-directional (V2G) charging vidually chosen maximum range is reached.

Following the PSM approach, respondents were asked to state their WTP for the second charging
level, in four open-ended questions™ as follows: At what average price per 100 km of range would
you consider V2G charging...

a) ...7oo expensive, i.e., you would definitely look for a cheaper tariff?

b) ...expensive, i.e., you would only conclude the contract after careful consideration?
C) ...cheap, i.e., the tariff would be a bargain?

d) ...too cheap, i.e., you have doubts about the seriousness of the tariff?

Aggregating the answers leads to four curves. The intercepts between the different curves deter-
mine the different price points — indifference price point (IDP), optimal price point (OPP), point
of marginal cheapness (MGP), and point of marginal expensiveness (MDP), as well as the upper
and lower bounds of the acceptable price range.

15 It is important to note, that while the question was an open-ended question, we still defined an upper bound, which
equaled the reference price of' 5.20 €/100 km, assuming that participants’ WTP would be lower than the given reference
price, as the second charging level comes with disadvantages for the user. Thus, the difference between the reference
price and the WTP for the second charging level defines the saving for the user.
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Paper D operationalizes user acceptability in terms of a V2G charging service as well, yet, it
develops direct rating-based scenarios that vary along three attributes, each consisting of two lev-
els (23 = 8 unique charging tariffs). This approach also falls under a direct approach, as partici-
pants rated their interest in V2G based on the eight tariffs sequentially on a scale from 1 (not
interested at all) to 7 (very interested). Hence, participants repeatedly rated the scenarios, reflect-
ing their overall propensity to participate in the V2G contract. For our analysis, we created a
compound variable from all ratings based on the mean values. The attributes were not analyzed
any further, as it would have answered another research question, going beyond the scope of the
study. The attributes and levels were derived from Gschwendtner et al. (2023). The scenario in-
cluded an introductory text describing a V2G contract to the respondents. The full scenario text
was as follows:

Scenario introduction
{constantly shown above every scenario; use CHF for Swiss version}

Imagine you own a bidirectional electric car with a range of 350 km. To be able to charge your
electric car bidirectionally, you sign a contract with a service provider. The contract allows you
to charge your electric car bidirectionally at home, at your workplace and at public charging sta-
tions. Assume, the charging infrastructure is available. Additionally, you have the possibility to
flexibly pause the contract.

As soon as you plug in your electric car, it is initially charged to a minimum range without inter-
ruption. The minimum range corresponds to the range that is always available for unplanned
shorter trips and should therefore also be understood as a safety reserve. Once the minimum range
is reached, the bidirectional charging phase begins. In an app, you can set your planned departure
times and the desired destination range at departure. In addition, your system has an opt-out func-
tion that allows you to cancel the bidirectional charging mode and charge your vehicle directly.
You will receive a monthly compensation of 50€ for providing your battery. Below we present
eight different contract conditions. The introductory text remains the same. We ask you to read
the contract conditions carefully and then evaluate them. There is no right or wrong answer. Your
opinion alone counts.

The attributes and levels were defined as displayed in Table 6.

Table 6: Scenario attributes and levels (Baumgartner et al., 2025).

Attributes Level 1 Level 2

Time on the grid The vehicle has to be connected to the grid  The vehicle has to be connected to the grid
for a total of 6h/day, but the time of con- for a total of 6h/day for five days a week
nection is freely selectable and at least for one hour between 11 a.m. to

2 p.m.

Minimum range The minimum range is individually se- The minimum range is 30% / 100km
lectable

Maximization of re-  Optimization of the feed-in of renewable Optimization of the feed-in of renewable

newable energies energy sources into the entire energy sys- energy sources into the local grid of the
tem neighborhood
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Finally, Figure 11 displays an example of how the scenarios were presented.

Scenario

Time on the grid LMy /@ 6h/day
(according to 5 = »\- \ + 5 days a week at least 1 hour from 11

contract) am.to2 p.m.

Minimum range D D g Q g Individually selectable

Maximizing & Optimization of the feed-in of renewable
renewable energies energies in the neighborhood

Based on this scenario, how would you rate your interest in participating in bidirectional charging?
1:Not | 2 I 3 [ a [ s 6 7: Very
interested Neutral interested
atall

[o o 1o [o o o [o

Figure 11: Example of one of the eight VV2G tariff options (Baum-
gartner et al., 2025).

By providing the participants with information about the product, including the different product
attributes and attribute levels, this method ensured that participants made informed decisions
based on detailed information about the technology. This approach is expected to reduce the like-
lihood that participants unfamiliar with this new technology would make decisions that do not
align with their actual preferences and assumes that there is an underlying level of general interest
to participate regardless of specific tariff design options (Sloot et al., 2022).

4.2.2 Sub-group analysis

Specifically, in the context of innovative technologies, the need for in-depth and group-specific
analyses is evident. In this work, group-specific analyses are performed by

i. contextualization of the research case,
ii. segmentation of the sample based on social factors,
iii. segmentation of the sample based on specific user characteristics.

While the latter recognizes specific user characteristics to be important determinants of V2G ac-
ceptability, contextualization, and social factors acknowledge that people do not act in a vacuum;
rather, they are influenced by various contextual factors, e.g., infrastructure and political agendas.
In contrast, social factors are less tangible, including the interaction with the social environment
or the feeling of belonging, shaping identities (Section 3.3). These factors are important determi-
nants to understanding, whether adoption is likely to happen or not.

Using the categories as an anchor point, Paper B incorporates contextual factors following the
understanding of (i) and Paper D (i) and (ii). In contrast, Paper C builds sub-groups based on user
characteristics, i.e., knowledge and experience levels with regard to EVs (iii). Importantly, the
scientific studies (B-D) use these factors and characteristics to study and compare antecedents of
V2G acceptability between groups. Methodologically, in this way, contextualization and segmen-
tation support the reliability of results for specific groups and furthermore enable the transfera-
bility of results to similar contexts and groups. Specifically, two major types of comparisons are
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realized. First, Papers B and D compare different countries, and second, Papers C and D compare
groups of people, based on their EV knowledge and membership in energy initiatives.

The countries at the center of this thesis are Germany, the United Kingdom (UK), France (FR),
and Switzerland (CH) (Table 4). Studying V2G adoption in different country settings is important,
as even within Europe, countries follow different trajectories regarding their energy transition,
with likely impacts on the decision-making of individuals in these countries, either more directly
through targeted policies, such as subsidies, or indirectly, via norms, culture, and education
(Chard et al., 2024). For example, France and the UK rely on nuclear power plants as a core pillar
of the energy transition strategy (HM Government, 2021; Vernay et al., 2023). Particularly in
France, this strategy supports a system that is (historically) more centralized, with only a few
main energy actors (Vernay et al., 2023). In contrast, Germany relies on RES and hydrogen, and
already phased out nuclear power plants, and Switzerland prohibits the construction of new nu-
clear plants. To this end, comparing countries is of great interest, as the strategies and understand-
ings of the energy transition differ, even within Europe, likely influencing peoples’ views.

Another way of group comparison is carried out by segmenting the sample into sub-samples,
based on specific user characteristics. Sub-groups were built based on i) the level of knowledge
and experience respondents of the survey had with EVs and ii) their affiliation and membership
in an energy initiative. With regard to i) it is assumed that the knowledge base with regard to V2G
technology, differs between people with and without EV experience, and consequently, underly-
ing motives to accept V2G may vary. In addition, and with respect to the associated hypothetical
bias of V2G (Section 4.2), results of previous studies suggest that users’ experience with EVs
represents a critical factor in creating an informed decision about issues in the realm of V2G
(Chen et al., 2020; Noel et al., 2019a). Concerning ii) it is assumed that, due to the unique role of
energy initiatives in the energy transition, they might not only foster acceptance toward energy
technologies but might create interest in and have the potential to motivate the adoption and use
of novel technological innovations that have not been widely established yet. In this context, pre-
vious research has shown that for the adoption of an innovative technology, social groups are
particularly influential in framing individual goals, which is essential in the early stages of an
adoption process (Barth et al., 2016; Klockner, 2014).

Summing up, the empirical studies operationalize these understandings by including them either
as variables in the developed models directly or by striving for a comparison across different
groups and contexts. Concretely, Paper B builds a hierarchical regression model. The model is set
up in three steps, and the variables are entered hierarchically. Model 1 includes the contextual
variables. Specifically, we used the following variables: rent vs. ownership, type of region, EV
ownership, and commuting. In step 2, we entered two variables capturing battery degradation
(battery aging and compensation for battery aging) before entering in step 3 the psychographic
variables (environmental self-identity, consumer novelty seeking, and consumer independent
judgment making). The model is tested separately for Germany and the UK. This way, Paper B
allows to compare the overall model between countries.

Paper C distinguishes between different groups of people, with a specific focus on the knowledge
base. Methodologically, Paper C builds a mediation model, which is performed for groups with
different levels of EV experience. Specifically, three groups are of interest: (i) people with no EV
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experience, (ii) people, who have gained experience by driving an EV in solitary events, (iii)
individuals owning and regularly using their EV, thus being familiar with the technological pe-
culiarities. The mediation model is tested for the three groups, dummy-coding the categorical
variables (n-1), with no EV experience being the reference category. By doing so, the model re-
sults can be compared between groups with different levels of EV experience.

Another question is which process variables can explain why the acceptability of V2G differs for
these sub-groups. Mediation, in its simplest form, is based on three variables — the independent
variable X, the dependent variable Y, and the mediator M, channeling the relationship between X
and Y (Meuleman, 2019), reflecting a causal sequence (Field, 2018). Mediation occurs when the
effect of the independent variable X on the dependent variable Y is reduced by integrating the
mediator variable M (Baron and Kenny, 1986; Dudenhdffer, 2015). Testing for inference, one
way is to perform the Sobel test (Hayes and Scharkow, 2013), which is a significance test, reject-
ing or accepting the null-hypothesis (Tibbe and Montoya, 2022). Another common procedure is
to analyze the percentile or bias-corrected bootstrap confidence intervals (Cls) to see whether zero
falls outside its confidence limits (Tibbe and Montoya, 2022). In Paper C, we applied the bias-
corrected bootstrap Cls (N= 10.000) (Field, 2018; Hayes and Preacher, 2014; Hayes and
Scharkow, 2013; Zhao et al., 2010).

The mediation model is based on the equations below.
c=c'+ab @

Equation (1) defines the relative total effect ¢, which corresponds to the sum of the relative direct
effect ¢’and the product of the coefficients a and b.

M = ﬁM + a1X1 + a2X2 + Em (2)
Y = ﬁ{/ + C1’X1 + CéXZ + bM + [5\% (3)

The indirect effect of X on Y through M is estimated as the product of ab from equations (2) and
(3). Equation (2) measurse the effect of X on M. With 8, the standardized (regression) coefficient
is included and ¢, defines the error. As the study setup results in a multicategorical predictor
(user experience), dummy coding is applied, resulting in two predictor variables a, and a, in the
model. Equation (3) defines the direct effect.

Y = ﬁy + C1X1 + C2X2+€y (4)

Finally, equation (4) defines the total effect of X on Y, which is the observed difference of group
means on Y. A detailed description of statistical mediation analysis with multicategorical inde-
pendent variables can be found in Hayes and Preacher (2014).

In Paper D, we developed a theoretical model to assess the role of (i) community energy initiatives
in shaping V2G adoption interest of individuals (ii) in a country specific context. To this end,
Paper D builds a structural equation model (SEM), and in a second step, tests the model in a
multigroup setting. The role of initiative membership is tested by including community motives
and initiative membership, next to personal values and norms, into a dual-pathway model. The
existence of country differences was tested by adding country as a grouping factor to the model.
Thereby, we compared a constrained model in which all regression parameters were set to be
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equal across countries to an unconstrained model in which all parameters were allowed to vary
freely across the three countries. This way, Paper D allows to draw conclusions on the role of
initiative membership on adoption interest of V2G, and a comparison of motivation pathways
between countries.

Specifically, Paper D employs a SEM, because it allows to estimate and test for interactions be-
tween observed (manifest) and nonobservable (latent variables), i.e., a set of indicators defining
a construct, which is not possible using, e.g., multivariate regression (Schumacker and Lomax,
2010; Wentura and Pospeschill, 2015). A SEM thereby places a strong “emphasis on evaluating
the validity, reliability, and comparability of measurement instruments” (Meuleman, 2019,
p. 130).

Essentially, a SEM consists of two components, the measurement model and the structural model,
including the associated path parameters, to model the covariance and mean structures of multi-
variate data (Meuleman, 2019). The measurement model tests the relationships among indicator
variables and latent variables, which is quantified by the factor loading (Wentura and Pospeschill,
2015). It can be formally written as (Meuleman, 2019):

Yi=vtAute (%)

where subscript i refers to the individual cases. Equation (5) displays a vector of observed re-
sponses on the indicators y;. y; are modeled as a function of latent variables n;, with matrix A
containing the regression weights. Vector v contains the intercepts, and ¢; refers to the measure-
ment errors.

In contrast, the structural model defines the relationships between exogenous and endogenous
latent variables. The structural model can be formally written as (Meuleman, 2019):

ni=a+Bn +Tyx+$; (6)

Equation 6 is composed of a matrix B containing the effects among latent variables, and I" con-
taining the direct effects of the y’s on the latent variables. a refers to the intercepts and &; to the
residuals of the endogenous variables. (Meuleman, 2019)

Common to all SEM methods is that a p x p covariance matrix S (where p is the number of in-
volved variables), obtained from the empirical data is used as an estimator for the covariance
matrix >’ of the population. '(0) = ¥ is the covariance matrix implied by the model (Wentura and
Pospeschill, 2015). Pospeschill (2010) formulates the following hypotheses:

Ho: >(0) = 3, there is a fit between the covariance matrix Y (0) implied by the model and the
covariance matrix of the population Y.

Hi: Y (0) # ; there is no fit between the model and data structure.

For estimating the model, a fitting function is used, which aims at reducing the difference between
Y and S. A matrix ¥, that equals zero (S - 3. = 0), X?= 0, displays a perfect model. For estimating
the model, different estimation procedures are available. A common estimator is the maximum
likelihood (ML) estimator, which, however, can only handle continuous variables. In the specific
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case of Paper D, we used the diagonally weighted least squares (DWLYS) estimator to handle the
endogenous categorical variables in our model. There are three ways of testing the model fit. First,
model fit indices show, how well the sample data fits the model. Secondly, indices are available
that compare the proposed model with a null model, and finally, some indices test for parsimony,
providing information on estimated parameters required to increase the level of model fit. (Schu-
macher, 2019).

Another advantage over multivariate regression approaches is that a SEM allows to build mul-
tigroup models by segregating the model based on moderators, i.e., group variables, instead of
calculating single interaction effects, which was essential for the research case of Paper D. Mul-
tigroup SEM can be described as a technique, that explores the moderating effects of groups on
the model (Chard et al., 2024). Thus, it is possible to conclude how the model applies to different
groups. The procedure of testing a multigroup model is to compare an unconstrained model, i.e.,
which allows regression parameters to vary across subgroups, with a model, where the structural
weights are constrained, i.e., equal across groups. This procedure allows testing whether the
model is variant across groups (Chard et al., 2024). The effect is tested using a Chi-square (X?)
test. To test how well the model fits the data, the same model fit indices as described above can
be used. Paper D followed this procedure to integrate and test for multigroup effects.
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Chapter 5

5 Research contribution of the
appended scientific papers

The preceding chapters of this thesis provided an introduction to the V2G fundamentals (Chapter
2), an overview of the key concepts, and theories, as well as a literature review presenting the
most relevant acceptability factors, laying the basis for the following four research papers (Chap-
ter 3), and finally, a methodological and conceptual justification (Chapter 4) for the choices made,
in the proceeding research contributions. This chapter summarizes the research contributions, that
comprise this thesis. For each paper, the context, methods, and major results are outlined.

5.1 Paper A: How to integrate users into smart
charging - a critical and systematic review

5.1.1 Motivation and research objectives

The successful implementation of VV2G applications (Section 2.2.3) implies an active role of the
EV user and, therefore, hinges on the user’s willingness to provide flexibility. As argued by
Huckebrink and Bertsch (2021, p. 2), ‘adoption rates and market shares are important, [yet] the
active use of a technology is what ultimately determines energy demand’. The human dimension,
however, is complex in nature and multifaceted. As outlined in Section 3.4.1, various acceptabil-
ity factors influence a user’s decision to partake in V2G. These include behavior, preferences,
perceptions, attitudes, and values. Yet, despite the user's primary role, most scientific studies il-
luminate either technical or economic aspects of V2G, only including a limited set of user char-
acteristics in their research design.

Therefore, Paper A (Baumgartner et al., 2023) sheds light on and creates transparency on how
the user is characterized in different research streams and how different disciplines deal with and
consider the user in their research. Hence, Paper A seeks to make the following contributions to
the state of the art:
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i.  Analyze the current state of research on smart charging*® by investigating disciplines and
methods of smart charging and by identifying stakeholders and dominating research topics
throughout the various disciplines;

ii.  Investigate how the human factor of smart charging is approached by predominating
topics, methods, and disciplines and provide examples of research topics and the way in
which the user characteristics are typically integrated.

5.1.2 Procedure

Paper A systematically reviews 183 peer-reviewed journal articles from the past 20 years of re-
search on smart charging. In this case, systematic refers to the procedure of selecting the research
papers and the approach, by which the papers were analyzed.

Research focus 12 overarching topics in the field of smart charging
Stakeholder 18 categories of smart charging stakeholders
focus
v v
Discipline Discipline
|

\ \ \V/
Disciplinary L L
cooperation Disciplinary Interdisciplinary

4

Methodological
approach

No original

Qualitative Quantitative Multi-method data collection

Figure 12: Structuring categories for the analytical framework (Baumgartner et al., 2023).

The stepwise analysis followed an analytical framework which is depicted in Figure 12. This
framework consists of several structuring categories, the research topics and stakeholder focus of
the study, the disciplinary background of the researchers, and the methodological approach cho-
sen. The identification of research topics largely followed the thematic analysis according to
Braun and Clarke (2006), using a data-driven approach which identifies themes based on existing
data and not based on a pre-existing coding scheme.

16 This systematic literature review uses the term “smart charging”. As outlined in section 3.4., empirical studies in this
research realm often use the terms smart charging and VV2G synonymously. In many cases, it is unclear, which form of
controlled charging is referred to. Furthermore, both forms imply an active role of the EV user, though the applicability
differs from a system perspective (Section 2.2.3). Due to these reasons, the literature review includes studies on both,
uni- and bidirectional charging, whereas in Paper A the term “smart charging” is used.
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Hereafter, the data was organized into meaningful groups, resulting in 12 overarching themes in
the field of smart charging. These themes display dominating research topics in the field of smart
charging. Taking the themes as a starting point, Paper A investigates the stakeholder focus as well
as the methodological approach within each theme. Bringing all aspects together result in three
qualitatively and quantitatively distinctive thematic domains — technology-oriented, human-cen-
tered, and integrative domain.

Complementarily, Paper A proposes to analyze the variables and parameters that were used to
characterize the user of smart charging. The objective hereby is to unfold specific patterns of
disciplines, methods, and research topics to include the user into smart charging research. The
analysis delivers six categories, with several subcategories each. The categories capture the user
characteristics as follows:

e Contextual information: These factors are outward-looking, considering the context within
the decision-making process, framing perceptions, attitudes, and behaviors.

User behavior: Capturing the user’s statistical charging and mobility patterns.

Perceptions and attitudes: Capturing the user’s perceptions and attitudes toward a product
and its attributes, namely EVs and smart charging. Perceptions and attitudes are often-
times influenced by underlying values, which are also included in this category, though
they are more fundamental, influencing attitudes and perceptions.

Preferences: Assessing preference structures regarding a product and its attributes, namely,
EVs and the charging process.

Benefit and barriers: Capturing the monetary, environmental, and technical benefits and
barriers of the technology at stake.

5.1.3 Key results

The systematic literature review unfolded the underlying logic of three research domains, dealing
with smart charging — technology-oriented, human-centered, and an integrative research domain.
These domains are qualitatively and quantitatively distinctive and cover different research topics.
The majority of studies fall into the technology-oriented domain, typically basing their analyses
on quantitative models and focusing on charging and mobility behavior and smart charging pref-
erences as the main user parameters. Hence, this kind of studies integrates user characteristics in
a very generic way. Individual and consumer-specific aspects, as well as contextual information,
are less well-integrated. In contrast, topics with a focus on the human-dimension of smart charg-
ing center research around the user’s perceptions and attitudes toward smart charging, their mo-
tives to participate in smart charging programs, or barriers that hinder them to do so. With this,
these studies open up a complementary perspective that supports the introduction of smart charg-
ing technology into people’s routines and daily lives. Integrative studies, as the third research
domain, combine both perspectives, bridging the gap between human-centered and technology-
centered topics. In a methodological sense, they are not necessarily accompanied by mixed-meth-
ods, but rather by interdisciplinary cooperation between disciplines from different schools of
thought. This integrative character is reflected in a wide range of user characteristics, including
contextual information, behavior, perceptions, attitudes, and preferences, with a special focus on
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values, EV preferences, and perceptions, and attitudes toward EVs, allowing to draw a manifold
picture of the user of smart charging.

5.1.4 Critical appraisal

This systematic literature review aimed at providing an overview of the current state of the art
research on smart charging, with a particular focus on the user role and how this role is integrated.
This paper hereby seeks to reveal patterns of different disciplinary research strands. Yet, our ap-
proach to creating the research themes is prone to subjective bias, as this process always necessi-
tates the researcher's judgment to determine the theme, which is, e.g., influenced by the re-
searcher's background.

Moreover, we chose to analyze the user categories descriptively. This procedure does not allow
the display of the relations and interlinkages between the user categories. Future research could
thus focus on the relationship between user characteristics, illuminate the underlying theories, and
guantify the relationships within a meta-analysis.

5.2 Paper B: Users’ willingness to accept V2G - A
comparison between German and UK households

5.2.1 Motivation and research objectives

Assessing factors determining users’ willingness to participate in V2G is crucial for a successful
market ramp-up of this technology. These factors can be either assessed in terms of user or product
characteristics, V2G objectives, or social context factors (Section 3.2). Conceptually, this study
combines social context factors and user characteristics to understand user motivations to partic-
ipate in V2G: Thereby, Paper B (Baumgartner et al., 2024) focuses on user perceptions and val-
ues, and on contextual factors referring to structural aspects, as well as the spatial context (Black
etal., 1985; Devine-Wright, 2008). In this study, psychological factors determine underlying mo-
tives for acting in a certain way, while the other enables the person to do so (Steg et al., 2015).

The objectives of this study are to shed light on monetary compensation requirements (WTA)
from a user perspective for providing flexibility to the electricity market and to build a hierarchical
multi-regression model to look at factors determining users’ willingness to participate in V2G.
Importantly, Paper B strives for a country comparison, comparing the model results for Germany
and the UK. Paper B seeks to answer the following two research questions:

i. What is the expected compensation in Germany and the UK for providing flexibility to the
electricity market, including battery degradation?

ii. To what extent do contextual and psychological factors predict the intention to participate
in V2G in Germany and the UK?
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5.2.2 Procedure

Addressing these research questions, we conducted an online survey in December 2023, targeting
German and UK households. The final sample included N=1100 valid responses. Predictors, rel-
evant to this study, assessed contextual factors according to the “Mobilitdt in Deutschland” (MiD)
(Nobis and Kuhnimhof, 2018), psychographic characteristics, including environmental self-iden-
tity (van der Werff and Steg, 2016), consumer novelty seeking and consumer independent judg-
ment making (Wolske et al., 2017) and perceived barriers, with a particular focus on battery deg-
radation (Geske and Schumann, 2018). Like Paper C (Baumgartner et al., 2022), Paper B
operationalized V2G acceptability in monetary terms, reflecting users’ (in-)convenience to par-
ticipate in V2G (Section 4.2.1). Additionally, Paper C operationalized acceptability by assessing
users’ willingness to participate in a V2G charging service, largely following the example de-
scribed in Geske and Schumann (2018).

To answer the research questions of Paper B, we applied descriptive statistics and regression
analysis and built a hierarchical multi-regression model, stepwise integrating all predictors de-
scribed above. The model is set up in three steps, and the variables are entered hierarchically. In
step 1, we entered the contextual variables (rent vs. ownership, type of region, EV ownership,
commuting), which we believed to be particularly interesting in a country comparison. In step 2
we entered two variables capturing battery degradation (battery aging and compensation for bat-
tery aging), before entering in step 3 the psychographic variables (environmental self-identity,
consumer novelty seeking, and consumer independent judgment making). We dummy-coded the
variables rent vs. ownership and type of region. Rent is the reference category for the first varia-
ble, while it is big city for the latter. Importantly, as data was collected in two countries, this study
provides the model results for both countries.

5.2.3 Key results

Enquiring users’ acceptability in monetary terms is accompanied by several challenges, particu-
larly resulting from the circumstance that VV2G tariffs are, until now, a hypothetical setting (Sec-
tion 4.2). To deal with this issue, respondents were informed about the costs of a V2G wallbox
and asked about their attitude toward it. The same procedure was carried out with the issue of
battery degradation. Thus, as expected, the required compensation was rather high in both coun-
tries, which can be explained, among others, by the perceived additional costs stemming from a
shortened battery life.

An alternative to operationalizing users’ acceptability of V2G is to question respondents about
their general willingness to participate in VV2G. Paper B thus proposes that particularly psycho-
graphic and contextual factors, as well as perceived barriers, are likely to influence users’ general
anticipation of V2G. Results of the hierarchical multi-regression analysis reveal that barriers and
psychographic variables seem to play a much bigger role in explaining the willingness to partici-
pate in V2G than contextual variables. This is an important finding as it highlights that the cir-
cumstances people live in are far less decisive for people to adopt innovative technologies than
their interest in new technologies and their attitude towards the environment. Interestingly, this
finding holds for both countries, Germany and the UK.
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In particular, the models (3" step) show that, as expected, battery aging negatively affects users*
willingness to participate, yet the effect of receiving compensation for battery aging is stronger,
indicating greater relevance than battery aging. Interestingly, among all predictors in model 3,
receiving compensation for battery degradation has the strongest effect. Both models show similar
patterns. Astonishingly, the effect of consumer novelty seeking is the second strongest effect for
the German sample, while it is environmental self-identity in the UK.

5.2.4 Critical appraisal

This study operationalized V2G acceptability in two ways, first in monetary terms and second by
asking respondents about their general willingness to participate in V2G. Hereby, results reaffirm
the relevance of battery aging on both acceptability indicators. Yet, specifically with regard to
compensation requirements, further factors might have an effect, e.g., socio-demographic or so-
cio-economic factors, which were not considered in this study. Following on from this, we only
studied the user’s viewpoint on compensation, neglecting the extent to which current market con-
ditions allow for such compensation. Future research could thus follow an integrative approach,
contrasting the user and market perspective on monetary benefits (e.g., Signer et al., 2024).

Unexpectedly, the country comparison revealed only marginal differences, particularly with re-
spect to contextual factors. Yet, we only tested contextual factors on users’ general willingness to
participate. Indeed, contextual factors, in terms of infrastructure and geographies might be more
relevant when looking at adoption and specific usage of this technology. Closely related, we
didn’t test statistically for country differences, but only compared the two separately calculated
models between countries. It would thus be beneficial to elaborate more on contextual factors by
integrating the country variables into the model or by setting up an integrated model.

5.3 Paper C: Does experience matter? Assessing user
motivations to accept a V2G charging tariff1”

5.3.1 Motivation and research objectives

EV experience decisively influences users’ evaluation of V2G technology, as well as the motiva-
tions and requirements underlying participation in V2G. Previous research points to the notion
that users’ experience with EVs in general represents a critical factor in creating an informed
decision about issues in the realm of V2G (Chen et al., 2020; Noel et al., 2019a) (see also Section
4.2). This study assumed that the perceptions and knowledge of individuals with different levels
of user experience differ for the V2G systems. In other words, V2G is evaluated differently by
those who own an EV and those who did not yet buy or got the chance to test an EV and thus do
not necessarily have an updated and informed perception of this technology and its usage. As

17 The authors have requested a corrigendum for this paper at the publisher. The corrigendum is currently being pro-
cessed. The requested changes refer to the interpretation of the indirect effects. The summary of Paper C already incor-
porates the correct interpretation.
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V2G will diffuse, not only innovators and early adopter groups but also the early and late majority
and laggards will at some point be confronted with V2G. Hence, it is precisely the comparison
between non-experienced users and EV-experienced users that might be helpful to drawing con-
clusions on how to motivate these different target groups.

Just like the level of EV experience, motivations, and benefits can guide users’ evaluation of V2G
as well. Hereby, Paper C (Baumgartner et al., 2022) focuses on three overarching motives, de-
rived from the framework developed by Huber et al. (2019) (Section 3.4.1.1) — environmental
goals, i.e., higher integration of RES and reduced CO2 emissions, technical goals, i.e., contrib-
uting to grid stability, economic goals, i.e., monetary benefits from participating in V2G. Based
on these motives, Paper C tests three charging strategies, i.e., climate-neutral, grid-beneficial, and
cost-minimized charging. The objective of Paper C is to investigate the role of user experience
and underlying motivations to evaluate willingness to pay and minimum range requirements for
a V2G charging service and to answer the following research question: How does EV experience
influence user requirements with respect to minimum range and required savings within a V2G
charging tariff and to what extent do underlying motives influence this relationship?

5.3.2 Methodological approach

To answer the research question, an online survey was conducted in 2021. As a focal point of this
study is to evaluate the influence of EV experience on V2G acceptability, the authors collected
data using combined randomized and purposive sampling (Section 4.2.2). Next to the sample of
people having no EV experience (N=691), this strategy resulted in a comparatively high share of
EV-experienced people (N=241) and EV owners (N=264). This was particularly relevant, as this
study seeks to contextualize V2G acceptability in terms of EV knowledge and experience.

| v

X: EV experience level

\ 4
\ 4

Charging strategy Y: Acceptability

Low user experience Grid-beneficial charging SoCwmin
Medium user experience Climate-neutral charging WTPexp
High user experience Cost-optimized charging
Covariates:
Age
Gender
Income

Figure 13: Mediation analysis for X= level of user experience, M= charging strategy, Y= Acceptability for N=1178,
illustration based on Baumgartner et al. (2022).

This study first assessed users' minimum range requirements (SoCwin), as a precondition to par-
ticipate in V2G. Similar to Paper B, Paper C operationalizes V2G acceptability in monetary terms.
Yet, while Paper B assesses compensation requirements, the present study asks for users” WTP
for a V2G charging tariff (Section 4.2.1). Bringing these aspects together, we built a mediation
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model (Figure 13), to evaluate the importance of three charging strategies to guide users’ mini-
mum range requirements and expected monetary savings. We performed a mediation analysis
using the PROCESS macro in SPSS, a methodology that is based on Hayes and Preacher (2014).
With this method, the overall relationship between the predictor (X) and the outcome variable (Y)
can be explained by both of their relationships with a third variable, the mediator (M), thus re-
flecting a causal sequence. Mediation occurs when the effect of the independent variable X on the
dependent variable Y is reduced by integrating the mediator variable M. We used the bias-cor-
rected bootstrap procedure with multilevel categorical variables (Haye’s Model No. 4, N=10.000)
to estimate the direct, total, and indirect (standardized) effects of the linear model. Since the me-
diators are derived from a constant sum query, we created a separate model for each mediator.

5.3.3 Key results

The results revealed that expectations for the minimum charging level were high, independent of
the level of user experience. While user experience alone couldn’t explain differences in SOCuwin,
underlying motivations did. Pursuing a climate-neutral charging strategy or a cost-minimizing
charging strategy mediated high user experience compared to low user experience. Both charging
strategies lead to accepting lower SoCwmin Values. This insight is especially relevant from an ag-
gregator’s perspective, as these strategies result in higher flexibility potentials that can be raised.
A second key result of this study is that users’ WTP for a V2G charging service is rather low
compared to the reference price, suggesting, that users assign a great value to flexibility, leading
to a significantly lower WTP or a higher readiness to pay more in order to gain additional flexi-
bility. Additionally, with regard to user experience, the results were unexpected, in that proficient
users were willing to pay significantly lower electricity prices to charge their EV than inexperi-
enced users. EV users thus required higher compensation or, to turn the argument around, EV
users expect the monetary benefits arising from V2G to be higher than inexperienced users.

Furthermore, the mediation analysis revealed that a climate-neutral and a cost-minimized charg-
ing strategy significantly influenced EV users’ WTP for a VV2G charging tariff. EV users are thus
willing to pay more because a climate-neutral or cost-minimized charging strategy is pursued. EV
users thus require lower compensation compared to inexperienced users. A grid-beneficial strat-
egy proves to be non-significant for all groups.

5.3.4 Critical appraisal

To overcome the hypothetical character of the tariff design we specifically targeted EV-experi-
enced people, assuming a higher knowledge level about EVs and V2G in particular. We thus
expected more realistic estimations with regard to SoCwin values and WTP for the second tariff
level. Yet, even though we detected differences between proficient EV owners and non-experi-
enced people, the effects were different than expected. Moreover, due to a regulatory gap in Ger-
many on selling electricity within a V2G service, we solely focused on the net-purchasing price
to charge the EV. Yet, these regulations have changed over time (Section 2.3.2), opening new
avenues for concretizing the V2G charging tariff design. Future work could thus integrate and
evaluate this new regulatory framework in a V2G tariff scheme. Backing up the tariff design with
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regulatory information could also be beneficial for drawing more concrete scenarios on V2G.
This could also support the assessment of users’ WTP for a V2G charging tariff.

Finally, our results revealed that experienced EV users’ motivations could be raised by offering
a climate-neutral or cost-minimized charging strategy. Further research needs to specifically tar-
get the group of people without EV experience in order to achieve the ambitious EV goals. More-
over, the question of which benefits could be raised from an aggregator’s perspective by pursuing
different V2G charging strategies while accounting for user requirements with low EV experience
could be subject to further research.

5.4 Paper D: Personal and community factors as
drivers for new energy technology adoption - The
case of V2G in three European countries

5.4.1 Motivation and research objectives

Understanding the drivers that underpin the adoption of new energy technologies is key to foster-
ing a successful energy transition. Previous research has highlighted the importance of individual
energy behavior in this transition and focused on identifying personal motivations beyond eco-
nomic and self-interest motives such as ecological or altruistic motives, that underlie sustainable
energy use or technology adoption (Steg, 2016; Steg et al., 2015). However, individuals often act
within particular social contexts or groups (Section 3.3), which can influence their decision-mak-
ing as well (e.g., Fielding and Hornsey, 2016; Fritsche et al., 2018; Sloot et al., 2019). This sug-
gests that not only individual behavior but also collective efforts can drive the system transfor-
mation. In particular, recent research has pointed to the role of community energy initiatives as
one type of collective to facilitate the sustainable energy transition (Schwanitz et al., 2023).

In contrast to Papers B and C, Paper D (Baumgartner et al., 2025) focuses on social context
factors, and personal values. It aims to understand the role that community energy initiatives can
have in promoting the adoption of VV2G technology. We thus consider the complex interplay be-
tween personal and social motivations in influencing citizenship behavior and sustainable prac-
tices. Additionally, we examine how those motivational factors are shaped by the local and na-
tional environment in which individuals operate, thus accounting for the important role of
contextual factors in driving sustainable practices. Specifically, this paper has two main objec-
tives:

i. Proposing a theoretical model that considers both personal and community factors as po-
tential drivers of novel technology adoption.

ii. Testing the theoretical model through an empirical study based on nationally representative
data collected in three European countries — Germany, France, and Switzerland — for the
case of V2G technology.
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5.4.2 Theoretical model
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Figure 14: Dual-pathway motivation model of energy technology adoption (Baumgartner et al., 2025).
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Paper D develops a theoretical model of energy technology adoption, considering personal moti-
vations alongside community motivations as determinants of individuals’ adoption interest (Fig-
ure 14). We denote this model dual-pathway model of energy technology adoption. This model
suggests that specific factors on both levels can explain energy transition practices such as the
adoption and usage of V2G. The personal-motivation route is based on biospheric and egoistic
values, with biospheric values influencing adoption decisions positively, and egoistic values in-
fluencing adoption decisions negatively, both mainly via personal norms. The community-moti-
vation route includes community factors, including community sustainable energy motivation
(CSEM) and community identification, predicting adoption decisions mainly via initiative mem-
bership. Next to these two main routes, we propose that personal and community factors can also
influence each other, suggesting an interplay between personal and community-based motivations
(personal-community motivation route). More specifically, Paper D suggests that biospheric val-
ues are associated with initiative membership and in turn lead to a higher VV2G adoption interest,
while we propose the opposite for individuals with strong egoistic values. Moreover, we hypoth-
esize that community motives (CSEM, initiative membership) have a positive effect on personal
norms, and lead to a higher adoption interest of new energy technologies (community-personal
motivation route).

5.4.3 Procedure

To test this model, in 2023 we conducted an online questionnaire study among homeowners in
France, Germany, and Switzerland. In addition to sampling participants from the general popula-
tion, we specifically contacted members of energy communities in the three countries (Section
4.2). As V2G technology has yet to be implemented in these three countries, we used a hypothet-
ical adoption decision task to study citizens’ adoption interest in the context of V2G. In particular,
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we created concrete scenarios describing various types of V2G tariffs and used the ratings of these
scenarios to measure respondents’ interest in adopting V2G (Section 4.2.1).

Methodologically, we used structural equation modeling to test our overall theoretical model and
analyze the relationships between personal and community drivers on V2G adoption decisions.
This method is well suited for testing our theoretical model and in particular the indirect decision
routes, as it allows the modeling of simultaneous regression equations as well as assessing the
overall model fit. We first test a model for all three countries and subsequently test a multigroup
model to examine differences in effects between the three countries. Due to the number of param-
eters included in the model, we limited the analysis to an observed path model using mean scores
and tested the measurement model in a separate confirmatory factor analysis (CFA), which
showed a good overall model fit as well as acceptable item loadings for the variables included.
As the structural model contained both continuous and binary endogenous variables (i.e., initia-
tive membership), we estimated the model using a DWLS estimator. To test for the significance
of the indirect effects, we used a bootstrapping procedure for standard errors, with 10,000 boot-
strap draws in each model. All continuous variables were mean-centered. The multigroup model
was tested by adding a group factor (i.e., country) to the model. We lastly compared a constrained
model in which all regression parameters were set to be equal across countries to an unconstrained
model in which all parameters were allowed to vary freely across the three countries.

5.4.4 Key results

Paper D reveals several interesting findings that have important theoretical implications. First, we
find that not only personal factors but also community factors can act as drivers of adoption in-
terest in novel energy technologies. Notably, we show that community factors are also uniquely
related to adoption interest, even when accounting for the role of personal motivational factors.
Specifically, the community-based route is driven by community identification and initiative
membership, but, unexpectedly, not by CSEM via initiative membership. This result suggests that
the degree of identification with one’s community is more important in explaining adoption in-
terest via initiative membership than what a person believes other community members to find
important. While CSEM is seemingly not indirectly related to adoption interest via initiative
membership, it is a significant direct predictor of both personal norm and adoption interest. Thus,
while initiative membership is not motivated by what people from the neighborhood believe to
be important, CSEM is important with regard to personal norms and the adoption interest of in
new technologies. Especially with regard to the latter, the perceived motivations of others in the
local community seem to matter and influence a person’s interest in V2G technology directly.
Our findings on CSEM thus extend previous literature by showing intrinsic group motivations as
an additional social influence mechanism.

Additionally, our results underline the interdependencies between the two distinct routes — the
personal motivation route and the community motivation route. This suggests that, next to being
linked to adoption interest directly, initiative membership might strengthen the members’ per-
sonal norms, implying that identities such as one’s initiative membership can become internal-
ized. Reversely, adoption interest is increased indirectly by egoistic values via an increased like-
lihood of being an initiative member. This finding is interesting, as we expected this motivation
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path to be primarily driven by non-monetary values, and the motivation to collectively foster a
just and participatory energy transition. With regard to country differences, our findings show
that indirect effects are similar for all three countries, suggesting that the process by which indi-
viduals form an adoption interest in novel energy technologies is more universal than it is distinct
across the countries we studied.

5.4.5 Critical appraisal

The main contribution of Paper D is the development of a new theoretical model explaining
energy technology adoption interest with personal and social factors, and their interdependencies.
Yet, the main challenge arose with using a very specific, not yet established energy technology
as a use case. As with Papers B and C, it was not possible to assess the respondents’ behavior, but
only their V2G adoption intention. Furthermore, V2G is a very complex technology, requiring
some basic understanding of EV technology and the functioning of the energy system in order to
anticipate and understand the challenges and potential benefits that could arise from V2G for the
individual. To deal with this challenge, we created a scenario with three attributes, putting much
emphasis on providing sufficient and intuitive information to the respondents in order to create a
common knowledge base, and to provide a balanced description of the associated advantages and
disadvantages. Yet, providing sufficient information to rate the choices adequately, while at the
same time influencing the participant as little as possible is a challenging task (Sections 4.2 and
4.2.1).

With respect to the multigroup model, the results were ambiguous and not very pronounced. This
might be due to the low number of initiative members per country. Moreover, especially the im-
balanced and low numbers of initiative members might be one reason why we, for example, could
not explain initiative membership in Germany, where, comparably, we had the smallest sample
of initiative members (Section 4.2.2). Another reason might be that the adoption processes are
universal across the countries we studied. Future research could, therefore, explore country dif-
ferences in more detail. In our study, we focused on three neighboring, European countries. It
would be particularly interesting to study countries that are more diverse in their political ambi-
tions, their culture, and political structures.
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Chapter 6

6 Conclusions

This thesis followed the aim to derive an improved understanding of the user’s role in a V2G
system. To this end, in the first step, this work elaborated on how the current state of research
characterizes and integrates the user into the V2G system. Secondly, this thesis provided three
empirical studies examining factors influencing the user acceptability of V2G technology. Due to
the hypothetical nature of V2G, the focus was on the user’s intention to use and engage with the
technology in question. To gain a holistic understanding of V2G acceptability, the empirical stud-
ies focus on different factors, combined, covering relevant VV2G acceptability dimensions tech-
nical, economic, environmental, and social factors. Moreover, by analyzing the research case for
different groups and contexts, this thesis allows to relate specific motives to different sub-groups.
Sub-group analysis is hereby deployed in terms of country comparisons and comparisons across
different groups of people. Ultimately, the thesis aimed to understand user acceptability of V2G
and its underlying motives for different groups and country contexts.

To do so, the author of this work undertook considerable efforts to conduct one systematic liter-
ature review and to design three empirical, and comparative studies. The empirical studies cover
different \V2G acceptability dimensions and strive for different comparisons. Moreover, the stud-
ies apply different statistical methods and are based on different theoretical concepts. The follow-
ing section summarizes the findings and highlights theoretical and policy implications.

6.1 Summary of findings

Due to this thesis's structure, the results' nature is twofold. First, the findings are based on the
systematic literature review, paving the way for the three empirical studies (B-D). Primarily, the
systematic literature review revealed a lack of empirical research in the field of V2G. Addition-
ally, and, more importantly, the user is integrated in a very simplified way by the majority of
studies, not factoring in the complex nature of behavior. Particularly, due to the technology’s
characteristic as a nexus between the energy and mobility system, and between the user and the
energy system, a study’s research is deemed to focus on a particular aspect of this multilevel and
multifaceted issue. Yet, the user is a primary actor in this system, influencing whether and to what
extent flexibility is provided to the grid. While the majority of studies focus on easy-to-integrate
variables, such as mobility or charging behavior, preferences, contextual factors, or values are
less prominently represented. This is where the three empirical studies contribute. First, by out-
lining user requirements, second, by assessing V2G acceptability factors, and third, by analyzing
different sub-groups.
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User requirements. The user requirements to participate in VV2G are oftentimes assessed in terms
of compensation and range requirements, i.e., the minimun range that has to be available during
all times of the charging process. Both requirements are important, as they implicitly reveal the
user’s inconvenience or readiness to participate in V2G and are important parameters in the
framework of a V2G contract between the user and the aggregator, defining the terms and condi-
tions for providing flexibility. Hence, Paper B assessed users’ compensation requirements, and
Paper C users” WTP and minimum range requirements. Both analyses reveal low WTP and high
WTA. Consequently, compensation requirements are high in both cases. These results indicate
that either, expectations to profit monetarily from VV2G are high, or, conversely, that people are
hesitant to participate and would only do so when compensated accordingly. In support of the
first interpretation, the finding also shows that proficient EV users claim significantly higher com-
pensation compared to inexperienced users. At the same time, minimum range requirements are
high, independent of the level of EV experience. Hence, flexibility seems to be a valuable good.
Combined, these results picture a hesitant end-user, with high requirements to participate in V2G.
From an aggregator’s point of view, considering users’ minimum range requirements implies that
only low flexibility potentials can be raised, and, additionally, high compensation is necessary.

Acceptability factors. The empirical studies tested a set of factors, that influence users' willing-
ness to participate in V2G. Importantly, the factors were chosen such that they cover the four
V2G acceptability dimensions. This theoretical framework is based on Huber et al. (2019), and
was adjusted for this thesis (Section 3.4.1.1). The dimensions cover economic, technical, envi-
ronmental, and social context factors. Yet, the dimensions are interrelated, and their borders are
fluid. Importantly, all studies thereby created a case study, where participants had to directly rate
a V2G tariff. With this, all studies relate to market acceptance on a household level (Wiistenhagen
et al., 2007), as one dimension of social acceptance.

Economic factors. Economic factors are among the most important factors explaining participa-
tion ina V2G scheme. Although environmentally friendly behavior, such as the adoption of V2G,
is seemingly not purely egoistic and driven by rational choices, economic motives can foster such
a behavior as it might increase a person’s social status or bear the prospect of earning revenues
from V2G. Following these arguments, Paper C and D both emphasize the role of economic mo-
tives for the intention to participate in V2G. Concretely, Paper C shows that economic motives,
operationalized in terms of a cost-minimized charging strategy, have the impact of guiding users’
evaluation of the minimum range and WTP for a V2G charging tariff. Findings reveal that offer-
ing such a charging strategy decreases EV users’ minimum range requirements while increasing
EV owners’ WTP. Consequently, higher flexibility potentials can be raised, while, at the same
time, EV owners are willing to pay more than inexperienced users. While EV owners seem to
value V2G differently than inexperienced users, we also find egoistic values — the propensity to
strive for individual status, power, or monetary gains (Huijts et al., 2012) — to play a crucial role
regarding the intention to adopt a V2G charging service. While egoistic values positively affect
the intention to adopt VV2G via personal norms, we also find these values to indirectly affect adop-
tion interest via energy initiative membership. Hence, both studies highlight that though environ-
mentally friendly behavior is not assumed to be primarily egoistic, these motives significantly
determine an individual's decision to participate in V2G, emphasizing its potential monetary ben-
efits as well as its potential to foster a person's social status.
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Technical factors. Economic and technical factors are particularly closely related. For example,
increased battery degradation as a direct effect of V2G charging comes along with monetary im-
plications for the user, as it raises questions of warranty and who bears the additional costs. Its
close relationship is shown in Paper B, assessing the importance of battery degradation by Ger-
man and UK participants. Mean values were high and its effect on compensation requirements
was significant, implying, that the stronger people believe battery degradation to be a problem,
the higher the revenue requirements. This finding is true for both countries. Additionally, while
battery degradation increases users’ compensation requirements and decreases users’ willingness
to participate in V2G, providing compensation has the opposite effect, leading to the conclusion,
that offering compensation in the frame of a contract can offset the potential fear of battery deg-
radation. While these factors relate to one of the most important VV2G barriers, technical factors
can also motivate the adoption of V2G. Specifically, research highlights the role of contributing
to grid stability as an important motive to participate in V2G. This motive also complements well
with increasing the share of RES, by decreasing the need for expensive energy storage or backup
capacities for balancing intermittent RES. Yet, Paper C finds no significant mediation effect of a
grid-beneficial charging strategy on users’ WTP or range requirements. This leads to the conclu-
sion that users, independent of their level of experience, assign no importance to this charging
strategy. Consequently, charging in a grid-beneficial manner does not affect user requirements.
As battery degradation is not solely connected to V2G, but EV usage in general, it isa well-known
issue to users while they are not equally familiar with issues relating to grid stability. Individuals
are generally less knowledgeable about energy topics which leads to the suggestions to promote
and communicate more intuitive advantages that subsequently benefit the grid, such as environ-
mental benefits.

Environmental factors. Environmental factors reflect an intrinsic personal motivation to protect
the environment and foster the likelihood of engaging in sustainable energy behavior. Participa-
tion in a V2G service has a strong environmental motivational component, as V2G enables a
higher integration of intermittent RES into the energy system. Hence, all three empirical studies
study the relevance of environmental factors, yet, taking different approaches. While study B
includes the latent variable environmental self-identity into a hierarchical regression model, Paper
C operationalizes this motivation as a charging strategy and Paper D assesses biospheric values.
All three studies support the idea, that environmental factors are important direct and indirect
determinants of VV2G acceptability. Particularly, this is true on a personal level, where environ-
mental values increase adoption interest via increased personal norms or act as a mediator, in-
creasing EV owners’ readiness to allow higher levels of flexibility while expecting lower reve-
nues. This demonstrates, that environmental factors are important determinants of V2G
acceptability and should be communicated when promoting this technology. As already stated,
the environmental benefits of V2G go hand in hand with advantages for the grid, which, again,
increases the importance of putting forward these arguments.

Social factors. Social factors consider behavior to be influenced by others, i.e., social groups, and
memberships, to which individuals feel a sense of belonging. It is assumed that the values of the
group become internalized thus shaping the personal identity. This specific factor was analyzed
in Paper D, particularly using two constructs, community identification and CSEM. Results show
that community factors explain the adoption interest of V2G, even when accounting for personal
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motivational factors. Moreover, we find that identification with one’s community is more im-
portant in explaining adoption interest via initiative membership than what a person believes other
members to find important. Additionally, what people from the neighborhood believe to be im-
portant, increases one’s norms and the adoption interest of new technologies. This implies that
the perceived motivations of others in the local community seem to matter and influence a per-
son’s interest in V2G technology directly. This is particularly interesting in the early adoption
phase when a technology is not yet that known, pointing to the notion that energy initiatives can
play a leading role in creating interest in and acceptance toward novel energy technologies.

User characteristics. All three studies include a sub-group analysis. Particularly, Papers C and
D strive for a comparison based on user characteristics, i.e., people with different EV knowledge
levels, and energy initiative members and non-members. Interestingly, these comparisons reveal
significant findings. Particularly, comparing EV owners with non-proficient users shows that the
degree of EV experience matters when assessing users” WTP. The WTP decreases with higher
levels of EV experience. Yet, compared to people with no EV experience, the WTP increases for
EV owners when offering either a cost-minimized or a climate-neutral charging strategy, while
range requirements decrease for these charging strategies. In this sense, EV owners evaluate this
service differently than inexperienced users. Hence, it is important to approach these groups dif-
ferently with tailored strategies, such as communicating the environmental and economic benefits
when promoting this technology and offering a service. While EV experience does not take the
typical form of a group, it may unite these people, also considered the early adopters, shaping
behavior more indirectly. Another group, that is yet more explicit and formal, is an energy initia-
tive, where individuals identify as members of this group. Likewise, initiative membership plays
a crucial role as well when explaining V2G adoption interest. Specifically, in this case, V2G
adoption interest of a V2G service is tested for a personal and a community-based motivation
route, showing, that the degree of identification with one’s community is important in explaining
adoption interest via initiative membership. Moreover, results show that adoption interest is pre-
dicted by membership via personal norms, illustrating that initiative membership strengthens
members’ personal norm, implying that identities such as one’s initiative membership can become
internalized. In this sense, energy initiatives play a unique role in the energy transition, suggesting
that they can foster sustainable energy transition practices.

Countries. Country comparisons are conducted in the framework of Papers B and D. Hereby, the
country is included as a specific context in the analysis. Particularly, Paper B studies Germany
and the UK, while Paper D focuses on respondents from Germany, Switzerland, and France. Par-
ticularly, comparing results for Germany and the UK, reveal slight differences in effect size and
significance of predictors. Yet, patterns are similar. This result is also true for the comparison
between Germany, France and Switzerland within a multi-group model. Though patterns between
countries seem to differ, no significant differences are found. This leads to the conclusion, that
comparisons between the countries in focus of the author’s studies seem less relevant in explain-
ing adoption interest in V2G.
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6.2 Additional contribution of this work

In addition to the thesis’s findings, this work provides some noteworthy contributions to the re-
search landscape. Particularly, the collected data in the course of the three empirical studies is
very comprehensive and high in quality. Each empirical study provides data on individual motives
to accept V2G technology, for either different countries and/or different population sub-groups,
such as people with differing EV knowledge and energy initiative members. In particular, Paper
B holds comprehensive data from individuals in Germany and the UK, collecting data with a
specialized company. In contrast, for Papers C and D, the author followed a randomized and
purposive sampling strategy. While the randomized sampling was realized with a specialized
company, the purposive sampling was undertaken by the authors of the scientific studies. With
considerable effort, the authors targeted and collected data among specific sub-groups, i.e., people
with different EV-knowledge levels and members of energy initiatives in three European coun-
tries — Germany, Switzerland, and France. While the randomized sample is representative of pre-
defined sociodemographic characteristics, the purposive samples are not. Yet, studying different
sub-groups and comparing between countries increases the analysis's generalizability and trans-
ferability, outweighing representativeness. Noticeably, as outlined in Section 3.4, very few em-
pirical studies exist that compare motives between different sub-groups or countries. This is where
this work contributes to the current state of research. Moreover, it supports the provision of tai-
lored recommendations for these groups. The comparative research approach applied in this thesis
substantially contributes to achieving this goal.
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Chapter 7

7 Critical appraisal and outlook

Despite the attention of this thesis to highlighting the user role in V2G research and assessing
acceptability factors of V2G from a user perspective, the analyses and theoretical propositions
have some limitations that should be considered when interpreting them. The following chapter
discusses these limitations, provides an outlook toward future research, and points to promising
methodological extensions.

The literature review covers 183 research papers, including all years since research began to ex-
plore the technology in question. Thus, the literature review contributes by providing a sound
overview of the research landscape across disciplines and identifies typical patterns of how the
user is integrated into the different research streams. This overview is an important contribution
to the research landscape as it points to future research avenues. Yet, the review stays descriptive
in its analysis and does not relate or test for the relevance of the different user variables, nor does
it provide a deep analysis of the theoretical concepts and their interrelations, lying behind the user
categories. Being beyond the scope of this contribution, future research could use the identified
user categories and explore their theoretical concepts and how they relate, or focus on empirical
studies only and conduct a meta-analysis to identify important indicators explaining the user ac-
ceptability of V2G.

The thesis’s focus was on V2G, an energy technology that is adopted on an individual level,
having wide-ranging implications for the energy system and its transformation. The systematic
literature review as well as the empirical studies emphasized the user perspective, the potential
motives to adopt this technology and provide flexibility to the energy system. It has to be kept in
mind that, though individuals become prosumers in the course of the energy transitions, they are
only one stakeholder among many, making a successful integration of energy technologies, such
as V2G, happen. A successful integration needs the interplay of diverse stakeholders on different
levels (household, regional, national, and international). Hence, the process has to be recognized
and understood as complex, multifaceted, and multilevel. In this light, the studies do not represent
these multilevel processes, but only capture a facet thereof. The appended papers A-D illuminate
the user perspective, as one perspective out of many. Noticeably, this work recognizes that “the
user” is not a single entity, but many identities with a diverse set of motives. While this work
illustrates that it is important to study these sub-groups, it should not be misinterpreted as captur-
ing the entirety of sub-groups and contexts, framing individual mindsets.

Following this argument, this work explored differences between countries and sub-groups char-
acterized by their experience or membership in a group. As outlined in Section 6.1, the author did
not find any pronounced differences between countries. Indeed, the comparisons were undertaken
between European countries. The countries in focus — Germany, UK, Switzerland, and France —
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pursue different energy transition strategies, promoting different energy technologies. Yet, all
countries are united in the goal to reach carbon neutrality to reduce the impact of climate change.
In this regard, the studies show that nationality did not particularly impact the interest in adopting
V2G. While effect sizes in study B differ between countries, the pattern is similar. In study D, the
few differences that the authors could detect in the multigroup model could also result from the
low sample size of energy initiative members per country. Hence, future research could strengthen
the endeavor to i.) reach higher sample sizes of sub-groups and ii.) widen the scope and study
countries that are more diverse in their culture (individualistic vs. collective, different views on
technology progress), or follow different political strategies. This would enrich the research land-
scape, as technology adoption is a necessary condition for successfully reaching climate neutral-
ity, which can only succeed in a common effort of nations.

Studying sub-groups allows the identification of differences and similarities between groups. In
all three empirical studies, the groups were categorical variables. While Paper B carries out a
separate analysis for each group (country — two groups), Paper C applies dummy coding to com-
pare between groups (EV knowledge levels — three groups) and Paper D integrates the grouping
variables in terms of a moderator into the model (country - three groups). Inititiative membership
is integrated as an endogenous categorical variable (initiative membership — two groups). Partic-
ularly, Paper C carries out a mediation model with categorical predictors, following the approach
of Hayes and Preacher (2014). Yet, as the model does not calculate a parallel mediation, where
several mediators are calculated in parallel, this model only allows a group comparison for a
single mediator. Comparing the indirect effects in an integrated model (parallel mediation) for the
three groups would be particularly advantageous. To account for path dependencies and interre-
lations between variables Paper D builds a structural equation model, including binary and con-
tinuous endogenous variables as well as binary grouping variables, allowing the modeling of sim-
ultaneous regression equations and assessing the overall model fit.

While structural equation modeling possesses many advantages, it requires large sample sizes to
converge (Cheah et al., 2023). Thus, the sample size requirements increase with the model’s com-
plexity (Meuleman, 2019). As already noted, we couldn’t detect pronounced effects between
groups of the multi-group model, which might be due to the small sample size of initiative mem-
bers in each country. While studying sub-groups has many advantages, it is a challenging task to
collect the respective amount of data for these sub-groups. Specifically, collecting data from en-
ergy initiative members can only be collected with high effort. Other sub-groups, that may be
relevant in this research context, such as neighborhoods, families, or political organizations, might
be easier to reach. Moreover, some characteristics are subject to change over time. For example,
as study C showed, it was possible to collect high numbers of EV owners and people, with some
EV experience, solely by targeting these groups via specialized distributors. Looking at previous
studies, most of them were only able to assess respondents’ interest in EVs, as the penetration
rate of EVs was rather low, only a few years ago. Hence, technological developments settle in
society, change minds, and create experiences. To this end, taking up these trends, and including
these changes in the analysis, e.g., by conducting longitudinal studies, would be an interesting
future research avenue to follow.

These changes in knowledge and experience over time are also important concerning the case
study of V2G. Evidently, V2G is a technology that is not yet available on the market but has only
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been tested in the course of pilot studies. Therefore, it is important to recognize that the results of
the surveys reflect the stated momentary opinions of respondents toward the technology, which
must not be equated with opinions based on real-life experience. The respondent’s answers refer
to a hypothetical situation, illustrating a V2G service or contract, and do not automatically reflect
how respondents would choose or act in real life. To this end, intention and behavior, or accepta-
bility and acceptance might diverge. Yet, this is a problem inherent to innovative technologies,
which is widely acknowledged in technology acceptance research (Section 3.1). Therefore, in-
sights into the divergence might be useful, which can, at the moment only be realized in small
and highly selective sample pilot studies, questioning participants over time (e.g., Schmalfuf et
al., 2015).

Finally, acknowledging V2G as a multilevel challenge, this thesis has a particular focus on the
user level researching market acceptance. Its implications for the system level were largely ne-
glected. Yet, due to V2G's characteristics as a linking element, i.e., sectors and individual and
household level with the energy system, the interactions play a crucial role as well and are still
underrepresented in current research. As the literature review outlined, there is very little inter-
disciplinary research on V2G, combining both perspectives, the user and the energy system per-
spective, studying the interactions and interrelations. Following the argumentation of the litera-
ture review, the user requirements have to be integrated as well and can serve as valuable input
for energy system models. A follow-up study by Signer et al. (2024), thus considers the results of
Paper C, qualitatively comparing the user’s monetary requirements with revenues that can be
provided to the user, calculated from an agent-based energy-system model. Future research could
foster and intensify these efforts and could even strive towards application-oriented research, as
the market-ramp up of V2G proceeds.
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Abstract

Many countries worldwide have adopted policies to foster the transformation from internal com-
bustion engine vehicles to electric vehicles (EV) to reach national climate goals. An uptake of
EVs however, irrevocably leads to an increased power demand. To meet this problem, smart
charging concepts are on the rise. As smart charging implies an active role of the EV user, stud-
ying the user in the smart charging system is vital for a successful market ramp-up. Despite the
user’s primary role, many studies only include a limited set of user characteristics into their re-
search design. We aim to create transparency on how the user is characterized in current research
and on how different disciplines deal with and consider the user in their research. Learning how
different research strands deal with the user of smart charging is the main objective of this review.

This systematic review provides an overview of 183 peer-reviewed journal articles from the past
20 years of research on smart charging. We find that the type of data that is included to charac-
terize the user of smart charging is related to the research focus. While technology -centered re-
search topics typically approach the user in terms of mobility and charging behavior, or smart
charging preferences, human-centered research retrieves qualitative as well as quantitative data
that enables in-depth knowledge about values, norms and perceptions of smart charging. Finally,
we identified two topics that can be characterized as being integrative, as they create an interface
for combining human-centered and technology-centered perspectives in a unique manner.

Keywords: User perspective, Vehicle-to-grid (V2G), Smart charging, Thematic analysis,
Systematic literature review.
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A.1 Introduction

The electrification of the transport sector is an essential part of national strategies worldwide for
reducing greenhouse gas emissions and reaching ambitious climate goals to prevent the negative
effects of climate change. In 2021, six million electric vehicles (EV) were sold worldwide, which
is twice as many as in 2020 (International Energy Agency, 2022). This was primarily fostered by
national subsidies with the aim of phasing out internal combustion engine vehicles (ICEV) to
reach the climate goals (International Energy Agency, 2022). In light of the current energy crisis
since the Russian invasion of Ukraine, the energy and mobility transition gained more signifi-
cance. Recently, the European Parliament voted to ban ICEVs in the European Union by 2035
(Abnett, 2022). This will certainly strengthen the market uptake of EVs in the European Union.
However, new challenges arise from this profound transition, which will irrevocably lead to an
increased electricity demand and thus evoke further challenges for the electricity grid (Gonzalez
Venegas et al., 2021). At the same time, fossil energy sources are being replaced by renewable
energy sources (RES), leading to an increasing decentralization of the energy system. In order to
meet the associated challenges such as more secure and flexible grid operation, EVs used as de-
centralized energy storage units (Kempton and Tomi¢, 2005) are seen as one promising element
toward a more secure energy system. Therefore, the idea of shifting loads from EV charging to
off-peak hours and to let EVs provide ancillary services to the grid is of increasing interest (Gar-
cia-Villalobos et al., 2014).

Without a doubt, there are various technical and economic challenges surrounding different forms
of uni- and bidirectional charging — in the following referred to as “smart charging” — producing
a great demand for specific solutions from an economic and engineering perspective. Therefore,
it is not surprising that there is abundant technical research on smart charging, which is reflected
in a variety of literature reviews with a focus on the techno-economic aspects of smart charging
(e.g., Yilmaz and Krein, 2013b) or the technical details of vehicle-to-everything (V2X) use con-
cepts, including V2G, grid-to-vehicle (G2V), and vehicle-to-building (V2B) (cf. e.g., Pearre and
Ribberink, 2019). Yet, the expansion of these technologies will require changes in user behaviors,

1 During the past 20 years, research explored differing concepts of uni- and bidirectional charging as a means of deal-
ing with the mentioned challenges. From a technical perspective, these concepts are very different (Yilmaz and
Krein, 2013a). While unidirectional charging intelligently delays the charging process in response to a steering sig-
nal, a bidirectional chargeable EV serves on one hand as a vehicle and on the other hand as a power source storing
electricity during grid shortages and discharging during off-peak hours (Sovacool and Hirsh, 2009). Many syno-
nyms and denominations exist. For example, unidirectional charging is described as “controlled charging” and is
defined by Huber etal. (2019, p. 2) ‘as an information system that optimizes the charging process toward one or
multiple objectives besides reaching a desired state of charge (SoC) within a given time frame’. Terms such as “ve-
hicle-to-grid” (V2G), and “mobile energy” are used to describe the vehicle not only as a consumer of electricity but
also as a power source (Sovacool et al., 2020). The terms have in common that they require a certain level of con-
trol over the charging process (Will and Schuller, 2016). This can include the coordination of the charging process
of EVs and the provision of ancillary services from the vehicle to the grid (Tomi¢ and Kempton, 2007). We focus
on both, uni- and bidirectional charging, hereby referred to as “smart charging” (cf., Spencer et al., 2021), both im-
plying an active role of the EV user.
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A.1 Introduction

and, not least, will depend on their acceptance. A majority of studies, however, use and develop
models in order to offer a solution to a specific technical or economic problem. The human di-
mension, including behavior, preferences, perceptions, and attitudes is often neglected. As is ar-
gued by Huckebrink and Bertsch (2021, p.2), ‘adoption rates and market shares are important,
[yet] the active use of a technology is what ultimately determines energy demand’.

This implicitly demonstrates the essential role of the EV user in the smart charging system. To be
successful, smart charging requires the active participation of several actors, which can be char-
acterized as primary and secondary actors (Noel et al., 2019b). While primary actors directly
interact with the smart charging technology — the user is one crucial actor out of three that can be
categorized as primary actor —, secondary actors represent the “periphery network™ (Noel et al.,
2019b).

Sovacool et al. (2009) argue in early 2009 that, besides the technical challenges associated with
the implementation of smart charging, there are other important, more subtle socio-technical bar-
riers for the market ramp-up of EV smart charging. These include, for example, uncertainties
about payback-periods of EVs and potential fuel savings, resistance to infrastructural changes,
cultural and social values, and business practices. The authors further point out that “socio-tech-
nical” challenges are easily overlooked and might be difficult to identify due to their non-tangible
nature. Roughly one decade later Sovacool et al. (2017) and Sovacool et al. (2018) reconfirm that
techno-economic approaches still dominate research on smart charging, mostly focusing on opti-
mizing the financial costs of the systems, and make very simplified exogenous assumptions about
user behavior. Emphasizing socio-technical aspects is, however, a precondition for a successful
market-uptake of smart charging.

The above-mentioned studies criticize the currently applied approaches as being too specialized
but do not recommend approaches to increase the integration of socio-technical aspects in re-
search designs. This is where this review contributes to the literature by creating transparency on
how the user is characterized in the different schools of thought. Learning how these research
strands elaborate on the human dimension of smart charging is the main objective of this review.
By doing so, we provide the basis for developing feasible and accepted pathways for future smart
charging.

We promote visibility by reviewing 183 peer-reviewed journal articles from various disciplines.
This will enable researchers to gain a holistic and comprehensive understanding of the typical
user characteristics included in smart charging research. This transparency is, to our understand-
ing, an important prerequisite for the market uptake of a complex, cross-sectoral innovation with
high societal impacts, such as the diffusion of smart charging technology. We thus aim to answer
the following research question: What variables are usually retrieved to study the user of smart
charging and what patterns exist to characterize the user? More specifically, this review aims at
making the following contributions to the state of the art:

i.  Analyze the current state of research on smart charging by investigating disciplines and

methods of smart charging and by identifying stakeholders and dominating research topics
throughout the various disciplines;
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A.2.1 Review process

ii.  Investigate how the human factor of smart charging is approached by predominating
topics, methods, and disciplines and provide examples of research topics and the way in
which the user characteristics are typically integrated.

The remainder of this paper is structured as follows: In Section 2, we introduce the systematic
review process and the categories that we used for conducing the thematic analysis. We then
present our results in Section 3, followed by a comprehensive discussion in Section 4. We con-
clude our review by providing recommendations to the scientific community in Section 5.
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A.2 Systematic literature review:
materials and methods

The main goal of this review is to identify the human factor of smart charging in the body of
literature. This study is explorative, aiming to provide transparency about the predominating ap-
proaches to include the user in smart charging studies. In order to further elaborate on this, we
chose an inductive approach.

A.2.1 Review process

Reviews uncover research gaps which determine the focus of future research, connect existing
knowledge, and draw meaningful conclusions such as new theories and serve as overviews of the
knowledge of an area (Petticrew and Roberts, 2006; Webster and Watson, 2002). A variety of
types of literature reviews exist, all sharing the goal of analyzing already existing literature. How-
ever, they differ regarding the analysis methods and the type of reviewed literature.

Meta-analysis, for example, synthesizes literature in a quantitative way (Grant and Booth, 2009),
using similar dependent variables (Petticrew and Roberts, 2006). Qualitative literature reviews
focus on the overall concept of qualitative studies (Grant and Booth, 2009) and narrative literature
reviews do not necessarily follow a rigid protocol (Littell et al., 2008; Tranfield et al., 2003).
Finally, systematic literature reviews introduce transparency through their systematic and repro-
ducible process and can help to minimize confirmation bias. This kind of review does not privi-
lege a certain literature (Littell et al., 2008). We conducted a systematic literature review follow-
ing the protocol by Mayring (2015). We chose a systematic approach, since it allows to capture a
variety of existing literature on user characteristics within smart charging literature. However,
because systematic reviews are susceptible to a poor literature quality, a scheme was established
to ensure a certain quality level (Littell et al., 2008), which is described in detail in the following.

We conducted the literature review in 2020 and 2021. Our systematic review process is described
in Figure 1. Based on previous research, especially previous literature reviews, we identified the
research gap and developed our research questions (Step 1). Taking this as a basis for the literature
search, several keywords have been identified (Step 2). These keywords relate on the one hand to
smart charging itself and on the other to the human dimension of smart charging. All literature
searches have been based on the search engine Scopus because it offers abundant literature from
several disciplines (Wolsink, 2018). This review focuses solely on literature in English (Step 3).
In Step 4 of the process, the keywords have been tested and evaluated iteratively and repetitively,
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A.2.1 Review process

Step 1: Identification of the research questions

Step 2: Identification of keywords based on fundamental literature

Step 3: Search engine choice and language selection

Step 4: Literature search and evaluation of search results

= Keyword evaluation (check Smart charging Human factor
for synonyms and similar L L
words) =  "bidirectional =  "Willingness to pay"
= Test different keyword com- charging" . *  perception
binations = "controlled charging" =  behavior*
" : " £3
= Quality assessment of the re- - sma.rt charglr.lg. "  accept
= "vehicle to grid in- or =  knowledge
. tegration" =  aware*
, Iterative and = "vehicle to grid" *  prosum*
repetitive *  "grid-enabled vehicle" = customer
= consumer
= "early adopter"
= "PEV owner"
< and >

Step 5: Translation of the research question into structural dimensions for the evaluation

Step 6: Review of the literature and analysis according to the structural dimensions

Figure 1. Design of the systematic literature review process.

resulting in two final clusters of keywords. The clusters themselves are combined with Boolean
operators, “or” or “and”. The final cluster is disclosed in Step 4.

Following the establishment of two keyword clusters, we assessed the quality of the journal arti-
cles and journals to ensure a high quality of the literature. Only journals of the first and second
quartiles of the SciMago Journal Ranking of 2018 were further considered, leading to a total of
309 remaining articles. To assess the relevance and quality of these articles, a metric was devel-

oped to calculate the papers’ citation frequency. Articles which had received less than two cita-

tions per year were excluded based on the following ratio% > 1. After applying this score,

183 papers remained. The dataset includes studies from the years 1997 to 2020. The final dataset
was analyzed using thematic analysis and quantitative content analysis. For this, we developed
structural dimensions for the evaluation (Section 2.2) before starting the analysis (Step 6).
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A.2 Systematic literature review: materials and methods

A.2.2 Analytical approach

Since we aim at answering the question as to how the user of smart charging is approached within
different research topics, disciplines, and methods, we established several structuring categories
(Figure 2). These include the research topics and stakeholder focus of the study. We identified
the research topics, applying thematic analysis according to Braun and Clarke (2006). Thematic
analysis can be described as a process for ‘identifying, analyzing, and reporting patterns (themes)
within data’ (Braun and Clarke, 2006, p.79). We chose a data-driven approach to identify seman-
tic themes. The themes were thus identified based on the existing data and are therefore not based
on a pre-existing coding scheme. Even though the themes were developed inductively and are
strongly linked to the data set, we acknowledge that this process always necessitates the re-
searcher’s judgement to determine the theme (Braun and Clarke, 2006), which is e.g. influenced
by the researchers background (Chadwick et al., 2022). The themes were created based on abstract
and author keywords. In a first step, we produced initial codes for each paper. Second, we added
the codes of each paper to a sub-theme, which described the research focus of each paper. We
then organized the data into meaningful groups and searched for potential themes. The coding as
well as the identification of the sub-themes and overarching themes was a recursive and iterative
process, including multiple reads and discussions in the research team. In total, we identified 12
overarching themes in the field of smart charging, some of them including up to nine sub-themes.
These themes display dominating research topics® in the field of smart charging.

Research focus 12 overarching topics in the field of smart charging

A 4

Stakeholder fo-
cus

‘ v

Discipline Discipline

I
V7 \/

Disciplinary Interdisciplinary

18 categories of smart charging stakeholders

Disciplinary co-
oneration

Methodological
annroach

No original

itati uantitative i- i
Qualitative Q Multi-method data collection

Figure 2. Structuring categories for the analytical framework.

1 In the following, we use the terms “themes” and “topics” synonymously.
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A.2.2 Analytical approach

Using research topics as a categorizing element is of interest, as they provide a first hint to the
research interest. Also, the research focus might have implications for the characteristics chosen
to approach the user of smart charging. These might emphasize the importance of including cer-
tain characteristics while leaving others aside. For example, designing charging strategies might
necessitate the inclusion of a bandwidth of variables defining mobility and charging behavior.
Values, however, might be less important or even insignificant.

Table 1 Disciplines in smart charging research

Categories Examples of included disciplines

Business Business Development and Technology; Industrial and Information Management; Sustaina-
ble Enterprise; Technology Management Economics and Policy

Computer Science  Electronics, Computer Science and Systems; Information and Communication Technology
and Society; Security, Privacy and Communication; Electrical, Electronic and Communica-
tions Engineering; Process Optimization and Intelligent Decision-making

Economics Energy Economics and Modelling; Health Economics; Economics and Technology

Energy Energy Systems; Energy Security, Distribution and Markets; Renewable Energy; Energy
Economy and Grid Operation; Energy, Transport and the Environment

Engineering Industrial Engineering; Electrical and Computer Engineering; Technology and Environment;
Electrical Engineering and Automation; Civil Engineering; Renewable Energy and Environ-
mental Engineering; Urban Construction and Safety Engineering

Geography Geography; Geography and the Environment
Hard Science Chemistry; Materials Protection and Advanced Materials in Electric Power;
Life Science Intelligent Systems, Georesources and Renewable Energies; Forest and Biomaterials; Re-

source and Environmental Management; Environment and Sustainability

Planning Planning; Sustainable Energy Planning

Political Science Science Policy Research; Energy Policy Research; Energy and Environmental Policy

Psychology Cognitive and Engineering Psychology; Usability Research and Engineering; Psychology

Transport Sustainable Road Freight Transport; Sustainable Transport

Once we had finalized our thematic analysis, we investigated the stakeholder and methodological
focus within each theme. While we only assigned one topic to each study, it was possible to assign
several stakeholders to one study. For stakeholders, we started with the most important stakehold-
ers in a smart charging system. We added further categories to this predefined set, until we cov-
ered all relevant stakeholders. In total, we identified 18 stakeholders.

Third, we included the authors’ training, which was the basis for determining the discipline and
the interdisciplinary character of the study. Table 1 provides an overview of the disciplines that
were involved in conducting a study in the field of smart charging. The disciplinary categories
are based on the authors’ training and were created based on a study by Sovacool (2014). Fur-
thermore, we distinguished between disciplinary and interdisciplinary studies. A study was as-
signed to be interdisciplinary, when either at least two persons from different disciplines contrib-
uted to a study or when the discipline had a clear interdisciplinary character.

We then included the methodological approaches that were applied. We categorized the applied
methodologies into “qualitative”, “quantitative”, “no original data collection”, and “mixed-
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A.2 Systematic literature review: materials and methods

method”. For example, qualitative methods include qualitative interviews or focus groups, while
guantitative methods include all kinds of statistical methods, choice models, simulations, and op-
timization approaches, GIS-based models or cost-benefit analyses. Studies that applied a combi-
nation of qualitative and quantitative approaches were categorized as mixed-methods.

In a final step, we integrated the methodological approaches and stakeholder analysis into our
thematic analysis. In each topic, we analyzed the stakeholder focus as well as the applied meth-
odologies, deriving three thematic domains — technology-oriented themes, human-centered-
themes, and integrative themes. These domains are qualitatively and quantitatively different.

We further analyzed the studies with regard to variables that were used to characterize the user of
smart charging. Based on the smart charging literature, we developed several user categories and
sub-categories. Additionally, during the review process, we added further categories, resulting in
six categories with 16 sub-categories (Figure 3). It is important to note, that it is not our objective
to analyze the theoretical concepts that lie behind these variables. Rather, we aim to unfold spe-
cific patterns of disciplines, methods, and research topics to include the user into smart charging
research. With this, we aim to identify typical patterns of user integration. In the following, we
describe the user categories and sub-categories in more detail (cf. Figure 1, Step 5).

Contextual infor-
Context mation, captures all
Contextual in- kinds of input regard-
- Knowledage . .
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Figure 3. Categories and subcategories to characterize the smart charging user.

102



A.2.2 Analytical approach

and toward smart charging. We also identified a variety of values that we assigned to this cate-
gory. Variables such as innovativeness, driving attitudes, usefulness, political orientation, or so-
cial values can be found in these subcategories. These characteristics are of a more qualitative
nature. Preferences follow the same structure as behavior, and are thus divided into user prefer-
ences regarding EVs and the charging process. These categories relate to preferences with regard
to the EV purchase price, safety, design, charging costs, and the minimum state of charge (SoC).
Finally, monetary and financial aspects were included either as a benefit or barrier. Technical
benefits especially relate to grid stability and improved power quality, while technical barriers
include battery degradation and replacement costs or privacy issues. Finally, the benefits of in-
cluding RES and less air pollution are mentioned in the subcategory environmental benefits.

103



A.3 Results integrating the user
perspective in research on smart
charging

In this section, we present the major findings of the systematic literature review. First, we provide
a descriptive overview of the disciplines and methodologies that were applied in the sample before
delving deeper into the analysis of stakeholders and themes, which are subject to smart charging
research. Our thematic analysis revealed three thematic domains, which follow very different ra-
tionales of integrating user characteristics into smart charging. We structure our analysis of user
characteristics based on these three domains.

A.3.1 Disciplines, methodologies, and data sources in
smart charging research

The final sample contains 183 research articles. Figure 4 provides an overview of the involved
disciplines. The disciplines are coded on paper and not on author basis, which explains the high
share of interdisciplinary studies. In total, 342 authors were involved in conducting the research.
As already mentioned in Section 2.2 we first coded the disciplinary affiliation of each author.
Cooperation between different disciplines or disciplines which involved an interdisciplinary train-
ing was summarized under the term “Interdisciplinary”. Our analysis reveals that 42% of all stud-
ies were conducted in an interdisciplinary cooperation. The various types of disciplinary cooper-
ation can be seen in Figure 4. The majority of all interdisciplinary cooperation took place between
energy and engineering science (32%), followed by computer science and engineering (9%) and
life science (8%). Beside this high amount of interdisciplinary cooperation, 40% of all studies
were conducted by engineering disciplines. All other disciplines can be said to only play a mar-
ginal role.
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Figure 4. Disciplines in the field of smart charging, 1997-2020 (N=183).

With regard to applied methodologies, it is striking that nearly 90% of all studies are based on
quantitative methods, whereas 4% used qualitative methods and another 4% were of a theoretical
nature, meaning they did not retrieve any original data. Finally, only 2% applied a mix of quali-
tative and quantitative methods in their research design, where two out of four mixed-method
studies were conducted in a disciplinary context. This suggests that interdisciplinary cooperation
does not automatically foster the application of mixed-method approaches, as could be suspected.

The cumulative allocation of the publications from the past 24 years is shown in Figure 5. We did
not predefine the publication period of interest, which is why the first publication in our sample
is one of the key publications on V2G by Kempton and Letendre (1997). Even though this is
known as the starting point in this research area, it took more than 10 years until this topic gained
widespread attention in the research community. This corresponds to the starting point of global
EV uptake (International Energy Agency, 2021, 2020). Since then, a continuous growth took
place with the result of increased visibility and importance in research. This is especially true for
smart charging research assigned to quantitative methods. Other methodological approaches also
record an increase, however less prominently.

The articles from the final sample derive from a variety of journals. Most publications are placed
in established, international journals in the field of energy economics, such as Energies (25), En-
ergy (22), and Applied Energy (16). Further publications are from journals with a focus on
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Figure 5. Overview on the total sample — published articles in the field of smart charging since 1997and EV sales
share based on International Energy Agency (2020).

transportation and mobility, such as Transportation Research Part D (9) or those with an interdis-
ciplinary priority, such as Energy Policy (8), Energy Research and Social Science (7), or
Transport Policy (2). This demonstrates acceptance of the topic within a broad research commu-
nity.

Finally, as it is the goal of this review to analyze the kind of data that is used to integrate the user
perspective into studies of smart charging, we critically reflect upon the type of data sources. The
considered data sources include, for instance, literature based on national statistical data bases,
survey data, literature and GPS data. Statistical national data bases provide information on, for
example, the number of photovoltaic (PV) installations, the number of EVs, public charging sta-
tions, (Bagherzade etal., 2019; Bhattarai et al., 2017; Bin Humayd and Bhattacharya, 2017; Druitt
and Fruh, 2012; Hariri et al., 2019; Hoog et al., 2015; Jain et al., 2019; Naghdizadegan Jahromi
etal., 2017; Sachan and Adnan, 2018; Su et al., 2019), and socio-demographic data (e.g., van der
Kam et al., 2018) or car sales (Lyon et al., 2012).

Also, few studies conduct surveys to include primary data into their respective models. For ex-
ample, Alonso et al. (2014) and Sun et al. (2019) both use travel survey data to estimate EV
charging demand, while Bishop et al. (2016) use data on vehicle availability to build an empiri-
cally-derived battery degradation model. DeGennaro et al. (2015) employed GPS devices to col-
lect data on driving behavior. Another possibility to collect primary data was used by Schmalful3
et al. (SchmalfuB et al., 2015), who conducted a field study where study participants reported on
their experiences testing smart charging technology. Historical data is another commonly applied
data source, which is, for example, data from electricity tariffs (Adika and Wang, 2014), load and

! For a detailed review of datasets on EV driving behaviour see Jia and Long (2020).
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driving profiles (Aoun et al., 2019; Benalcazar et al., 2019; Brandt et al., 2017; Flammini et al.,
2019; Ramakrishna Reddy and Meikandasivam, 2020) or consumption data based on smart me-
ters (Andersen et al., 2019). Besides charging and travel patterns, few studies use neighborhood
characteristics and population data to explain diffusion patterns (Eising et al., 2014). Contrary to
including primary data sources, some studies use secondary data (Bhattarai et al., 2017; Fan et
al., 2016; Noel et al., 2018b), and other studies generate e.g., EV driving patterns with respect to
their probability (Aliasghari et al., 2018).

A.3.2 Research topics and stakeholders

To analyze the current state of research in the field of smart charging, we propose to take research
themes as a starting point for the following analysis. Identifying research themes allows to gain a
clear picture of the research landscape, including dominating as well as underexamined topics.
Moreover, merging the analysis on topics with key stakeholders and methods allows to draw an
even more precise picture of the state of the art. Within this framework, we identify patterns to
integrate user characteristics of smart charging. In the following, we exclude literature from the
following analysis that fell into the category “no original data collection”, because we were inter-
ested in variables and parameters used to characterize the user in smart charging studies.
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Figure 6. Stakeholders focus in smart charging research.

Figure 6 provides the results of the stakeholder analysis. Our stakeholder analysis covers a wide
range of different stakeholders, including all important primary and secondary actors (Noel et al.,
2019Db). Primary actors include the consumer, aggregator, and grid operator. The user is repre-
sented in our data as car user, community, prosumer, or early adopter. As the role of the
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aggregator? is not yet finally defined, the tasks of the aggregator can also be taken by e.g., the
fleet manager or parking lot owner. Finally, the grid operator is responsible for transmitting elec-
tricity production to demand areas. According to Noel et al., (2019b), secondary actors include
the electricity provider, the government, or industrial actors, such as the original equipment man-
ufacturer (OEM) or the retailer. We find these actors represented in our data as well, although less
prominently.

Table 2 Research topics and examples in smart charging research

Research topics Examples

Topic 1: User knowledge, percep-  Consumer characteristics; preferences; motivations; knowledge; perceptions;
tions, motivations, preferences real-life experience

Topic 2: Optimal EV charging based Reduce charging service time; optimization of charging process considering in-
on user needs / behavior / incentives centives for users; peak shaving under consideration of user interests and will-
ingness;

Topic 3: Optimization of system op- Operation cost; microgrid reliability; economic benefits; battery swapping oper-
eration and economic benefits ation; day-ahead energy resource scheduling; dynamic electricity pricing; large-
scale V2G optimization

Topic 4: Barriers, (non-monetary)  Barriers; benefits
costs and benefits

Topic 5: Demand-response program Demand response program; demand side management; dynamic demand con-
trol of EVs; demand management model for aggregators;

Topic 6: Business models and eco- Economic performance of V2B; emergency cases; peak shaving in parking lots;
nomic performance revenue streams; economic costs and benefits of shifting charging demand;
shared car parking concepts

Topic 7: Infrastructure planning/  Charging infrastructure design; controller for EV charging; transmission expan-
EV routing and technical compo-  sion planning including PEVSs; energy system planning; EV routing problem
nents for smart charging

Topic 8: Interaction between RES ~ Wind integration; RES integration; solar parking lots; high wind power penetra-
and EV tion and EVs; microgrid scheduling with PHEVS and RES

Topic 9: Operation scheduling / load Multi-objective scheduling; voltage regulation; operation scheduling; schedul-
frequency control / reliability and se- ing smart distribution grid; smart grid reliability; day-ahead control; distribution
curity network reliability

Topic 10: Optimization of EV charg-Smart charging dispatch strategies; Day ahead optimization; Charging algo-

ing / smart charging dispatch strategyrithm; Battery lifecycle analysis in V2G; Stochastic day-ahead residential
charging;

Topic 11: User demand / market po- Load-shift incentivizing tariff; profitability and market potential; customer val-
tential / costs and benefits / willing- ues; willingness to pay; potential consumer demand; potential mainstream mar-
ness to pay ket; cost and benefit

Topic 12: Willingness to participate EV adoption interest; willingness to participate; co-creation of flexibility; will-
ingness to accept

Figure 6 reveals that most studies address the car owner, followed by the grid operator and the
consumer. We distinguished between car owner and consumer, to include a more general and a

2 Aggregators can be defined as a third party, combining individual EVs to participate in the electricity market (Das
etal., 2020; Noel et al., 2019b). By doing so, EVs can provide complex electricity grid services (Noel et al., 2021).
Thus, the main task of the aggregator is to “gather (...) information about the market situation, schedule (...)
charging and discharging according to the bargained rules and expected revenues” (Geske and Schumann, 2018,

p. 392).
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more specific term for the user. Consumer is thus used to describe the broader society in general
while the car owner is specifically set to describe the (potential) user of an EV.

While across disciplines, most literature is concerned with primary actors, we identified several
secondary actors that are only relevant to few disciplines. For example, station operator and re-
tailer are only relevant in the field of business or fields with an interdisciplinary priority. Further-
more, there are some user categories, that are only studied by interdisciplinary science, such as
the investor, the early mainstream or the early adopter. Finally, studies in the field of psychology
solely address the car owner, while stakeholders in the field of planning seem not to fall into one
of the categories.

Having analyzed the stakeholder focus in current smart charging research, we will now move on
to describe the results of the thematic analysis. In total, we identified 12 research themes (Table
2), and gained four interesting insights: First, we identified three topics that quantitatively domi-
nate in the overall sample. The most often addressed research topic is Topic 9 (18 %), followed
by Topic 2 (11%) and Topic 7 (11%). Furthermore, these topics are only subject to quantitative
approaches. Second, with 2%, Topics 4 and 12 only play a subordinate role in the overall sample.
Third, most topics are of interest to disciplines in the realm of engineering or interdisciplinary
science (Figure 7). Finally, Topic 4 is the only topic that is solely studied in an interdisciplinary
cooperation.

However, beside these insights, the topics can also be characterized content-wise. Examples of
the specific research foci that are included in each topic can be found in Table 2. Based on our
thematic analysis, we identified three thematic domains. The first one is comprised of the majority
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Figure 7. Topics according to methods and disciplines in smart charging research.
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of topics, and addresses these topics with quantitative research methods while having a clear focus
on the technology in question. The second domain includes three topics, Topics 1, 4, and 12.
These topics center their research focus on the human dimension of smart charging. Methodolog-
ically, these topics are approached using quantitative, qualitative but also mixed-methods. Finally,
we identified a few topics that can be characterized as being integrative, as they are situated at the
interface between the more technology-oriented research disciplines and human-centered disci-
plines. In the following, we will describe these research domains and provide examples of how
they integrate the user into smart charging research.

A.3.3 User characterization in smart charging
research

The preceding analysis builds the basis for investigating the human factor of smart charging in
more detail. We therefore structure this section according to the three topic domains, which we
previously identified. In the following, we will provide examples of how the user is integrated in
technology-centered, human-centered, and integrative topics. We do so by analyzing stakehold-
ers, methods, and the selection of variables that were used to integrate the user of smart charging.

A.3.3.1 User characteristics in technology-centered research
topics

The majority of topics has a clear focus on technology specific aspects of smart charging. Studies
in these topics base their research on quantitative methods. We chose three topics in order to
exemplify the way in which studies in these topics approach the user of smart charging. We chose
Topics 6 and 7 as they are covered by a wide range of disciplines. Seven different disciplines deal
with business models and economic performance (Topic 6), and six different disciplines with
infrastructure planning and EV routing problems (Topic 7). Furthermore, we chose Topic 9,
which refers to questions surrounding grid-related issues, such as operation scheduling, load fre-
quency control, and reliability and security issues. 18% of all quantitative studies deal with this
topic. Besides the quantity, studies in Topic 9 are limited to engineering disciplines and interdis-
ciplinary collaborations.

Studies in Topic 6 conduct research on business models and the economic performance thereof.
In this context, it is not surprising that these studies focus on primary actors, such as the aggregator
(Chen et al., 2020b; Toquica et al., 2020; Xu et al., 2020), the grid operator (Buonomano, 2020;
loakimidis et al., 2018; Kordkheili et al., 2016; Li et al., 2020; Lyon et al., 2012), the EV user
(Cheng et al., 2020; Jain et al., 2019; Kahlen et al., 2018; Li et al., 2020), or stakeholders who
could develop business models with smart charging, such as the fleet manager (Kahlen et al.,
2018) or the parking lot owner (Brandt et al., 2017). Two studies also highlight the perspective of
the retailer (Nojavan and Zare, 2018) and the electricity provider (Schill, 2011).With regard to
user characterization, most of these studies incorporate the mobility behavior (30%) of users, as
well as smart charging preferences (23%) and monetary benefits (18%). Right at the forefront of
mobility behavior are driving profiles (Cheng et al., 2020; Kahlen et al., 2018; Kordkheili et al.,
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2016; e.g., Toquica et al., 2020), travel distance (e.g., Jain et al., 2019; Li et al., 2020), information
on driving routes (Buonomano, 2020), and arrival and departure times (Cheng et al., 2020;
loakimidis et al., 2018; e.g., Jain et al., 2019). Regarding smart charging preferences, studies
include preferences of the minimum SoC (loakimidis et al., 2018; Jain et al., 2019; Kordkheili et
al., 2016), the preference to charge when electricity is cheap (Li et al., 2020; Nojavan and Zare,
2018) and preferences in terms of contract conditions (Brandt et al., 2017). A large share of studies
also refer to monetary benefits. These benefits can occur in terms of free or cost-reduced charging
(Brandt et al., 2017; e.g., Lyon et al., 2012; Xu et al., 2020), reduced parking fees (Brandt et al.,
2017), additional revenues (e.g., Jain et al., 2019; Kahlen et al., 2018), or a consumer rent (Schill,
2011).

Research conducted on Topic 7 investigates optimal EV routing and the respective infrastructure.
Therefore, it is not surprising that the charging (21%) and mobility behavior (26%) of users, as
well as smart charging preferences (34%) are most interesting in this context. With regard to the
stakeholder perspective, most studies chose the viewpoint of the grid operator (e.g., Bin Humayd
and Bhattacharya, 2017; Capasso and Veneri, 2015; Faddel et al., 2018), who would be the re-
sponsible actor with regard to infrastructure improvements. One study focuses on the fleet man-
ager (Abdulaal et al., 2017), another study has a specific focus on charging infrastructure planning
alongside the EV user (DeGennaro et al., 2015). Charging behavior is included in terms of the
required energy for the charging process (Bin Humayd and Bhattacharya, 2017; Noorollahi et al.,
2020), and the charging duration (Abdulaal et al., 2017; Bin Humayd and Bhattacharya, 2017;
Capasso and Veneri, 2015). Driving behavior, on the other hand, is included as the driving dis-
tance (Bin Humayd and Bhattacharya, 2017; Jargstorf and Wickert, 2013; Noorollahi et al., 2020)
or arrival and departure times (Abdulaal et al., 2017; Bin Humayd and Bhattacharya, 2017;
Noorollahi et al., 2020). In contrast, Ul-Haq et al. (2017) include information on the parking du-
ration. Concerning charging preferences, most studies refer to minimizing travel costs by charging
when the electricity prices are low (e.g., Abdulaal et al., 2017; Faddel et al., 2018; Jian et al.,
2018; Mazza et al., 2020). Two more interesting user preferences that are integrated refer to min-
imizing the customer waiting time while charging (Abdulaal et al., 2017; Bin Humayd and
Bhattacharya, 2017; Jiang et al., 2018) and the preference for available parking spots close by
(DeGennaro et al., 2015).

Finally, with 18 % Topic 9 includes the highest share of studies. Similarly to Topic 7, Topic 9 has
a strong focus on smart charging preferences (31%), mobility (26%) and charging behavior
(21%). All other categories can be neglected due to their low overall relevance. Nearly half of all
studies with this research focus take the perspective of the grid operator. When diving into the
considered user characteristics, we find foremost that charging behavior is mainly implemented
in terms of supply and consumption profiles (Benalcézar et al., 2019; Sadeghian et al., 2019;
Zalzar et al., 2017), charging or discharging rates (Bagher Sadati et al., 2019), power demand
(Ahmad and Khan, 2020; Aluisio et al., 2017), and diverse specifications of the SoC (Alilou et
al., 2020; Aluisio et al., 2017; e.g., Andersen et al., 2019; Barone et al., 2020). In terms of mobility
behavior, several studies include information on mobility patterns and EV occupancy rates (e.g.,
Aluisio et al., 2017; Bagher Sadati et al., 2019; Barone et al., 2020; Lotfy et al., 2017; Sharma et
al., 2018 - 2018), which is an alternative to determining mobility behavior based on arrival and
departure times (Ahmad and Khan, 2020; Alilou et al., 2020; e.g., Fan et al., 2016; Huang, 2019).
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Moreover, driving time (Kavousi-Fard and Khodaei, 2016; Lee et al., 2020b; e.g., Zalzar et al.,
2017), distance (e.g., Hariri et al., 2019; Wang et al., 2017), and travel intervals (Druitt and Frih,
2012; Huang, 2019; Rostami and Raoofat, 2016) are included as well. What can be observed is
that even though the topics in this research domain account for the majority of studies in the field
of smart charging, these studies only exhibit a limited number of possible characterizations to
include the user into their approach.

A.3.3.2 Exemplifying user integration in technology-centered
topics

So far, results from Section 3.3 showed that it is a question of the research focus, which user
characteristics are primarily included in the study. As such, the majority of topics in quantitative
methods put the focus on a set of user characteristics in terms of charging and mobility behavior
and smart charging preferences. Yet, we identified some studies in technology-centered topics
that chose more elaborate approaches to include user characteristics. Table 3 provides examples
of terms and definitions used by different authors in order to approach the user of smart charging
more prominently.

Obviously, most terms and definitions are quite similar, referring to specific conditions in the EV
charging process. For example, the terms PEV user convenience and PEV owner convenience
both approach convenience by including the condition of a fully charged EV at departure time.
Also, the definition by Amoroso and Cappuccino (2012) targets a fully charged EV at the end of
the charging process. Similarly to achieving a fully charged battery, Azzouz et al. (2015) target
with the term customer priority the issue of battery degradation. Another issue that is brought up
Is energy security. Adika and Wang (2014) include the condition that deferrable loads are used to
prevent too many energy interruptions, which is termed consumer frustration. As already shown
in Section 3.3.1, monetary preferences constitute an important aspect in quantitative studies. This
aspect is also taken up by fulfilling customer satisfaction, which aims at maximizing user revenue
(Ramakrishna Reddy and Meikandasivam, 2020). In the case of an EV routing problem, Abdulaal
et al. (2017) introduce the term customer utility, which is included in the target function, aiming
at minimizing EV user travel costs and waiting time. Finally, Jeon et al. (2020) use customer
savings as an indication for inconvenience.

All above-mentioned studies acknowledge the importance of including user characteristics into
quantitative approaches. These definitions reveal current efforts of introducing advanced ap-
proaches. Moreover, they call attention to the accompanying challenges, especially the issue of
translating qualitative information into quantitative variables (cf., Jeon et al., 2020).

A.3.3.3 User characteristics in human-centered research fields

Human-centered research fields are comprised of three topics, Topics 1, 4, and 12. Yet, with 2%,
Topic 12 only plays a marginal role in the overall sample. In the following, we will dive deeper
into describing and comparing Topics 1 and 4.
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Table 3 Approaches to consider the user in quantitative approaches

Terms

Definitions

Source

(Social) welfare

"The objective function of this approach is the maximization of the distri-
bution system profit with considering the welfare of the EV owners."”

Bagher Sadati et al.,
2019, p.161

Economic so- "Through this integrated and iterative ED [economic dispatch], the maxi- Benalcézar et al.,
cial welfare mization of the economic social welfare (ESW) of both the utility and 2019,p. 3

PEV is reached.”
Customer wel-  "As PEV owners are rational, they will make their own decisions to max- Chen et al., 2020b,
fare imize their welfare considering all the information available, including p. 2234

other owners’ behaviors."

PEV user con-
venience

“The main goal is to flatten the residential distribution transformer load
profile on a 24-h basis without compromising PEV user convenience (full
SOC at time of departure).”

Erden et al., 2018,
p. 1496

PEV owner con-
venience

“This paper explicitly considers PEV owner convenience, which can be
mainly characterized by a desired SOC at the departure time.”

Huang, 2019, p. 4156

User satisfac-
tion degree

"(...) calculated as the ratio between the energy actually stored into the
battery at the end of the charging process and the energy required by the
vehicle battery at the beginning of the charging process."

Amoroso and Cap-
puccino, 2012, p. 5

Customer dis-
satisfaction

"Two criteria are considered in evaluating the customer dissatisfaction in
this article: 1) the time that the customer has to wait before reaching the
desired SoC level after the minimum required charge duration and 2) the
battery SoC in each time step."

Ebrahimi et al., 2020,
p. 1028

Customer utility

"The multi variant electric vehicle routing problem solution cost [is in-
vestigated], if the objective was to minimize the customer waiting time."

Abdulaal et al., 2017,
p. 246

Customer prior-
ity

"Thus, the V2GQ [vehicle-to-grid reactive power support] sustains the
battery life time, which is of the highest customer priorities (...) customer
satisfaction is considered the highest priority."

Azzouz etal., 2015,
p. 3237

Customer satis- “Along with this, customer satisfaction is considered through maximiza- ~ Ramakrishna Reddy
faction tion of customer revenue.” and Meikandasivam,

2020, p. 261
Consumer frus-  "To mitigate on this consumer frustration, deferrable loads have been de-  Adika and Wang,
tration signed such that after two consecutive interruptions, they are assigned 2014, p. 234

maximum priorities. Therefore, they will be allowed to run first in the
subsequent periods."

Cost of incon-
venience

"The cost of inconvenience for customers in providing the DR service
must be considered. However, as this cost is subjective and difficult to
quantify, we calculate the net cost saving for customers and discuss
whether it is enough to offset the inconvenience of providing the DR ser-
vice in the discussion.”

Jeon et al., 2020,
p.18

While Topic 1 is subject to research with quantitative, qualitative and mixed-methods, Topic 4 is
solely represented in qualitative approaches, with three studies in total (Kester et al., 2019; Kester
et al., 2018; Noel et al., 2018a). These studies are the result of an interdisciplinary cooperation
between business and political science. As these studies are concerned with barriers, (non-mone-
tary) costs and benefits, it is not astonishing that all three studies include perceptions and attitudes
toward EVs (9%) and toward smart charging (9%), as well as variables referring to technical
(18%), monetary (18%), and other barriers (45%). The most often mentioned barriers are battery
degradation, costs and low consumer acceptance or even resistance toward smart charging tech-
nology. Contrary to Topic 4, Topic 1 has a strong focus on values (24%). Values in this respect
refer to the environmental and technological orientation, traditions, or the car as a symbolic status

113



A.3 Results integrating the user perspective in research on smart charging

representation. Perceived functional attributes and attitudes toward the charging scheme fall into
perceptions and attitudes toward EVs (17%). Of similar importance in this topic is the charging
behavior with 17%, including the charging habit, the target SoC, or the interaction with the do-
mestic solar energy supply.

Topic 1 includes 13 studies in total, from which five studies can be assigned to both qualitative
and quantitative methods. The remaining three studies pursue a mixed-methods design. The qual-
itative studies have a strong focus on values (24%), charging behavior (17%), and perceptions
and attitudes toward EVs (17%). Regarding stakeholder focus, these studies center their analyses
on the user of smart charging, with one exception. A study by Earl and Fell (2019) highlights the
perspective of the OEM.

With only four studies, mixed-method studies play a marginal role in the smart charging literature.
Three out of four studies were assigned to Topic 1 (Dobelt et al., 2015; Schmalful? et al., 2015;
Sovacool et al., 2019). One study (SchmalfuB et al., 2015) was conducted by a research team from
psychology. The remaining two studies were conducted in cooperation between psychology and
computer science (Dobelt et al., 2015) and in cooperation between business and political science
(Sovacool et al., 2019). All studies focus on the user as the main stakeholder. This aspect is also
reflected in the variables that are used to characterize the user. Values, EV preferences, and per-
ceptions and attitudes toward the EV are the main categories to display the EV user in mixed-
method approaches in the realm of smart charging. By contrast, motives, mobility behavior, and
benefits are not represented in these studies. Values are included in terms of fairness, environ-
mental awareness, functional, emotional, or economic values. Moreover, these studies investigate
a variety of EV preferences, such as preferences regarding the purchase price, operational costs,
range or technical reliability. Finally, perceptions and attitudes toward the EV are covered by
variables such as innovativeness, perceived level of autonomy, or suitability for daily life.

When turning to quantitative approaches in Topic 1, it can be highlighted that these studies are
the results of interdisciplinary research teams from life science, business, political science,
transport and computer science. All studies focus on the user of smart charging, specifically, Bai-
ley and Axsen (2015) study the early mainstream, and Will and Schuller (2016) the early adopter
group of smart charging technology. As in qualitative and mixed-method studies, Topic 1 has a
strong focus on values (23%). Additionally, knowledge (12%) and contextual information (12%)
are strongly represented. Contextual information refers in this context to household and demo-
graphic variables (Axsen et al., 2016; Will and Schuller, 2016), and information regarding car
ownership (Sovacool et al., 2018). Moreover, two studies also include gender (Sovacool et al.,
2018, 2019a). Knowledge is assessed in terms of EV knowledge and interest (Axsen et al., 2016;
Will and Schuller, 2016), EV experience (Sovacool et al., 2018; Will and Schuller, 2016), and
ownership (Sovacool et al., 2018). Finally, values play an important role in this setting. Most
studies captured environmental values (Axsen et al., 2016; Sovacool et al., 2018, 2019a; Will and
Schuller, 2016), but also technological orientation or affinity (Bailey and Axsen, 2015; Will and
Schuller, 2016), biospheric and altruistic values (Axsen et al., 2016; Bailey and Axsen, 2015) are
included. What is striking is the accumulation of the same or similar variables. This might be due
to the fact that several studies from the same authors are included in this cluster.
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A.3.3.4 User characteristics in integrative research fields

Integrative topics can be characterized by their way of bridging human-centered and technology-
centered topics. These studies employ a diverse set of methods (not necessarily mixed-methods)
and variables to integrate the user of smart charging into technology-oriented research topics. In
the following, we will exemplify this on the basis of Topic 2.

Topic 2 includes 20 studies in total. As studies that were assigned to this topic aim to assess and
optimize EV charging behavior by including user needs, behavior, and incentives, it is not aston-
ishing that most of them take the perspective of a primary actor of smart charging, which are the
aggregator (Ferro et al., 2020; Sachan and Adnan, 2018; van der Kam et al., 2019), the grid oper-
ator (Alonso et al., 2014; Erden et al., 2018; Ramakrishna Reddy et al., 2019; Ramakrishna Reddy
and Meikandasivam, 2020), and the user of smart charging (e.g., Barbecho Bautista et al., 2019;
Bryden et al., 2019; Maeng et al., 2020), with one specificity, namely the early mainstream (Ka-
miya et al., 2019). Finally, two further studies target the electricity provider as the main actor
(Daina et al., 2017; Su et al., 2019). It is interesting that approximately half of all studies are of
interdisciplinary nature.

Regarding user characteristics, studies in Topic 2 are mainly conducted using quantitative meth-
ods. However, compared to previously presented quantitative studies (Topics 6, 7, 9), Topic 2
exceeds these studies by dedicating a remarkable share to contextual information (14%). For in-
stance, they include a bandwidth of variables, such as socio-demographic data (Daina et al., 2017;
Fetene et al., 2017; Maeng et al., 2020; van der Kam et al., 2020), number of available EVs and
home electricity conditions (Alonso et al., 2014; Jin et al., 2019; Kamiya et al., 2019; Rama-
krishna Reddy et al., 2019), route conditions, such as the number of traffic lights or average speed
(Barbecho Bautista et al., 2019), and travel purpose (Alonso et al., 2014; Maeng et al., 2020).
Furthermore, while charging behavior is limited to charging time (e.g., Bhattarai et al., 2017;
Daina et al., 2017; Flammini et al., 2019; Jin et al., 2019), and battery capacity (Alonso et al.,
2014; Ramakrishna Reddy et al., 2019; Ramakrishna Reddy and Meikandasivam, 2020), mobility
behavior includes a variety of variables, including driving patterns (Maeng et al., 2020; Maigha
and Crow, 2018), driving needs (van der Kam et al., 2019) and distance (Barbecho Bautista et al.,
2019; Kamiya et al., 2019), and preferred departure time (Daina et al., 2017) for different travel
purposes (Ramakrishna Reddy et al., 2019).

Finally, 30% of all characteristics are dedicated to a variety of smart charging preferences. These
reach from minimum ranges to financial incentives, preferences regarding the flexibility potential
and the fuel type to the accessibility of charging stations through to reduced charging and waiting
times and preferences regarding the charging slot. Yet, monetary aspects are by far the most often
applied category to capture smart charging preferences. For example, preferences are steered by
financial incentives to either motivate participation in smart charging (Bhattarai et al., 2017) or
to postpone the charging process (Fetene et al., 2017). Moreover, some studies capture prefer-
ences in terms of minimized charging costs (Bhattarai et al., 2017; Daina et al., 2017; Fetene et
al., 2017; Jin et al., 2019; Maeng et al., 2020; Ramakrishna Reddy et al., 2019; Ramakrishna
Reddy and Meikandasivam, 2020; van der Kam et al., 2019).

115



A.4 Integrating the user in studies of
smart charging

The past 10 years not only brought an increase in research on smart charging but also an increase
in the variety of topics and methodological approaches. Such interest and recognition in the re-
search community irrevocably lead to noteworthy improvements for including the user in this
research field. From our point of view, considering user characteristics in studies of smart charg-
ing is a pivotal step, as these broaden the research perspective to the human factor of smart charg-

ing.

What follows is a discussion of the most important findings from our literature review to provide
guidance for future research. The major contribution of this comprehensive review of peer-re-
viewed journal publications is twofold. First, we provide insights on the current state of research
on smart charging by investigating disciplines, methods, and stakeholders of smart charging and
by identifying dominating research topics throughout the various disciplines. Second, we inves-
tigate how the human factor of smart charging is approached by predominating topics and meth-
ods and provide examples of research topics and the way in which the user characteristics are
typically integrated.

A.4.1 Implications of disciplines, methods and data
sources for integrating the user into smart charging

So far, most research on smart charging is conducted by applying quantitative methods, while
only very few studies follow a qualitative or a mixed-method approach. Thus, qualitative and
mixed-method studies are clearly underrepresented. This does not mean that there is not a wealth
of quantitative methods that have been applied. But this finding already provides a first indication
of the kind of data that is retrieved. As described in Section 3.1, the majority of studies rely on
statistical databases, for example to quantify driving behavior. These data bases are population-
representative but might not be representative of the technology in question. Moreover, the band-
width of variables that can be retrieved of these sources is limited, meaning that data on charging
behavior might be part of the portfolio, while data on charging requirements might not. Therefore,
such specific variables are often replaced by assumptions based on general behavior, which must
not necessarily reflect an individual’s preference. Apart from this, perceptions and norms influ-
ence user behavior in many ways. However, it is difficult to translate qualitative information into
quantitative variables. Consequently, considering human complexity in a quantitative manner or
ina simplified model is challenging (cf., Huckebrink and Bertsch, 2021). Yet, Pettifor etal. (2017)
recommend to consider the effect of social norms on consumers’ adoption of alternative fuel ve-
hicle technologies in modeling adoption processes. The authors base their statement on the results
of a meta-analysis of 21 empirical studies. Similarly, Sachan and Adnan (2018) argue that social
and psychological components impact charging methods. However, no attempt was made to put
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this into practice. The authors solely consider EV arriving times that are obtained from the Na-
tional Household Travel Survey (NHTS) and do not consider further variables.

Moreover, most research is conducted by disciplines in the realm of engineering, followed with a
large gap by authors with a training in energy-related disciplines and business. Moreover, 42% of
all studies were conducted in research collaborations. Previous literature outlined the added value
of interdisciplinary cooperation for research on technologies that can be described as socio-tech-
nical systems (Sovacool et al., 2018; 2017). However, most research cooperation in our sample
took place between disciplines in the realm of energy and engineering, which are two research
fields with overlapping topics and methods. Cooperation between disciplines with less intuitive
connections could hardly be identified. Thus, the majority of studies were conducted by authors
with an engineering background.

It is astonishing that smart charging seems to be more important to energy- and engineering re-
lated disciplines than to disciplines with a specific transport focus. Besides the lack of studies
conducted by disciplines with a transport focus, very few studies were conducted by disciplines
that would take a human-centered perspective on smart charging, i.e., for example political sci-
ence and psychology. The same can be observed for disciplines that traditionally are located at
the interface of natural, social, and human science and focus more broadly on the interactions
between spatial dimensions and human actions, such as geography and planning.

A.4.2 Stakeholders in smart charging research

As the smart charging technology is developing, business opportunities are growing, as are the
relevant stakeholder groups'. Aside from this, the user of the technology can be seen as one core
stakeholder, as his driving and charging routines might be disrupted due to smart charging. There-
fore, it is not surprising that most studies focus on the primary stakeholders of a smart charging
system, which also includes the user of smart charging. However, the way in which the user is
integrated varies. While integrative topics or topics that fall into the domain of social sciences
place the user in the center of interest, studies with a technical research interest mostly take a
system perspective with the aim of increasing the system’s effectiveness. As such, the user is one
out of several actors in a smart charging ecosystem. Thus, the individual perspective stands
against a system perspective, making it difficult to find an intersection for combining or aligning
these perspectives. However, we believe that there are several research topics, that could be worth
highlighting from the individual as well as from the system perspective. Such topics noteworthy
to be further investigated would be business models and economic gains (Topic 6), optimal oper-
ation strategies (Topic 9) and infrastructure planning (Topic 7).

Economic gains are mainly elucidated from the view point of the aggregator (e.g., Ferro et al.,
2018; Kara et al., 2015; Li et al., 2020). With respect to the EV user, these studies indicate ex-
pected user revenues in terms of the battery degradation cost (e.g., Li et al., 2020; Maigha and
Crow, 2018; Sufyan et al., 2020). Li et al. (2020) note that besides battery depreciation costs,

1 For a comprehensive review of stakeholders and business models of V2G see Sovacool et al. (2020).
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additional electricity charges due to V2G have to be considered when EV user participation is
assumed. The general importance of considering the user perspective is brought forward by Kara
etal. (2015) stressing that “the objective function should capture the desired benefits from a stake-
holder’s perspective” (Kara et al., 2015, p. 519) as well. The authors thus assess possible revenues
for various actors in their optimization approach. On the other hand, social science studies focus
either on users’ willingness to pay for smart charging as one out of several EV features (e.g., Noel
et al., 2019a) or users’ willingness to provide flexibility (Kubli et al., 2018). The economic as-
sessment also indicates besides a monetary value, a general acceptance or rejection of the tech-
nology under specified conditions (Lee et al., 2020a). To our understanding, contrasting these
different perspectives would reveal important insights into the different actors’ requirements on
one hand and calculated monetary gains on the other. Furthermore, a discussion across disciplines
and stakeholders on whether users would accept these calculated revenues and under which con-
ditions could be fostered. Additionally, the system perspective would learn about users’ expecta-
tions and requirements to accept a certain revenue or not. It would also provide an indication of
the actors’ willingness to participate in such smart charging scheme. The contrast could also be
applied to negotiate possible charging strategies and the respective scheduling of the EV. Maigha
and Crow (2018) call the attention to this issue by choosing a multi-objective optimization to
weigh user interests, which in this case is to minimize battery degradation against the system
operator’s interest to maintain the system’s load profiles.

According to Hardman et al. (2018), considering the user perspective for infrastructure planning
IS a necessity. In their review, the authors focus on studies dealing with consumer interactions
with the charging infrastructure for PEVs. The authors stress the need for considering consumers’
use patterns for the development of charging infrastructure due to the relevance to both, achieving
higher adoption rates by consumers and ensuring a sound management of electricity grids with
increased demand from PEVs. In our dataset, we identified two studies using driving patterns as
a basis for developing recommendations on infrastructure development (DeGennaro et al., 2015;
Hoog et al., 2015).

A.4.3 Patterns to integrate user characteristics in
smart charging research

Research topics imply a set of possible methods or the type of data that will be necessary to answer
the research question. Thus, they also entail patterns to include user characteristics in smart charg-
ing research, which we aim to identify.

In the course of our literature review process, we identified 12 topics that are relevant to smart
charging literature that also includes the user perspective. These topics capture a variety of as-
pects. Yet, most of these topics can be placed at the interface between the energy and the mobility
system, while only a few topics approach smart charging against the background of a societal
context. For example, there is a strong focus on operation scheduling, business models, economic
performance, and infrastructure planning. These topics have a strong focus on technology, and
surely are of interest and importance to the research community. Yet, the user of smart charging
only plays a subordinate role. This reveals that the human dimension of smart charging is not
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sufficiently explored. Considering this perspective is, however, important as it provides infor-
mation on the user behavior, preferences regarding technological innovations, or on how the user
interacts with the smart charging system. This information is of importance as it reveals whether
and under which conditions the user will engage with the smart charging system. Finally, there is
a third stream of research topics that enables the inclusion of both, focusing on technical aspects
as well as acknowledging the human dimension in an adequate manner. In the following, we will
provide examples of these identified patterns.

A.4.3.1 The user in topics addressing the technical dimension of
smart charging

As described in Section 3.3.1, most topics address technical aspects of smart charging. We exem-
plified this choosing Topics 6, 7 and 9 as these are represented most in our data set. It is striking
that these topics are based on quantitative methods, are mainly conducted by engineering disci-
plines and interdisciplinary cooperation (the majority being comprised of disciplines in the field
of engineering and energy), and only use a limited number of possible characterizations to include
the user into their approach (Table 4). These topics can thus be characterized by their technology-
orientation. Even though the topics cover a wide range of smart charging aspects, they include
user characteristics in terms of smart charging preferences, mobility and charging behavior — all
of which are categories that are more or less easily integrated into quantitative approaches.

Table 4 Typical user characteristics in studies with a technical research focus

Charging preferences Charging behavior Mobility behavior
Minimum range at departure time Battery capacity Avrrival and departure times
Low charging costs / charging when electricity ~ Charging duration Driving duration and pattern
prices are low

Charging strategy that considers battery life Charging pattern Travel frequency
Preferences regarding flexibility provision Initial SoC Parking duration

Preferences regarding charging strategy, e.g.,
charging with RES

Reduced charging and waiting time

The charging preference is one out of three categories that are most often used to specify user
characteristics in the technical topics. It can be observed that preferences are either included as
model restriction (e.g., Erden et al., 2018; Su et al., 2019; Sufyan et al., 2020) or as part of the
target function (e.g., Bryden et al., 2019; DeForest et al., 2018; Moghaddam et al., 2018). Prefer-
ences are derived as estimates or, less often, based on empirical datasets. Along with smart charg-
ing preferences, mobility and charging behavior are dominating categories to include the user in
studies of smart charging. Typical variables in this category are departure and arrival times, the
driving distance or frequency. This data is typically retrieved from national household surveys,
such as the NHTS (e.g., Sachan and Adnan, 2018; Tarroja et al., 2016). Moreover, many studies
make use of assumptions (e.g., Deilami, 2018; Ferro et al., 2018; Liu et al., 2014; Ramakrishna
Reddy et al., 2019) and probabilities (Bryden et al., 2019), thus simplifying charging and
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mobility-related behavior even more. Kester et al. (2019, p. 278) criticize that the current litera-
ture relies too much on a ‘technical rational model’. However, this does not fully account for the
obstacle, that especially in the realm of smart charging, the body of empirical charging behavior
data is quite small, impeding the integration of empirically-derived data in smart charging studies.
This obstacle is in line with Li et al. (2020) who retrieve studies of the charging behavior of EVs
and raw data including the links to the respective sources to enable further investigation. They
argue that despite a growing body of literature, the collection of empirical charging data evolves
rather slowly, because of the high share of private purchases of EVs, which make data collection
sensitive to data protection issues and are thus difficult to assess.

Few studies in our dataset collected empirical data on charging and mobility patterns, though
based on the driving behavior of ICEVs (e.g., DeGennaro et al., 2015). Kara et al. (2015) illustrate
this point clearly by arguing that V2G charging patterns are different from the charging of ICEVs
and thus not totally transferrable. As a response to this critique, Kara et al. (2015) extract trip and
customer characteristics collected from PG&E territory. The authors conclude that EV charging
and driving behavior as well as user characteristics can be displayed much more realistically com-
pared to mere assumptions. Collecting such data is, however, time-consuming, which might be
one reason why we identified only few authors using data obtained from field trials (e.g., DeForest
etal., 2018; DeGennaro et al., 2015; Erden et al., 2018; O'Connell et al., 2014) or EV representa-
tive data (Dixon et al., 2020). Consequently, there seems to be a trade-off between the effort put
into collecting this data and the accuracy of implementing data on behavior.

Directly connected with this issue is an argument brought forward by Luh et al. (2022), stating
that most approaches today consider long timeframes but are based on historic data. Exemplarily,
Ensslen et al. (2018) and Kamiya et al. (2019) state that it is questionable whether future driving
behavior will be the same as driving behavior today. This is especially true for transport and
energy models, where everything is at a turning point. Consequently, foreseeing technical im-
provements, regulatory changes and possibly changing mobility patterns, norms and values be-
come even more challenging. Considering the fact that smart charging can still be defined as a
technological innovation with not yet defined regulatory frameworks, the reliability of these re-
sults is questionable.

To summarize, the user in the technical research fields is integrated in a very generic way. Indi-
vidual and consumer-specific aspects are less well-integrated, and only few topics include con-
textual information. In our understanding, however, this information is relevant since charging
and mobility behavior are affected or even motivated by the amount of available charging loca-
tions in a region (e.g., Delmonte et al., 2020), the amount of cars in a household (Chen et al.,
2020b; Dixon et al., 2020), or household characteristics (Axsen et al., 2018; Axsen et al., 2016;
Chen et al., 2020a; Sovacool et al., 2018). It obviously makes a difference whether a household
owns one or more cars, or whether the user is a tenant or a houseowner taking his own energy -
related decisions. Based on this contextual information, more realistic charging and driving pat-
terns could be generated, resulting in a more reliable forecast of flexibility potentials. Therefore,
it is vital to display behavior, but also charging preferences, such as charging locations, preferred
charging strategies, or requirements to accept smart charging, such as the minimum range as re-
alistically as possible, without compromising the model’s main dynamics. Finally, we believe that
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few additional data would be needed to put this into practice and that the actual work effort would
be increased only minimally.

A.4.3.2 The user in human-centered topics

In contrast to technology-oriented topics, topics that solely focus on the human dimension of
smart charging center research around the user’s perceptions and attitudes toward smart charging,
their motives to participate in smart charging programs or barriers that hinder them to do so. With
this, these studies open up a complementary perspective that supports the introduction of smart
charging technology into people’s routines and daily lives. Additionally, the type of data that is
retrieved in these studies can potentially replace commonly used assumptions based on general
statistics referring, for example, to minimum range requirements. Finally, it can guide the more
technical research streams in conceptualizing their research problems.

Topics 1 and 4 capture research that delves into the human dimension of smart charging. While
Topic 4 is solely studied using qualitative methods, Topic 1 includes both, qualitative and quan-
titative methods, as well as mixed-methods. These studies were conducted using either surveys,
interviews or focus groups. Table 5 provides examples of typical characteristics that were used to
study the user of smart charging. Compared to Table 4, it is striking that all categories and most
of the subcategories are relevant in these research streams. Even though the quantity of studies in
this research stream is alarmingly low, the variety of variables is large, especially with regard to
perceptions and attitudes.

As outlined in Section 4.3.1, data sources in technically-focused topics face the challenge of iden-
tifying available data sources to include user characteristics in an appropriate way. Thus, the ma-
jority of studies is based on statistics and assumptions, mostly because of data availability issues.
Few exceptions exist. However, this circumstance supports the argument that very little is known
about actual charging behavior, charging preferences, or concerns with regard to this technology.
This is where human-centered research, among other things, can contribute. Topic 1, for example,
has a strong focus on assessing knowledge, perceptions, preferences and user motivations to par-
ticipate in smart charging. As such, studying e.g., knowledge about smart charging is paramount
for decision-makers. Knowledge is the basis of a diffusion process. Knowing about an innovation
enables to form an attitude and lastly a decision to adopt or reject the innovation (Rogers, 1983).
Therefore, studying knowledge can for example provide important insights into the diffusion pro-
cess, and might inform investment decisions. Related thereto are information on purchase and use
motivations. These are valuable as well to decision-makers, but also to companies designing busi-
ness models. Studying these motivations is an essential aspect, as only business models that are
relevant to or foster specific values of users lead to a successful market uptake. Finally, values
are important as well in that they might be an indication of preferred charging strategies. Smart
charging is expected to contribute to a more reliable and efficient grid operation and better inte-
gration of RES into the grid (Blumberg et al., 2022; Dixon et al., 2020; Schuller et al., 2015), thus
leading to a more decentralized, secure, and flexible energy system (Sovacool and Hirsh, 2009).
These potentials address a set of values, that might be important to a user which could subse-
quently be part of a charging strategy. Aside from this, studying values entails important indica-
tions of possible target groups.
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Table 5 Typical user characteristics in human-centered smart charging topics

Category Sub-category Examples of variables
Context Contextual infor- Number of cars; socio-demographic and household characteristics; gender;
mation charging location; education and occupation
Motives Purchase and use motivation; self-determination
Knowledge Technological knowledge and awareness; EV driving experience; EV inter-
est and ownership
Behavior Charging behavior  Energy demand; charging behavior / habit; charging frequency; target SoC
Mobility behavior Mobility practices; actual vs. stated behavioral intention; driving need;
driving distance; driving frequency; modal choice; departure time
Perception Towards EVs Environmental performance; functional attributes; attitude towards smart

and attitudes

Toward smart

charging; perceived risks and barriers; complexity; suitability for daily life;
usefulness

Public charging station availability; loss of control; skepticism regarding

charging reduction potential of consumption
Values Environmental values, technological orientation; traditional, biospheric,
egoistic, altruistic values; openness; instrumental values; fairness; classism;
equity; political orientation; car as a symbolic status
Preferences Toward EVs EV price; acceleration; range; size; safety; design; vehicle type
Toward smart Cheaper charging; minimum range; use of flexibility; electricity source;
charging contract duration; charging availability; charging strategy
Benefits Monetary Cost savings
Environmental Green electricity; RES integration
Barriers Technical Range; charging time; battery life; privacy
Monetary Upfront costs
Others Reduction of comfort; concerns about the technology; consumer resistance

By focusing on a human-centered research perspective, the variety of motivations, perceptions
and values influencing a user’s decision to participate in smart charging can be revealed. Espe-
cially qualitative methods can provide further insights into actual consumer reasoning and behav-
ior, thus informing representative quantitative surveys (Coffman et al., 2017). Strengthening both,
quantitative as well as in-depth qualitative research is thus essential to provide insight into the
context in which smart charging should be integrated and into the requirements to be successful.

A.4.3.3 An integrative perspective

Topics bridging the gap between human-centered and technology-centered topics, also in a meth-
odological sense, are not necessarily accompanied by mixed-methods, but rather by interdiscipli-
nary cooperation between disciplines from different schools of thought. We identified two topics
that we describe as integrative, as they combine insights from technical and human-centered per-
spectives. This integrative character is reflected in the type of data that is retrieved to include the
user in smart charging.
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Table 6 Typical user characteristics in integrative smart charging topics

Category Sub-category Examples of variables
Context Contextual informa- ~ Vehicle availability; socio-demographics; traffic conditions, trip type;
tion home electricity conditions
Knowledge Technological knowledge; EV driving experience; EV interest and own-
ership
Behavior Charging behavior Energy demand; time of connection; charging time; initial SoC
Mobility behavior Departure and arrival time; travel requirements; total travel time; trip dis-
tribution; driving distance; EV usage patterns; driving needs; parking du-
ration
Perception Toward EVs Perception toward EVS; innovativeness; comfort; environmental im-
and attitudes portance
Toward smart Range anxiety
charging
Values Environmental values; lifestyle; fairness; social, emotional, economic val-
ues
Preferences Toward EVs Vehicle price; annual net cost; range; maintenance fee; acceleration; envi-
ronmental impact; technical reliability; ease of operation; design; safety
Toward smart Minimum driving range; minimized EV charging costs; postponed charg-
charging ing for a discount; flexibility potential; accessibility; charging strategy;
reduced waiting time; charging slot; fuel type; recharging time; low bat-
tery degradation
Benefits Monetary Revenues; fuel savings
Barriers Others Lack of fast charging infrastructure; physical and behavioral constraints

For example, a bandwidth of studies in Topic 2 is concerned with charging strategies, while con-
sidering user needs (Bryden et al., 2019; Daina et al., 2017; Maeng et al., 2020; van der Kam et
al., 2020; van der Kam et al., 2019). Half of all studies conducting research on this topic come
from an interdisciplinary cooperation, while the other half comes from engineering disciplines.
Another topic that provides various examples of this integrative character is Topic 11, assessing
market potentials of smart charging based on user demand (Hidrue and Parsons, 2015; Hong et
al., 2012; Khan and Bohnsack, 2020; van der Kam et al., 2018; Zarazua de Rubens, 2019) or
willingness to pay for smart charging (Bishop et al., 2016; Noel et al., 2019a; Parsons et al., 2014).
Interestingly, aside from quantitative methods, one study approaches this topic using mixed-meth-
ods (Khan and Bohnsack, 2020). Furthermore, this topic is primarily studied by an interdiscipli-
nary cooperation, comprising business, political science, engineering, life science, transport, com-
puter science, and economics. We previously pointed out, that even though 42% of research was
conducted in an interdisciplinary cooperation, most cooperation took place between disciplines
in the realm of engineering and energy. These topics however draw a different picture, illustrating
that research can overcome boundaries between disciplines and their underlying schools of
thought. The results are studies strengthening an integrative perspective by laying equal emphasis
on the human dimension of smart charging as well as on technical and economic aspects. Foster-
ing interdisciplinary cooperation across schools of thought enables research to increase ‘explan-
atory power, and practical applicability of research’ (Sovacool, 2014, p.13), which is especially
important to research concerned with technological innovations that strive to provide solutions to
environmental issues.
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This effort is reflected in a wide range of user characteristics, including contextual information,
behavior, perceptions, attitudes, and preferences, with a special focus on values, EV preferences,
and perceptions, and attitudes toward EVs, allowing to draw a manifold picture of the user of
smart charging (Table 6). With this, current research practices are challenged. For example, Daina
et al. (2017, p. 37) mention in this context that ‘the current practice for the appraisal of smart
charging strategies assumes predefined charging scenarios and exogenous EV use patterns’. To
build a charging behavior model that is capable of capturing tactical charging choices, the authors
empirically investigate charging behavior. Based on the empirical information, charging prefer-
ences are estimated (Daina et al., 2017).

Surely, a research design that includes an empirical part to collect data and a quantitative model-
ing part is advantageous. Studies with such research design provide guidance for enabling a more
holistic view of smart charging. Taking such a perspective is important, especially in light of
profound transitions. Smart charging as such will entail lingering changes for the mobility and
the energy system architecture, of which the individual is an essential part. To our understanding,
these transitions are best captured by integrating both, the system and the individual or societal
perspective in equal parts. Moreover, this opens up new possibilities to account for user ac-
ceptance.

Examples of this research practice are provided by Kamiya et al. (2019) who build two models.
The first one entails empirical information on vehicle preferences, driving patterns, and recharge
access with the aim of modeling the status quo of PEV usage in 2015. The data is representative
of new vehicle buyers in Canada. Having said this, a downside is that this data is related to current
driving patterns and might not reflect future driving patterns. This is important when taking a
long-term perspective, which is the case for the second model. Nevertheless, the approach is rich
in empirical methods, including three surveys and one travel-diary, accounting for contextual in-
formation, such as vehicle fleet, home electricity conditions, values, i.e., lifestyle, and driving and
charging behavior, such as trip time, purpose and information concerning the parking location
(Kamiya et al., 2019). Another example is provided by Ensslen et al. (Ensslen et al., 2018), as-
sessing requirements of users and fleet managers to accept smart charging (Ensslen et al., 2018).
These requirements include expected revenues and the minimum range. By calibrating these em-
pirically obtained information in an agent-based model, which simulates the wholesale electricity
market, economic, social and technical aspects are considered (Ensslen et al., 2018).

Finally, there is one study that stands out, since it considers a wide range of values on top of user
behavior and preferences, which is an important aspect of decision-making. van der Kam et al.
(2019, p. 2) justify their approach by pointing out that individuals ‘are not rational decision mak-
ers who carefully balance costs and benefits to maximize the utility of their behavior, [but ] (...)
that normative considerations are important predictors for pro-environmental behavior’. Thus, the
authors incorporate the theory of environmental self-identity in modeling EV charging behavior.
Moreover, the authors take range anxiety into account, as well as driving needs, agent character-
istics, and policy interventions. The overall goal of this approach is to investigate the effect of
policy interventions on EV charging patterns (van der Kam et al., 2019). This approach is of great
significance, as it illustrates that even norms, which are mostly obtained by qualitative ap-
proaches, can be transformed into a quantitative logic.
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A.4.3 Patterns to integrate user characteristics in smart charging research

It can be concluded from this analysis that compared to pure technology-focused and human-
focused research, integrative topics open up a space for interdisciplinary research across schools
of thought, enable the application of diverse methods, and thus foster a diverse picture of the
human dimension of smart charging. Most approaches, be they human-centered or technology-
centered, are quite entrenched. While quantitative approaches fall short of recognizing human
complexity and rely on cost-minimization (Huckebrink and Bertsch, 2021; Sovacool et al., 2015),
social scientists ignore physical or engineering principles (Sovacool et al., 2015). However, cre-
ating inclusivity enhances robustness and might improve the reliability of results, which is espe-
cially required for complex, multi-dimensional challenges such as the integration of smart charg-

ing.
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A.5 Conclusion

This systematic review provides an overview of studies from the past 20 years of research on
smart charging. With this review, we aim to foster a deeper understanding of how the user of EV
smart charging is integrated in different research areas. By doing so, we aim to enable research to
create a truly holistic and more comprehensive picture of the future integration of smart charging.
To our understanding, this transparency is an important prerequisite for the market uptake of a
complex, cross-sectoral innovation with high societal impacts, such as the diffusion of smart
charging. We make this visible by reviewing 183 peer-reviewed journal articles.

In a first step, we identified predominating disciplines in our sample, as well as interdisciplinary
cooperation. Research on smart charging is dominated by engineering disciplines, followed by
research conducted by interdisciplinary cooperation. At first glance, this seems impressive. How-
ever, when looking into the combinations of research cooperation, we find that the majority of
cooperation takes place between disciplines in the realm of engineering and energy scientists.
Only few collaborations exist between disciplines that follow different rationales, meaning look-
ing at topics from different angles, and applying different methods. Consequently, the current
research practice is rooted in disciplines, calling for the need to strengthen true interdisciplinary
research cooperation. This is especially true against the background of pressing sustainability
issues and the need to find practically applicable and accepted solutions

Secondly, we analyzed whether the studies used a quantitative, qualitative, or a mixed-method
research design and provided statistics to show the general development of the topic over the past
years. Clearly, the topic gained widespread attention of the research community. We recorded an
increase in publications throughout all three methodological approaches — qualitative, quantita-
tive, and mixed-methods — in the last years, headed by quantitative methods. We found few qual-
itative and equally few mixed-method studies. Combined with the insight that the majority of
studies was conducted by engineering scientists, we identify the need for further empirical re-
search. As smart charging can still be described as an innovation, there is not only the need for
further statistical data on charging and driving behavior that can be the basis for simulating the
transport and energy system, but also for further empirical methods to explore the societal context
of smart charging in more detail. Especially qualitative approaches are suited to gain in-depth
knowledge about user motivations to use or reject a new technology. Hence, we see the need for
further empirical, and especially qualitative research on smart charging.

To dive deeper, based on author keywords and abstract, we identified dominating research topics
in smart charging research using thematic analysis. Moreover, we identified stakeholders that are
in the focus of research. This analysis revealed 18 different stakeholders, with the majority being
part of the primary actors of a smart charging system. Regarding topics of interest, we identified
12 overarching research topics, which can be split into three domains. The majority of topics has
a technology focus and is solely approached by quantitative methods. We called these topics
“technology-centered”” domain. Second, we identified topics that center around the human dimen-
sion of smart charging and can thus be called “human-centered” topics. This research field is
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investigated using qualitative, quantitative, and mixed-methods. The final research topics have an
integrative character, as they act as an interface between human-centered and technology-centered
topics.

Finally, we provided examples of typical user characteristics in the three different topic domains.
Therewith, we analyzed variables on the one hand, stakeholders, methods, and data sources on
the other hand. We furthermore showed, which type of data is typically retrieved or collected.
While technology-oriented topics typically base their analyses on quantitative models and focus
on charging and mobility behavior and smart charging preferences, topics with a focus on the
human-dimension of smart charging focus on a specific stakeholder group and enable in-depth
knowledge about values, norms, and perceptions of smart charging. Combining these perspectives
is not trivial. Nonetheless, we identified two topics that are predestined to combine these schools
of thought. Studies in the first topic (Topic 2) assess and evaluate smart charging strategies by
including user needs, behavior, and incentives, while Topic 11 focusses on questions surrounding
the market potential of smart charging or the potential consumer demand for this technology. This
effort is reflected in a wide range of user characteristics, including contextual information, behav-
ior, perceptions, attitudes, and preferences, with a special focus on values, EV preferences, and
perceptions and attitudes toward EVs.

Moreover, these topics can be distinguished by their true interdisciplinary character. As outlined
and discussed, nearly half of all studies were conducted in an interdisciplinary cooperation. Yet,
most of these collaborations are comprised of scientists from energy and engineering disciplines.
Only few collaborations exist that bridge the rationales of existing schools of thought. True inter-
disciplinary collaboration enables the combination of methods, leading to manifold user charac-
teristics, including typical quantitative variables such as arrival and departure time, while at the
same time retrieving data on values and user motivations. An integrated approach thus takes ad-
vantage of combining the societal perspective and the system perspective.

Finally, integrative topics create an interface for combining technology-centered and human-cen-
tered approaches in a unique manner. Thus, the advantages of both realms can be combined —
including user characteristics, such as behavior, preferences, perceptions, and attitudes in a wider
system perspective. This approach not only enables stakeholder-specific recommendations; it also
provides guidance on technology-specific questions and their implementation into the energy and
mobility system of the future, by considering user-specific information. Integrative approaches
thus create a more holistic understanding of the diffusion of smart charging technologies by iden-
tifying interfaces between the disciplines to enable stronger interdisciplinary cooperation. Re-
search might benefit from such an approach in a methodological way, while policy makers benefit
from more reliable results, facilitating a societally feasible transition of the energy and mobility
system.

Our approach is of course not without shortcomings. For example, drawing a clear line between
categories and themes, especially the ones that were created inductively, are always based on
subjective decisions and thus liable to subjective bias. Researchers from other research fields
might have defined research topics differently. Yet, creating and defining research topics enabled
us to identify typical patterns of how the user is integrated in human-centered, technology-cen-
tered, and integrative research topics. Furthermore, as we chose a descriptive approach, we are
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not able to display the relations between the user categories. However, this could be subject to
future research. As such, our approach can be seen as a first step to guiding future research to
include a more manifold picture of the user into smart charging research.

CRediT authorship contribution statement

Nora Baumgartner: Conceptualization, Methodology, Software, Validation, Formal Analysis,
Investigation, Resources, Data Curation, Writing - Original Draft, Writing — Review & Editing,
Visualization, Supervision, Project administration. Kira Weyer: Conceptualization, Writing —
Review & Editing, Supervision, Project administration. Lars Eckmann: Software, Formal Anal-
ysis, Writing — Review & Editing. Wolf Fichtner: Writing — Review & Editing, Supervision.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relation-
ships that could have appeared to influence the work reported in this paper

128



References

Abdulaal, A., Cintuglu, M.H., Asfour, S., Mohammed, O.A., 2017. Solving the Multivariant EV
Routing Problem Incorporating V2G and G2V Options. IEEE Trans. Transp. Electrific. 3,
238-248. https://doi.org/10.1109/TTE.2016.2614385.

Abnett, K., 2022. EU lawmakers back ban on new fossil-fuel cars from 2035. Reuters.

Adika, C.O., Wang, L., 2014. Smart charging and appliance scheduling approaches to demand
side management. International Journal of Electrical Power & Energy Systems 57, 232-240.
https://doi.org/10.1016/j.ijepes.2013.12.004.

Ahmad, A., Khan, J.Y., 2020. Real-Time Load Scheduling and Storage Management for Solar
Powered Network Connected EVs. IEEE Trans. Sustain. Energy 11, 1220-1235.
https://doi.org/10.1109/TSTE.2019.2921024.

Aliasghari, P., Mohammadi-Ivatloo, B., Alipour, M., Abapour, M., Zare, K., 2018. Optimal
scheduling of plug-in electric vehicles and renewable micro-grid in energy and reserve
markets considering demand response program. Journal of Cleaner Production 186, 293—-303.
https://doi.org/10.1016/j.jclepro.2018.03.058.

Alilou, M., Tousi, B., Shayeghi, H., 2020. Home energy management in a residential smart micro
grid under stochastic penetration of solar panels and electric vehicles. Solar Energy 212, 6—
18. https://doi.org/10.1016/j.solener.2020.10.063.

Alonso, M., Amaris, H., Germain, J., Galan, J., 2014. Optimal Charging Scheduling of Electric
Vehicles in Smart Grids by Heuristic Algorithms. Energies 7, 2449-2475.
https://doi.org/10.3390/en7042449.

Aluisio, B., Conserva, A., Dicorato, M., Forte, G., Trovato, M., 2017. Optimal operation planning
of V2G-equipped Microgrid in the presence of EV aggregator. Electric Power Systems
Research 152, 295-305. https://doi.org/10.1016/j.epsr.2017.07.015.

Amoroso, F.A., Cappuccino, G., 2012. Advantages of efficiency-aware smart charging strategies
for PEVs. Energy Conversion and Management 54, 1-6.
https://doi.org/10.1016/j.enconman.2011.09.006.

Andersen, F.M., Henningsen, G., Mgller, N.F., Larsen, H.V., 2019. Long-term projections of the
hourly electricity consumption in Danish municipalities. Energy 186, 115890.
https://doi.org/10.1016/j.energy.2019.115890.

Aoun, A., lbrahim, H., Ghandour, M., llinca, A., 2019. Supply Side Management vs. Demand
Side Management of a Residential Microgrid Equipped with an Electric Vehicle in a Dual
Tariff Scheme. Energies 12, 4351. https.//doi.org/10.3390/en12224351.

Axsen, J., Caims, J., Dusyk, N., Goldberg, S., 2018. What drives the Pioneers? Applying lifestyle
theory to early electric vehicle buyers in Canada. Energy Research & Social Science 44, 17—
30. https://doi.org/10.1016/j.erss.2018.04.015.

Axsen, J., Goldberg, S., Bailey, J., 2016. How might potential future plug-in electric vehicle
buyers differ from current “Pioneer” owners? Transportation Research Part D: Transport and

Environment 47, 357-370. https://doi.org/10.1016/j.trd.2016.05.015.

129


https://doi.org/10.1109/TTE.2016.2614385
https://doi.org/10.1016/j.ijepes.2013.12.004
https://doi.org/10.1109/TSTE.2019.2921024
https://doi.org/10.1016/j.jclepro.2018.03.058
https://doi.org/10.1016/j.solener.2020.10.063
https://doi.org/10.3390/en7042449
https://doi.org/10.1016/j.epsr.2017.07.015
https://doi.org/10.1016/j.enconman.2011.09.006
https://doi.org/10.1016/j.energy.2019.115890
https://doi.org/10.3390/en12224351
https://doi.org/10.1016/j.erss.2018.04.015
https://doi.org/10.1016/j.trd.2016.05.015

References

Azzouz, M.A., Shaaban, M.F., El-Saadany, E.F., 2015. Real-Time Optimal Voltage Regulation
for Distribution Networks Incorporating High Penetration of PEVs. IEEE Trans. Power Syst.
30, 3234-3245. https://doi.org/10.1109/TPWRS.2014.2385834.

Bagher Sadati, S.M., Moshtagh, J., Shafie-khah, M., Rastgou, A., Cataldo, J.P., 2019. Operational
scheduling of a smart distribution system considering electric vehicles parking lot: A bi-level
approach. International Journal of Electrical Power & Energy Systems 105, 159-178.
https://doi.org/10.1016/j.ijepes.2018.08.021.

Bagherzade, S., Hooshmand, R.-A., Firouzmakan, P., Khodabakhshian, A., Gholipour, M., 2019.
Stochastic parking energy pricing strategies to promote competition arena in an intelligent
parking. Energy 188, 116084. https://doi.org/10.1016/j.energy.2019.116084.

Bailey, J., Axsen, J., 2015. Anticipating PEV buyers’ acceptance of utility controlled charging.
Transportation  Research  Part A:  Policy and  Practice 82, 29-46.
https://doi.org/10.1016/j.tra.2015.09.004.

Barbecho Bautista, P., Lemus Cérdenas, L., Urquiza Aguiar, L., Aguilar lgartua, M., 2019. A
traffic-aware electric vehicle charging management system for smart cities. Vehicular
Communications 20, 100188. https://doi.org/10.1016/j.vehcom.2019.100188.

Barone, G., Brusco, G., Menniti, D., Pinnarelli, A., Polizzi, G., Sorrentino, N., Vizza, P., Burgio,
A., 2020. How Smart Metering and Smart Charging may Help a Local Energy Community in
Collective Self-Consumption in Presence of Electric Vehicles. Energies 13, 4163.
https://doi.org/10.3390/en13164163.

Baumgartner, N., Weyer, K., Eckmann, L., Fichtner, W., 2023. How to integrate users into smart
charging — A critical and systematic review. Energy Research & Social Science 100, 103113.
https://doi.org/10.1016/j.erss.2023.103113.

Benalcazar, P., Samper, M.E., Vargas, A., 2019. Short-term economic dispatch of smart
distribution grids considering the active role of plug-in electric vehicles. Electric Power
Systems Research 177, 1-11. https://doi.org/10.1016/j.epsr.2019.105932.

Bhattarai, B., Myers, K., Bak-Jensen, B., Paudyal, S., 2017. Multi-Time Scale Control of Demand
Flexibility in Smart Distribution Networks. Energies 10, 1-18.
https://doi.org/10.3390/en10010037.

Bin Humayd, A.S., Bhattacharya, K., 2017. Distribution system planning to accommodate
distributed energy resources and PEVs. Electric Power Systems Research 145, 1-11.
https://doi.org/10.1016/j.epsr.2016.12.016.

Bishop, J.D., Axon, C.J., Bonilla, D., Banister, D., 2016. Estimating the grid payments necessary
to compensate additional costs to prospective electric vehicle owners who provide vehicle-to-
grid ancillary services. Energy 94, 715-727. https://doi.org/10.1016/j.enerqy.2015.11.029.

Blumberg, G., Broll, R., Weber, C., 2022. The impact of electric vehicles on the future European
electricity system — A scenario analysis. Energy Policy 161, 112751.
https://doi.org/10.1016/j.enpol.2021.112751.

Brandt, T., Wagner, S., Neumann, D., 2017. Evaluating a business model for vehicle-grid
integration: Evidence from Germany. Transportation Research Part D: Transport and
Environment 50, 488-504. https://doi.org/10.1016/j.trd.2016.11.017.

Braun, V., Clarke, V., 2006. Using thematic analysis in psychology. Qualitative Research in
Psychology 3, 77-101. https://doi.org/10.1191/14780887069p0630a.

Bryden, T.S., Hilton, G., Dimitrov, B., Ponce de Leon, C., Cruden, A., 2019. Rating a Stationary
Energy Storage System Within a Fast Electric Vehicle Charging Station Considering User

130


https://doi.org/10.1109/TPWRS.2014.2385834
https://doi.org/10.1016/j.ijepes.2018.08.021
https://doi.org/10.1016/j.energy.2019.116084
https://doi.org/10.1016/j.tra.2015.09.004
https://doi.org/10.1016/j.vehcom.2019.100188
https://doi.org/10.3390/en13164163
https://doi.org/10.1016/j.erss.2023.103113
https://doi.org/10.1016/j.epsr.2019.105932
https://doi.org/10.3390/en10010037
https://doi.org/10.1016/j.epsr.2016.12.016
https://doi.org/10.1016/j.energy.2015.11.029
https://doi.org/10.1016/j.enpol.2021.112751
https://doi.org/10.1016/j.trd.2016.11.017
https://doi.org/10.1191/1478088706qp063oa

References

Waiting Times. IEEE Trans. Transp. Electrific. 5, 879-889.
https://doi.org/10.1109/TTE.2019.2910401.

Buonomano, A., 2020. Building to Vehicle to Building concept: A comprehensive parametric and
sensitivity analysis for decision making aims. Applied Energy 261, 114077.
https://doi.org/10.1016/j.apenergy.2019.114077.

Capasso, C., Veneri, O., 2015. Experimental study of a DC charging station for full electric and
plug in hybrid vehicles. Applied Energy 152, 131-142.
https://doi.org/10.1016/j.apenergy.2015.04.040.

Chadwick, K., Russell-Bennett, R., Biddle, N., 2022. The role of human influences on adoption
and rejection of energy technology: A systematised critical review of the literature on
household energy transitions. Energy Research & Social Science 89, 102528.
https://doi.org/10.1016/j.erss.2022.102528.

Chen, C., Zarazua de Rubens, G., Noel, L., Kester, J., Sovacool, B.K., 2020a. Assessing the socio-
demographic, technical, economic and behavioral factors of Nordic electric vehicle adoption
and the influence of vehicle-to-grid preferences. Renewable and Sustainable Energy Reviews
121, 1-13. https://doi.org/10.1016/j.rser.2019.109692.

Chen, S., Guo, Z., Yang, Z., Xu, Y., Cheng, R.S., 2020b. A Game Theoretic Approach to Phase
Balancing by Plug-In Electric Vehicles in the Smart Grid. IEEE Trans. Power Syst. 35, 2232—
2244, https://doi.org/10.1109/TPWRS.2019.2946178.

Cheng, P.-H., Huang, T.-H., Chien, Y.-W., Wu, C.-L., Tai, C.-S., Fu, L.-C., 2020. Demand-side
management in residential community realizing sharing economy with bidirectional PEV
while additionally considering commercial area. International Journal of Electrical Power &
Energy Systems 116, 105512. https://doi.org/10.1016/].ijepes.2019.105512.

Coffman, M., Bernstein, P., Wee, S., 2017. Electric vehicles revisited: a review of factors that
affect adoption. Transport Reviews 37, 79-93.
https://doi.org/10.1080/01441647.2016.1217282.

Daina, N., Sivakumar, A., Polak, J.W., 2017. Electric vehicle charging choices: Modelling and
implications for smart charging services. Transportation Research Part C: Emerging
Technologies 81, 36-56. https://doi.org/10.1016/j.trc.2017.05.006.

Das, H.S., Rahman, M.M., Li, S., Tan, C.W., 2020. Electric vehicles standards, charging
infrastructure, and impact on grid integration: A technological review. Renewable and
Sustainable Energy Reviews 120, 109618. https://doi.org/10.1016/j.rser.2019.109618.

DeForest, N., Macdonald, J.S., Black, D., 2018. Day Ahead Optimization of an Electric Vehicle
Fleet Providing Ancillary Services in the Los Angeles Air Force Base Vehicle-to-Grid
Demonstration. Applied Energy, 987—-1001. https://doi.org/10.1016/j.apenergy.2017.07.069.

DeGennaro, M., Paffumi, E., Martini, G., 2015. Customer-driven design of the recharge
infrastructure and Vehicle-to-Grid in urban areas: A large-scale application for electric
vehicles deployment. Energy 82, 294-311. https://doi.org/10.1016/j.energy.2015.01.039.

Deilami, S., 2018. Online Coordination of Plug-In Electric Vehicles Considering Grid Congestion
and Smart Grid Power Quality. Energies 11, 2187. https://doi.org/10.3390/en11092187.

Delmonte, E., Kinnear, N., Jenkins, B., Skippon, S., 2020. What do consumers think of smart
charging? Perceptions among actual and potential plug-in electric vehicle adopters in the
United Kingdom. Energy  Research &  Social  Science 60, 1-12.
https://doi.org/10.1016/j.erss.2019.101318.

131


https://doi.org/10.1109/TTE.2019.2910401
https://doi.org/10.1016/j.apenergy.2019.114077
https://doi.org/10.1016/j.apenergy.2015.04.040
https://doi.org/10.1016/j.erss.2022.102528
https://doi.org/10.1016/j.rser.2019.109692
https://doi.org/10.1109/TPWRS.2019.2946178
https://doi.org/10.1016/j.ijepes.2019.105512
https://doi.org/10.1080/01441647.2016.1217282
https://doi.org/10.1016/j.trc.2017.05.006
https://doi.org/10.1016/j.rser.2019.109618
https://doi.org/10.1016/j.apenergy.2017.07.069
https://doi.org/10.1016/j.energy.2015.01.039
https://doi.org/10.3390/en11092187
https://doi.org/10.1016/j.erss.2019.101318

References

Dixon, J., Bukhsh, W., Edmunds, C., Bell, K., 2020. Scheduling electric vehicle charging to
minimise carbon emissions and wind curtailment. Renewable Energy 161, 1072-1091.
https://doi.org/10.1016/j.renene.2020.07.017.

Dobelt, S., Jung, M., Busch, M., Tscheligi, M., 2015. Consumers’ privacy concerns and
implications for a privacy preserving Smart Grid architecture—Results of an Austrian study.
Energy Research & Social Science 9, 137-145. https://doi.org/10.1016/j.erss.2015.08.022.

Druitt, J., Friih, W.-G., 2012. Simulation of demand management and grid balancing with electric
vehicles. Journal of Power Sources 216, 104-116.
https://doi.org/10.1016/j.jpowsour.2012.05.033.

Earl, J., Fell, M.J., 2019. Electric vehicle manufacturers’ perceptions of the market potential for
demand-side flexibility using electric vehicles in the United Kingdom. Energy Policy 129,
646-652. https://doi.org/10.1016/j.enpol.2019.02.040.

Ebrahimi, M., Rastegar, M., Mohammadi, M., Palomino, A., Parvania, M., 2020. Stochastic
Charging Optimization of V2G-Capable PEVs: A Comprehensive Model for Battery Aging
and Customer Service Quality. IEEE Trans. Transp. Electrific. 6, 1026-1034.
https://doi.org/10.1109/TTE.2020.3005875.

Eising, J.W., van Onna, T., Alkemade, F., 2014. Towards smart grids: Identifying the risks that
arise from the integration of energy and transport supply chains. Applied Energy 123, 448—
455, https://doi.org/10.1016/j.apenergy.2013.12.017.

Ensslen, A., Ringler, P., Dérr, L., Jochem, P., Zimmermann, F., Fichtner, W., 2018. Incentivizing
smart charging: Modeling charging tariffs for electric vehicles in German and French
electricity markets. Energy Research &  Social Science 42, 112-126.
https://doi.org/10.1016/j.erss.2018.02.013.

Erden, F., Kisacikoglu, M.C., Erdogan, N., 2018. Adaptive V2G Peak Shaving and Smart
Charging Control for Grid Integration of PEVs. Electric Power Components and Systems 46,
1494-1508. https://doi.org/10.1080/15325008.2018.1489435.

Faddel, S., Youssef, T., Elsayed, A.T., Mohammed, O.A., 2018. An Automated Charger for
Large-Scale Adoption of Electric Vehicles. IEEE Trans. Transp. Electrific. 4, 971-984.
https://doi.org/10.1109/TTE.2018.2850526.

Fan, H., Jiang, L., Zhang, C.-K., Mao, C., 2016. Frequency regulation of multi-area power
systems with plug-in electric vehicles considering communication delays. IET Generation,
Transmission & Distribution 10, 3481-3491. https://doi.org/10.1049/iet-gtd.2016.0108.

Ferro, G., Laureri, F., Minciardi, R., Robba, M., 2018. An optimization model for electrical
vehicles scheduling in a smart grid. Sustainable Energy, Grids and Networks 14, 62—70.
https://doi.org/10.1016/j.segan.2018.04.002.

Ferro, G., Minciardi, R., Parodi, L., Robba, M., Rossi, M., 2020. Optimal Control of Multiple
Microgrids and  Buildings by an  Aggregator. Energies 13,  1058.
https://doi.org/10.3390/en13051058.

Fetene, G.M., Kaplan, S., Sebald, A.C., Prato, C.G., 2017. Myopic loss aversion in the response
of electric vehicle owners to the scheduling and pricing of vehicle charging. Transportation
Research Part D: Transport and Environment 50, 345-356.
https://doi.org/10.1016/j.trd.2016.11.020.

Flammini, M.G., Prettico, G., Julea, A., Fulli, G., Mazza, A., Chicco, G., 2019. Statistical
characterisation of the real transaction data gathered from electric vehicle charging stations.
Electric Power Systems Research 166, 136—150. https://doi.org/10.1016/j.epsr.2018.09.022.

132


https://doi.org/10.1016/j.renene.2020.07.017
https://doi.org/10.1016/j.erss.2015.08.022
https://doi.org/10.1016/j.jpowsour.2012.05.033
https://doi.org/10.1016/j.enpol.2019.02.040
https://doi.org/10.1109/TTE.2020.3005875
https://doi.org/10.1016/j.apenergy.2013.12.017
https://doi.org/10.1016/j.erss.2018.02.013
https://doi.org/10.1080/15325008.2018.1489435
https://doi.org/10.1109/TTE.2018.2850526
https://doi.org/10.1049/iet-gtd.2016.0108
https://doi.org/10.1016/j.segan.2018.04.002
https://doi.org/10.3390/en13051058
https://doi.org/10.1016/j.trd.2016.11.020
https://doi.org/10.1016/j.epsr.2018.09.022

References

Garcia-Villalobos, J., Zamora, I., San Martin, J.I., Asensio, F.J., Aperribay, V., 2014. Plug-in
electric vehicles in electric distribution networks: A review of smart charging approaches.
Renewable and Sustainable Energy Reviews 38, 717-731.
https://doi.org/10.1016/j.rser.2014.07.040.

Geske, J., Schumann, D., 2018. Willing to participate in vehicle-to-grid (V2G)? Why not! Energy
Policy 120, 392-401. https://doi.org/10.1016/j.enpol.2018.05.004.

Gonzalez Venegas, F., Petit, M., Perez, Y., 2021. Active integration of electric vehicles into
distribution grids: Barriers and frameworks for flexibility services. Renewable and
Sustainable Energy Reviews 145, 1-16. https://doi.org/10.1016/j.rser.2021.111060.

Grant, M.J., Booth, A., 2009. A typology of reviews: an analysis of 14 review types and associated
methodologies.  Health  information and  libraries  journal 26, 91-108.
https://doi.org/10.1111/j.1471-1842.2009.00848.x.

Hardman, S., Jenn, A, Tal, G., Axsen, J., Beard, G., Daina, N., Figenbaum, E., Jakobsson, N.,
Jochem, P., Kinnear, N., Pl6tz, P., Pontes, J., Refa, N., Sprei, F., Turrentine, T., Witkamp, B.,
2018. A review of consumer preferences of and interactions with electric vehicle charging
infrastructure. Transportation Research Part D: Transport and Environment 62, 508-523.
https://doi.org/10.1016/j.trd.2018.04.002.

Hariri, A.-M., Hejazi, M.A., Hashemi-Dezaki, H., 2019. Reliability optimization of smart grid
based on optimal allocation of protective devices, distributed energy resources, and electric
vehicle/plug-in hybrid electric vehicle charging stations. Journal of Power Sources 436,
226824. https://doi.org/10.1016/j.jpowsour.2019.226824.

Hidrue, M.K., Parsons, G.R., 2015. Is there a near-term market for vehicle-to-grid electric
vehicles? Applied Energy 151, 67—76. https://doi.org/10.1016/j.apenergy.2015.04.051.

Hong, J., Koo, Y., Jeong, G., Lee, J., 2012. Ex-ante evaluation of profitability and government’s
subsidy policy on vehicle-to-grid  system. Energy Policy 42, 95-104.
https://doi.org/10.1016/j.enpol.2011.11.053.

Hoog, J. de, Alpcan, T., Brazil, M., Thomas, D.A., Mareels, I., 2015. Optimal Charging of Electric
Vehicles Taking Distribution Network Constraints Into Account. IEEE Trans. Power Syst.
30, 365-375. https://doi.org/10.1109/TPWRS.2014.2318293.

Huang, Y., 2019. Day-Ahead Optimal Control of PEV Battery Storage Devices Taking Into
Account the Voltage Regulation of the Residential Power Grid. IEEE Trans. Power Syst. 34,
4154-4167. https://doi.org/10.1109/TPWRS.2019.2917009.

Huber, J., Schaule, E., Jung, D., Weinhardt, C., 2019. Quo Vadis Smart Charging? A Literature
Review and Expert Survey on Technical Potentials and User Acceptance of Smart Charging
Systems. WEVJ 10, 85. https://doi.org/10.3390/wevj10040085.

Huckebrink, D., Bertsch, V., 2021. Integrating Behavioural Aspects in Energy System
Modelling—A Review. Energies 14, 4579. https://doi.org/10.3390/en14154579.

International Energy Agency, 2020. Electric Vehicles. https://www.iea.org/reports/electric-
vehicles (accessed 31 August 2021).

International Energy Agency, 2021. Electric Vehicles. https://www.iea.org/reports/electric-
vehicles (accessed 31 August 2022).

International Energy Agency, 2022. Global EV Outlook 2022: Securing supplied for an electric
future, 221 pp.

133


https://doi.org/10.1016/j.rser.2014.07.040
https://doi.org/10.1016/j.enpol.2018.05.004
https://doi.org/10.1016/j.rser.2021.111060
https://doi.org/10.1111/j.1471-1842.2009.00848.x
https://doi.org/10.1016/j.trd.2018.04.002
https://doi.org/10.1016/j.jpowsour.2019.226824
https://doi.org/10.1016/j.apenergy.2015.04.051
https://doi.org/10.1016/j.enpol.2011.11.053
https://doi.org/10.1109/TPWRS.2014.2318293
https://doi.org/10.1109/TPWRS.2019.2917009
https://doi.org/10.3390/wevj10040085
https://doi.org/10.3390/en14154579
https://www.iea.org/reports/electric-vehicles
https://www.iea.org/reports/electric-vehicles
https://www.iea.org/reports/electric-vehicles
https://www.iea.org/reports/electric-vehicles

References

loakimidis, C.S., Thomas, D., Rycerski, P., Genikomsakis, K.N., 2018. Peak shaving and valley
filling of power consumption profile in non-residential buildings using an electric vehicle
parking lot. Energy 148, 148-158. https://doi.org/10.1016/j.energy.2018.01.128.

Jain, P, Das, A, Jain, T., 2019. Aggregated electric vehicle resource modelling for regulation
services commitment in power grid. Sustainable Cities and Society 45, 439-450.
https://doi.org/10.1016/j.5¢s.2018.11.046.

Jargstorf, J., Wickert, M., 2013. Offer of secondary reserve with a pool of electric vehicles on the
German market. Energy Policy 62, 185-195. https://doi.org/10.1016/j.enpol.2013.06.088.

Jeon, W., Cho, S., Lee, S., 2020. Estimating the Impact of Electric VVehicle Demand Response
Programs in a Grid with Varying Levels of Renewable Energy Sources: Time-of-Use Tariff
versus Smart Charging. Energies 13, 1-22. https://doi.org/10.3390/en13174365.

Jia, Q.-S., Long, T., 2020. A review on charging behavior of electric vehicles: data, model, and
control. Control Theory Technol. 18, 217-230. https://doi.org/10.1007/s11768-020-0048-8.

Jian, L., Zechun, H., Banister, D., Yonggiang, Z., Zhongying, W., 2018. The future of energy
storage shaped by electric vehicles: A perspective from China. Energy 154, 249-257.
https://doi.org/10.1016/j.enerqy.2018.04.124.

Jiang, C., Jing, Z., Ji, T., Wu, Q., 2018. Optimal location of PEVCSs using MAS and ER
approach. IET  Generation, Transmission &  Distribution 12, 4377-4387.
https://doi.org/10.1049/iet-qtd.2017.1907.

Jin, R., Zuo, D., Zhang, X., Sun, W., 2019. An Orderly Power Utilization Scheme Based on an
Intelligent Multi-Agent  Apanage Management System. Energies 12, 4563.
https://doi.org/10.3390/en12234563.

Kahlen, M.T., Ketter, W., van Dalen, J., 2018. Electric Vehicle Virtual Power Plant Dilemma:
Grid Balancing Versus Customer Mobility. Prod Oper Manag 27, 2054-2070.
https://doi.org/10.1111/poms.12876.

Kamiya, G., Axsen, J., Crawford, C., 2019. Modeling the GHG emissions intensity of plug-in
electric vehicles using short-term and long-term perspectives. Transportation Research Part
D: Transport and Environment 69, 209-223. https://doi.org/10.1016/j.trd.2019.01.027.

Kara, E.C., Macdonald, J.S., Black, D., Bérges, M., Hug, G., Kiliccote, S., 2015. Estimating the
benefits of electric vehicle smart charging at non-residential locations: A data-driven
approach. Applied Energy 155, 515-525. https://doi.org/10.1016/j.apenergy.2015.05.072.

Kavousi-Fard, A., Khodaei, A., 2016. Efficient integration of plug-in electric vehicles via
reconfigurable microgrids. Energy 111, 653-663.
https://doi.org/10.1016/j.enerqy.2016.06.018.

Kempton, W., Letendre, S.E., 1997. Electric Vehicles as a new Power Source for Eletcrtic
Utilities. Transportation Research Part D: Transport and Environment, 3, 157-175.

Kempton, W., Tomi¢, J., 2005. Vehicle-to-grid power implementation: From stabilizing the grid
to supporting large-scale renewable energy. Journal of Power Sources 144, 280-294.
https://doi.org/10.1016/j.jpowsour.2004.12.022.

Kester, J., Noel, L., Zarazua de Rubens, G., Sovacool, B.K., 2018. Promoting Vehicle to Grid
(V2G) in the Nordic region: Expert advice on policy mechanisms for accelerated diffusion.
Energy Policy 116, 422-432. https://doi.org/10.1016/j.enpol.2018.02.024.

Kester, J., Zarazua de Rubens, G., Sovacool, B.K., Noel, L., 2019. Public perceptions of electric
vehicles and vehicle-to-grid (V2G): Insights from a Nordic focus group study. Transportation

134


https://doi.org/10.1016/j.energy.2018.01.128
https://doi.org/10.1016/j.scs.2018.11.046
https://doi.org/10.1016/j.enpol.2013.06.088
https://doi.org/10.3390/en13174365
https://doi.org/10.1007/s11768-020-0048-8
https://doi.org/10.1016/j.energy.2018.04.124
https://doi.org/10.1049/iet-gtd.2017.1907
https://doi.org/10.3390/en12234563
https://doi.org/10.1111/poms.12876
https://doi.org/10.1016/j.trd.2019.01.027
https://doi.org/10.1016/j.apenergy.2015.05.072
https://doi.org/10.1016/j.energy.2016.06.018
https://doi.org/10.1016/j.jpowsour.2004.12.022
https://doi.org/10.1016/j.enpol.2018.02.024

References

Research Part D: Transport and Environment 74, 277-293.
https://doi.org/10.1016/j.trd.2019.08.006.

Khan, S.A., Bohnsack, R., 2020. Influencing the disruptive potential of sustainable technologies
through value proposition design: The case of vehicle-to-grid technology. Journal of Cleaner
Production 254. https://doi.org/10.1016/j.jclepro.2020.120018.

Kordkheili, A.R., Pourmousavi, S., Savaghebi, M., Guerrero, J., Nehrir, M., 2016. Assessing the
Potential of Plug-in Electric Vehicles in Active Distribution Networks. Energies 9, 34.
https://doi.org/10.3390/en9010034.

Kubli, M., Loock, M., Wistenhagen, R., 2018. The flexible prosumer: Measuring the willingness
to co-create distributed flexibility. Energy Policy 114, 540-548.
https://doi.org/10.1016/j.enpol.2017.12.044.

Lee, C.-Y., Jang, J.-W., Lee, M.-K., 2020a. Willingness to accept values for vehicle-to-grid
service in South Korea. Transportation Research Part D: Transport and Environment 87, 1—
10. https://doi.org/10.1016/j.trd.2020.102487.

Lee, H.-J.,, Oh, B.-C., Kim, S.-W., Kim, S.-Y., 2020b. V2G Strategy for Improvement of
Distribution Network Reliability Considering Time Space Network of EVs. Energies 13,
4415. https://doi.org/10.3390/en13174415.

Li, X., Tan, Y., Liu, X,, Liao, Q., Sun, B., Cao, G, Li, C., Yang, X., Wang, Z., 2020. A cost-
benefit analysis of V2G electric vehicles supporting peak shaving in Shanghai. Electric Power
Systems Research 179, 106058. https://doi.org/10.1016/j.epsr.2019.106058.

Littell, J.H., Corcoran, J., Pillai, V.K., 2008. Systematic reviews and meta-analysis. Oxford
University Press, Oxford, New York, vi, 202.

Liu, Z., Wang, D., Jia, H., Djilali, N., 2014. Power system operation risk analysis considering
charging load self-management of plug-in hybrid electric vehicles. Applied Energy 136, 662—
670. https://doi.org/10.1016/j.apenergy.2014.09.069.

Lotfy, M., Senjyu, T., Farahat, M., Abdel-Gawad, A., Matayoshi, H., 2017. A Polar Fuzzy Control
Scheme for Hybrid Power System Using Vehicle-To-Grid Technique. Energies 10, 1083.
https://doi.org/10.3390/en10081083.

Luh, S., Kannan, R., Schmidt, T.J., Kober, T., 2022. Behavior matters: A systematic review of
representing consumer mobility choices in energy models. Energy Research & Social Science
90, 1-23. https://doi.org/10.1016/j.erss.2022.102596.

Lyon, T.P., Michelin, M., Jongejan, A., Leahy, T., 2012. Is “smart charging” policy for electric
vehicles worthwhile? Energy Policy 41, 259-268.
https://doi.org/10.1016/j.enpol.2011.10.045.

Maeng, K., Ko, S., Shin, J., Cho, Y., 2020. How Much Electricity Sharing Will Electric Vehicle
Owners Allow from Their Battery? Incorporating Vehicle-to-Grid Technology and Electricity
Generation Mix. Energies 13, 4248. https://doi.org/10.3390/en13164248.

Maigha, M., Crow, M.L., 2018. Electric Vehicle Scheduling Considering Co-optimized Customer
and  System  Objectives. IEEE  Trans.  Sustain. Energy 9, 410-419.
https://doi.org/10.1109/TSTE.2017.2737146.

Mayring, P., 2015. Qualitative Inhaltsanalyse: Grundlagen und Techniken, 12th ed. Beltz,
Weinheim, 5 pp.

135


https://doi.org/10.1016/j.trd.2019.08.006
https://doi.org/10.1016/j.jclepro.2020.120018
https://doi.org/10.3390/en9010034
https://doi.org/10.1016/j.enpol.2017.12.044
https://doi.org/10.1016/j.trd.2020.102487
https://doi.org/10.3390/en13174415
https://doi.org/10.1016/j.epsr.2019.106058
https://doi.org/10.1016/j.apenergy.2014.09.069
https://doi.org/10.3390/en10081083
https://doi.org/10.1016/j.erss.2022.102596
https://doi.org/10.1016/j.enpol.2011.10.045
https://doi.org/10.3390/en13164248
https://doi.org/10.1109/TSTE.2017.2737146

References

Mazza, A., Mirtaheri, H., Chicco, G., Russo, A., Fantino, M., 2020. Location and Sizing of
Battery Energy Storage Units in Low Voltage Distribution Networks. Energies 13, 52.
https://doi.org/10.3390/en13010052.

Moghaddam, Z., Ahmad, I., Habibi, D., Phung, Q.V., 2018. Smart Charging Strategy for Electric
Vehicle Charging Stations. IEEE  Trans. Transp. Electrific. 4, 76-88.
https://doi.org/10.1109/TTE.2017.2753403.

Naghdizadegan Jahromi, S., Askarzadeh, A., Abdollahi, A., 2017. Modelling probabilistic
transmission expansion planning in the presence of plug-in electric vehicles uncertainty by
multi-state Markov model. IET Generation, Transmission & Distribution 11, 1716-1725.
https://doi.org/10.1049/iet-gtd.2016.1330.

Noel, L., Papu Carrone, A., Jensen, A.F., Zarazua de Rubens, G., Kester, J., Sovacool, B.K.,
2019a. Willingness to pay for electric vehicles and vehicle-to-grid applications: A Nordic
choice experiment. Energy Economics 78, 525-534.
https://doi.org/10.1016/j.eneco.2018.12.014.

Noel, L., Rubens, G.Z. de, Kester, Johannes, Sovacool, Benjamin K., 2019b. Vehicle-to-Grid: A
Sociotechnical Transistion Beyond Electric Mobility. Palgrave Macmillan, Cham,
Switzerland, 271 pp.

Noel, L., Zarazua de Rubens, G., Kester, J., Sovacool, B.K., 2018a. Beyond emissions and
economics: Rethinking the co-benefits of electric vehicles (EVs) and vehicle-to-grid (V2G).
Transport Policy 71, 130-137. https://doi.org/10.1016/j.tranpol.2018.08.004.

Noel, L., Zarazua de Rubens, G., Kester, J., Sovacool, B.K., 2021. Leveraging user-based
innovation in vehicle-to-X and vehicle-to-grid adoption: A Nordic case study. Journal of
Cleaner Production 287, 125591. https://doi.org/10.1016/].jclepro.2020.125591.

Noel, L., Zarazua de Rubens, G., Sovacool, B.K., 2018b. Optimizing innovation, carbon and
health in transport: Assessing socially optimal electric mobility and vehicle-to-grid pathways
in Denmark. Energy 153, 628—-637. https://doi.org/10.1016/j.energy.2018.04.076.

Nojavan, S., Zare, K., 2018. Optimal energy pricing for consumers by electricity retailer.
International Journal of Electrical Power & Energy Systems 102, 401-412.
https://doi.org/10.1016/j.ijepes.2018.05.013.

Noorollahi, Y., Golshanfard, A., Aligholian, A., Mohammadi-Ivatloo, B., Nielsen, S.,
Hajinezhad, A., 2020. Sustainable Energy System Planning for an Industrial Zone by
Integrating Electric Vehicles as Energy Storage. Journal of Energy Storage 30, 1-12.
https://doi.org/10.1016/j.est.2020.101553.

O’Connell, A., Flynn, D., Keane, A., 2014. Rolling Multi-Period Optimization to Control Electric
Vehicle Charging in Distribution Networks. IEEE Trans. Power Syst. 29, 340-348.
https://doi.org/10.1109/TPWRS.2013.2279276.

Parsons, G.R., Hidrue, M.K., Kempton, W., Gardner, M.P., 2014. Willingness to pay for vehicle-
to-grid (V2G) electric vehicles and their contract terms. Energy Economics 42, 313-324.
https://doi.org/10.1016/j.enec0.2013.12.018.

Pearre, N.S., Ribberink, H., 2019. Review of research on V2X technologies, strategies, and
operations.  Renewable and  Sustainable  Energy  Reviews 105, 61-70.
https://doi.org/10.1016/j.rser.2019.01.047.

Petticrew, M., Roberts, H., 2006. Systematic reviews in the social sciences: A practical guide /
Mark Petticrew and Helen Roberts. Blackwell, Oxford, 354 pp.

136


https://doi.org/10.3390/en13010052
https://doi.org/10.1109/TTE.2017.2753403
https://doi.org/10.1049/iet-gtd.2016.1330
https://doi.org/10.1016/j.eneco.2018.12.014
https://doi.org/10.1016/j.tranpol.2018.08.004
https://doi.org/10.1016/j.jclepro.2020.125591
https://doi.org/10.1016/j.energy.2018.04.076
https://doi.org/10.1016/j.ijepes.2018.05.013
https://doi.org/10.1016/j.est.2020.101553
https://doi.org/10.1109/TPWRS.2013.2279276
https://doi.org/10.1016/j.eneco.2013.12.018
https://doi.org/10.1016/j.rser.2019.01.047

References

Pettifor, H., Wilson, C., Axsen, J., Abrahamse, W., Anable, J., 2017. Social influence in the global
diffusion of alternative fuel vehicles — A meta-analysis. Journal of Transport Geography 62,
247-261. https://doi.org/10.1016/j.jtrange0.2017.06.009.

Ramakrishna Reddy, K., Meikandasivam, S., 2020. Load Flattening and Voltage Regulation
Using Plug-In Electric Vehicle’s Storage Capacity With Vehicle Prioritization Using ANFIS.
IEEE Trans. Sustain. Energy 11, 260—-270. https://doi.org/10.1109/TSTE.2018.2890145.

Ramakrishna Reddy, K., Meikandasivam, S., Vijayakumar, D., 2019. A novel strategy for
maximization of plug-In electric vehicle’s storage utilization for grid support with
consideration of customer flexibility. Electric Power Systems Research 170, 158-175.
https://doi.org/10.1016/j.epsr.2018.12.031.

Rogers, E.M., 1983. Diffusion of innovations, 3" ed. Free Press; Collier Macmillan, New York,
London, 236 pp.

Rostami, M.A., Raoofat, M., 2016. Optimal operating strategy of virtual power plant considering
plug-in hybrid electric vehicles load. Int. Trans. Electr. Energ. Syst. 26, 236-252.
https://doi.org/10.1002/etep.2074.

Sachan, S., Adnan, N., 2018. Stochastic charging of electric vehicles in smart power distribution
grids. Sustainable Cities and Society 40, 91-100. https://doi.org/10.1016/j.5¢s.2018.03.031.

Sadeghian, O., Nazari-Heris, M., Abapour, M., Taheri, S.S., Zare, K., 2019. Improving reliability
of distribution networks using plug-in electric vehicles and demand response. J. Mod. Power
Syst. Clean Energy 7, 1189-1199. https://doi.org/10.1007/s40565-019-0523-8.

Schill, W.-P., 2011. Electric vehicles in imperfect electricity markets: The case of Germany.
Energy Policy 39, 6178-6189. https://doi.org/10.1016/j.enpol.2011.07.018.

Schmalful3, F., Mair, C., Dobelt, S., Kdmpfe, B., Wistemann, R., Krems, J.F., Keinath, A., 2015.
User responses to a smart charging system in Germany: Battery electric vehicle driver
motivation, attitudes and acceptance. Energy Research & Social Science 9, 60-71.
https://doi.org/10.1016/j.erss.2015.08.019.

Schuller, A, Flath, C.M., Gottwalt, S., 2015. Quantifying load flexibility of electric vehicles for
renewable energy integration. Applied Energy 151, 335-344.
https://doi.org/10.1016/j.apenergy.2015.04.004.

Sharma, S., Jain, P., Bhakar, R., Gupta, P.P., 2018 - 2018. Integrated TOU Price-Based Demand
Response and Dynamic G2V Charge Scheduling of Electric Vehicle Aggregator, in: 2018 8"
IEEE India International Conference on Power Electronics (IICPE). 2018 8" IEEE India
International Conference on Power Electronics (IICPE), JAIPUR, India. 13.12.2018 -
15.12.2018. IEEE, pp. 1-6.

Sovacool, B.K., 2014. What are we doing here? Analyzing fifteen years of energy scholarship
and proposing a social science research agenda. Energy Research & Social Science 1, 1-29.
https://doi.org/10.1016/j.erss.2014.02.003.

Sovacool, B.K., Axsen, J., Kempton, W., 2017. The Future Promise of Vehicle-to-Grid (V2G)
Integration: A Sociotechnical Review and Research Agenda. Annu. Rev. Environ. Resour.
42, 377-406. https://doi.org/10.1146/annurev-environ-030117-020220.

Sovacool, B.K., Hirsh, R.F., 2009. Beyond batteries: An examination of the benefits and barriers
to plug-in hybrid electric vehicles (PHEVs) and a vehicle-to-grid (V2G) transition. Energy
Policy 37, 1095-1103. https://doi.org/10.1016/j.enpol.2008.10.005.

Sovacool, B.K., Kester, J., Noel, L., Rubens, G.Z. de, 2019a. Income, political affiliation,
urbanism and geography in stated preferences for electric vehicles (EVs) and vehicle-to-grid

137


https://doi.org/10.1016/j.jtrangeo.2017.06.009
https://doi.org/10.1109/TSTE.2018.2890145
https://doi.org/10.1016/j.epsr.2018.12.031
https://doi.org/10.1002/etep.2074
https://doi.org/10.1016/j.scs.2018.03.031
https://doi.org/10.1007/s40565-019-0523-8
https://doi.org/10.1016/j.enpol.2011.07.018
https://doi.org/10.1016/j.erss.2015.08.019
https://doi.org/10.1016/j.apenergy.2015.04.004
https://doi.org/10.1016/j.erss.2014.02.003
https://doi.org/10.1146/annurev-environ-030117-020220
https://doi.org/10.1016/j.enpol.2008.10.005

References

(V2G) technologies in Northern Europe. Journal of Transport Geography 78, 214-229.
https://doi.org/10.1016/j.jtrange0.2019.06.006.

Sovacool, B.K., Kester, J., Noel, L., Rubens, G.Z. de, 2018. The demographics of decarbonizing
transport: The influence of gender, education, occupation, age, and household size on electric
mobility preferences in the Nordic region. Global Environmental Change 52, 86-100.
https://doi.org/10.1016/j.gloenvcha.2018.06.008.

Sovacool, B.K., Kester, J., Noel, L., Zarazua de Rubens, G., 2019. Are electric vehicles
masculinized? Gender, identity, and environmental values in Nordic transport practices and
vehicle-to-grid (V2G) preferences. Transportation Research Part D: Transport and
Environment 72, 187-202. https://doi.org/10.1016/j.trd.2019.04.013.

Sovacool, B.K., Kester, J., Noel, L., Zarazua de Rubens, G., 2020. Actors, business models, and
innovation activity systems for vehicle-to-grid (V2G) technology: A comprehensive review.
Renewable and Sustainable Energy Reviews 131, 109963.
https://doi.org/10.1016/j.rser.2020.109963.

Sovacool, B.K., Ryan, S.E., Stern, P.C., Janda, K., Rochlin, G., Spreng, D., Pasqualetti, M.J.,
Wilhite, H., Lutzenhiser, L., 2015. Integrating social science in energy research. Energy
Research & Social Science 6, 95-99. https://doi.org/10.1016/j.erss.2014.12.005.

Spencer, S.1., Fu, Z., Apostolaki-losifidou, E., Lipman, T.E., 2021. Evaluating smart charging
strategies using real-world data from optimized plugin electric vehicles. Transportation
Research  Part D: Transport and  Environment 100, 103023, 1-17.
https://doi.org/10.1016/j.trd.2021.103023.

Su, J., Lie, T.T., Zamora, R., 2019. Modelling of large-scale electric vehicles charging demand:
A New Zealand case study. Electric Power Systems Research 167, 171-182.
https://doi.org/10.1016/j.epsr.2018.10.030.

Sufyan, M., Rahim, N.A., Muhammad, M.A., Tan, C.K., Raihan, S.R.S., Bakar, A.H.B.A., 2020.
Charge coordination and battery lifecycle analysis of electric vehicles with V2G
implementation. Electric Power Systems Research 184, 106307.
https://doi.org/10.1016/j.epsr.2020.106307.

Sun, Y. Yue, H., Zhang, J., Booth, C., 2019. Minimization of Residential Energy Cost
Considering Energy Storage System and EV With Driving Usage Probabilities. IEEE Trans.
Sustain. Energy 10, 1752-1763. https://doi.org/10.1109/TSTE.2018.2870561.

Tarroja, B., Zhang, L., van Wifvat, Shaffer, B., Samuelsen, S., 2016. Assessing the stationary
energy storage equivalency of vehicle-to-grid charging battery electric vehicles. Energy 106,
673-690. https://doi.org/10.1016/j.energy.2016.03.094.

Tomi¢, J., Kempton, W., 2007. Using fleets of electric-drive vehicles for grid support. Journal of
Power Sources 168, 459-468. https://doi.org/10.1016/j.jpowsour.2007.03.010.

Toquica, D., Oliveira-De Jesus, P.M. de, Cadena, A.l., 2020. Power market equilibrium
considering an EV storage aggregator exposed to marginal prices - A bilevel optimization
approach. Journal of Energy Storage 28, 101267. https://doi.org/10.1016/j.est.2020.101267.

Tranfield, D., Denyer, D., Smart, P., 2003. Towards a Methodology for Developing Evidence-
Informed Management Knowledge by Means of Systematic Review. Br J Management 14,
207-222. https://doi.org/10.1111/1467-8551.00375.

Ul-Haq, A., Cecati, C., Al-Ammar, E., 2017. Modeling of a Photovoltaic-Powered Electric
Vehicle Charging Station with Vehicle-to-Grid Implementation. Energies 10, 4.
https://doi.org/10.3390/en10010004.

138


https://doi.org/10.1016/j.jtrangeo.2019.06.006
https://doi.org/10.1016/j.gloenvcha.2018.06.008
https://doi.org/10.1016/j.trd.2019.04.013
https://doi.org/10.1016/j.rser.2020.109963
https://doi.org/10.1016/j.erss.2014.12.005
https://doi.org/10.1016/j.trd.2021.103023
https://doi.org/10.1016/j.epsr.2018.10.030
https://doi.org/10.1016/j.epsr.2020.106307
https://doi.org/10.1109/TSTE.2018.2870561
https://doi.org/10.1016/j.energy.2016.03.094
https://doi.org/10.1016/j.jpowsour.2007.03.010
https://doi.org/10.1016/j.est.2020.101267
https://doi.org/10.1111/1467-8551.00375
https://doi.org/10.3390/en10010004

References

van der Kam, M., van Sark, W., Alkemade, F., 2020. Multiple roads ahead: How charging
behavior can guide charging infrastructure roll-out policy. Transportation Research Part D:
Transport and Environment 85, 1-19. https://doi.org/10.1016/j.trd.2020.102452.

van der Kam, M.J., Meelen, T., van Sark, W.G., Alkemade, F., 2018. Diffusion of solar
photovoltaic systems and electric vehicles among Dutch consumers: Implications for the
energy  transition. Energy  Research &  Social  Science 46, 68-85.
https://doi.org/10.1016/j.erss.2018.06.003.

van der Kam, M.J., Peters, A., van Sark, W.G., Alkemade, F., 2019. Agent-Based Modelling of
Charging Behaviour of Electric Vehicle Drivers. JASSS 22.
https://doi.org/10.18564/jasss.4133.

Wang, M., My, Y., Jia, H., Wu, J., Yu, X., Qi, Y., 2017. Active power regulation for large-scale
wind farms through an efficient power plant model of electric vehicles. Applied Energy 185,
1673-1683. https://doi.org/10.1016/j.apenerqy.2016.02.008.

Webster, J., Watson, R.T., 2002. Analyzing the Past to Prepare for the Future: Writing a Literature
Review. MIS Quaterly, 2, xiii—xxiii.

Will, C., Schuller, A., 2016. Understanding user acceptance factors of electric vehicle smart
charging. Transportation Research Part C: Emerging Technologies 71, 198-214.
https://doi.org/10.1016/j.trc.2016.07.006.

Wolsink, M., 2018. Social acceptance revisited: gaps, questionable trends, and an auspicious
perspective. Energy Research & Social Science 46, 287-295.
https://doi.org/10.1016/j.erss.2018.07.034.

Xu, F.,, Chen, X., Zhang, M., Zhou, Y., Cai, Y., Zhou, Y., Tang, R., Wang, Y., 2020. A sharing
economy market system for private EV parking with consideration of demand side
management. Energy 190, 116321. https://doi.org/10.1016/j.energy.2019.116321.

Yilmaz, M., Krein, P.T., 2013a. Review of Battery Charger Topologies, Charging Power Levels,
and Infrastructure for Plug-In Electric and Hybrid Vehicles. IEEE Trans. Power Electron. 28,
2151-2169. hitps://doi.org/10.1109/TPEL.2012.2212917.

Yilmaz, M., Krein, P.T., 2013b. Review of the Impact of Vehicle-to-Grid Technologies on
Distribution Systems and Utility Interfaces. IEEE Trans. Power Electron. 28, 5673-5689.
https://doi.org/10.1109/TPEL.2012.2227500.

Zalzar, S., Shafiyi, M.-A., Yousefi-Talouki, A., Ghazizadeh, M.-S., 2017. A smart charging
algorithm for integration of EVs in providing primary reserve as manageable demand-side
resources. Int. Trans. Electr. Energ. Syst. 27, €2283. https://doi.org/10.1002/etep.2283.

Zarazua de Rubens, G., 2019. Who will buy electric vehicles after early adopters? Using machine
learming to identify the electric vehicle mainstream market. Energy 172, 243-254.
https://doi.org/10.1016/j.energy.2019.01.114

139


https://doi.org/10.1016/j.trd.2020.102452
https://doi.org/10.1016/j.erss.2018.06.003
https://doi.org/10.18564/jasss.4133
https://doi.org/10.1016/j.apenergy.2016.02.008
https://doi.org/10.1016/j.trc.2016.07.006
https://doi.org/10.1016/j.erss.2018.07.034
https://doi.org/10.1016/j.energy.2019.116321
https://doi.org/10.1109/TPEL.2012.2212917
https://doi.org/10.1109/TPEL.2012.2227500
https://doi.org/10.1002/etep.2283
https://doi.org/10.1016/j.energy.2019.01.114




Paper B

User’s Willingness to Participate in
V2G - A comparison between
German and UK Households

Nora Baumgartner 2, Niklas Klumpp 2, Tim Signer 2, Zia Wadud °, Wolf Fichtner ®

@ Chair of Energy Economics, Institute for Industrial Production (11P), Karlsruhe Institute of Technology (KIT), Karls-
ruhe, Germany
b Institute for Transport Studies (ITS), University of Leeds, Leeds, United Kongdom

This Paper was presented at the 20" International Conference on the European Energy Market
(EEM) and is published in IEEE, suggested citation:

Baumgartner, N., Klumpp, N., Signer, T., Wadud, Z., Fichtner, W., 2024. Users’ Willingness to
Participate in V2G — A Comparison Between German and UK Households, in: 2024 20th Inter-
national Conference on the European Energy Market (EEM). 2024 20th International Conference
on the European Energy Market (EEM), Istanbul, Turkiye. 10.06.2024 - 12.06.2024. IEEE, pp. 1-
8.

141






Abstract

Vehicle-to-grid (V2G) enables a smoother integration of large numbers of electric vehicles (EVS)
into the electricity system by maximizing the flexibility potential. As such, EVs might emerge as
new payers in the electricity market opening up new business models. Whether EVs will be avail-
able for these business models hinges on the user’s willingness to participate and the monetary
gains they anticipate. To shed light on users’ motivations and requirements, we conducted a sur-
vey among German and UK households with N=1100. Results indicate that people are willing to
participate in V2G, but compensation requirements are high in both countries (mean values for
Germany= 67.54 €/month, UK= 60.96 €/month). Additionally, regression analysis reveals that
psychographic characteristics positively predict the willingness to participate, while contextual
factors play a subordinate role. Our results are important as they shed light on the conditions that
must be met to support V2G uptake from the user's perspective.

Keywords: vehicle-to-grid (V2G), willingness to participate, V2G compensation, hierarchical
multi regression analysis
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B.1 Introduction

The expansion of renewable energy sources (RES) makes it necessary to increase storage capac-
ities in the energy system, especially as sectors such as transportation are electrified and demand
is further increased. This is true for Germany, where the coalition agreement of the 2021-elected
Government earmarks 15 Mio. EVs by 2030 (SPD, Biindnis 90/Die Griinen and FDP, 2021).
Recently, the United Kingdom (UK) Government determined ambitious EV targets as well. The
Zero Emission Vehicle Mandate determines that 80% of new cars and 70% of new vans sold in
the UK must be zero emission by 2030, increasing to 100% by 2035 (Department for Transport,
2023).

Using the EV’s battery as short-term storage is seen as a promising technology to enable a
smoother integration of increasing numbers of EVs into the electricity system. The concept of
vehicle-to-grid (V2G) maximizes the flexibility potential of the EV fleet by incorporating the
batteries via a two-way power flow into the system (Kempton and Tomi¢, 2005; Sovacool et al.,
2017). Based on an average EV battery size of 50 kWh, and with aiming for a fleet of 15 million
EVs by 2030 (SPD, Biindnis 90/Die Griinen and FDP, 2021), the total storage capacity would
reach up to 750 GWh in Germany. To put this into context, Germany's current capacity for
pumped-storage hydroelectricity, a key form of energy storage, is 40 GWh. This comparison
highlights the significant potential of EV batteries as a storage solution in the energy system, far
surpassing the capacity of existing pumped-storage facilities (Wissenschaftliche Dienste des
Deutschen Bundestages, 2017). Many advantages are expected from V2G technology, such as
integration of higher shares of RES, and a more efficient grid operation (Blumberg et al., 2022;
Schuller et al., 2015). Hereby, electricity markets are critical to the success of V2G, as they gen-
erate necessary price signals for managing EV fleets and aligning EVs' electricity discharge with
market demands. Yet, the participation of EVs depends on their availability for bidirectional
charging and the owner’s willingness to participate in V2G. A primary motivation for users to
participate is monetary gain (Geske and Schumann, 2018; Huang et al., 2021; Parsons et al.,
2014). The financial appeal of VV2G lies in the cash flow generated from participating in electricity
market segments such as ancillary and spot markets. Understanding user participation hinges on
the monetary benefits they anticipate, which can be assessed by analyzing their minimum ac-
cepted compensation.

In the current study, we focus on two aspects that are crucial to the success of V2G: First, we shed
light on monetary compensation requirements from a user perspective for providing flexibility to
the electricity market. Second, we build a hierarchical multi-regression model to look at factors
determining users’ willingness to participate in V2G, among others, contextual factors (EV own-
ership, commuting, type of residence, etc.), barriers, and psychological factors.

The paper is structured as follows. In Section Il we outline the theoretical background for our
regression model. Afterward, we describe the survey design and provide some sample character-
istics before delving into the results. Our results are presented in two parts. The first part looks at
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B.1 Introduction

users’ monetary compensation requirements, while the second one focuses on users’ willingness
to participate in V2G and its predictors. We close this paper with a discussion and conclusion.
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B.2 Theoretical background

In this section, we outline the theoretical foundation for our model. Conceptually, consumer be-
havior, or, in our case, the willingness to participate in V2G charging, can be explained by con-
textual, and personal or psychological factors (Black et al., 1985; Devine-Wright, 2008;
Huckebrink and Bertsch, 2021). Contextual factors include demographic or structural aspects, as
well as the spatial context, while psychological factors relate to attitudes, beliefs, awareness, or
norms (Black et al., 1985; Devine-Wright, 2008). Both aspects are important for a successful
implementation of V2G. Psychological factors determine underlying motives for acting in a cer-
tain way, while the other enables the person to do so (Steg et al., 2015).

B.2.1 Contextual factors and barriers

Contextual factors can be defined as the “availability of products that hinder or promote a specific
behavior or acceptance” (Kramer and Petzoldt, 2022, p. 2). The context defines the costs and
benefits and makes some behaviors even impossible (Steg et al., 2015). With regard to V2G,
research suggests that the charging infrastructure, residence type, tenure, and geographic aspects
may enable or hinder V2G adoption (Axsen et al., 2016; Chadwick et al., 2022). Thus, contextual
factors can be a reason for both, adoption and rejection decisions (Chadwick et al., 2022). For
example, house owners can decide by their own whether to install a wallbox or not, while tenants
are less independent in their decision-making. Furthermore, the travel pattern, the charging times,
and parking duration are important factors that determine whether V2G is possible or not. These
factors are also of special interest in a cross-country comparison, because these contextual factors
can be incentivized and thus shaped by political strategies.

Another contextual factor, that is directly related to the V2G technology itself, is the EV’s battery.
Previous research has shown that battery degradation is a major issue for users to participate in
V2G (Geske and Schumann, 2018; Huang et al., 2021; Sovacool and Axsen, 2018). This is not
without a reason. Mainstream V2G literature showed, that the EV’s battery is subject to additional
stress due to increased numbers of charging cycles (Marongiu et al., 2015; Parsons et al., 2014;
Wang et al., 2016). The amount of added degradation depends on the charging and discharging
cycles used for providing V2G services. Providing an everyday frequency regulation service over
the time period of 10 years, can lead to a 20% higher capacity loss depending on charging behav-
ior and charging power (Wang et al., 2016). Although, this is an extreme scenario, as it assumes
that grid services were practiced every day for 10 years, it highlights the potential stress added to
a battery. On average, 0.0010% and 0.0023% capacity loss occur in each frequency regulation
event depending on the dis-/charging power (1,4kw/120kw in this example). Taking the battery
replacement cost into account, battery degradation cost from the 2-h frequency regulation could
vary between $0,2 and $0,46 (Wang et al., 2016). Other factors influencing battery lifetime are
battery type, weather, and driving behavior (Marongiu et al., 2015). Therefore, Sovacool et al.
(2017) and Huber et al. (2019) consider battery degradation to be an important part of the financial
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B.2 Theoretical background

dimension of V2G. Hence, revenues to EV owners should include compensation to cover addi-
tional battery degradation costs (Bishop et al., 2016).

B.2.2 Environmental self-identity and innovativeness

Complementary to contextual factors that create an outer environment that enable or hinder a
person to adopt a technology, psychological factors determine interest in and underlying motiva-
tions for innovative technologies, i.e., V2G.

One factor that has been shown to predict environmental behavior is environmental self-identity
(van der Werff et al., 2013). Environmental elf-identity can be defined as the “extent to which
one sees oneself as a type of person whose actions are environmentally-friendly.” (van der Werff
etal., 2013, p. 1258). These persons act environmentally-friendly due to intrinsic motivations and
the feeling of moral obligations. This concept has also been translated to smart energy behavior.
Research showed that environmental self-identity was strengthened when the behavior was costly,
e.g., required an investment (van der Werff et al., 2016).

Additionally, new products and services are more likely to be adopted by people who are by
disposition more innovative or novelty-seeking (Wolske et al., 2017). Innovativeness, as part of
the diffusion of innovation theory (Rogers, 1983), is a common psychographic characteristic to
explain adoption intention. For example, Artsetal. (2011) showed that innovativeness was among
the most important drivers to explain adoption intention.

B.2.3 Research questions and hypothesis

In our paper we look at two different indicators for V2G acceptance and their predictors, which
are users’ monetary compensation requirements and the willingness to participate ina V2G charg-
ing service. In the following we aim to answer the following two research questions:

i. What is the expected compensation in Germany and the UK for providing flexibility to the
electricity market, including battery degradation?

ii. To what extent do contextual and psychological factors predict the intention to participate
in V2G in Germany and the UK?

Regarding research question i, we expect high compensation requirements, as mobility might be
restricted, and investments for \V2G are anticipated to be costly, as are the expected additional
costs for increased battery degradation.

Merging the elements from Section I, we hypothesize that the effects of contextual factors differ
between countries, whereas we expect no differences between countries regarding barriers and
psychological factors. Yet, we expect battery degradation to negatively predict acceptance, while
innovativeness and environmental self-identity have a positive influence.
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B.3 Methods

To address the research question, we conducted an online survey in December 2023 to analyze
V2G acceptance in relation to mobility behavior. In the following, we describe the survey design,
sampling strategy and characteristics.

B.3.1 Data sampling

The survey was distributed with a commercial panel company among German and UK house-
holds. We targeted persons older than 17 with a driving license, using a randomized sampling
strategy. We achieved a sample size of N= 1334 participants. Complete responses included par-
ticipants who passed the attention check item, straight-lining checks and were not identified as
speeders. The final sample included N= 1100 valid responses.

B.3.2 Survey design

The survey is organized into six distinct sections, encompassing a total of 56 questions. The initial
section of the survey is about socio-demographic information. The second section primarily ex-
plores specific vehicle characteristics within a household (fuel type, no. of cars, usage, etc.). The
questions asked in our survey not only focus on the most frequently used car, but also on the
second most frequently used car. Additionally, the participants were asked about the ownership
of an EV. The third section delves into personal mobility patterns. Specific questions for EV users
were asked regarding their charging behavior, i.e., when and under which circumstances they
charge their EV. Prior to introducing the concept of V2G in the fourth section, participants were
queried about their pre-existing knowledge regarding V2G similar to Geske and Schumann
(2018). Following the introduction, the survey probes into potential barriers to participation, in-
cluding battery degradation, potential benefits that could foster the implementation of V2G, and
users’ willingness to participate and monetary compensation requirements. The fifth chapter as-
sessed personal factors, i.e., environmental awareness and variables connected with the theory of
diffusion of innovation. The sixth part included household characteristics.

Table 1 Measures

Scales Source

Mobility Behavior Nobis and Kuhnimhof (2018)
Environmental Awareness van der Werff et al. (2013)
Willingness to participate, concerns, incentives Geske and Schumann (2018)
Diffusion of Innovation Wolske et al. (2017)
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B.3 Methods

B.3.3 Measures

We used several scales, already tested in previous studies. Table 1 provides an overview of the
measures’ sources that are relevant to the following analysis. In general, all questions had to be
answered on a Likert scale, coded from 1 to 7, with 1 always being the negative and 7 the positive
extremum.

B.3.4 Sample characteristics

For all following analyzes, we divided our sample into two groups — Germany and UK. Table 1
in the Appendix displays the sample characteristics for both groups. The respondents were 50,7%
female in Germany and 50,4% female in the UK and fairly educated as 46,1% in Germany and
80,6% in the UK had their A-Levels or a higher degree. Most of the respondents are working full
time (Germany= 64,2%; UK= 64,5%). Interestingly, 69,2% own their house/flat if they are living
in the UK, whereas only 47,7% in Germany do so. Another aspect that must be considered in the
analyzes, is the number of households having a car. Only 0,3% of German and 0,2% of UK house-
holds do not have a car, which is significantly less than the actual numbers are. In 2021 77% of
all households in Germany owned at least one car and about 79% of the households in UK did so
in 2022 (National Travel Survey Statistics, 2023; Statistisches Bundesamt).
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B.4 Results

In the following section, we present the preliminary results of our study. We start with the results
from descriptive statistics and proceed with the results from the regression analyses. All following
analyses was conducted using SPSS version 29.0.1.0.

B.4.1 Compensation requirements

B.4.1.1 Expected V2G compensation

The expected monetary compensation requirement conveys the (in-)convenience of participating
in V2G. Respondents provided their expected compensation in an open-ended question, with val-
ues ranging from 0-100 (Euros and Pounds per month)*. In order to provide respondents with as
realistic a situation as possible and thus enable them to estimate the monetary costs in the context
of V2G, respondents were previously informed about the costs of a V2G wallbox and asked about
their attitude toward it. The same procedure was carried out with the issue of battery degradation.
Thus, we expected the required compensation to be rather high in both countries. The results are
displayed in Fig.1. Interestingly, the mean value is higher for the German sample than for the UK
sample, even though the values for the UK sample were converted from Pound to Euro. For Ger-
many the mean value is 67.54 € per month, while the mean value for the UK is with 60.96 € per
month significantly lower. Furthermore, Figure 1 shows that the interquartile range for Germany
is very close to the upper bound of
120 100€, while it is much lower lo-
cated for the UK sample.

100

o 80 Results indicate, that, as expected,
g X compensation requirements are
g ¢ high for both countries. Though, it
2 4 has to be noted, that these values

0 have to be read with caution as the

open-ended question gave room
to subjective perceptions people
Germany United Kingdom have. Yet, the aim was not to de-
termine realistic values for V2G
compensation, but to reflect the
(in-)convenience of this technol-
ogy, especially when considering

Figure 1 Expected compensation in € per month in Germany and UK

! For all further analyzes including monetary aspects, currency was converted into euros (exchange rate on March 15t 2024:
1 GBP=1.17 EUR (British Pound (GBP) to Euro (EUR)).
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the high upfront investments that are necessary for V2G and the additional costs due to a short-
ened battery life.

B.4.1.2 Relevance of battery aging on compensation
requirements

Among all barriers, faster battery aging due to V2G charging proved to be the most important
barrier in our study. Battery degradation is highly relevant for the participants, with a mean of
5.25% for the German and 5.57 for the UK sample. As previous studies argue that battery degra-
dation is an important part of the financial dimension of V2G charging, we expected that this
barrier would have a significant impact on users’ compensation requirements. We tested this hy-
pothesis by regressing the importance of battery degradation on the compensation requirements.
The influence on the revenue requirements is for both samples significant with 3= .086, p= .034
for the German and R=.104, p= .020 for the UK sample. The effect of battery degradation is
marginally stronger for the UK sample. This implies that the stronger people believe battery deg-
radation to be a problem, the higher the revenue requirements are in both countries.

B.4.2 Willingness to participate

B.4.2.1 User’s willingness to participate in V2G

Apart from monetary compensation requirements, V2G acceptance can also be measured in terms
of behavior, i.e., the intention to participate in V2G. Our results reveal that the general willingness
to participate in V2G is rather high in both countries, with mean values of 5.01 (Germany) and
4.92 (UK). The value is slightly but significantly higher in Germany (3= 6, N= 1100)= 12.84, p=
.046). What is interesting is that previous knowledge about V2G is higher in the UK than in
Germany. Thus, we expected the results to be the other way around. Moreover, after introducing
respondents to the V2G concept and its challenges regarding battery aging, we asked respondents
again whether they would still be willing to participate. Astonishingly, while nearly half of all
respondents were undecided (Germany= 39.4%; UK= 44.0%), the other half would still partici-
pate (Germany= 37.4%; UK=42.7%). Thus, we can conclude that there seems to be a generally
high willingness to participate among German and UK households, also when considering battery

aging.

B.4.2.2 Hierarchical multi-regression anayses

In the following, we present the results from our regression model for Germany and the UK. The
model is set up in three steps, and the variables are entered hierarchically. In step 1, we entered
the contextual variables (rent vs. ownership, type of region, EV ownership, commuting). In step
2 we entered two variables capturing battery degradation (battery aging and compensation for

2 Relevance of battery degradation was measured on a 7-point Likert scale.
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battery aging), before entering in step 3 the psychographic variables (environmental self-identity,
consumer novelty seeking and consumer independent judgment making). We dummy-coded the
variables rent vs. ownership and type of region. Rent is the reference category for the first variable,
while it is big city for the latter.

Results for both countries are displayed in Table 2. What can be observed is that contextual factors
play a subordinate role in both countries (step 1). The explained variance is significant but low
with R=.045 for Germany and R=.037 for the UK. The effects of contextual factors diminish
when entering barriers in a second and psychographics characteristics in a third step. For example,
EV ownership significantly, and positively, predicts participation for the German sample in step
1 (3= .162, p< .001) and step 2 (3= .118, p< .01), but the effect is outweighed by psychographic
characteristics in step 3. The same is true for people living in the countryside compared to people
in big cities and for commuting. Both predictors have a negative effect on participation, but dis-
perse in step 3.

Model 3 is significantly improved compared to model 2 and 1. Results show, that barriers and
psychographic variables significantly predict the willingness to participate in Germany and the
UK (model 3), except for consumer independent judgment making in Germany. The 3-values are
high, and battery aging has a negative effect on the outcome variable, while the other predictors
positively regress on it. In the UK, battery aging has a lower effect on the willingnessto participate
in Germany. Moreover, EV ownership tums significant in the 3" step for the UK model. Interest-
ingly, the coefficient is negative, meaning that people with EV experience have a lower willing-
ness to participate in V2G than people with less EV experience, which is counterintuitive. The 3™
model can explain significantly more variance than models 2 and 3. With R?= .330, p< .001 the
model is better for the German sample than for the UK sample (R?= .220, p< .001).

Results indicate that barriers and psychographic variables seem to play a much bigger role in
explaining the willingness to participate in V2G than contextual variables, which partly confirms
our hypothesis. It was shown that battery aging negatively affects users® willingness to participate,
but that compensation for battery aging is even more important. Moreover, people who are more
innovative, are also more likely to participate in V2G.
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The willingness of users to participate in V2G is a prerequisite for utilizing the flexibility potential
for the electricity market. Hence, our analysis provided insights into the user perspective to par-
ticipate in V2G charging. Two different measures were used — first, the required compensation
for providing flexibility under consideration of increased battery aging, and second, the users’
willingness to participate in V2G. While the first one provides insights into users’ (in-)conven-
ience to participate in V2G charging in monetary terms, the latter is a reflection of a more general
acceptance of the concept.

The results have disclosed that people show a high participation willingness in V2G with mean
values of 5.01 (Germany) and 4.92 (UK). This finding holds even when incorporating the uncer-
tainty of battery degradation as an essential cost component. This is contrasted by high monetary
compensation requirements.

Interestingly, the compensation requirements are lower in the UK (60.96 €/month) than in Ger-
many (67 €/month). One possible reason for this could be the higher income level in Germany
compared to the UK (Eurostat, 2024). Moreover, results showed that battery aging has a positive
effect on the compensation requirements, meaning the more battery aging is perceived as a po-
tential barrier, the higher the compensation requirement. This underlines previous research show-
ing that users associate battery aging with substantial expenses (Huang et al., 2021; Huber et al.,
2019; SchmalfuR et al., 2015), indicating that battery aging should be taken into account in the
development of future V2G services. Thus, V2G requires providers of V2G services to design
specialized charging tariffs that are attractive to users in monetary terms, as recommended by
Signer et al. (Signer et al., 2024). In this study we solely focused on battery degradation as one
main predictor of compensation requirements. Yet, socio-demographic characteristics, specifi-
cally income and education can have an influence on compensation requirements as well. Thus,
future research could analyze compensation requirements in more detail, considering, e.g., soci-
odemographic characteristics, the degree to which people are willing to participate, or their pre-
vious EV experience and V2G knowledge.

Having said this, it must be pointed out that our approach only shows the user’s viewpoint, with
a focus on users’ compensation requirements. This work does not address the extent to which
current market conditions allow for such compensation. Though, the question of how much com-
pensation is necessary and how much revenue is possible from a market perspective underlies
some uncertainty (Signer et al., 2024).

Furthermore, we analyzed users' willingness to participate in V2G using hierarchical multi-re-
gression analysis. The results unveil the importance of barriers and psychographic characteristics
above contextual factors. Along with the fear of battery aging and the compensation thereof, a
person's innovativeness and perceived environmental identity strongly predict participation in
V2G. This is an important finding as it highlights that the circumstances people live in are far less
decisive for people to adopt innovative technologies than their interest in new technologies and
their attitude towards the environment. Interestingly, this finding holds for both countries, Ger-
many and the UK, implying that political strategies, as well as business models, could promote
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V2G by stressing its novelty and added value for fostering RES. Contextual factors, on the other
hand, were not significantly related to users' willingness to participate, which suggests that diverse
household positions are not a potential hindrance to a general acceptance. Yet, this might change
when looking at adoption, requiring specific infrastructure. Therefore, it would be interesting to
study further contextual, infrastructure-related factors, that can be directly influenced and pro-
moted by political strategies and that would enable barrier-free access to this technology.

Concerning V2G barriers, the hierarchical multi-regression analyses reaffirm the relevance of
battery aging and its effect not only on compensation requirements but also on the general ac-
ceptance. Reducing the effect of V2G on battery aging can thus increase the willingness of users
to participate in V2G and reduce the necessary compensation (cf., Maigha and Crow, 2018; Su-
fyan et al., 2020).

Next to the user perspective of V2G, the electricity market perspective plays a decisive role as
well. A successful integration of V2G necessitates the interplay between market conditions and
user expectations and requirements. Our results highlighted the user perspective of V2G and can
inform electricity market models and support the development of successful business models.
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Table 2 Hierarchical multi-regression analysis predicting willingness to participate.

Germany
Step Predictors R? R? change F change df p Step 1R Step 2R Step 3R
Rent vs. property .045 .045 4.629 595 <.001 .051 .005 -.009
Country -.056 -.024 -.003
Step 1 Town -011 -.008 .007
Contextual factors City -.069 -.059 -.044
EV ownership 162%** 118** .053
Commuting -.055 -.045 -.014
Step 2 Battery aging 221 176 67.078 593 <.001 - 151*** - 139%**
Battery degradation Compensation for battery aging 426%** .304***
Step 3 cE:nviron. Self-ll?t y .330 109 31.872 590 <.001 ;g?:::
- - onsumer novelty seeking .
Psychographic characteristics Consumer ind. judgment 028
UK
Step Predictors R? R? change F change df p Step 1R Step 2B Step 3R
Rent vs. property .037 .037 3.134 488 .005 .044 .024 .045
Country -.160** -115* -074
Step 1 Town -.089 -.047 -.016
Contextual factors City -.035 -017 -012
EV ownership -.039 -.062 - 143***
Commuting -.128** -115%* -.059
Step 2 Battery aging 113 .076 20.810 486 <.001 -.086* -.094*
Battery degradation Compensation for battery aging 290*** 254***
Step 3 (E:nviron. Self-l[l) y .220 107 21.973 483 <.001 .1210;::“
. - onsumer novelty seeking .
Psychographic characteristics Consumer ind. judgment 05
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Appendix

Table 3 Sample characteristics

Descriptive analyses of socio-demographics

Country

Germany (N=604) UK (N=496)
Gender
Male 306 250
Female 295 237
Non-binary / Other 3 9
Household members
1 person 137 93
2 persons 200 139
3 persons 145 100
4 persons 94 125
5 persons and more 28 39
No. of cars per household
No car 2 1
1 car 349 292
2 cars 218 157
3 cars 26 32
4 cars and more 9 14
Rent/Ownership
Rent 306 140
Ownership 288 343
Other 10 13
Living area:
Not specified 5 5
Rural region (<5,000 inhabitants) 136 97
Small town (>5,000 inhabitants) 109 167
City (>20,000 inhabitants) 167 115
Large city (>100,000 inhabitants) 187 112
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dicate the opposite. The minimum range requirements decrease for EV owners compared to
people having no EV experience when offering a cost-minimized charging strategy. Moreover,
like for the climate-neutral charging strategy, WTPex, values increase.

This leads to the conclusion that, like the climate-neutral charging strategy, SoCmin requirements
of EV owners, who pursue a cost-minimizing charging strategy, decrease while their WTPexp in-
creases, i.e., EV users require lower compensation compared to inexperienced users. Form an
aggregator’s perspective, both charging strategies are recommendable, as the aggregator re-
ceives more flexibility while lower compensation is required.
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Abstract

Vehicle-to-grid (V2G) could be a cornerstone to ensure the efficient integration of a large number
of electric vehicles (EVs) and the resulting electricity demand into the energy system. However,
successful V2G adoption requires direct interaction with the EV user. To explore user preferences
and requirements in the context of a V2G charging tariff, we conducted a survey (N=1196). We
assess users’ minimum range requirements and willingness to pay for a V2G charging tariff and
relate them to users’ experience with EVs. By building a mediation model, we evaluate the im-
portance of three charging strategies to guide users’ minimum range requirements and expected
monetary savings. The results reveal EV owners’ preference for a climate-neutral charging strat-
egy, leading to a higher readiness to accept lower minimum ranges and lower monetary savings.
These results are especially important to aggregators, aiming to design profitable business models,
while accounting for user requirements and preferences.

Keywords: EV experience, Vehicle-to-grid (V2G), Charging tariff, Willingness to pay (WTP),
Price sensitivity meter (PSM), Charging strategies

165






C.2.1 Assessing WTP for EV attributes in the context of V2G

C.1 Introduction

Electric vehicles (EVs) are one essential element of worldwide political strategies to reduce CO2
emissions in the transport sector and thus tackle climate change. Since the transport sector is
responsible for about 25% of CO2 emissions worldwide and about 20% in Germany (German
Federal Ministry of Economic Affairs and Energy, 2021; IEA, International Energy Agency), the
coalition agreement of the newly elected German government aims for 15 million EVs by 2030
(SPD, Biindnis 90/Die Griinen and FDP, 2021). However, the further adoption of EVs will lead
to increased electricity demand and consequently poses new challenges to the grid (Babrowski et
al., 2014; Blumberg et al., 2022; Das et al., 2020). Yet, utilizing EV storage has the potential to
provide additional decentralized flexibility for the electricity system (Blumberg et al., 2022; Do-
luweera et al., 2020; European Association for Storage of Energy, 2019; Gunkel et al., 2020).

Vehicle-to-grid (V2G) as a particular form of smart charging is increasingly seen as a promising
technology. Due to the quick response time (Kempton and Tomi¢, 2005a) and the geographic and
temporal flexibility of EVs (Knezovic et al., 2017), V2G allows for more efficient EV integration
in the energy system (Blumberg et al., 2022; Kempton and Letendre, 1997; Kempton and Tomi¢,
2005b). With the aid of VV2G, the battery of EVs can serve as mobile storage and have the ability
to feed electricity back into the grid. Numerous advantages are expected from VV2G, such as more
reliable and efficient grid operation and, consequently, higher potential for integrating renewable
energy sources (RES) into the grid (Blumberg et al., 2022; Dixon et al., 2020; Schuller et al.,
2015). With this, V2G is envisioned to contribute to a more decentralized, secure, and flexible
energy system (Sovacool and Hirsh, 2009).

This study focuses, in particular, on the user perspective of V2G, as the technology in question
directly involves the EV user, requiring a certain level of user compliance to be successfully im-
plemented (Buhler et al., 2014). The amount of flexibility that is provided is dependent on the
user’s decision to plug in the EV (Bailey and Axsen, 2015). Moreover, V2G charging might in-
volve reduced flexibility or increased planning (Franke et al., 2018; Franke and Krems, 2013), as
the charging process could interfere with the user’s lifestyle and driving behavior (Sovacool et
al., 2017). Besides this interference, V2G also yields a perceived loss of control over the charging
process (Delmonte et al., 2020; Krueger and Cruden, 2020; Yilmaz et al., 2021). Another relevant
constraint impacting users’ willingness to participate in V2G is the concern of a shortened battery
life due to V2G (Krueger and Cruden, 2020). Thus, V2G requires an adjusted charging behavior
and, most importantly, acceptance by the user. Consequently, to promote the launch and uptake
of this technology, it is necessary not only to investigate the technical feasibility, but also the
preferences and requirements of future users.

Given these perceived barriers to V2G, it is important to examine under what circumstances users
will accept and engage with them. Previous studies investigate adequate compensation and re-
quirements from a user perspective by assessing the discomfort costs to provide flexibility in the
context of a power supply contract (Kubli et al., 2018) or by determining the willingness to accept
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V2G (Lee et al., 2020). Moreover, a further common approach is to assess the monetary value of
V2G attributes, such as the minimum range (Bailey and Axsen, 2015; Geske and Schumann,
2018; Huang et al., 2021). These studies allow a quantified assessment of consumer preferences
for specific EV attributes and their monetary valuation. By contrast, we approach this topic by
assessing users’ willingness to pay (WTP) in terms of a two-level charging tariff'. Users’ WTP
not only reflects an acceptable price for providing flexibility, but also on users’ expectations in
respect to possible savings due to V2G. We consider the actual net-charging cost, which is the
primary mechanism of the aggregator® to compensate for V2G (Ensslen etal., 2018). By including
an individually chosen minimum range®, we furthermore account for minimum requirements re-
garding a V2G charging tariff. Minimum range and WTP are essential parameters to both EV
users and aggregators as they define user conditions and requirements on the one hand and flexi-
bility potentials on the other.

However, stating one’s own WTP fora V2G charging tariff presupposes a certain prior knowledge
and interest. Since knowledge and interest with regard to the energy system are in general limited
(Huber etal., 2019), results of previous studies suggest that users’ experience with EV's represents
a critical factor in creating an informed decision about issues in the realm of V2G (Chen et al.,
2020; Noel et al., 2019a) and is one relevant variable explaining adoption (Bhler et al., 2014;
Chen et al., 2020; Kubli, 2022; Larson et al., 2014; SchmalfuR? et al., 2015; Sovacool et al., 2019a;
Sovacool et al., 2018, 2019a). While these studies solely focus on one stakeholder group, we
believe that precisely the comparison between non-experienced users and EV-experienced users
might be the key to drawing conclusions on how to motivate these different target groups. We
argue that it makes a difference whether individuals regularly use their EV and are familiar with
the technological peculiarities, already have gained experience in driving an EV in solitary events,
or have no experience at all with EVs.

Just like the level of EV experience, motivations and benefits can guide users’ evaluation of min-
imum range and WTP for a V2G charging tariff. Previous literature highlights several factors
motivating the user to participate in or accept V2G. One of the most prominent motivations is a
higher integration of RES and reduced CO: emissions (Geske and Schumann, 2018; Kubli, 2022;
Noel et al., 2018). Moreover, contributing to grid stability is another motive to consider V2G
(Kubli, 2022), despite potentially higher battery degradation or loss of flexibility (van Heuveln et
al., 2021). Finally, existing literature highlights the importance of monetary benefits to participate
in V2G (Geske and Schumann, 2018; van Heuveln et al., 2021). From a grid operator’s

1 Emodi et al. (2022) highlight the fact, that an EV charging tariff constitutes the interface between the EV owner and
the aggregator. (Potential) EV owners conclude an electricity tariff to charge their EV at home. Depending on the
tariff conditions, these tariffs incentivize a specific charging behavior and thus enable the operator to raise flexibility
potentials.

2 Aggregators can be defined as a third party, combining individual EVs to participate in the electricity market (Das et
al., 2020; Noel et al., 2019b). By doing so, EVs can provide complex electricity grid services (Noel et al., 2021).
Thus, the main task of the aggregator is to “gather (...) information about the market situation, schedule (...) charging
and discharging according to the bargained rules and expected revenues” (Geske and Schumann, 2018).

3 According to Bauman et al. (2016), setting a minimum range is a necessary condition to users, especially in the early
adoption stage, to accept controlled charging. We base our definition of the minimum range on Ensslen et al. (2018)
and define it as the minimum necessary range, that EV's must always be able to cover in unpredictable cases, i.e. for
example an emergency case.
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perspective, grid stability and RES complement each other well, especially since expensive en-
ergy storage or backup capacities for balancing intermittent RES would (mostly) be redundant
(Bailey and Axsen, 2015; Lund and Kempton, 2008; Sovacool et al., 2017). These findings are
supported by energy system modelling approaches including V2G as a flexibility option. Utilizing
flexibility in order to manage grid congestion decreases the necessary curtailment of RES and
consequently leads to a more economical and less carbon-intensive result (Staudt et al., 2018;
Szinai et al., 2020).

While there is evidence that different motives (environmental, grid-beneficial, financial) exist to
foster participation in V2G, the question remains whether and to what extent these aspects relate
to user experience with EVs. Moreover, we are not aware of any study which has tested these
motives with regard to users’ WTP and minimum range requirements. Thus, we designed three
charging strategies based on the most important motives, i.e. climate-neutral, grid-beneficial, and
cost-minimized charging. Charging strategies are described as a bargain between the vehicle user
and the aggregator (Geske and Schumann, 2018). Assessing whether and how these motives in-
fluence users’ WTP and the evaluation of the minimum range can be an important first step to-
wards guiding prospective business models.

The novelty of our approach lies in investigating the role of user experience and underlying mo-
tivations to evaluate WTP and minimum range requirements for a V2G charging service. Based
on the findings of our paper, it is thus possible to derive stakeholder-specific recommendations.
With our study, we aim to contribute to the existing body of research by answering the following
research question:

How does EV experience influence user requirements with respect to minimum range and re-
quired savings within a V2G charging tariff and to what extent do underlying motives influence
this relationship?

This paper offers a quantitative comparative assessment, including the perspectives of 264 EV
owners, 241 people with medium EV experience, and 691 respondents with no EV experience on
a V2G charging tariff. Thereby, we present one of the few studies including a comparatively large
share of EV owners in Germany. It is assumed that the perceptions and knowledge of individuals
with different levels of user experience differ for the V2G systems. In other words, V2G is eval-
uated differently by those who own an EV and those who did not yet buy or got the chance to test
an EV and thus do not necessarily have an updated and informed perception of this technology
and its usage. Finally, besides experience, we also test different motivations that have the potential
to guide users’ WTP preferences in a V2G tariff.

The remainder of this paper is structured as follows: In Section C.2, we provide a literature back-
ground on previous studies assessing user's WTP. Section C.2.3 describes the research design,
including data collection, study design and the data analysis strategy. In Section 3, we present our
results, which will be discussed in Section C.4. We conclude with an outlook for possible future
research (Section C.5).
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In this section, we review the most important empirical studies determining users’ WTP for V2G.
Especially in the context of a V2G tariff, the relevance of the minimum range (SoCwin) is empha-
sized.

In future, the purchase price for an EV that will be able to feed electricity back into the grid, as
well as the possible earnings that could be generated with VV2G, will be of high importance to
consumers. A summary of past studies investigating users’ WTP in the context of V2G is shown
in Table 1. We identified two research streams: The first stream deals with the vast majority of
papers investigating users’ WTP for specific V2G attributes, thus assessing the importance of
these attributes. The second stream focuses on the compensation that users claim in order to pro-
vide flexibility.

Table 1: Review of past WTP studies in the context of V2G

Sample

Reference Method Targetgroup Country e WTP
Assessing WTP for EV attributes in the context of V2G
Geske and Discrete Vehicleusers Germany 611 WTP for one km of minimum range
Schumann, choice experi- between €3.88 - €6.45 / km
2018 ment
Bailey and Stated choice  New vehicle Canada 1470 Increased guaranteed minimum charge
Axsen, 2015 experiment buyers by 10% was valued at CAD-$47 / year
(€33 / year.)!
Huang et al., Stated choice  EV drivers The Neth- 148 WTP for a guaranteed minimum bat-
2021 experiment erlands tery level increase of 1% / month:
€5.91; quick recharge: €2.73; addi-
tional discharge cycle: €6.81
Noel et al., Stated prefer-  Representative Nordicre- 4762 €3802 — €5209 WTP for V2G capabil-
2019a ence survey randomized gion ity in EV
and non-ran-
domized sam-
ple
Hidrue and Contingent Car buyers United 3029 Median WTP ranges from $10,200
Parsons, 2015  valuation sur- States (€9005) for a V2G EV without range
vey extender to $22,900 (€20,219) for the
Civic model with range extender
Compensation for providing flexibility and accepting V2G
Parsonsetal.,  Stated prefer- Representative United 243 Median cash-back: $2368 -
2014 ence survey sample States $8622 / year (€2091 - €7613 / year)

1 To better compare the values, we translate all currencies into EUR and place these values in brackets behind the
original value and currency. We base the translation on the exchange rate (31st of December 2021) from the European
Central Bank (German Central Bank, 2022).
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Kubli et al., Choice experi- PV owners, Switzer- 300 Discomfort costs due to V2G:
2018 ment EV owners, land CHF 3.85 - CHF 45.16 (€3.72 -
heat pump €43.71)
owners
Leeetal., 2020 Contingent Stratified ran-  South Ko- 1007 Willingness to accept (WTA)
valuation ap-  dom sample rea $8.83 / month and vehicle
proach (€7.79 / month and vehicle)
Kubli, 2022 Choce experi- Currentand  Switzer- 202 Net willingness to accept (WTA):
ment potential EV land Charging location: -CHF 6.45 (-€6.24)
adopters (charging from work compared to

home-charging) and -CHF 10.36 (-
€10.03) (charge at public space com-
pared to home-charging)

Charging duration +CHF 3.57
(+€3.46) (4h compared to 6h) and
+CHF 6.95 (+€6.73) (2h compared to
6h)

Guaranteed charging (eco charging
compared to standard charging): -
CHF 4.33 (-€4.19)

C.2.1 Assessing WTP for EV attributes in the context of
V2G

Most of the studies applied stated preference methods, such as discrete or stated choice experi-
ments to assess users’ preferences and monetary valuation for different EV attributes in the con-
text of V2G. In this regard, a sizeable body of research discusses the EV range. The vehicle range
is by far the most common attribute and received high monetary values. Minimum and maximum
EV ranges are thus still perceived as a possible hindrance to flexible mobility behavior and, there-
fore, one essential feature in order to participate in a V2G service (Geske and Schumann, 2018;
Hidrue et al., 2011; Huang et al., 2021). A theoretical explanation of this circumstance is provided
by Buhler et al. (2014), highlighting that range will remain important for accepting EVs and spe-
cifically V2G due to persisting perceptions of mobility requirements?. This insight is taken up by
Bailey and Axsen (2015), who use a latent class model to identify trade-offs between different
attributes (percentage of green electricity, source of green electricity, guaranteed minimum
charge, monthly electricity bill) of a utility-controlled charging program. The authors find a high
WTP for an increase of the guaranteed minimum charge. The high WTP for extra ranges is re-
confirmed by Geske and Schumann (2018), who conclude that fear of restrictions of freedom and
independence negatively affect users’ willingness to participate in V2G. They acknowledge that
immobility due to V2G poses, by far, the greatest risk to consumers. Similarly, a recent study by

2 Bihler et al. (2014) describe this phenomenon as societal resistance to change. According to the authors, users have
a very specific understanding of car characteristics and features. Range is one of these must-have characteristics that
significantly varies from that of cars with internal combustion engines.
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Huang et al. (2021) emphasizes that the acceptance of the minimum battery level is largely influ-
enced by the recharge time and the availability of fast charging for the EV.

Literature thus demonstrates the significant role of the minimum range for V2G. To account for
this, we included the minimum range as a feature in our two-level charging tariff (Section 3.2.1).
Contrary to the previously mentioned literature, we did not assess the monetary value thereof, but
a specific range. Doing so is particularly important when designing a V2G charging contract, as
it marks the accepted upper limit of the flexibility potential that can be used by the aggregator.
Likewise, flexibility in V2G contracts can be restricted due to contract terms that commit a certain
number of hours to the aggregator (Al-Obaidi et al., 2021; Hidrue and Parsons, 2015). In both
ways, flexibility can be harnessed, potentially contributing to integrating higher shares of RES
into the electricity system.

One of the few studies that related preferences for V2G attributes to EV user experience was
conducted by Noel et al. (2019a). This comparative study in the Nordic region elaborates on the
WTP for several EV attributes and found i.a. a high marginal WTP for additional range. Even for
high ranges, the marginal WTP was high. The study shows that EV experience impacts EV choice,
but that previous knowledge of V2G technology does not influence users WTP for V2G (Noel et
al., 2019a). By focusing on different levels of user experience with EVs, our study design allows
a more detailed investigation of this aspect.

C.2.2 Compensation for providing flexibility and
accepting V2G

There is abundant technical research investigating EV user revenues, for example for vehicle-to-
home and arbitrage trading (e.g., Kern et al., 2022), ancillary services (e.g., Bishop et al., 2016;
Goughetal., 2017), primary frequency regulation market (e.g., Bafiol Ariasetal., 2020) and peak-
shaving (e.g., Li et al., 2020). However, investigating the adequacy of these revenues from a user
perspective has been researched far less often.

When investigating adequate compensation and requirements for providing flexibility from a user
perspective, empirical studies applied mostly stated choice experiments. While Lee et al. (2020)
assess EV owners’ willingness to accept (WTA) a V2G service, Kubli et al. (2018) focus on the
co-creation of flexibility and thus compare the three technologies photovoltaic (PV) with battery
storage, electric mobility, and heat pumps. One remarkable result of the latter study is that the
sensitivity for the flexibility attribute is low and that the part-worth utility function dropped for
guaranteed charging levels below 60%. Moreover, the authors find high discomfort costs to pro-
vide flexibility in a power supply contract (Kubli et al., 2018). In a recent study by the same
author, the question of how much compensation is required to adjust the charging location, dura-
tion and range to facilitate smart charging is pursued (Kubli, 2022). The author summarizes that
an attractive remuneration has to be paid to incentivize users to chose another option when home-
charging is available. The same could be observed by Parsons et al. (2014), who found very high
cash-back values, i.e. very high discount rates, implying that buyers attach high importance to
flexibility and lifestyles. Thus, the authors recommend either offering up-front price discounts on
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V2G vehicles or offering a pay-as-you-go contract (Parsons et al., 2014). These studies show that
potential users demand very high discounts or overestimate the value of specific attributes, such
as range. It is unclear whether this circumstance is due to individual inexperience with V2G or
whether buyers simply value freedom of mobility that high.

C.2.3 Materials and methods

To address the research question raised in the introduction, a study was conducted to evaluate the
user perspective on tariff options and business models for V2G. In the following section, the data
sampling process and the research design is presented. Moreover, we describe the methodological
approach we used to assess users’ willingness to pay.

C.2.4 Data collection and sources

We conducted an online survey in January and February 2021. For data collection, we combined
randomized and purposive sampling to increase the share of EV experienced people and EV own-
ers. These target groups are still underrepresented and thus harder to reach in Germany (cf. Sova-
cool et al., 2019b). In 2021, the share of EVs accounted for only ~1.2% of the German car fleet
(Federal Motor Transport Authority, 2022), and thus, we expected little experience with EVs in
the overall population. As Sovacool et al. (2019a) argue, previous studies in the context of EVs
or V2G build their research on randomized samples, potentially biasing the results or limiting the
validity due to the lack of experience with the technology in focus. We addressed this potential
limitation by using purposive sampling (Maxwell, 2009).

Panel data (np=1000) Forum data (nf=109) Internal E\_/ user pool
(nc=87)
A
Meraed data set (N=1196)
Group 1* Group 2* Group 3*
Low level of experience Medium level of experience High level of experience
(Niow= 691) (nmed= 241) (nhigh=264)

*SDO04: Is an electric vehicle available in your household? Yes - No AND SDO05: Have you already driven
an electric vehicle (e.g., test drives, etc.)? Yes — No.

Figure 1: Data sources
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The survey was designed to provide insights from people with different levels of EV experience
and distributed anonymously online. Only people older than 17 years owning a driving license
participated in the survey. The sample is based on three data sources: First, data was recruited
from a German market research company, offering a representative national panel. Respondents
were admitted to complete the questionnaire until we received a population-representative sample
regarding age, gender, and federal state. Moreover, as noted previously, we expected EV owners
to differ from people with little to no EV experience regarding their awareness and understanding
of V2G technology (cf. Axsen et al., 2016). To test this assumption, we also placed the survey in
e-mobility forums. Furthermore, the survey was distributed among the internal CENTOURIS?®
pool of potential participants who own an EV, which has been successively built up through cor-
responding projects. We provided an incentive to respondents participating via these pools. A list
of the forums can be found in Appendix A. It is important to note that this additional data is not
population-representative. After the survey period was completed, data control was conducted,
eliminating data according to previously determined quality standards. A reliable indicator of low
response quality is speeding (Conrad et al., 2017; Leiner, 2019). We, therefore, excluded all re-
spondents who could be identified as speeders. Moreover, we checked all responses regarding
their plausibility. The final sample is comprised of 1000 valid responses originating from the
panel data, 109 valid responses from the EV online forums, and 87 valid responses from the in-
ternal CENTOURIS EV user pool (see Figure 1).

C.2.5 Survey design

The survey consisted of four parts: In the first part, we assessed sociodemographic characteristics
of the respondents, including questions relating to their EV experience (see Section C.2.4). We
evaluated the respondents’ previous experience with EVs* based on two questions: Is an electric
vehicle available in your household? and Have you already driven an electric vehicle (e.g. test
drives)?. Based on the answers, we grouped all respondents according to their level of EV expe-

rience into three groups: “low user experience”, “medium user experience” and “high user expe-
rience” (see Figure 1). We conducted all of our further analyses for these three groups.

In the second part, a short explanatory video clip introduced the concept of V2G to the respond-
ents, explaining the interplay between the energy system, V2G charging and the possibility to
generate revenues due to flexibility provision. Afterwards, we introduced the term minimum
range and outlined the VV2G tariff design (see Section C.2.5.2). We included several quality checks
to assess whether participants understood the V2G concept and the charging tariff design, before
asking participants about their preferred minimum range (see Section C.2.5.1) and their willing-
ness to pay (see Section C.2.5.3) in open-ended questions. Moreover, we assessed participants’
preferences concerning their preferred charging strategy (see Section C.2.5.4). Furthermore, ques-
tions in the study addressed users’ preferences regarding the design of possible business cases
and tariff models. These questions included accepted investment cost and amortization periods

3 CENTOURIS — center for data-based insights is a proper noun and is an institute of the University of Passau.
4 In this study, the term EV refers exclusively to an externally chargeable passenger car that is operated purely on
battery power or in combination with an internal combustion engine as a plug-in hybrid.
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and preferred compensation models and contracting parties. These results are elaborated in more
detail in Kellerer et al. (2022). In the final part, we introduced five-point Likert scales to evaluate
participants’ environmental concemn, self-efficacy and technological affinity. We closed the sur-
vey by asking questions related to household characteristics.

C.2.5.1 Determining the preferred minimum range

In the framework of V2G, previous research assigns particular importance to the minimum range
(see Section C.2.1). Therefore, in a first step, respondents provided their minimum range require-
ments in an open-ended question:

How many kilometers should your electric car always be able to cover in unpredictable cases,
for example, in emergency situations? Please think of the range with which you would just feel
safe.

The answers were provided in km (see also Appendix B for the exact wording). For assessing
users’ WTP, this range determined the basis for the second tariff level.

C.2.5.2 V2G tariff design

A special two-level charging tariff was developed and outlined to the participants to evaluate
users’ preferences regarding possible business models and electricity prices in the V2G scenario
(Table 2). This tariff was inspired by an EV-specific controlled charging tariff developed by
Ensslen et al. (2018) and solely focuses on the net-purchasing price of electricity® to charge the
EV in an AC charging mode.

Table 2: Two-level charging tariff design

Charging level Charging mode Definition
. o . Instant charging until the individually chosen SoCwin is
st -
I tariff level Uni-directional charging reached. The price for this mode is €5.20 / 100 km.
d ari Bi-directional (V2G) Charging in the bidirectional charging mode until the
2" tariff level - s - :
charging individually chosen maximum range is reached.

The tariff design that we created is comprised of two levels: At the first tariff level, the EV will
be promptly charged until reaching a self-selected “minimum”- state-of-charge (SoCwin), which
can be set individually. The electricity price for the first tariff level was predetermined to be
€5.20/ 100 km, based on the average electricity price in Germany in January 2021 (€0.34 / kWh)
and the Worldwide Harmonized Light-duty Vehicles Test Procedure (WLTP) consumption of a

5 Recently, a law in Germany has become effective that regulates the feeding in of electricity from the EV into the
grid (Federal Ministry of Ecomonic Affairs and Climate Action, in charge, 2022). However, at the time of data col-
lection, this law was only discussed in Germany and no law was effective in the European Union, which is why
considering selling electricity in the framework of a V2G charging tariff was, from a regulatory perspective, not
possible (European Association for Storage of Energy, 2019).
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BMW i3 (15.3 kWh / 100 km). The second tariff level described the V2G phase. At this level,
plugged EVs can be charged and de-charged within the individual settings for the desired range
and time of departure.

C.2.5.3 Willingness to pay for a V2G charging tariff

Determining a customer’s WTP is an essential step in the pricing process when introducing a new
product. This is the case for new vehicle technologies and concepts, such as V2G. Yet, determin-
ing customers’ WTP for a V2G charging tariff is a hypothetical setting where the respondents
express their WTP without any actual experience with the product (cf. Jensen et al., 2013). Buhler
et al. (2014) point to the fact that users tend to inaccurately predict the value of the product if no
experience is available. To approach this issue, we chose a mixed-randomized and non-random-
ized sampling technique (see Section C.2.4).

Different methods to determine users’ WTP can be found in existing literature. The main meth-
odological distinction is made by direct or indirect measurement of customers’ WTP and by the
context which asks for a hypothetical or actual WTP (Miller et al., 2011). We chose to apply the
price sensitivity meter (PSM) by van Westendorp, an indirect method to identify users’ WTP (van
Westendorp, 1976). The primary advantage of this method is that the focus is set on the price of
a product and not on other attributes (Breidert et al., 2006). Moreover, the method is based on the
assumption that a price range exists, which is bounded by the maximum and minimum that users
are willing to pay (cf. Larson etal., 2014). However, a downside of this method is that respondents
might over- or underestimate their WTP (Breidert et al., 2006; Hofstetter and Miller, 2009). One
reason might be the lack of knowledge to estimate a price. In particular, complex and unfamiliar
products lead to over- or underestimations of prices (Brown et al., 1996). In the literature, these
theoretical disadvantages have been examined. Yet, the superiority of indirect methods such as
the conjoint analysis could not be proven (Vélckner, 2006).

Following the PSM approach, participants in the web-based survey were asked the following four
open-ended questions (cf. Appendix C) to evaluate the second tariff level of the previously deter-
mined two-level charging tariff design: At what average price per 100 km of range would you
consider V2G charging...

...too expensive, i.e. you would definitely look for a cheaper tariff?

...expensive, i.e. you would only conclude the contract after careful consideration?
...cheap, i.e. the tariff would be a bargain?

...too cheap, i.e. you have doubts about the seriousness of the tarift?

The answers were aggregated. The intercepts between the different curves determine the different
price points, which will be discussed in Section C.3.3 - indifference price point (IDP), optimal
price point (OPP), point of marginal cheapness (MGP) and point of marginal expensiveness
(MDP).
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C.2.5.4 Charging strategies

Finally, we assessed respondents preferred charging strategies for the second charging level. By
doing so, we elaborate on underlying motivations, guiding users’ WTP and SoCwmin requirements.
Specifically, we were interested in elaborating, whether the charging strategy explains the rela-
tionship between user experience and stated SoCwmin and WTP. Respondents thus had to distribute
a total of 100 points, mirroring their preferences for the three charging strategies — cost-minimized
charging, climate-neutral charging and grid-beneficial charging. The exact questions can be found
in Appendix D.

We performed a mediation analysis by using Process in SPSS, a methodology that is based on
Hayes and Preacher (2014). With this method, the overall relationship between the predictor (X)
and the outcome variable (YY) can be explained by both of their relationships with a third variable,
the mediator (M), thus reflecting a causal sequence (Field, 2018). Mediation occurs when the
effect of the independent variable X on the dependent variable Y is reduced by integrating the
mediator variable M (Baron and Kenny, 1986; Dudenhdffer, 2015). To test for inference in me-
diation analysis, several tests can be performed. For example, one can test the occurrence of the
indirect effect by using the Sobel test (Hayes and Scharkow, 2013), which performs a significance
test to reject or accept the null-hypothesis (Tibbe and Montoya, 2022). Another possibility is to
perform percentile or bias-corrected bootstrap confidence intervals (Cls), where a CI test is
formed to see whether zero falls outside its confidence limits (Tibbe and Montoya, 2022). For an
overview and comparison of these tests see Hayes and Scharkow (2013) or Tibbe and Montoya
(2022). As recommended, we applied the bias-corrected bootstrap Cls (Field, 2018; Hayes and
Preacher, 2014; Hayes and Scharkow, 2013; Zhao et al., 2010).

To test the sequences of interest, we used the bias-corrected bootstrap procedure with multilevel
categorical variables (Haye’s Model No. 4, N=10.000) (cf. Hayes and Preacher, 2014) to estimate
the direct, total and indirect (standardized) effects of the linear model. Since the mediators are
derived from a constant sum query, we created a separate model for each mediator®. The media-
tion model is based on the equations below.

c=c' +ab 1)

Equation (1) defines the relative total effect ¢, which corresponds to the sum of the relative direct
effect ¢’and the product of the coefficients a and 5.

M= :8M + a1X1 + a2X2 + EM (2)
Y =By +c X+ X, + DM + &y (3)

The indirect effect of X on Y through M is estimated as the product of ab from equations (2) and
(3). With equation (2) we measure the effect of X on M. With S,, the standardized (regression)

6 As described in Section C.2.5.4 respondents had to distribute a total of 100 points to the three charging strategies —
cost-minimized charging, climate-neutral charging, grid-beneficial charging — to express their preferences. Therefore,
a linear dependency exists between the three charging strategies. We solved this issue by building a separate model for
each mediator. Of course, this has the drawback that dependencies between the mediators are not reflected and ac-
counted for.
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coefficient is included and &,, defines the error. As the study setup results in a multicategorical
predictor (user experience), dummy coding is applied. Consequently, we have two predictor var-
iables a; and a, in the model. Equation (3) defines the direct effect.

Y = ﬁy + C1X1 + C2X2+€y (4)

Finally, equation (4) defines the total effect of X on Y, which is the observed difference of group
means on Y. A detailed description of statistical mediation analysis with multicategorical inde-
pendent variables can be found in Hayes and Preacher (2014).
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In this section, we present the most important results of our study. First, we provide a sample
characterization of the three groups low, medium and high user experience. Second, we present
the results of the SoCwmin and the WTP for a V2G charging tariff, and based on these results,

discuss the role of user experience and underlying motivations.

C.3.1 Sample characterization

Table 3: Sample characterization

Total sample  Low user Medium High user German
(N=1196) experience user expe- experience average 2
(niow=691) rience (Nhigh= 264)
(Nmed= 241)
Age 17-29 years 17.0% 17.9% 19.5% 12.1% 20.0%
30-39 years 16.4% 15.6% 18.3% 17.7% 17.8%
40-49 years 18.3% 16.2% 20.3% 22.0% 16.6%
50-59 years 23.7% 24.2% 21.6% 24.6% 22.2%
60-74 years 24.6% 26.0% 20.3% 24.6% 23.4%
Gender Female 43.3% 54.6% 38.6% 18.2% 50.6%
Male 56.6% 45.4% 61.0% 81.8% 49.4%
Other 0.1% 0.0% 0.4% 0.0% 0.0%
Level of  Notyetgraduated 0.2% 0.3% 0.0% 0.0% 3.5%
education
Secondary school 7.2% 10.0% 3.7% 3.0% 28.6%
graduate
General certificate  26.1% 30.5% 24.5% 15.9% 30.0%
of secondary educa-
tion
General higher edu- 66.3% 59,0% 71.8% 80.3% 33.5%
cation qualification
Other 0.3% 0.1% 0.0% 0.8% 4.2%

a0wn calculations based on data for 2019 of the Federal Statistical Office of Germany (2019)

Table 3 displays the sample characteristics and compares the sample with data from the German
Census (Federal Statistical Office of Germany, 2019). The sample consists of 1196 valid re-
sponses from the dataset presented in Section C.2.4, grouped into three groups based on the
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participants’ levels of experience with electromobility. The first group, with a sample size of niow=
691, has had no experience yet with EVs. The second group (hmes= 241) gained experience with
EVs during test drives, car sharing, and other non-frequent forms of interaction. The third group
represents EV owners (Nnigh= 264).

The sample is partially representative of Germany. With regard to age, the sample distribution is
similar between the three groups, with the exception of the age group 18-29 years old for the
group with high user experience (12.1%), which is underrepresented compared to the other groups
and the German average (20.0%). Moreover, males (56.6%) are slightly overrepresented in the
total sample. The overrepresentation becomes more significant in the two groups where experi-
ence with EVs already exists. This difference can most likely be traced back to the fact that,
besides the panel data, we used multiple additional sources to collect the overall dataset. Finally,
a difference between the sample and the representative Census data regarding the level of educa-
tion can be observed. While the share within the Census sample is nearly equally distributed be-
tween the three graduation levels, a higher percentage of the sample in this study attained a general
higher education qualification (66.3%). This bias can be observed among all three groups of our
sample.

Finally, we also collected data on monthly net income per household®. The results show, that EV
experienced people (26.9% with a monthly net income of €4.600 - €7.499) have significantly
higher monthly net incomes than people with medium EV experience (20.3% with a monthly net
income per household in the range of €3.600 - €4.599), or without EV experience (23.3% with a
monthly net income of €1.600 - €2.599 followed by 22% with a monthly net income per house-
hold of €2.600 - €2.599). Our analysis indicates that respondents of the group with higher EV
experience tend to be male, have a higher level of education and have a higher monthly net income
per household. Thus, our sample is biased towards early adopters (Chen et al., 2020; cf. Ozaki
and Sevastyanova, 2011; Pl6tz et al., 2014).

C.3.2 Minimum range requirements for a V2G
charging tariff

In this study, we were interested in elaborating on whether different levels of user experience with
EVs have an impact on the evaluation of the SoCwin. Respondents were asked about their mini-
mum range requirements that must always be available during the charging process. In order to
prevent highly unrealistic responses, the maximum value that could be named by the respondents
was set to 500 km. In the following, we present the results of the survey.

The results shown in Figure 2 reveal that approx. 30% of the respondents would accept a SOCwin
of 50 km and approx. 70% of the respondents a SoCwmin 0f 100 km. The saturation begins at a
SoCwin 0f about 200 km, which covers about 90% of the respondents (cf. Figure 2). Table 4 gives
an overview of the minimum range requirements over the whole sample. The mean value over

1 We report these results only in the text but not in the table, since the categories we retrieved are not comparable
with the categories from the data from the Federal Statistical Office of Germany (2019).
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Figure 2: Cumulated share of answers regarding the minimum range according to the level of user experience, N=
1195.

the total sample is 119 km. These numbers appear to be high considering that this range should
suffice in emergency cases.

What can also be observed from Figure 2 is that EV experience does not seem to have a significant
impact on participants’ evaluation of the SoCwmin. An analysis of variance (ANOVA) confirmed
that group means are not significantly different. In order to elaborate the relationship between the
SoCwin and the level of user experience in more detail, we performed a mediation analysis. Spe-
cifically, we were interested in investigating on whether the charging strategy, which can be seen
as one possible motivation for higher or lower SoCwmin, explains the relationship between user
experience and stated SOChwiin.

Table 4: Minimum range requirements in total

Sample [in km]

M SD SE Min Max o5 Aos Qo75

N=1195 119.01 98.37 2.84 0 500 50.0 100.0 150.0

We tested the following sequence: level of user experience -> charging strategy -> SoCwin. We
chose the group of low user experience as the reference group, meaning all following results are
interpreted in comparison to this reference group. Table 5 presents the indirect effects of the me-
diation analysis and Figure 3 (a-b) the standardized B-values of the mediation analysis.

We can observe from Figure 3 b that the effect of high user experience on climate-neutral charging
(R=0.35) is positive. The effect on cost-minimized charging is negative and slightly smaller (R=
-0.33). This indicates that the importance of climate-neutral charging increases and of the cost-
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minimizing charging strategy declines for EV owners when compared to users with no EV expe-
rience. Both values are moreover highly significant, whereas the effect of high user experience
on grid-beneficial charging is not significant. High user experience thus significantly predicts
cost-minimized and climate-neutral charging. Medium user experience, however, does not signif-
icantly predict one of the charging strategies. When analyzing the relationship between the charg-
ing strategies and the SoCwin, We can see that these relationships are highly significant, except for
the relationship between grid-beneficial charging and SoCwin. Moreover, the effect of cost-mini-
mized charging on SoCwmin is negative, while the opposite is true for the relationship between
climate-neutral charging and SoCmin, emphasizing that minimum range requirements increase for
a higher preference for cost-minimized charging, while they decrease in case of a higher prefer-
ence to charge the EV in a climate-neutral manner. Finally, the direct effects of medium (3= -

(@) Independent variable: Medium user experience

Cost-minimized

charging -
Total effect= 0.06 0.13

Climate-neutral
charging
Total effect= 0.07

Grid-beneficial
charging
Total effect= 0.06

Medium user > SoCwmi
experience Direct effect, 3= 0.06 )

(b) Independent variable: High user experience

Cost-minimized
charging
Total effect=-0.05

Climate-neutral
charging
Total effect=-0.04

0.35***
Grid-beneficial

charging
0.11 Total effect= -0.09
High user o SoCuin
. Ll I
experience Direct effect, 3= -0.09

p: Significance level: *p < 0.05; **p < 0.01; ***p < 0.001

Note: Even though the mediators are displayed in one model, we carried out three separate models — for each medi-
ator one model.

Figure 3: (a-b) Mediation analysis for X= level of user experience, M= charging strategy, Y= minimum range; N=
1196
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0.06, 95% CI [-8.13; 20.73], p= 0.392) and high (8= -0.09, 95% CI [-23.07; 4.85], p= 0.201) user
experience on the SoCwin are not significant.

To account for a possible bias due to diverging sociodemographic characteristics between the
groups (see Section C.3.1), we tested the mediation analysis with the three covariates: gender,
income and education. Gender was significant, yet, including sociodemographic variables as co-
variates didn’t change the results of the indirect effects. The results can be found in Appendix E.

Table 5 shows that pursuing a climate-neutral and a cost-minimizing charging strategy both me-
diate the relationship between high user experience and minimum range requirements. By con-
trast, the indirect effect due to grid-beneficial charging is not significant, nor could we identify
any indirect effect that significantly mediates the relationship between medium user experience
and minimum range requirements. Thus, there seem to be significant differences between users
with a high EV experience and without experience, but no differences between those having me-
dium and no user experience with EVs.

Table 5: Indirect effect of level of user experience, on SoCwmin, mediated by the three charging strategies

Cost minimized-charging Climate-neutral charging Grid-beneficial charging

Bootstrap 95% Cls Bootstrap 95% Cls Bootstrap 95% Cls

B (SE) Lowerto Upper B (SE) Lowerto Upper B (SE)  Lowerto Upper

Medium user  0.003 -0.006 0.004
experience (0.010) -0.016 0.025 (0012) -0.029 0.017 (0.005) -0.004 0.016
High user ex- -0.042 -0.050 -0.004

f -0.075 -0.018 -0.082 -0.024 -0.016 0.0037
perience (0.014) (0.015) (0.005)

Note: Confidence Intervals (Cls) are bias corrected; 10.000 bootstrap samples.

Interestingly, pursuing a climate-neutral charging strategy increases the willingness of high ex-
perienced users to accept lower SoCwin values. We can thus conclude that the promise to charge
in a climate-neutral way leads to decreasing minimum range requirements, thus allowing for the
exploitation of higher flexibility potentials. Pursuing a cost-minimizing charging strategy has the
opposite effect. Charging in a cost-minimizing manner does not motivate users to require lower
ranges, i.e., to provide more flexibility in order to generate higher revenue potentials.

C.3.3 WTP for a two-level V2G charging tariff

The second goal of our survey was to determine users’ WTP fora V2G charging tariff. The results
of the PSM are displayed in Table 6. The graphical presentation of the results of the PSM can be
found in Appendix F. Table 6 shows that the optimal price for a V2G tariff is €3.05 / 100 km.
Compared to the reference price, this is relatively low (-42%), i.e. users demand a high price
reduction when charging in a V2G mode.
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Table 6: Price for a bidirectional charging tariff depending on the level of user experience

Sample

2nd price level of a two-price level tariff [in EUR/100km]

Reference price (uncontrolled
charging) €5.20 / 100km

Total (N=1169)
Low experience (Niow= 678)

Medium experience (Nmed=
233)

High experience (nhigh= 258)

1 2 3 4
IDP OPP MPG MDP
3.50 (-33%) 3.05 (-42%) 2.01 4.60
3.60 (-31%) 3.40 (-35%) 2.00 5.00
3.20 (-39%) 3.00 (-43%) 2.00 5.00
3.10 (-41%) 3.00 (-43%) 2.00 4.16

! Indifference price point (IDP): Equal number of respondents rate the price point as either “cheap” or “expensive”.
2 Optimal price point (OPP): The price exceeds either the upper or lower limits of an equal number of respondents.
3 Point of marginal cheapness (MGP): Number of respondents experiencing the tariff as “too cheap” is larger than
the number of those who experience it as cheap.
4 Point of marginal expensiveness (MDP): Number of respondents experiencing the tariff as “too expensive” is
larger than the number of those who experience it as expensive.

Moreover, the WTP decreases with higher levels of user experience, while the price sensitivity,
which is the difference between the IDP and the OPP, increases. The points of marginal cheapness
and of marginal expensiveness describe the acceptable price range. Corresponding to the price
sensitivity, the acceptable price range is greater for low and medium experienced participants

5,00 *ok ok
n.s. n.s
4,00
3,00
2,00
1,00
0,00
low level of medium level of high level of
experience experience experience

Note: p: Significance level: *p < 0.5; **p < 0.01; ***p < 0.001
Analysis of variance (Post-Hoc-Test: Hochberg): F (2, 1175)=10.93,

p=<0.001

Figure 4: Willingness to pay for bidirectional charging tariff (N=1178)
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(€2.00 - €5.00) than for
highly experienced partici-
pants (€2.00 - €4.16). These
results neglect our assump-
tion that EV experienced par-
ticipants would be willing to
pay more for a V2G service,
since they would be aware of
possible advantages.

To test the hypothesis that the
WTP can be explained by the
level of user experience, we
performed an analysis of var-
iance (ANOVA). We tested
this relationship for the value
of WTP expensive (WTPexp)
originating from the PSM.
This value reflects the users’
upper limit to buy the service
even though it is perceived as
being expensive. The



C.3.3 WTP for a two-level V2G charging tariff

ANOVA showed that there is only a significant effect (p= < 0.001) for high user experience on
the WTPexp for a V2G tariff compared to those having a low level of user experience with EVs.
Moreover, the F-statistic shows with F (2, 1175)= 10.93, p= < 0.001 that this relationship can
significantly be explained by the level of user experience.

To elaborate on the relationship between WTP and the level of user experience in more detail, we
performed a second mediation analysis, following the procedure described in Section C.3.2. We
tested the following sequence: level of user experience -> charging strategy -> WTPexp. Note:
Even though the mediators are displayed in one model, we carried out three separate models, for
each mediator one model.

(@) Independent variable: Medium user experience

Cost-minimized
charging
Total effect=-0.15*

_0.15***

Climate-neutral
charging
Total effect=-0.16*

Grid-beneficial charg-
ing
Total effect= -0.14*

0.09***

Medium user
experience Direct effect, 3= -0.16*

> WTP,

exp

(b) Independent variable: High user experience

Cost-minimized
charging
Total effect= -0.38***

Climate-neutral
charging
Total effect= -0.38***

Grid-beneficial charg-
ing
Total effect= -0.34***

WTP

exp

\ 4

High user experience

Direct effect, 3= -0.33***

p: Significance level: *p < 0.05; **p < 0.01; ***p < 0.001

Note: Even though the mediators are displayed in one model, we carried out three separate models, for each mediator one
model.

Figure 5: (a-b) Mediation analysis for X= level of user experience, M= charging strategy, Y= willingness to pay (expensive)
for N=1178
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Figure 5 (a-b) depicts the effects of the mediation analysis as 3-values and values and Table 7 the
indirect effects of the mediation analysis.

The standardized B-values in Note: Even though the mediators are displayed in one model, we
carried out three separate models, for each mediator one model.

Figure 5 (a-b), which demonstrate the relationship between the levels of user experience and the
charging strategies, were analyzed in Section C.3.2. When analyzing the relationship between the
charging strategies and WTPexp, we can see that this relationship is highly significant for all three
charging strategies. While increasing interest for the cost-minimizing charging strategy leads to
lower WTP, i.e. the wish for higher compensation, an increase in interest in a climate-neutral or
grid-beneficial charging strategy leads to a higher WTP. As such, offering a cost-minimizing
charging strategy raises expectations of higher revenues. There is a clear tendency that climate-
neutral, and, to a lesser extent, grid-beneficial charging strategies both foster the willingness of
users to pay more for such a service.

Table 7 Indirect effect of level of user experience on WTPexp mediated by the three charging strategies

Cost minimized-charging Climate-neutral charging Grid-beneficial charging
0, 0,
Bootstrap 95% Cls Bootstrap  95% Bootstrap  95%
Cls Cls

B (SE) Lower to Upper B (SE) Lower to Upper B (SE) Lower to Upper

Mediumuser ~ -0.006 0.006 -0.013
experience 0.012) -0.030  0.017 0.011) -0.015  0.027 (0.008) -0.033  0.001
High user 0.049 0.045 0.011

experience (0.016) 0.021  0.083 (0.015) 0.020  0.076 0.008) -0.003  0.030

Note: Confidence Intervals (Cls) are bias corrected; 10.000 bootstrap samples.

The indirect effects of the three mediation models show that two out of three charging strategies
mediate the relationship between user experience and WTPexp. Like the previous model (cf. Table
6), the cost-minimized (3= 0.05, 95% BCa CI [0.02, 0.08]), as well as the climate-neutral charging
strategy (B=0.05, 95% BCa CI [0.02, 0.08]), both appear to be significant mediators for the rela-
tionship between high user experience and WTPexp. The grid-beneficial charging strategy, how-
ever, neither mediates the relationship between medium user experience and WTPexp, nor for high
user experience. Since we identified a sociodemographic bias between and within the groups
(Section C.3.1), we tested the models under consideration of these variables as covariates. Note-
worthy, while the covariates did not have any considerable effect on the mediation by the climate-
neutral and the cost-minimizing charging strategy, the inclusion of gender, education and income
separately as covariates impacted the indirect effect of the grid- beneficial charging strategy. The
coefficients improve and the confidence intervals indicate that mediation takes place. The results
are displayed in Appendix E.
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Although users’ WTP for V2G and the SoCwmin have been examined by past studies, so far, hardly
any studies have differentiated between levels of user experience and analyzed users’ underlying
motivations. Doing so provides information on users’ expectations towards this new service, thus
indicating minimum requirements. Underlying motivations assist in creating business models for
future V2G tariffs. To close this gap, the paper aimed to answer the following research question:
How does EV experience influence user requirements with respect to minimum range and re-
quired savings within a V2G charging tariff and to what extent do underlying motives influence
this relationship?

The initial assumption that differences between the levels of user experience would be apparent
could not be validated by the study’s results. The results revealed that the SoCwin Values are, with
an average of 199 km over the complete sample, high. Thus, expectations for the minimum charg-
ing level were high, independently of the level of user experience. The values appear especial ly
high against the background that the average driving ranges in Germany range from 22 km in
urban to 37 km in rural areas (Nobis and Kuhnimhof, 2018). On the one hand, these results are in
line with previous studies, demonstrating that potential EV users are willing to pay more for ad-
ditional ranges (Geske and Schumann, 2018; Hidrue and Parsons, 2015; Huang et al., 2021), em-
phasizing the SoCwin as a precondition for participation in V2G tariffs (Ensslen et al., 2018; Huang
et al., 2021). On the other hand, it raises the question as to what underlying factors drive these
high estimates. We can think of four explanations: First, people expressed their objection towards
V2G by stating very high values. Second, people clearly overestimated their SOCwmin requirements
or were not able to estimate realistic values. This explanation is especially in line with the ob-
served societal resistance to change in Buhler et al. (2014) (see Section 2.1). Third, people truly
have very high SoCwin requirements, or fourth, people did not understand the concept of the
SoCwin Independent of the possible reasons for these high values, from an aggregator’s point of
view, considering users’ minimum range requirements implies that only low flexibility potentials
can be raised due to generally high minimum range requirements.

While user experience itself cannot explain differences in SoCwin, underlying motivations do.
Pursuing a climate-neutral charging strategy or a cost-minimizing charging strategy mediate high
user experience compared to low user experience. While a climate-neutral charging strategy leads
to accepting lower SoCwin Values, a cost-minimizing charging strategy has the opposite effect.
Whether survey participants realized the interconnection between higher flexibility potentials due
to lower minimum ranges and monetary or environmental benefits is unclear. Regardless of the
interconnection, environmental benefits are much more valued by EV owners, while financial
benefits are less attractive to this group.

Previous studies provide different insights on the importance of the various motives that we tested
to increase the user acceptance of V2G (Geske and Schumann, 2018; cf. Will and Schuller, 2016).
Besides environmental, monetary or grid-related motives, the possibility to fast charge the EV
can be a means to significantly achieve acceptance of lower guaranteed minimum ranges (Huang
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et al., 2021). This may increase the acceptance of V2G. Yet, it may also antagonize the overall
objective of V2G to provide flexibility for a future reliable energy system. Complementary, Ar-
deshiri and Rashidi (2020) show a high acceptance, i.e. high WTP for a state-initiated fee to ac-
celerate the installation of fast charging stations. The study by Ardeshiri and Rashidi (2020),
however, did not consider V2G and the results are relevant on a policy-level, while our results are
a primary concern for the energy system. Our results thus complement the existing body of liter-
ature by demonstrating that more flexibility potentials can be raised by offering a climate-neutral
charging strategy which motivates EV users to accept lower minimum ranges. This insight is
especially relevant from an aggregator’s perspective.

Besides range requirements, we also assessed user’s WTP for a V2G charging service. Assessing
users’ WTP for an innovative, not-yet-available service is always limited by its hypothetical char-
acter. We tried to overcome this shortcoming by including EV-experienced people in the sample,
expecting more realistic estimations from this target group. Regarding WTP, the results revealed
that the WTP over the complete sample is with an optimal price of €3.05 low compared to the
reference price of €5.20 / 100 km. The generally low WTP (-42% over the whole sample com-
pared to the reference price) is in line with previous research, assessing WTP for V2G attributes,
finding high WTP for extra services, such as longer minimum ranges (Axsen et al., 2016; cf.
Bailey and Axsen, 2015; Geske and Schumann, 2018; Huang et al., 2021). This suggests that
users assign a great value to flexibility, leading to a significantly lower WTP or to a higher read-
iness to pay more in order to gain additional flexibility.

However, when assessing compensation to provide flexibility, the results of existing research are
less consistent. In an early study, Parsons et al. (2014) found very high cash-back demands rang-
ing from $2368 - $8622 / year (€2091 - €7613 / year) depending on the contract conditions,
whereas a recent study by Lee et al. (2020) estimate a willingness to accept of $8.83 / month
(€7.79 I month). A comparison of these results with our findings is limited, as vast improvements
in EV and (smart) charging technology have taken place in the past years. Additionally, electricity
prices and regulations differ enormously between countries. A more direct comparison is possible
with the study by Kubli et al. (2018). Their results show implicit discomfort costs for varying
degrees of flexibility between CHF 3.85 - CHF 45.16 / month (€3.72 - €43.71 / month) compared
to an option without flexibility. The authors classify these results as moderate, which are lower
than our findings for Germany.

Additionally, with regard to user experience, the results were unexpected, in that proficient users
were willing to pay significantly lower electricity prices (-43%) to charge their EV than inexpe-
rienced users (-35%). EV users thus required higher compensation or, to turn the argument
around, EV users expect the monetary benefits arising from V2G to be higher than inexperienced
users. Bailey and Axsen (2015) obtained similar results, and point out that experienced users
might be better able to estimate the value of engaging in such a charging program.

To put our results in context, a review by Sovacool et al. (2017) highlight that economic modeling
studies specify monetary benefits to vary between $100 - $300 / year (€88 - €264 / year) and ve-
hicle. Studies estimating earnings for providing regulation services state values from $85 - $2500
(€75 - €2207) (Bailey and Axsen, 2015), up to $5000 / year (€4414 / year) and vehicle (Sovacool
et al., 2017). A recent study estimated a yearly revenue of €530 by combining vehicle-to-home
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and arbitrage trading (Kern et al., 2022). Thus, there seems to be a wide range regarding possible
monetary benefits depending on the application and underlying assumptions (for a meta-analysis
see Heilmann and Friedl, 2021), implying that the amount of monetary benefits harbors a great
deal of uncertainty. The expectation horizon of our respondents is with regard to monetary com-
pensation rather at the lower end, not accounting for taxes and fees, compared to the previously
mentioned literature.

Furthermore, the mediation analysis revealed that a climate-neutral and a cost-minimizing charg-
ing strategy can significantly influence EV users’ WTPex for a V2G charging tariff. EV users are
thus willing to pay more when a climate-neutral charging strategy is pursued, while the opposite
effect can be observed for a cost-minimizing charging strategy. EV users” WTP thus decreases
when applying a cost-minimizing charging strategy, i.e. EV users require higher compensation
compared to inexperienced users. A grid-beneficial strategy proves to be non-significant for all
groups. Given these results, the question arises, how can aggregators in the future energy system
account for these preferences? Generally, as Krueger and Cruden (2020) point out, accounting for
user requirements puts further constraints on the aggregator, and even more so when user re-
quirements are high, which is the case when considering the effect of the cost-minimizing charg-
ing strategy on both the SoCmin and WTPexp. This indicates a potential conflict for aggregators to
fulfill user requirements on one hand, and master the increased complexity of the power grid on
the other.

Yet, fostering a climate-neutral charging strategy is preferable for both parties. EV owners clearly
prefer to charge in a climate-neutral way. Moreover, this strategy incentivizes this user group to
provide more flexibility and simultaneously accept lower revenues. From the perspective of an
aggregator, these conditions provide more flexibility to develop a suitable business model. More-
over, from a system perspective charging in a climate-neutral way is preferable to a cost-mini-
mizing charging strategy. This is especially due to the fact that explicit consideration of grid con-
straints on the transmission grid level results in less curtailment of RES compared to an
economically oriented tariff design and to an economically and ecologically improved system
outcome (Gunkel et al., 2020; Szinai et al., 2020). Our findings thus support previous literature
suggesting to communicate and promote more intuitive advantages which subsequently benefit
the grid, such as environmental benefits (Bailey and Axsen, 2015; Gunkel et al., 2020; Sloot et
al., 2022; Sovacool et al., 2017; Szinai et al., 2020; Will et al., 2022).
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and future work

Our study aimed to improve our understanding of how user experience with EVs influences users’
WTP for a V2G charging tariff and SoCwin requirements in Germany. Moreover, we investigated
the role of underlying motivations, guiding users’ evaluation thereof. Our research design allowed
us to compare the perspectives of EV-experienced users, medium-experienced users, and people
who did not have any experience yet with EVs.

Our results show that SoCwin requirements are high compared to average daily driving distances
in Germany. Furthermore, WTP values were low compared to the reference price. These results
are true for all three levels of user experience. In general, people seem to have high mobility
requirements on the one hand and high discount expectations on the other, making it difficult for
aggregators to offer profitable business models. Differences between the levels of user experience
and WTP and SoCwin became visible, when including underlying motivations as a mediating var-
iable in our analysis. While charging in a climate-neutral way leads to a higher readiness of EV
owners compared to people with no EV experience to accept higher prices and lower minimum
ranges, charging in a cost-minimized manner has the opposite effect. We thus recommend that
future charging tariffs should especially promote climate-neutral charging strategies, as these are
clearly the most accepted strategies by users and provide the best possible benefit and highest
flexibility potential to aggregators. Moreover, by pursuing climate-neutral charging strategies,
operators would be able to better align the integration of RES and grid stability.

Our results thus provide further insights into user motivations to participate in a VV2G tariff, high-
lighting the importance of fostering RES integration to agree to lower SoCwin and higher WTP.
Concerning the grid-beneficial charging strategy, no mediating effects are observable. Yet, this
charging strategy is of high importance to increase the overall system reliability, which is espe-
cially true against the background of the government’s plans to further increase the RES capacity
in Germany within the next decade. The users’ indifference towards the grid-beneficial charging
strategy, however, challenges policy makers who aim to foster system-integrative and sustainable
solutions to meet the government’s goals. The same is true for other countries pursuing the path-
way to decarbonisation. Therefore, raising awareness of V2G’s potential to benefit grid conges-
tion and carbon intensity appears essential. Based on our results, we recommend communication
and promotion of more intuitive advantages that indirectly also benefit the grid infrastructures,
such as environmental benefits. A lot of effort is required to challenge the balancing act to fulfil
system services and comply with regulatory frameworks while meeting user requirements when
designing convincing charging strategies. To this end, stakeholder-specific communication and
services are needed, as well as clear regulatory frameworks.

To overcome the hypothetical character of assessing V2G charging tariffs, we specifically tar-
geted EV-experienced people, expecting more realistic estimations. To assess users’ real WTP
for a V2G charging tariff, future research could conduct field studies with pilot customers.
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Moreover, considering battery aging within a V2G service would be another interesting aspect
for future research when assessing questions on range and willingness to pay. Finally, due to a
regulatory gap in Germany on selling electricity within a V2G service, we solely focused on the
net-purchasing price to charge the EV. Recently, as part of a newly passed law to promote RES
in Germany, the German parliament also decided on §14a EnWG, which regulates how to deal
with the grid-serving control of controllable consumer devices and controllable grid connections,
including bidirectionally chargeable EVs (Federal Ministry of Ecomonic Affairs and Climate Ac-
tion, in charge, 2022). Future work could thus integrate and evaluate this new regulatory frame-
work in a V2G tariff scheme.

Finally, our results revealed that experienced EV users’ motivations could be raised by offering
a climate-neutral charging strategy. Further research needs to specifically target the group of peo-
ple without EV experience in order to achieve the ambitious EV goals worldwide. Moreover, the
importance of different charging strategies could be evaluated in more detail. The question of
which benefits could be raised from an aggregator’s perspective by pursuing different V2G charg-
ing strategies while accounting for user requirements with low EV experience could be subject
for further research.
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Appendix

APPENDIX A Forums and platforms for purposive sampling

Forum and platform

Group name

Web address

GoingElectric

https://www.goingelectric.de/fo-
rum/

Motor Talk

https://www.motor-talk.de/

Tesla Fahrer und Freunde

https:/tff-forum.de/

Elektromobilitat Diskussionsforum

https://www.elektromobilitaet-
forum.de/

Elektroauto Community

https://www.elektroauto.commu-
nity/

Elektroauto Forum

https://elektroauto-forum.de/

Photovoltaik Forum

https://www.photovoltaik-
forum.com/

Facebook

BMW i3 Freunde
Elektromobilitat D/A/CH
Elektromobilitét heute

Ich fahre Elektroauto

Pro Elektromobilitat. Pro BEV
Elektroauto 2.0

https://www.facebook.com/

AutoExtrem

https://www.autoextrem.de/fo-
rums/

Forum fir alternative Antriebe

https://forum-alternative-an-
triebe.de/

eVW-Forum - E-Fahrzeuge von VW

https://evw-forum.de/

XING

Neue Mobilitat

Europdisches Netzwerk Elektromobili-
tat

Elektromobilitat - Die Zukunft fahrt
elektrisch

Ladeinfrastruktur Elektromobilitat
Elektromobilitat

https://goto.xing.com/mach-
dein-xing?experiment=abacus-
108

BHKW-Forum - Das Prosumer Netz-
werk fiir mehr Effizienz im Heizungs-
keller

https://www.bhkw-forum.de/dis-
kussion/

APPENDIX B. Survey questions for assessing users’ minimum range (SoCSR)

requirements

Question FO1. Mr. Meier now sets the desired minimum range using his charging app.

Please put yourselfin Mr. Meier’s position. How many kilometers should your electric car always
be able to cover in unpredictable cases, for example in emergency situations?
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Appendix

Please think of the range with which you would just feel safe.

...Kilometer

Appendix C. Survey questions for assessing users’ willingness to pay for a V2G
charging tariff according to the Price Sensitivity Meter (PSM)

Question F02. Please put yourselfin Mr. Meier’s place at contract conclusion. In the first charging
phase (uncontrolled immediate charging), the price for charging your electric car is 5.20 euros
per 100 km range. You are now considering how much charging in the second charging phase,
bidirectional charging, will cost you.

Please enter a price in the format *.** € below. Assume that the maximum costs per 100 km range
can be as high as in the first charging phase (€5.20).
At what average price per 100 km of range would you consider bi-directional charging...
.. find it too expensive, i.e., you would definitely look for a cheaper tariff? [ € per 100
km range (charging phase 2)
...feel expensive and you would only conclude the contract after careful consideration?
Ij € per 100 km range (charging phase 2)
.. feel cheap, i.e., the tariff would be a bargain? [ |€ per 100 km range (charging phase
2)

... feel too cheap, i.e., you have doubts about the seriousness of the tariff? [ § per 100
km range (charging phase 2)

Appendix D. Survey questions for assessing users’ preferred charging strategy

Question FO3. Mr. Meier has the additional option, as part of the tariff agreement, of specifying
criteria to be used for charging in the second, bidirectional phase.

Please decide how important the following criteria would be to you.

Please allocate a total of 100 points to the corresponding aspects. Give the most points to the
criterion that you consider most important.

O Charging as cost-minimized as possible __ Points
O Charging as climate-neutral as possible (= high share of renewable energy sources)
Points

Making the greatest possible contribution to grid stabilization __ Points

193



Appendix

Appendix E. Comparison of results of mediation analysis with and without covariates

Variable names

X user experience (SD05_auf)

x1 medium user experience

X2 high user experience

Y min SoC (F01)

M cost-minimized charging (FO3_1), climate-neutral charging (FO3_2), grid-beneficial charging (FO3_3)
Covariate salary (SD10), education (SD08_neu), gender (SD01)

p: Significance level: *p < 0.05; **p < 0.01; ***p < 0.001

Mediation analysis for cost-optimized charging

R without Covariate Mediation with covariate SD10 Mediation with covariate Mediation with covariate SD01
SDO08_neu
Model summary: outcome variable M
R2=0.019, F=11.657, p<0.000 R2=0.019, F=7.824, p<0.000 R2=0.019, F=7.768, p<0.000 R2=0.025, F=10.328, p<0.000
B p B p B p B p

x1 0.026 0.726 0.026 p=0.725 0.026 p=0.726 0.001 p=0.989
X2 -0.326*** 0.000 -0.326***  p=<0.000 -0.326*** p<0.000 -0.386*** p<0.000
Covariate 0.012 p=0.678 -0.003 p=0.923 -0.082** p=0.006

Model summary: outcome variable Y

R?2=0.019, F=7.673, p<0.000 R2=0.020, F=5.985, p<0.000 R?2=0.019, F=5.763, p<0.000 R2=0.225, F=6.857, p<0.000
B p B p B p B p
x1 0061  p=0.414 0061  p=0.412 0061  p=0415 0042  p=0576
X2 -0.051  p=0.485 -0.051  p=0.478 -0.052  p=0.476 -0.098  p=0.196
M 0.129%**  p<0.000 0.120%*  p<0.000 0.129%**  p<0.000 0.124***  p<0.000
Covariate 0028  p=0.337 0070  p=0.818 -0.063* p=0.037
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Total effect model

R?=0.003, F=1.593, p=0.204

R2=0.0035, F=1.3997, p=0.2413

R?=0.0027, F=1.0769, p=0.3578

R2=0.0075, F=3.0082, p=0.0294

B p B p B p B p
x1 0.064 p=0.3924 0.064  p=0.390 0.064  p=0.393 0.042  p=0.578
X2 -0.093  p=0.201 -0.093  p=0.197 -0.094  p=0.197 -0.146* p=0.054
Covariate 0.029  p=0.315 0.006  p=0.829 -0.073* p=0.016
Indirect effect
] Bootstrap 95% Cls ] Bootstrap 95% Cls ] Bootstrap 95% Cls R Bootstrap 95% Cls
Lower to Upper Lower to Upper Lower to Upper Lower to Upper
x1 0.003 -0.016 0.025 0.003 -0.016 0.024 0.003 -0.016 0.024 0.000 -0.019 0.079
X2 -0.042 -0.075 -0.018 -0.419 -0.073 -0.017 -0.042 -0.073 -0.017 -0.048 -0.083 -0.020

Mediation analysis for climate-neutral charging

R without Covariate

Mediation with covariate SD10

Mediation with covariate
SDO08_neu

Mediation with covariate SD01

Model summary: outcome variable M
R2=0.020, F=11.892, p<0.000

R2=0.020, F=7.956, p<0.000

R?=0.020, F=8.077, p<0.000

R2=0.025, F=10.347, p<0.000

B P B P B P B P
x1 0.040 p=0.592 0.040 p=0.591 0.040 p=0.594 0.064 p=0.390
X2 0.345%** p<0.000 0.345%** p<0.000 0.342%** p<0.000 0.404*** p<0.000
Covariate 0.009 p=0.750 0.019 p=0.503 0.080** p=0.008
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Model summary: outcome variable Y

R?=0.023, F=9.372, p<0.000

R2=0.024, F=7.312, p=0.000

R?=0.023, F=7.049, p<0.000

R?=0.265, F=8.011, p=0.000

B p B p B p B p
x1 0067  p=0.346 0070  p=0.344 0070  p=0.347 0051  p=0.496
) -0.043  p=0.554 -0.044  p=0.548 -0.044  p=0.450 -0.089  p=0.237
M -0.144***  p<0.000 -0.145%**  p<0.000 -0.144%**  p<0.000 -0.140%**  p<0.000
Covariate 0034  p=0.288 0009  p=0.753 -0.062*  p=0.040

Total effect model

R2=0.003, F=1.593, p=0.204

R?=0.004, F=1.400, p=0.241

R2=0.003, F=7.077, p=0.358

R2=0.008, F=3.008, p=0.029

B p B p B p B p
x1 0.064 p=0.321 0.064 p=0.390 0.064 p=0.393 0.042 p=0.578
X2 -0.093 p=0.201 -0.093 p=0.197 -0.094 p=0.197 -0.146* p=0.054
Covariate 0.029 p=0.315 0.006 p=0.829 -0.073* p=0.016
Indirect effect
] Bootstrap 95% Cls R Bootstrap 95% Cls ] Bootstrap 95% Cls Q Bootstrap 95% Cls
Lower to Upper Lower to Upper Lower to Upper Lower to Upper
x1 -0.006 -0.029 0.017 -0.002 -0.029 0.016 -0.006 -0.029 0.017 -0.009 -0.031 0.012
x2 -0.050 -0.082 -0.024 -0.050 -0.082 -0.024 -0.049 -0.081 -0.023 -0.056 -0.092 -0.028
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Mediation analysis for grid-beneficial charging

B without Covariate

Mediation with covariate SD10

Mediation with covariate
SDO08_neu

Mediation with covariate SD01

Model summary: outcome variabel M
R2=0.005, F=3.103, p=0.045

R2=0.007, F=2.594, p=0.051

R2=0.006, F=2.279, p=0.080

R2=0.007, F=2.62, p=0.049

R p R p R p B p
x1 -0.108 p=0.147 -0.109 p=0.146 -0.108 p=0.148 -0.097 p=0.200
X2 0113  p=0.118 0114  p=0.115 0117  p=0.106 0141  p=0.061

Covariate

-0.036 p=0.210

-0.023 p=0.426

0.039 p=0.198

Model summary: outcome variable Y
R2=0.004, F=1.489, p=0.216

R2=0.005, F=1.350, p=0.249

R?=0.004, F01.125, p=0.343

R2=0.008, F=2.529, p=0.039

B P B P B P B P
x1 0.061 p=0.419 0.061 p=0.416 0.060 p=0.420 0.039 p=0.605
X2 -0.089 p=0.230 -0.090 p=0.216 -0.090 p=0.216 -0.142 p=0.061
M -0.033 p=0.258 -0.032 p=0.274 -0.033 p=0.261 -0.030 p=0.297

Covariate

0.028 p=0.334

0.006 p=0.849

-0.072* p=0.018

Total effect model
R2=0.003, F=1.593, p=0.204

R2=0.004, F=1.400, p=0.241

R2=0.003, F=1.077, p=0.358

R2=0.008, F=3.008, p=0.029

R p R p R p B p
x1 0.064 p=0.392 0.064 p=0.390 0.064 p=0.393 0.042 p=0.58
X2 0093  p=0.201 0093  p=0.197 0094  p=0.196 -0.146* p=0.054

Covariate

0.029 p=0.315

0.006 p=0.829

-0.073* p=0.016

197



Appendix

Indirect effect

Bootstrap 95% Cls

Bootstrap 95% Cls

Bootstrap 95% Cls

Bootstrap 95% Cls

g Lower to Upper 8 Lower to Upper 8 Lower to Upper 6 Lower to Upper
x1 0.004 -0.004 0.016 0.004 -0.004 0.016 0.004 -0.004 0.016 0.003 -0.460 0.015
X2 -0.004 -0.016 0.004 -0.004 -0.016 0.004 -0.003 -0.016 0.004 -0.004 -0.018 0.005
Variable names
X user experience (SD05_auf)
x1 medium user experience
X2 high user experience
Y WTP expensive (F02_2)
M cost-minimized charging (FO3_1), climate-neutral charging (FO3_2), grid-beneficial charging (FO3_3)

Covariate

salary (SD10), education (SD08_neu), gender (SD01)

p: Significance level: *p < 0.05; **p < 0.01; ***p < 0.001

Cost-optimized charging

R without Covariate

Mediation with covariate SD10

Mediation with covariate
SDO08_neu

Mediation with covariate SD01

Model summary: outcome variable M
R2=0.020, F=11.913, p<0,000

R2=0.020, F=7.956, p<0,000

R?=0.020 F=7.938, p<0,000

R?=0.026, F=10.516, p<0,000

B p B p B p B p
x1 0042  p=0576 0042  p=0576 0042  p=0.560 0017  p=0.818
X2 -0.326%**  p<0.000 -0.326%**  p<0.000 -0.325%**  p<0.000 -0.387***  p<0.000
Covariate 0.007  p=0.804 -0.003  p=0.932 -0.083** p=0.006
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Model summary: outcome variable Y
R2=0.040, F=16.405, p<0,000

R2=0.041, F=12.678, p<0.000

R2=0.040, F=12.358, p<0.000

R2=0.050, F=15.487, p<0.000

B p B p B p B p
x1 -0.152* p=0.041 -0.152* p=0.041 -0.151* p=0.042 -0.121 p=0.105
X2 -0.380*** p<0.000 -0.378*** p<0.000 -0.377%** p<0.000 -0.300*** p<0.000
M -0.150*** p<0.000 -0.149%*** p<0.000 -0.150*** p<0.000 -0.142%** p=0.000
Covariate -0.035 p=0.224 -0.014 p=0.617 0.105*** p<0.000

Total effect model
R2=0.018, F=10.938, p<0.000

R2=0,020, F=7.807, p<0.000

R2=0.019, F=7.365, p<0.000

R2=0.031, F=12.371, p<0.000

B P B P B P B P
x1 -0.158* p=0.036 -0.158* p=0.036 -0.158* p=0.036 -0.123 p=0.101
X2 -0.331%** p<0.000 -0.330%** p<0.000 -0.328*** p<0.000 -0.246*** p=0.001
Covariate -0.036 p=0.215 -0.014 p=0.630 0.115%** p<0.000

Indirect effect

Bootstrap 95% Cls

Bootstrap 95% Cls

Bootstrap 95% Cls

Bootstrap 95% Cls

. Lower to Upper 9 Lower to Upper . Lower to Upper b Lower to Upper
x1 -0.006 -0.303 0.017 -0.006 -0.031 0.016 -0.006 -0.031 0.0162 -0.002 -0.025 0.0194
X2 0.049 0.022 0.083 0.049 0.022 0.082 0.049 0.021 0.082 0.055 0.026 0.0923
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Climate-neutral charging

B without Covariate

Mediation with covariate SD10

Mediation with covariate
SDO08_neu

Mediation with covariate SD01

Model summary: outcome variable M
R2=0.020, F=11.808, p<0.000

R?=0.020, F=7.924, p<0.000

R2=0.020, F08.011, p<0.000

R2=0.025, F=10.215, p<0.000

B P B P B P B p
x1 0.042 p=0.576 0.042 p=0.576 0.042 p=0.578 0.066 p=0.385
X2 0.346*** p<0.000 0.346*** p<0.000 0.343*** p<0.000 0.404***  p<0.000
Covariate 0.012 p=0.678 0.079 p=0.513 0.079** p=0.009

Model summary: outcome variable Y
R2=0.035, F=14.145, p<0.000

R2=0.036, F=11.040, p<0.000

R?=0.035, F=10.684, p<0.000

R2=0.045, F=13.887, p<0.000

B P B P B P B P
x1 -0.163* p=0.028 -0.163* p=0.028 -0.163* p=0.029 -0.131 p=0.079
X2 -0.376*** p<0.000 -0.375*** p<0.000 -0.373*** p<0.000 -0.295*** p<0.000
M 0.130*** p<0.000 0.131%** p<0.000 0.131%** p<0.000 0.122*** p<0.000
Covariate -0.037 p=0.192 -0.017 p=0.567 0.0107*** p<0.000

Total effect model
R2=0.018, F=10.938, p<0.000

R2=0.020, F=7.807, p<0.000

R2=0.019, F=7.365, p<0.000

R2=0.031, F=12.371, p<0.000

B p B3 p B p B p
x1 -0.158* p=0.036 -0.158* p=0.036 -0.158* p=0.036 0123 p=0.101
X2 -0.331%**  p<0.000 -0.330%**  p<0.000 -0.328***  p<0.000 -0.246***  p=0.001

Covariate

-0.036 p=0.215

-0.014 p=0.630

0.116***  p<0.000
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Indirect effect

Bootstrap 95% Cls

Bootstrap 95% Cls

Bootstrap 95% Cls

Bootstrap 95% Cls

8 Lower to Upper 8 Lower to Upper g Lower to Upper 6 Lower to Upper
x1 0.006 -0.015 0.027 0.006 -0.015 0.028 0.005 -0.016 0.0273 0.008 -0.011 0.030
X2 0.045 0.020 0.076 0.045 0.020 0.077 0.045 0.019 0.076 0.049 0.022 0.083

Grid-beneficial charging

B without Covariate

Mediation with covariate SD10

Mediation with covariate
SDO08_neu

Mediation with covariate SD01

Model summary: outcome variable M
R?=0.007, F=4.051, p=0018

R2=0,020, F=7.956, p<0.000

R?=0.020, F=7.938, p<0.000

R2=0.026, F=10.516, p<0.000

B P B P B P B P
x1 -0.142 p=0.060 0.042 p=0.576 0.042 p=0.576 0.017 p=0.818
X2 0.113 p=0.120 -0.326*** p<0.000 -0.325*** p<0.000 -0.387*** p<0.000
Covariate 0.007 p=0.804 -0.003 p=0.932 -0.083** p=0.006

Model summary: outcome variable Y
R2=0.027, F=10.795, p<0.000

R?=0.041, F=12.678, p<0.000

R?=0.040, F=12.358, p<0.000

R2=0.050, F=15.487, p<0.000

B P B P B P B p
x1 -0.145* p=0.054 -0.152* p=0.041 -0.151* p=0.043 -0.121 p=0.105
X2 -0.341*** p<0.000 -0.378*** p<0.000 -0.377*** p<0.000 -0.300*** p<0.000
M 0.093*** p=0.001 -0.149%** p<0.000 -0.150*** p<0.000 -0.142%** p<0.000
Covariate -0.035 p=0.224 -0.0144 p=0.617 0.105*** p<0.000
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Total effect model

R2=0.018, F=10.938, p<0.000

R2=0.020, F=7.0807, p<0.000

R2=0.019, F=7.365, p=0,001

R2=0.031, F=12.371, p<0.000

B P B P B P B p
x1 -0.158* p=0.036 -0.158* p=0.036 -0.158* p=0.036 -0.123 p=0.101
X2 -0.331*** p<0.000 -0.330%*** p<0.000 -0.326*** p<0.000 -0.246%*** p=0.001
Covariate -0.036 p=0.215 -0.014 p=0.630 0.116*** p<0.000
Indirect effect
] Bootstrap 95% Cls ] Bootstrap 95% Cls R Bootstrap 95% Cls R Bootstrap 95% Cls
Lower to Upper Lower to Upper Lower to Upper Lower to Upper
x1 -0.013 -0.033 0.0013 -0.006 -0.030 0.016 -0.006 -0.031 0.017 -0.003 -0.025 0.019
X2 0.011 -0.003 0.0302 0.049 0.022 0.083 0.049 0.021 0.083 0.055 0.026 0.092
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APPENDIX F. Willingness to pay for a V2G charging tariff according to the Price

Sensitivity Meter (PSM)

Willingness to Pay (WTP) for a bidirectional charging tariff

Total N=1169
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Abstract

Understanding the drivers that underpin the adoption of new energy technologies is key to foster-
ing a successful energy transition. Increasingly, studies focus on non-economic factors but are
often limited to personal motivations such as ecological values. While there is increasing recog-
nition that community factors can be key for behavioral change, the role of these factors with
regard to energy technology acceptance is so far not well understood. To address this gap, we
propose a new theoretical model to explain adoption interest of innovative energy technologies,
such as vehicle-to-grid technology. Our model comprises two levels and suggests that both a per-
sonal-motivation route and a community-motivation route can uniquely explain adoption interest.
We further propose an interplay between personal and community factors. We test this model
through an empirical study based on representative samples from three European countries (Ger-
many, France, Switzerland, total N= 979). Our results support the notion that different motiva-
tional routes can drive adoption interest. In particular, we find that initiative membership pre-
dicted adoption interest directly and indirectly via personal norm. Finally, we test our model for
differences between countries, finding evidence that community factors might differentially affect
adoption interest across national contexts.

Keywords: Community energy initiative, personal norm, technology adoption, country
comparison, structural equation model, Vehicle-to-grid (V2G)
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D.1 Introduction

Many countries worldwide aim to decarbonize their energy system in order to combat climate
change and protect the environment. To this end, a fundamental system transformation is needed
that is based on renewable and decentralized energy production, as well as flexible energy con-
sumption (Koirala et al., 2018b). As novel technologies emerge within this transformation, the
role of individuals shifts away from being mere passive consumers. In their new role, individuals
are becoming active energy citizens in the energy transition by adopting and using new energy
production or distribution technologies (Sintov and Schultz, 2015; Steg et al., 2018). The increase
of rooftop photovoltaic systems during the last years is a prominent example, and bears witness
of consumers becoming prosumers, by producing their own electricity while feeding in the surplus
(Hahnel et al., 2020; Hahnel and Fell, 2022). Empowered with these new opportunities, an indi-
vidual’s behavior can drive or hinder the energy system transformation (Nielsen et al., 2024),
which makes it necessary to investigate the factors driving individuals’ adoption decisions in the
context of novel energy technologies.

Research increasingly points to the notion that economic factors and rational self-interest are not
the only factors that determine individual behavior in the energy transition, but non-economic
factors often play an important role as well (Dreyer et al., 2022; Nilsson et al., 2018). This builds
on more general insights on decision-making and bounded rationality from psychology and be-
havioral economics (e.g., Kahneman, 2003a, 2003b). Previous research has highlighted the im-
portance of individual energy behavior in this transition and focused on identifying personal mo-
tivations beyond economic and self-interest motives such as ecological or altruistic motives, that
underlie sustainable energy use or technology adoption (Steg et al., 2015; Steg, 2016). In addition,
individuals often act within particular social contexts or groups, which can influence their deci-
sion-making (e.g., Fielding and Hornsey, 2016; Fritsche et al., 2018; Sloot et al., 2019). This
suggests that not only individual behavior but also collective efforts can drive the system trans-
formation. In particular, recent research has pointed to the role of community energy initiatives
as one type of collective to facilitate the sustainable energy transition (Schwanitz et al., 2023).
Community energy initiatives can raise their members' awareness of renewable energy technolo-
gies and create acceptance for these technologies (Seyfang and Smith, 2007; Sloot et al., 2018).
Moreover, by facilitating collective investments in energy technologies, these initiatives enable
individuals to take on a more active role in this transformation (Hamann et al., 2023). By fostering
collective ecological efforts over individual actions, they enable citizenship practices (Hamann et
al., 2023) and can uniquely motivate sustainable energy behavior (Sloot et al., 2018). Importantly,
however, little is known about the extent to which membership in these initiatives has the potential
to motivate the adoption and use of novel technological innovations that have not been widely
established yet. Equally important, more research is needed to understand the process by which
the community context, alongside personal values of citizens, can motivate technology adoption.

In this study, we address these research gaps by examining the potential of community factors —
in particular, membership in community energy initiatives — as drivers of novel technology adop-
tion. We propose a new theoretical model that considers both personal and community factors as
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potential drivers of technology adoption, suggesting that adoption can be driven jointly by per-
sonal values and norms, and membership in community energy initiatives. Specifically, we pre-
sent an empirical study based on nationally representative data collected in three European coun-
tries, namely Germany, France, and Switzerland, to explain whether membership ina community
energy initiative increases the likelihood to engage in additional energy transition practices. Our
sample comprises 229 energy initiative members and 690 non-members across all three countries.
Energy systems differ between countries, and there is a variety of initiatives, varying in their
organizational form, amount of members, success rate, and strategies (Koirala et al., 2018a;
Oteman et al., 2014), which results in a ‘patchwork of definitions’ (Schwanitz et al., 2023, p.7).
To acknowledge this diversity, we use the term community energy initiative to emphasize the
locally-rooted dedication to fostering the energy transition, which does not necessarily have to
adhere to existing legal structures and definitions.

Our empirical test of the theoretical model focuses on the adoption of vehicle-to-grid (V2G) tech-
nology for electric vehicles (EVs). V2G can be defined as a storage technology with a bidirec-
tional power flow (Kempton and Tomié, 2005; Sovacool and Hirsh, 2009). That is, EVs that are
connected to the grid can both be charged and feed electricity back into the grid when necessary.
On a household level, people may benefit financially by providing flexibility (Sovacool et al.,
2017). On a system level, V2G provides temporal and distributed flexibility (Knezovic et al.,
2017), and thus can be seen as an approach to balance short-term production and consumption
based on renewable energy sources (Hargreaves et al., 2013; Hossain, 2016). On a regional level,
this technology can specifically benefit local communities that generate renewable energy and
promote autonomous energy systems, by allowing for different energy services (Koirala et al.,
2018b; Proka et al., 2020; Reis et al., 2021; Schram et al., 2021), or by providing flexibility to
enable electricity sharing (e.g., peer-to-peer-trading) within a community (Hahnel et al., 2020;
Huber et al., 2019). While this technology holds many advantages and benefits for the system and
the user, V2G comes along with disadvantages, too, especially for the EV owner. One of the main
disadvantages is that mobility needs may be restricted (Franke et al., 2018; Franke and Krems,
2013). Another relevant constraint is higher costs, also due to a potentially shortened battery life
(Krueger and Cruden, 2020).

We aim at understanding the role that community energy initiatives can have in promoting addi-
tional energy transition practices, namely the adoption of VV2G technology for EVs. We thus con-
sider the complex interplay between personal and social motivations in influencing citizenship
behavior and sustainable practices, beyond mere monetary motivations assumed by classic mod-
els of ecological economics (Schlter et al., 2019; Verburg et al., 2016). We additionally examine
how those motivational factors are shaped by the local and national environment in which indi-
viduals operate, thus accounting for the important role of contextual factors in driving sustainable
practices. Specifically, this paper has two main objectives:

i. Proposing a theoretical model that considers both personal and community factors as po-
tential drivers of novel technology adoption
ii. Testing the theoretical model through an empirical study based on nationally representative
data collected in three European countries — Germany, France, and Switzerland — for the
case of vehicle-to-grid technology.
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The paper is structured into five parts. The first part focuses on the theoretical foundations and
introduces the novel theoretical model. We derive our hypotheses and then proceed with the de-
scription of the study design, data, and analysis method. Based on this, we present our findings,
starting with the results of the model before delving into the multigroup analysis, comparing the
effects between the three target countries. Finally, we discuss and reflect upon the theoretical
implications and limitations of our research.
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D.2 Personal and community factors

D.2.1 Values and personal norm

The energy transition with its goals as defined by the Paris Agreement requires a system transfor-
mation, which will only succeed with citizens actively engaging in the transition, for example
through changing their behavior and adopting novel energy technologies (Steg, 2016). To date, a
variety of different models exist that have been used to explain technology adoption. One promi-
nent model that is widely used to understand decision-making processes within an environmental
context is the theory of planned behavior (TPB) (Azjen, 1991), introduced as an expectancy-value
model of attitude-behavior relationships (Conner and Armitage, 1998). The model explains be-
havior mainly based on attitudes and perceived behavioral control, and was adapted and applied
to various contexts, for example to explain EV adoption (Haustein et al., 2021; Lee et al., 2023),
V2G acceptability (van Heuveln et al., 2021), or engagement in environmental activism (Fielding
et al., 2008). Yet, this theory remains grounded in the assumptions of rational choices and self-
interest, and is limited in capturing social contexts, such as the influence of particular groups
(Jackson, 2005; L6opez-Mosquera and Sanchez, 2012). Behavioral economics emphasizes that de-
cision-making often departs from the rational actor model, shaped by cognitive shortcuts like
heuristics, emotional influences, and biases that simplify complex choices. Beyond these pro-
cesses, intrinsic motivations, such as values and norms, play a critical role, particularly in the
context of sustainability (Simon, 1955; Simon, 1982; Kahneman, 2003b; Evans, 2008; Gigerenzer
and Gaissmaier, 2011). An alternative model giving more weight to these normative factors is the
value-belief-norm theory (VBN) developed by Stern et al. (1999), which assumes (pro-environ-
mental) behavior to be based on environmental and altruistic values (Dietz, 2015; Jackson, 2005;
Lopez-Mosquera and Sanchez, 2012). Previous empirical research has highlighted the role that
personal factors, such as the values and moral obligations captured by the VBN theory, play in
explaining ecological behavior (Steg, 2016; Steg et al., 2015; van der Werff and Steg, 2016).
Specifically, individuals who pursue biospheric (i.e., ecological) values are more likely to engage
in sustainable energy behavior, as these values reflect an intrinsic personal motivation to protect
the environment and thus engage in behaviors consistent with this goal (de Groot and Steg, 2008).
Next to biospheric values, egoistic values might underpin the adoption of novel energy technolo-
gies. Egoistic values reflect a propensity to strive for individual status, power, or monetary gains.
These values may therefore hinder the acceptance and adoption of new technologies if they are
perceived as costly (Steg, 2016). Conversely, egoistic values can in certain situations promote the
adoption of a specific technology if it promises monetary benefits (Steg and de Groot, 2012), or
enhances one’s status (Steg, 2016). For example, van der Werff and Steg, (2016) found egoistic
values to be significantly positively related to participation in smart energy systems. Moreover,
Jansson et al. (2011) found that values could successfully explain the early adoption of novel
technologies. Due to the importance of egoistic and biospheric values in explaining sustainable
energy behavior and adoption, we consider both values as potential antecedents of adoption in-
terest in V2G technology. Previous research has emphasized that values reflect relatively stable
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overarching goals in life, serving as the underlying motivation for more specific factors. In par-
ticular, biospheric values are often assumed to affect sustainable energy behavior via increasing
individuals’ feeling of moral obligation, commonly referred to as a personal norm (Brandsma and
Blasch, 2019; Namazkhan et al., 2019; Sloot et al., 2022; Steg et al., 2005; cf. Stern, 2000). While
a large number of studies has provided evidence on the relationships between values, personal
norm, and different sustainable energy behaviors (including membership in community energy
intitiatives), fewer studies have examined these variables in relation to the adoption of novel en-
ergy technologies (Lee et al., 2023; van der Werff and Steg, 2016). To our knowledge, no research
has investigated how personal motivational factors are related to individuals’ interest in V2G
technology, a technology that may lead to personal financial benefits but also introduces con-
straints on individual flexibility. Drawing upon these findings we state the following hypotheses:

Hypothesis 1a (H1a): Biospheric values are positively related to an individual’s personal norm
and, in turn, lead to a higher interest in V2G adoption.

Hypothesis 1b (H1b): Egoistic values are negatively related to an individual’s personal norm and,
in turn, lead to a lower interest in V2G adoption.

D.2.2 Community motives

Despite the important role of personal values, individuals do not act in a vacuum, but their deci-
sions and behaviors are influenced by the social context in which a person resides (Barth et al.,
2016). Research has highlighted the importance of social identities for sustainable energy behav-
ior (Fielding and Hornsey, 2016; Fritsche et al., 2018). Local communities and community energy
initiatives have received particular attention as potential facilitators of sustainable energy transi-
tion practices (Bamberg et al., 2015; Rees and Bamberg, 2014; Sloot et al., 2018). Notably,
Walker et al. (2022, p.2) distinguish between the concepts of ‘community of interest’ and ‘com-
munity of place’. While the latter puts focus on the geographic aspect and highlights the close
distance between members, the previous describes a group of individuals that are bonded by a
common interest, but not necessarily by close proximity (Walker et al., 2022). In the context of
energy initiatives, the concept of the ‘community of place’ is particularly relevant and is closely
intertwined and interrelated with the local neighborhood, thereby emphasizing the relationship
with distinct spatial environments (Ptak et al., 2018). In other words, although community energy
initiatives are distinct groups, they are commonly embedded in a wider local neighborhood, which
can itself act as an overarching group with relevance for individuals’ decision-making (Goedkoop
et al., 2022). Moreover, community energy initiatives rely on active participation from the mem-
bers of the neighborhood, which is easier to attain through direct contact, when neighbors are
emotionally attached to their neighborhood (Goedkoop et al., 2022; Kalkbrenner and Roosen,
2016; Oteman et al., 2014), or when there is a general appreciation of place (Hoffman and High-
Pippert, 2010; Patrick Devine-Wright and Yuko Howes).

Two community factors seem particularly relevant in this regard. First, the perceived goals and
norms of a community can guide individuals’ behavior, motivating them to act in accordance with
what they believe the community stands for (Fielding et al., 2008; Fielding and Hornsey, 2016).
These norms are assumed to affect decision-making not via the mechanism of social pressure but
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via the internalization of what the relevant social group stands for in terms of their goals and
values. From a behavioral economic perspective, this can be understood through the theory of
social preferences, which posits that individuals derive utility not only from their own outcomes
but also from outcomes that align with group norms or shared values (Fehr and Schmidt, 1999).
For instance, community members might participate in shared community projects to demonstrate
their commitment to group norms of collective benefit. We refer to this factor as the perceived
community sustainable energy motivation (CSEM) and propose that it might not only influence
sustainable energy behavior in general, but might also be relevant for technology adoption, par-
ticularly in the early adoption phase (Klockner, 2014; Barth et al., 2016). If individuals perceive
other community members to support sustainable energy transition practices, this might in turn
affect their own decision through mechanisms like reciprocity (Nowak, 2006; Hilbe et al., 2018).
Moreover, previous research indicates that CSEM correlates with higher levels of participation in
local sustainable energy projects, including membership in community energy intitiatives
(Goedkoop et al., 2022).

A second community factor is an individual’s identification with their local community. Commu-
nity identification is a specific type of group identification and reflects the emotional attachment
that a person feels to their community (Postmes et al., 2013). Studies have provided empirical
evidence for the idea that a stronger identification with one’s local community is positively related
to the willingness to participate in energy projects or initiatives with others in the community
(e.g., Bomberg and McEwen, 2012; Rees and Bamberg, 2014; Kalkbrenner and Roosen, 2016;
Goedkoop et al., 2022). Additionally, bounded rationality may play a role in this process: indi-
viduals embedded in a community often use social cues or peer behavior as heuristics for what
actions are desirable or normative, reducing cognitive effort in decision-making (Conlisk, 1996).
While these studies have tended to examine local communities and initiatives with similar objec-
tives, strategies, and organizational forms, we expect this relationship to generally hold across
different types of local communities.

Community energy initiatives can play a vital role in fostering the energy transition (Bauwens et
al., 2016; Wierling et al., 2023). By bringing individuals from a local community together, they
can go beyond individual change and provide an additional motivation to act as part of a particular
group. However, there is little quantitative empirical research on how membership in an energy
community can promote sustainable energy behaviors on an individual level and which behaviors
are specifically affected. One study tested the relationship between energy initiative membership
and different sustainable energy behaviors the initiative aimed to promote, such as energy saving,
while accounting for different personal ecological motivations (Sloot et al., 2018). This study
found that membership was related to stronger sustainable energy behavior, but the effect differed
across different types of behaviors. To our knowledge, no research has examined the relationship
between initiative membership and the willingness to adopt novel energy technologies in early
adoption phases, in particular when these technologies are not specifically targeted by the initia-
tive. This way, community energy initiatives might foster a sustainable energy transition in amore
indirect way by creating involvement in the system transformation beyond their immediate goals.
Another reason why membership in community energy initiatives might drive the adoption of
new technologies is because these technologies could complement the current goals of the initia-
tives. This alignment could create additional synergies and benefits, particularly for initiative
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members. For example, in the changing energy landscape, storage systems are becoming more
important to enable a higher integration of renewable energies. V2G is one of those technologies
creating synergies between technologies, enabling local communities to become more autono-
mous (Koirala et al., 2018b) or trade electricity (Hahnel et al., 2020; Hahnel and Fell, 2022). The
combination of both, trading and storing, was shown to achieve significant electricity savings for
the members of a local community (Luth et al., 2018). Thus, V2G can bring new opportunities
for citizens to actively participate on a local scale and to raise awareness of energy consumption
(Parra et al., 2017). Based on the above review of community factors and their relevance in the
energy transition as a whole, and regarding energy behavior change more specifically, we expect
the following:

Hypothesis 2a (H2a): Community sustainable energy motivation is positively related to an indi-

vidual’s membership in a community energy initiative and, in turn, lead to a higher interest in
adopting V2G.

Hypothesis 2b (H2b): Community identity is positively related to an individual’s membership in
a community energy initiative and, in tumn, lead to a higher interest in adopting V2G.

Aside from these two distinctive motivational routes, it is plausible that personal values and the
social context are equally relevant in explaining sustainable citizenship behavior, and can be seen
as complementary and interdependent. While personal values describe the focus on the self, social
values are outward-looking, considering the context within the decision-making process (Bradley
et al., 2024). Yet, only a few studies have analyzed the interplay of personal values and commu-
nity motives on sustainable citizenship practices. Initial research has shown that personal motiva-
tions such as non-monetary values can significantly explain energy initiative membership (Sloot
et al., 2018, 2019), particularly so for pro-environmental values and motives. While values may
increase the likelihood of engaging in collective sustainable initiatives in the first place, initiative
membership may itself become internalized as a personal motivation. Specifically, being a mem-
ber of a community energy initiative might reflect on one’s self by strengthening the personal
norm to engage in behaviors consistent with the initiative membership. Additionally, to the direct
involvement in an energy initiative shaping an individual’s personal norm, the perceived goals
and values of the initiative might motivate the members to act accordingly. Thus, the perceived
goals might strengthen the specific motivation to engage in sustainable energy behavior at the
community level as well'. In a different context, Sharpe et al., (2022) found that an organization’s
corporate social responsibility strategy (aking to a group value) increased employees’ motivation
to behave pro-environmentally at work via increasing the personal norm. Yet, this mechanism of
personal norm as a mediator of the relationship between initiative membership and technology
adoption has not been tested in the context of community energy initiatives.

Based on these considerations, we suggest that biospheric values positively influence the likeli-
hood to be member of a community energy initiative, which in turn increases adoption interest.

1 We draw a direct link between CSEM and personal norm, because these factors specifically refer to the community
members’ motivation to engage in sustainable energy behavior at the community level. Community identification,
on the other hand, is referring to community members’ identification with their local community (i.e., their neigh-
borhood) in general, independent of the energy domain.
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In contrast, strong egoistic values may have the opposite effect. Moreover, we propose that com-
munity factors likely increase one’s personal norm and in turn lead to a higher adoption interest.
We propose the following three hypotheses:

Hypothesis 3a (H3a): Biospheric values are positively related to adoption interest via individuals’
membership in a community energy initiative.

Hypothesis 3b (H3b): Egoistic values are negatively related to adoption interest via individuals’
membership in a community energy initiative.

Hypothesis 4 (H4a): Community sustainable energy motivation is positively related to personal
norm, and lead to a higher adoption interest of V2G.

Hypothesis 4 (H4b): Initiative membership is positively related to personal norm, and lead to a
higher adoption interest of V2G.

D.2.3 Dual-pathway model of energy technology adop-
tion

Based on our review of the literature, we developed a theoretical model of energy technology
adoption that considers both personal motivations and community motivations as determinants of
individuals’ adoption interest (Figure 1). We denote this model dual-pathway model of energy
technology adoption. This model suggests that specific factors on both levels can explain energy
transition practices such as the adoption and usage of V2G. The personal-motivation route is
based on biospheric and egoistic values, with biospheric values influencing adoption decisions
positively (H1a), and egoistic values influencing adoption decisions negatively (H1b), both
mainly via personal norm (H1a-H1b). The community-motivation route includes community fac-
tors, including community sustainable energy motivation (CSEM) and community identification,
predicting adoption decisions mainly via initiative membership (H2a-H2b). Next to these two
main routes, we propose that personal and community factors can also influence each other, sug-
gesting an interplay between personal and community-based motivations (personal-community
motivation route). More specifically, we suggest that biospheric values are associated with initi-
ative membership and in turn lead to a higher VV2G adoption interest (H3a), while we propose the
opposite for individuals with strong egoistic values (H3b). Moreover, we hypothesize that com-
munity motives (CSEM, initiative membership) have a positive effect on personal norm, and lead
to a higher adoption interest of new energy technologies (H4a-H4b, community-personal motiva-
tion route). Thus, our hypotheses are related to a decision route as a whole (i.e., an indirect effect)
as opposed to a particular relationship between two factors.
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Personal motivation route

Biospheric va-
lues

Personal norm

Egoistic values

Adoption inte-
rest

Initiative membership

Community
identification

Community motivation route

Figure 1 Dual-pathway motivation model of energy technology adoption.

Note: The figure only depicts the paths relevant to our hypotheses. Our hypotheses state that adoption interest can be
either motivated by personal values via personal norms (H1a-H1b), by community motivations via initiative mem-
bership (H2a-H2b), or jointly, by personal values influencing adoption interest via initiative membership (H3a-H3b),
and by community factors (CSEM and initiative membership) influencing personal norms and thus resulting in ¢
higher adoption interest (H4a-H4b). Please note that, while we propose a direct link between initiative membershig
and personal norm and CSEM and personal norm, we do not draw this link between community identification and
personal norm, as this factor is not specifically referring to the energy domain, but captures participants’ general
attachment to their local community.
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In 2023, we conducted an online questionnaire study among homeowners in France, Germany,
and Switzerland. In addition to sampling participants from the general population, we specifically
contacted members of energy communities in the three countries. As V2G technology has yet to
be implemented in these three countries, we used a hypothetical adoption decision task to study
citizens’ adoption interest in the context of V2G. In particular, we created concrete scenarios
describing various types of V2G tariffs (see section D.4.2.2) and used the ratings of these scenar-
i0s to measure respondents’ interest in adopting V2G.

In line with our reasoning above, we hypothesized that an individual’s decision is not only guided
by personal values and norms (H1a-H1b), but also by the social context in which a person resides
and acts (H2a-H2b). The study, therefore, examined the unique role community energy initiatives
can play in novel energy technology adoption decisions, focusing on V2G technology, a technol-
ogy that is not yet implemented on a large scale. Specifically, the objective of our study was to
analyze adoption interest in an integrated, dual-pathway model that considers both individuals’
personal values and their embeddedness within the relevant community context.

We focused on the community energy initiative context, as these initiatives have been playing a
significant and influencing role in decentralizing and transforming the energy system over the
past decades and will be likely to do so in the near future. As of 2023, more than 10,000 local
initiatives existed in Europe, with more than two million people involved in them (Schwanitz et
al., 2023). Their story of success lies, among others, in the bottom-up approach, their regional
rootedness, allowing individuals to play an active role in this transition, creating acceptance to-
wards energy technologies, and motivating individual and collective sustainable energy behavior.
Initiative members are, therefore, likely to have shared goals and to identify with the goals and
values of other members (Sloot et al., 2019). To this end, being part of a community energy ini-
tiative might influence an individual’s technology adoption decision, especially for those tech-
nologies that hold benefits for the community energy initiative in addition to the energy transition
as a whole. We thus expect community motives to positively influence adoption interest (H2a-
H2b).

Apart from these two motivation routes — through personal motivations and community-based
motives — we hypothesized that personal values might also influence adoption interest positively
via initiative membership. This “personal-community motivation route” emphasizes personal val-
ues, i.e., biospheric and egoistic values, as antecedents of initiative membership, while member-
ship might be positively related to adoption interest as well (H3a-H3b). In contrast, community-
based motives and community energy initiative membership might also influence adoption
through personal norm (H4a-H4b). This “community-personal motivation route” considers that
community motives might not only explain membership, but being part of a community energy
initiative might in turn be related to increased personal norm, which might impact the adoption
decision of a person. Consequently, we suggest that adoption can be driven either solely or jointly
by personal motivations and membership in community energy initiatives.
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In addition to analyzing the overall model, we examined systematic differences in the assumed
adoption processes between Germany, France, and Switzerland. Even within Europe, countries
follow different trajectories regarding their energy transition, with likely impacts on the decision-
making of individuals in these countries. For example, France relies on nuclear power plants as a
core pillar of the energy transition strategy, supporting a system that is (historically) more cen-
tralized, with only few main energy actors (Vernay et al., 2023), whereas Germany already phased
out nuclear power plants, and Switzerland prohibits the construction of new plants. Moreover, all
three countries have differing histories regarding energy communities. While Switzerland has a
long history of energy communities (Rivas et al., 2018), this is not the case in France (Vernay et
al., 2023). Therefore, it is important to not only study one country, but to investigate the effect of
initiative membership in different European countries. To the best of our knowledge this is the
first study that systematically examines the joint influence of motivational drivers on energy ini-
tiative membership and energy technology adoption in early adoption stages.
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D.4.1 Procedure

We collected data for this online study in 2023 via two ways. First, we collected data through a
market research institute to obtain a sample of homeowners in Germany, France, and Switzerland.
We targeted only homeowners because the decision to adopt V2G technology is particularly rel-
evant for this group, and aimed for this sample to be representative in terms of gender and age for
the total population in each country. Second, as we were interested in the influence of initiative
membership on V2G adoption and expected the share of initiative members to be relatively low
in this sample, we additionally targeted energy community members directly via contacting sev-
eral energy community initiatives in the three countries.

With the market research institute, we targeted 400 homeowners per country, using a randomized
sampling strategy and leading to a total of N = 1352. Furthermore, we followed purposive sam-
pling in several energy communities (N = 47). Complete responses included participants who
passed at least one of two attention check items, straight-lining checks, and were not identified as
speeders. For our analysis, we excluded eight further IDs due to incomplete answers. The final
sample included 979 valid responses (Mage= 50.54, SDage= 16.50; 482 male, 494 female, 3 other
genders). Due to the fact that we targeted homeowners, the household income within our sample
is slightly left-skewed. Moreover, the sample data collected by the market research institute also
included a significant share of energy initiative members in all three countries. Together with the
sample data based on direct engagement with energy community initiatives this resulted in nearly
a quarter (23%) of our final sample being part of a community energy initiative® (Mage= 45.43,
SDage= 17.08; 147 male, 80 female, 3 other genders). It is likely that this is also an outcome of our
sampling strategy to target homeowners only rather than the general population.

The survey was structured into five parts. In the first part, we assessed participants’ age, gender,
and current home country. Moreover, we asked participants whether they were part of any com-
munity energy initiative. Second, we queried the respondents’ previous experience with EVs.
Unexpectedly, with a total of 433, nearly half of the respondents (44%) already gained experience

1 As of 2016, there were ~ 300 registered energy communities with ~115 members on average in Switzerland (Rivas et
al.,, 2018). In France, the number of energy community initiatives has significantly increased since 2016, with
reaching 54,000 members in 2020, assembled under the umbrella association Enercoop (Chéateau Terrisse et al.,
2022). Lastly, in 2022 ~877 registered energy cooperatives with a total of 220.000 members existed in Germany
(Deutscher Genossenschafts- und Raiffeisenverband e.V. (DRGV), 2023). This indicates that the share of members
compared to non-members in all three countries is rather low. Yet, these numbers have to be read with caution, as
nearly no sources reliably indicating the share of energy initiative members compared to the whole population in all
three countries. This is due to the fact that the landscape of energy initiatives is very diverse, with different existing
definitions and understandings. Moreover, the field of energy initiatives is very dynamic. To this end, based on
existing statistics of energy initiatives, we assume the real share of energy initiative members in all three countries
to be far lower than in our sample.
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with driving an EV or owned an EV. To create a common understanding of V2G, we introduced
the concept in a second part. To make sure that people understood the concept, they had to pass a
comprehension question. Afterward, participants received eight V2G scenarios sequentially, de-
scribing a V2G tariff option (see Figure 2). The scenarios differed on three attributes with two
levels each. Participants rated their interest in each tariff option after it was presented. The attrib-
utes were varied so that every combination was rated once. The fourth part of the survey assessed
individual and community factors. Lastly, we assessed household characteristics, such as owning
electricity-generating technologies. The survey was developed in English and translated into
French and German by native speakers. Currencies and income groups were adapted for each
country.

D.4.2 Measures

D.4.2.1 Predictors

Unless specified otherwise, we used Likert scale-type items to measure our constructs. Values
were measured on a scale ranging from -1 (opposed to my values) to 7 (extremely important). All
other items were measured on a 7-point Likert scale ranging from strongly disagree to strongly
agree. Compound scales were computed based on mean scores across items (Appendix A).

Biospheric values. Biospheric values capture the extent to which the protection of the environ-
ment and nature is a guiding principle in a person’s life. The scale is based on Schwartz, (1992)
and Stern et al., (1998). We used a shortened version, including four items (respecting the earth;
unity with nature; protecting the environment; preventing pollution) (Steg et al., 2014).

Egoistic values. Egoistic values capture the importance of power, dominance, and influence as a
guiding principle in a person’s life. The scale is based on Schwartz, (1992) and Stern et al., (1998).
We used a shortened version, including five items (authority, wealth, social power, influence, and
ambitious) (Steg et al., 2014).

Personal norm. Schwartz (1973) defines personal norm as ‘the extent to which one feels morally
obliged to perform a certain action’. We measured this scale using three items (I feel morally
obliged to use smart energy systems; | would feel guilty if 1 would not use smart energy systems;
I would feel proud if | would use smart energy systems) according to van der Werff and Steg
(2016).

Community identification. Community identification was measured based on Postmes et al.'s
(2013) four-item group identification scale. This scale captures the extent, to which a person
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identifies with a particular group, in this case the local neighborhood®. We adopted the scale to:
‘I feel committed to my neighborhood’, ‘I am glad to be part of my neighborhood’, ‘being part of
my neighborhood is an important part of how I see myself’, and ‘I identify with my neighbor-
hood’.

Community sustainable energy motivation (CSEM). CSEM measures whether people believe that
members from the neighborhood find it important to engage in sustainable energy behavior. This
scale was assessed using three items: ‘Members of my community find it important to be con-
scious about their energy behavior’, ‘Members of my neighborhood find it important to reduce
their energy consumption’, and ‘Members of my neighborhood find it important to use sustainable
energy’ (Goedkoop et al., 2022).

Initiative membership. This item assesses whether respondents were at the time of responding
part of a community energy initiative by asking ‘Are you currently a member of an energy com-
munity?’ (cf., Fielding et al., 2008). We provided a definition of energy community when asking
this question. This item was answered with yes/no and is, therefore, a binary variable.

D.4.2.2 Outcome variable

We measured interest in adopting V2G technology with a ratings-based choice experiment. To
this end, we developed a V2G charging tariff scenario with three attributes and two attribute levels
(23 = 8 unique charging tariffs). Participants rated their interest in V2G based on the eight tariffs

Scenatio

Time on the grid S ; 6h/day
(according to » 3 +5 days a week at least 1 hour from 11
contract) sk am.to2 pm.

Minimum range I:I D Q Q @ Individually selectable

Maximizing 888 Optimization of the feed-in of renewable
renewable energies energies in the neighborhood

Based on this scenario, how would you rate your interest in participating in bidirectional charging?
1: Not 2 3 4: 5 6 7: Very
interested Neutral interested
atall

0 o] o] O o] @] 0

Figure 2 Example of one of the eight V2G tariff options

1 Please note, that we used both terms ‘neighborhood’ and ‘community’ in our constructs and combined them into
‘community factors’. While the construct ‘initiative membership’ depicts whether a respondent is part of an energy
initiative, the other two community constructs (CSEM and community identity) employed the term neighborhood.
We chose to use two distinct, but interrelated terms, because we distributed the survey to initiative members and
non-members, and therefore had to align the wording so that both parties were able to answer the respective ques-
tions.
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sequentially on a scale from 1 (not interested at all) to 7 (very interested). For our analysis, we
created a compound variable from all ratings based on the mean values.

Based on previous literature (Gschwendtner et al., 2023) the following three attributes and levels
were varied between V2G tariff scenarios:

1. Time on the grid: This attribute describes the time that an EV has to be connected to the grid
within this charging tariff. Two levels were defined. Level 1: the vehicle has to be connected to
the grid for a total of 6h/day, but the time of connection is freely selectable; level 2: the vehicle
has to be connected to the grid for a total of 6h/day for five days a week and at least for one hour
between 11 a.m.to 2 p.m.

2. Minimum range: The minimum state of charge describes the energy in the battery that is always
available for unplanned shorter trips and should, therefore, also be understood as a safety reserve.
Two levels were defined. Level 1: the minimum range is individually selectable; level 2: the min-
imum range is 30% / 100km.

3. Maximization of renewable energies: This attribute measures the optimization of the feed-in of
renewable energy sources into the entire energy system vs. the local grid of the neighborhood.

The scenario included an introductory text describing a V2G contract to the respondents. The full
scenario text and a table depicting the attributes and levels of the scenarios can be found in Ap-
pendix B. The scenarios were presented in a randomized order. Figure 2 displays an example of
how the scenario was presented.

Furthermore, half of the participants received a scenario that displayed the minimum range in km,
while the other half was randomly assigned to a scenario displaying the minimum range in per-
cent. However, as a t-test revealed no significant difference between these two approaches
(t(967)=0.983, p=.326), we do not consider them in the following analysis. We assumed that the
ratings of the different variations of the VV2G tariff reflected an overall propensity to be interested
in adopting V2G and thus formed a mean score out of the eight individual items. An analysis of
the effects of the tariff attributes on adoption interest is provided in the supplementary material
(Table 5, Supplementary material).

D.4.3 Data analysis

We used structural equation modeling to test our overall theoretical model and analyze the rela-
tionships between personal and community drivers on VV2G adoption decisions. This method is
well suited for testing our theoretical model and in particular the indirect decision routes, as it
allows the modeling of simultaneous regression equations as well as assessing overall model fit.
In the main results, we first present the results of a model for all three countries and subsequently
a multigroup model used to examine differences in effects between the three countries. Before
testing the structural model part, we performed a confirmatory factor analysis (CFA) to test
whether our item measures load appropriately on their underlying constructs. Due to the number
of parameters included in the model and given our sample size, we limited the analysis to an
observed path model using mean scores and tested the measurement model in a separate CFA,
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Table 1 Confirmatory factor analysis (CFA): Factor loadings

Scale items

Standardized factor
loading

Biospheric values

Respecting the earth: harmony with other species .830
Unity with nature: fitting into nature .828
Protecting the environment: preserving nature .887
Preventing pollution: protecting natural resources 821
Egoistic values

Social power: control over others, dominance 490
Wealth: material possessions, money 934
Authority: the right to lead or command 819
Influential: having an impact on people and events .789
Ambitious: hardworking, aspiring 548
Community sustainable energy motivation (CSEM)

Members of my community find it important to be conscious about their energy behavior. .850
Members of my neighborhood find it important to reduce their energy consumption. .854
Members of my neighborhood find it important to use sustainable energy. 871
Community identification

| feel committed to my neighborhood. 737
I am glad to be part of my neighborhood. .828
Being part of my neighborhood is an important part of how | see myself. .881
I identify with my neighborhood. 823
Personal norm

I feel morally obliged to use smart energy systems .885
I would feel guilty if | would not use smart energy systems .852
I would feel proud if I would use smart energy systems 829
Scenario

Based on this scenario, how would you rate your interest in participating in bidirectional 856
charging? Scenario rating 1 '
Scenario rating 2 .864
Scenario rating 3 857
Scenario rating 4 861
Scenario rating 5 881
Scenario rating 6 .858
Scenario rating 7 .866
Scenario rating 8 .867

Note: Model fit indices for the full SEM
¥2= 20094, p< .001

CFI=.928

RMSEA=.069

SRMR=.046
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which showed a good overall model fit as well as acceptable item loadings for the variables in-
cluded (see Table 1).* As the structural model contained both continuous and binary endogenous
variables (i.e., initiative membership), we estimated the model fit and the coefficients using a
diagonally weighted least squares (DWLS) estimator in place of the more common maximum
likelihood (ML) estimator, which cannot handle endogenous categorical variables. This is be-
cause categorical variables are assumed to violate the normality assumption. Indirect effects (cor-
responding to the decision routes of the theoretical model) were specified as additional parameters
and were calculated as the product of two or more coefficients. Age and gender? were included
as control variables in the model. The model results with control variables can be found in Ap-
pendix C and D. To test for the significance of the indirect effects, we used a bootstrapping pro-
cedure for standard errors, with 10,000 bootstrap draws in each model. All continuous variables
were mean-centered. The multigroup model was tested by adding country as grouping factor to
the model. We lastly compared a constrained model in which all regression parameters were set
to be equal across countries to an unconstrained model in which all parameters were allowed to
vary freely across the three countries.

1 Estimating the multigroup model with an integrated measurement and structural part was not possible due to the high
number of parameters that need to be estimated (N= 300) in relation to the number of observations in the data (N=
269, 352, and 358 for the three countries). For the overall model, the integrated model did converge, but the estima-
tion was unstable and most of the bootstrap draws were invalid. Therefore, and to retain consistency between the
different model results, we only present results for the observed path model in the main text. The estimated integrated
model containing both the measurement and structural model part for all three countries can be found in the Supple-
mentary Materials. For both the integrated and the observed path model, model fit was good and the parameter
estimates produced a very similar pattern of results, increasing confidence in our estimation procedure.

2 Please note that due to the small number of other genders (N=3), we coded gender as 0 for male and 1 for other
genders, including females. Recoding this variable such that other genders were included in the male category (instead
of the female category) did not change the results.
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D.5.1 Descriptive statistics and correlations

Prior to the analysis of the overall path model, we examined the bivariate correlations (based on
Pearson’s correlation coefficient) between all variables of the proposed model (Table 2).

Table 2 Descriptive statistics and correlations of the measures used in the model

Variable M SD 1 2 3 4 5 6 7 8
L. Adoption ) e 1 63
interest
2. Biospheric 784 177  20%*
values
[.14,
.26]
S.EQOIStC 504 165 24 -02
vaues
[.18, [-.08,
.30] .04]
4. Personal
417 170 45** 35** 25%*
norm

[.39, [.29, [.19,
49] 40] 31]

5. CSEM 407 138 33%%  23%%  27R% A4%x
[.27, [17, [22, [.39,

38]  29]  .33]  .49]

6. Commu-

nity identifi- 425 142 25% 220  23% 38 GO

cation
[19,  [16,  [17.  [33,  [56,
31 28] 28]  43]  64]

CANMAVE o o3 042 27e 02 A9%% 5%k Q7R 15%

membership?
[21,  [-04, [12  [19,  [10,  [09,
33 08 251 31 23] .21]

8.Gender’ 051 050 -19%%  14%  -15% 04 -07%  -09%%  -17%
[-25- [08, [-21,- [10, [-13,- [-15- [-23,-
13] 200 08 03] 01 03  10]

9. Age 50.58 1650 -23*%  21*  -23% 05  -06 .03 AT 06*
[-28,- [15  [29,- [11, [12,  [-04,  [23,- [00,
171 271 a7l o011 00]  09] 1] a3

Note. M= mean. SD= standard deviation

*p<0.05; **p<0.01; ***p<0.001

2 |nitiative membership coded as 0= non member , 1= initiative member.
b Gender coded as 0= male, 1= other.

Generally, the direction of the correlations was as expected. Specifically, biospheric values and
personal norm were significantly correlated. Interestingly, egoistic values were positively
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correlated with personal norm. Moreover, CSEM and community identification were correlated
to all latent variables of the model. The relationships were especially strong between CSEM and
personal norm and community identification and personal norm.

D.5.2 Dual-paathway model of energy technology adop-
tion: Overall results
We first tested the overall model (Figure 3) without accounting for country differences. The final

path model showed a good model fit, with model fit indices being within acceptable range, ¥°=
12.266, p=.015, CFI=.947, RMSEA= .046, SRMR= .006.

Personal motivation route

Biospheric 267*%* Personal

values

Egoistic
values

5 Adoption
interest

Initiative
membership

Community

identification

Community motivation route

Figure 3 Dual-pathwaymodel of energy technology adoption showing direct standardized effects; * p< .05; **p< .01;
***p< .001. Note: Paths that are part of our hypotheses are depicted in black. For better readability, the
paths representing direct effects that are not part of the hypotheses are greyed out.

Figure 3 shows the standardized coefficients for the direct effects in the overall model. A table
with path coefficients, standard errors, and exact p-values can be found in Appendix C. Both
personal norm (3= .255, p< .001) and initiative membership (3= .188, p< .001) were positively
related to the main outcome adoption interest. That is, participants with a stronger personal norm
and who were part of a community energy initiative were more likely to report higher interest in
V/2G adoption. Moreover, biospheric values and CSEM significantly predicted adoption interest
whereas egoistic values and community identification showed no direct effect on adoption inter-
est. Initiative membership also had a significant effect on personal norm (8= .263, p< .001), indi-
cating that those who were part of a community energy initiative held a stronger personal norm
than those who were not. As expected, biospheric values and CSEM were also related to a stronger
personal norm. Somewhat surprisingly, there was also a small positive effect of egoistic values
on personal norm (8= .110, p=.001). In line with our expectations, stronger community identifi-
cation increased the likelihood of initiative membership (3= .169, p= .004), but there was no
significant effect of CSEM or biospheric values on membership. However, stronger egoistic val-
ues increased the likelihood that people were initiative members (3= .122, p=.012).
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D.5.3 Indirect effects on adoption interest

We first tested indirect effects that would indicate adoption interest via a personal motivation
route (H1la-H1b). In support of this, there was an indirect effect of biospheric values via personal
norm on adoption interest (3= .068, p< .001) (Table 3). Contrary to our expectations, egoistic
values predicted adoption interest positively via personal norm as well (3= .28, p=.004). Next,
we examined indirect effects indicating a path to adoption interest via community factors. In line
with H2b, community identification predicted adoption interest indirectly via an increased likeli-
hood of initiative membership (3= .032, p= .026). Moreover, we explored a joint personal-com-
munity path, which would mean that personal motivations are related to adoption interest via
community factors. As there was no direct effect of biospheric values on initiative membership,
the indirect effect was also non-significant (3= .012, p= .224). However, egoistic values were
indirectly related to adoption interest via an increased likelihood of initiative membership (B=
.023, p=.038). We also found support for the reverse route, namely a community-personal moti-
vation path. Specifically, initiative membership predicted adoption interest indirectly via personal
norm (B=.067, p< .001). Additionally, there was an indirect effect of CSEM on adoption interest
via personal norm (3= .061, p< .001).

Table 3 Dual-pathway model of energy technology adoption — indirect effects

Predictor —> personal norm - adoption in- - initiative membership? - adoption
terest interest

Biospheric values .068*** .012

Egoistic values .028** .023*

CSEM .061*** .017

Community identification .032*

Initiative membership? 067***

*p<.05; **p< .01; ***p< .001; coefficients are standardized.
2 Initiative membership coded as 0= non member , 1= initiative member.

D.5.4 Dual-pathway model of energy technology adop-
tion: Multigroup results

In a second step we conducted a multigroup analysis to explore country differences in the paths
to adoption interest. The final model in which all parameters could freely vary between countries
showed a good overall model fit, and model fit indices were within acceptable range, y*= 16.648,
p=.163, CFI=.970, RMSEA=.035, SRMR=.009. This model had a slightly better model fit than
a constrained model in which the regression parameters were fixed to be equal across all countries,
¥*=55.026, p= 0.170, CFI=.941, RMSEA= .025, SRMR= .043. Yet, a Chi-square test comparing
both models was not significant, suggesting that accounting for differences between countries
neither improves nor worsens the explanation of adoption interest. Nevertheless, as we expected
to find differences between countries due to different approaches to community energy initiatives
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and energy transition strategies, we explored the different motivational routes between the three

countries.
FRANCE
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Figure 4 Dual-pathway model of energy technology adoption showing direct standardized effects; * p< .05; ** p<
.01; *** p<.001. Note: As our focus is on indirect effects, some paths representing direct effects are greyed
out for better readability. Read paths highlight significant direct effects.

Figure 4 shows the standardized coefficients for the direct effects in the multigroup model. A
Table with path coefficeints, standard erros and p-values can be found in Appendix D. For the
personal route, biospheric values significantly predicted adoption interest in France (3= .144, p=
.009), whereas, in Switzerland, both biospheric and egoistic values played direct predictive roles.
Personal norm were consistently influenced by biospheric values and by CSEM across all three
countries. Additionally, stronger egoistic values increased personal norm for the Swiss sample
(R=.154, p=.012), but not in France and Germany. Initiative membership only predicted personal
norm in France (3= .378, p< .001) and in Switzerland (3= .295, p<.001), but not in Germany. On
the community route, we found differences in the predictors of initiative membership and the
relation between membership and adoption interest. In France, initiative membership was influ-
enced by egoistic values, whereas in Switzerland, it was solely predicted by community identifi-
cation (B= .193, p= .022). Strikingly, no significant predictors for initiative membership were
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found in Germany. However, only in Germany, initiative membership (3= .274, p< .002) signifi-
cantly predicted adoption interest directly.

D.5.5 Country differences in indirect effects on adop-
tion interest

As we had no specific hypothesis on country differences, we pursued an explorative analysis of
the indirect effects of the multigroup model. Table 4 shows the indirect effects across countries.
Results show that personal norm was the only relevant mediator for all three countries. Contrary
to our expectations, initiative membership did not play a significant role when examining the
countries separately.

Table 4 Dual-pathway model of energy technology adoption - indirect effects

Predictor - personal norm -> adoption intention  -> initiative membership? -> adoption
intention

France

Biospheric values .091** -.004

Egoistic values .033 .032

CSEM .093* 011

Community identification .035

Initiative membership? 144**

Switzerland

Biospheric values .052** .010

Egoistic values .032 .006

CSEM .040 .002

Community identification .019

Initiative membership? .062*

Germany

Biospheric values 074** .019

Egoistic values 021 .025

CSEM .069** .032

Community identification .035

Initiative membership? .023

*p<.05; **p<.01; ***p<.001, coefficients are standardized.
2 Initiative membership coded as 0= non member, 1= initiative member.

Analysis of the personal motivation route showed that only biospheric values significantly pre-
dicted adoption interest via personal norm. This indirect effect was consistent in all three coun-
tries. Yet, we found no support for a solely community-based route. Instead, results suggested a
community-personal route. Specifically, we found that CSEM predicted adoption interest indi-
rectly via increased personal norm, but only for France and Germany. As already expected from
the direct effects, initiative membership solely predicted adoption interest indirectly via personal
norm for France and Switzerland. The results highlight that values — both, personal and
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community sustainable energy motivation — influence adoption interest through personal norm
for all three countries.
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In this study, we investigate different non-monetary motivational factors that underpin the adop-
tion of new technologies by individuals, with a special focus on community factors as potential
drivers of adoption. By doing so, we transcend mere rationally-based motivations that are often
assumed by classic ecological economics (Schliter et al., 2019; Verburg et al., 2016). Specifi-
cally, we focus on the adoption of novel energy technologies, which is a precondition to a suc-
cessful energy transition. This is important, as the energy transition brings about new technolo-
gies, such as EVs that are able to feed electricity back to the grid. Thus, the individual is given a
new and active role in this transition and, consequently, needs not only to accept these technolo-
gies but also to engage with them. Our objectives were twofold. First, we proposed and empiri-
cally tested a new theoretical model that considers the community context as a motivational route
to technology adoption, next to the more commonly studied personal (e.g., ecological) motivation
route. In particular, we focused on the role of membership in community energy initiatives, which
has received relatively little attention next to the role of personal motivations. Second, as the
effects of community factors could be heterogeneous between countries, we analyzed a sample
from three European countries and tested for differences in effects between them.

D.6.1 Summary and theoretical implications

Our analysis provides new insights with valuable theoretical implications. Our study is unique in
that we aim to understand novel technology adoption interest by interlinking personal factors,
such as values, with the community context in which a person resides and acts. We do so by
developing a new theoretical model and testing it with an empirical study considering energy
initiative members and non-members in three neighboring European countries. We thereby fo-
cused on V2G, a technology that could provide benefits on a system, community, and household
level. In line with our central predictions, we find that not only personal factors but also commu-
nity factors can act as drivers of adoption interest in novel energy technologies. First, our results
corroborate previous findings by showing that personal motivational factors (e.g., ecological val-
ues) can explain different types of sustainable energy behavior, including energy technology ac-
ceptance. In line with a large body of literature, we find support for a personal motivation path to
adoption interest (Huijts et al., 2012). Specifically, adoption interest is driven by biospheric values
via increased personal norm (cf., van der Werff et al., 2013; van der Werff and Steg, 2016). Un-
expectedly, we also find a positive effect of egoistic values on personal norm. As theorized by de
Groot and Steg (2008) and Steg (2016), one explanation might be that people with strong egoistic
values either pursue an environmentally-friendly behavior because this behavior is perceived to
increase a person’s social status or due to expected benefits or perceived savings. The latter argu-
ment in particular applies to the case of V2G. Abundant literature shows that individuals can
expect to receive monetary benefits from V2G (Sovacool et al., 2017). However, as EVs are a
visible expression of a certain status (Axsen et al., 2018; McBain et al., 2023), V2G might also
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indirectly enhance a person’s status, as this technology adds significant costs on top of the invest-
ment of an EV (Heilmann and Friedl, 2021; Lanz et al., 2022).

Notably, we show that community factors are also uniquely related to adoption interest, even
when accounting for the role of personal motivational factors. Accounting for the role of personal
motivations is important for ruling out the possibility that any effects of initiative membership are
merely due to a self-selection of individuals with strong ecological values into these initiatives
(cf. Sloot et al., 2018). Specifically, we found support for a community-based route, which is
driven by community identification and initiative membership. This finding corroborates and ex-
tends previous research that found initiative membership to be positively related to sustainable
energy behavior (Middlemiss, 2011; Sloot et al., 2018) but did not specifically study adoption
interest in new energy technologies. Unexpectedly, we found no support for a community route
by CSEM via initiative membership. This finding is in contrast to previous research on social
identity and collective action (Fritsche et al., 2018). It suggests, however, that the degree of iden-
tification with one’s community is more important in explaining adoption interest via inititiave
membership than what a person beliefs other members to find important. In line with this, Goedk-
oop et al., (2022) suggested that community identification in general might be more important
than specific beliefs of other initiative members. Yet, the non-significant relationship between
CSEM and initiative membership might also be explained by the strong correlation between
CSEM and community identification. Interestingly, while we find no indirect effect of CSEM via
intitiative membership on adoption interest, we find CSEM to be a significant direct predictor of
both personal norm and adoption interest. Thus, while initiative membership is not motivated by
what people from the neighborhood believe to be important, CSEM is important with regard to
personal norm and the adoption interest of new technologies. Especially with regard to the latter,
the perceived motivations of others in the local community seem to matter and influence a per-
son’s interest in V2G technology directly. This is particularly interesting in the early adoption
phase when a technology is not yet that known, during which these perceived community moti-
vations seem to have an influence on an individual’s interest in this technology (cf., Barth et al.,
2016; Klockner, 2014), and thus might influence, among others, the uptake of new energy tech-
nologies. More generally, the role of CSEM as a predictor of adoption interest underscores the
role of group motivations. Other research has shown this influence to work via social norms (e.g.,
Cialdini et al., 1990) or group values (e.g., Bouman et al., 2020). Our findings on CSEM thus
extend this literature by showing intrinsic group motivations as an additional social influence
mechanism.

Additionally, our results underline the interdependencies between the two distinct routes — the
personal motivation route and the community motivation route. In other words, both, personal
and community factors jointly play a role for an individual’s decision to adopt novel energy tech-
nologies. More specifically, our results reveal that adoption interest is indirectly predicted by
initiative membership via personal norm. When looking at the direct effects, initiative member-
ship was found to be a strong predictor of personal norm. This suggests that, next to being linked
to adoption interest directly, initiative membership might strengthen the members’ personal norm,
implying that identities such as one’s initiative membership can become internalized. Sharpe et
al., (2022) found evidence for this phenomenon in the context of corporations, showing that em-
ployees’ motivation to act pro-environmentally within their working environment is increased
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when the company is perceived to follow an environmentally responsible strategy. We further
find evidence for a reverse, personal motivation-community route, suggesting that adoption in-
terest is increased indirectly by egoistic values via an increased likelihood of being an initiative
member. This finding is interesting, as we expected this motivation path to be primarily driven
by non-monetary values, and the motivation to collectively foster a just and participatory energy
transition (Koirala et al., 2018a; Sloot et al., 2019). Yet, even though joining an energy initiative
is seemingly not egoistic, it is important to recognize that the outcomes of such initiatives may
directly benefit the individual in monetary terms, e.g., in the sense of lower electricity prices. By
pooling resources and collectively investing in renewable energy sources, energy initiatives often
achieve cost savings that translate into reduced electricity bills for members. In this light, joining
a community energy initiative could become a choice informed by egoistic considerations.

With regard to country differences, our findings are mixed and somewhat ambiguous. As energy
systems differ between the European countries in our study and they pursue different energy tran-
sition strategies, we expected that an individual’s interest to adopt a novel energy technology
might be influenced by these variations and thus be linked to different underlying factors in these
countries. While we find some differences in the strength of the direct effects, our results show
that indirect effects are similar for all three countries. This could suggest that the process by which
individuals form an adoption interest in novel energy technologies is more universal than it is
distinct across the countries we studied. Indeed, the most consistent result is that all statistically
significant motivation routes are indirectly affecting adoption interest via personal norm, which
is true for all three countries. In contrast, personal and community factors do not consistently
explain adoption interest via initiative membership.

To summarize, in this study, we emphasized that adoption interest of novel energy technologies
can be explained either by a personal or a community motivation route, or jointly by both routes,
pointing to interdependencies between individual community factors. Importantly, we find evi-
dence that community factors such as initiative membership can become internalized as personal
norm. These processes seem to hold across nations.

D.6.2 Limitations and future research

Our study is, of course, not without shortcomings and opens up new avenues for future research.
First and foremost, we primarily targeted homeowners as they are the stakeholders who would
most likely be the first ones to adopt V2G. This is due to the fact that homeowners are more
independent in their energy-related decisions compared to tenants, especially when they are as-
sociated with an investment decision, such as the installation of a wall box. As we did not expect
the sample to include many energy initiative members, we addressed energy initiatives in all three
countries directly to distribute the survey among their members. In sum, we achieved an unex-
pectedly high share of energy initiative members and the analysis of the overall model revealed
interesting insights. Yet, for the multigroup model, the low number of initiative members per
country might be a reason why we couldn’t detect more pronounced differences between coun-
tries. Moreover, especially the imbalanced and low numbers of initiative members might be one
reason why we, for example, could not explain initiative membership in Germany, where, com-
parably, we had the smallest sample of initiative members. Another reason might be that the

242



D.6.2 Limitations and future research

adoption processes are universal across the countries we studied. Future research could, therefore,
explore country differences in more detail. In our study, we focused on three neighboring, Euro-
pean countries. It would be particularly interesting to study countries that are more diverse in their
political ambitions, their culture, and political structures.

Furthermore, we used a very specific, not yet established energy technology as a use case, which
confronted us with two major challenges. First of all, we were not able to assess the respondents’
behavior, but only their V2G adoption intention. Future research could examine to what extent
such intentions translate into actual adoption. Additionally, constructs that refer to actual behav-
ior, such as the willingness to receive further information, could be an interesting avenue for
future research to measure acceptance of innovative technologies more directly. Secondly, under-
standing the technology in focus required some basic understanding of EV technology and the
functioning of the energy system in order to anticipate and understand the challenges that come
along with higher shares of EVs and the potential benefits that could arise from V2G for the
individual. To measure the respondents’ intention to adopt V2G, we created a scenario with three
attributes, putting much emphasis on providing sufficient and intuitive information to the re-
spondents in order to create a common knowledge base, and to provide a balanced description of
the associated advantages and disadvantages. Yet, providing sufficient information to rate the
choices adequately, while at the same time influencing the participant as little as possible is a
challenging task. As the energy transition holds many other relevant energy technologies it would
be interesting to test whether our model is transferrable to other, more widely established energy
technologies, such as household or community battery storage technologies. Moreover, it would
be interesting to test technologies, that are societally contested, such as heat pumps.

Furthermore, various social contexts exist that directly or indirectly influence a person’s decision
to adopt innovative technologies and that are noteworthy to investigate. In this study, we focus
on energy initiatives as one particular context, uniting individuals who wish to actively participate
in the energy transition. We do so by drawing from literature based on social identity, thus, em-
phasizing that norms and values of the group become internalized and affect decision-making.
Future research could consider other contexts that socially influence an individual’s decision-
making and, furthermore, operationalize it with constructs capturing social influence in terms of
perceived social norms or expectations. One example would be subjective norms from the TPB.
This would be particularly interesting in a time, where energy technologies are strongly contested
and individuals perceive policies to intrude on their private lives and sovereignty in energy -related
decision-making (Spence et al., 2015).

D.6.3 Practical implications and conclusion

Our results emphasize that the adoption interest in novel energy technologies can be explained
based on personal and community factors, as well as on their interplay. To summarize, an indi-
vidual’s interest to adopt novel energy technologies, such as V2G, is guided not only by the per-
sonal values and norms a person holds, but also by the community context in which a person
resides and acts. This points to the opportunity that community energy initiatives can also play a
leading role when it comes to creating interest in and acceptance towards novel energy technolo-
gies among intitiative members. Adoption of key energy transition technologies is thus not only
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a question of how environmentally-friendly a person is or how much value the technology is
perceived to bring about, but also a question of whether people identify with their initiative and
local neighborhood. This underlines the important and unique role energy initiatives hold in the
energy transition, suggesting that they can foster sustainable energy transition practices.
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APPENDIX

Appendix A

Table 1 Descriptive statistics and reliabilities: Mean scores latent variables

N Mean Std error Std deviation Variance
bios latent 981 7.84 0.06 1.77 3.13
ego latent 981 5.05 0.05 1.66 2.74
norm latent 980 4.17 0.05 1.70 2.89
Sl latent 979 4.25 0.05 1.42 2.00
CSEM latent 979 4.07 0.04 1.38 1.92

Table 2 Descriptive statistics and reliabilities: Mean scores latent variables per country

Country N Mean Std error Std deviation ~ Variance
Germany bios latent 358 7.67 0.10 1.85 341
ego latent 358 4.93 0.08 1.60 2.55
norm latent 358 3.95 0.09 1.79 3.19
Sl latent 358 4.19 0.08 1.45 2.10
CSEM latent 358 3.92 0.08 1.42 2.02
France bios latent 271 8.05 0.10 1.66 2.76
ego latent 271 5.10 0.10 1.70 2.90
norm latent 270 4.36 0.10 1.65 2.72
Sl latent 269 4.44 0.08 1.34 1.79
CSEM latent 269 4.24 0.08 1.35 1.81
Switzerland  bios latent 352 7.84 0.09 1.76 3.09
ego latent 352 5.13 0.09 1.68 2.81
norm latent 352 4.26 0.09 1.62 2.63
Sl latent 352 4.17 0.08 1.43 2.05
CSEM latent 352 4.09 0.07 1.36 1.85

Table 3 Descriptive statistics and reliabilities: Mean scores of aggregated variables for initiative membership

Community membership N Mean Std error Std deviation  Variance
Members bios latent 229 7.75 0.12 1.77 3.12
ego latent 229 4.99 0.10 1.55 241
norm latent 228 4.23 0.11 1.68 2.82
Sl latent 228 431 0.09 1.37 1.89
CSEM latent 228 411 0.09 1.32 1.75
Non-members bios latent 752 7.87 0.06 1.77 3.14
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ego latent 752 5.06 0.06 1.69 2.84
norm latent 752 4.16 0.06 171 291
Sl latent 751 4.23 0.05 1.43 2.04
CSEM latent 751 4.06 0.05 1.40 1.97

Appendix B

Scenario introduction
{constantly shown above every scenario; use CHF for Swiss version}

Imagine you own a bidirectional electric car with a range of 350 km. To be able to charge your
electric car bidirectionally, you sign a contract with a service provider. The contract allows you
to charge your electric car bidirectionally at home, at your workplace and at public charging sta-
tions. Assume, the charging infrastructure is available. Additionally, you have the possibility to
flexibly pause the contract.

As soon as you plug in your electric car, it is initially charged to a minimum range without inter-
ruption. The minimum range corresponds to the range that is always available for unplanned
shorter trips and should therefore also be understood as a safety reserve. Once the minimum range
is reached, the bidirectional charging phase begins. In an app, you can set your planned departure
times and the desired destination range at departure. In addition, your system has an opt-out func-
tion that allows you to cancel the bidirectional charging mode and charge your vehicle directly.
You will receive a monthly compensation of 50€ for providing your battery. Below we present
eight different contract conditions. The introductory text remains the same. We ask you to read
the contract conditions carefully and then evaluate them. There is no right or wrong answer. Your
opinion alone counts.

Table 4 Scenario attributes and levels

Attributes

Level 1

Level 2

Time on the grid

The vehicle has to be connected to the grid
for a total of 6h/day, but the time of connec-
tion is freely selectable

The vehicle has to be connected to the grid
for atotal of 6h/day for five days a week and
at least for one hour between 11 a.m. to 2
p.m.

Minimum range

The minimum range is individually se-
lectable

The minimum range is 30% / 100km

Maximization of re-
newable energies

Optimization of the feed-in of renewable en-
ergy sources into the entire energy system

Optimization of the feed-in of renewable en-
ergy sources into the local grid of the neigh-
borhood
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Appendix C

Table 5 Path analysis to predict adoption interest in energy technologies - direct effects

Dependent variables

Membership Personal norm Adoption interest
P I .255***
ersonal norm
[SE=.038, p <.001]
.063 267%** 133%**

Biospheric values
Egoistic values

Initiative membership?
CSEM

Community identification
Gender®

Age
RZ

[SE= .030, p=.182]
122*
[SE= .032, p= .012]

.091

[SE=.044, p =.096]
.169**

[SE=.047, p =.004]
_.173***

[SE=.095, p <.001]
_.200***

[SE=.003, p <.001]
.188

[SE=.032, p < .001]
110%
[SE=.034, p < .001]
263%%%
[SE=.062, p < .001]
240%%*
[SE=.045, p < .001]

.309

[SE=.030, p < .001]
041
[SE=.101, p = .202]
188%*x
[SE=.069, p < .001]
104%*
[SE=.044, p = .006]

_.130***
[SE=.101, p < .001]
_.177***
[SE=.003, p < .001]
320

CSEM= Community sustainable energy motivation
*p< .05; **p< .01; ***p< .001; coefficients are standardized.

2 Initiative membership coded as 0= non member , 1= initiative member.
b Gender coded as 0= male, 1= other.

Appendix D

Table 6 Path analysis of the multigroup model to predict adoption interest in energy technologies — direct effects

Dependent variables

Membership Personal norm Adoption interest
France
P I .381***
ersonal norm
[SE=.066, p <.001]
-.026 .239%** 144%*

Biospheric values
Egoistic values

Initiative membership?
CSEM

Community identification

Gender®

Age

[SE=.054, p = .732]
205%*
[SE=.055, p = .010]

222
[SE=.081, p = .062]
071
[SE=.080, p = 196]
-135

[SE= .167, p = .056]
_.253***

[SE=.064, p < .001]
087
[SE=.065, p = .201]
378%*
[SE=.125, p < .001]
2445
[SE=.093, p =.002]

[SE=.056, p = .009]
-010
[SE= .058, p = .865]
156
[SE=.138, p =.106]
086
[SE=.083, p = .191]

-086
[SE=.006, p = .131]
_.211***
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[SE=.005, p < .001]

[SE=.064, p <.001]

R? 287 377 419
Switzerland
Personal norm 211
[SE=.061, p =.001]
Biospheric values 106 247 168
[SE=.045, p =.138] [SE=.052, p <.001] [SE=.045, p =.001]
Egoistic values 058 154* 120%
[SE=.048, p = .424] [SE=.057,p =.012] [SE=.049, p =.025]
. . 295%** .096
Initiative membership? [SE= 108, p < .001] [SE= 116, p = .253]
CSEM 017 .189** .155*
[SE=.071, p = .844] [SE=.084, p =.010] [SE=.072, p =.015]
Lo e . .193*
Community identification [SE= 066, p = .022]
Gender? 270 ~181
[SE=.147, p < .001] [SE= .156, p < .001]
Age -.162* - 179%**
[SE=.005, p=.017] [SE=.005, p=.001]
R? .189 .302 .336
Germany
239%**
Personal norm [SE= 061, p < 001]
Biospheric values 069 3087 087
[SE=.057, p = .483] [SE=.054, p <.000] [SE=.053, p =.160]
Egoistic values 090 090 ~018
[SE=.063, p =.061] [SE=.060, p = .105] [SE=.053, p =.736]
Initiative membership? 095 274
[SE=.131, p = .246] [SE=.132, p =.002]
CSEM 17 .286*** .064
[SE=.086, p =.089] [SE=.075, p < .001] [SE=.086, p = .404]
. . 127
Community identification [SE= 084, p = .095]
-.091 - 147**
Gender® [SE= .184, p = .284] [SE= 170, p = .006]
Age -.243** -131*
[SE=.006, p =.007] [SE= 006, p = .036]
R? 144 268 .265

CSEM= Community sustainable energy motivation

*p<.05; **p< .01; ***p< .001; coefficients are standardized.

2 |nitiative membership coded as 0= non member , 1= initiative member.
b Gender coded as 0= male, 1= other.
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Complete structural equation model (SEM)

Table 1 Model fit indices for complete SEM predicting adoption interest

Model fit Model fit indices
Chi-square (df; p-value) 595.212 (df=332; p =0.000)
CFlI .990

TLI .988

RMSEA .028

SRMR .043

Table 2 Scale items and factor loading for complete SEM predicting adoption interest

Scale items Factor loading
Biospheric values 01 .769
Biospheric values 02 .809
Biospheric values 03 .866
Biospheric values 04 .909
Egoistic values 01 530
Egoistic values 02 516
Egoistic values 03 745
Egoistic values 04 874
Egoistic values 05 .566
CSEM 01 .875
CSEM 02 .807
CSEM 03 .867

Community identification 01 .877
Community identification 02 .777
Community identification 03 .800
Community identification 04 .783

Personal norm 01 .849
Personal norm 02 .837
Personal norm 03 .875
Scenario 01 .830
Scenario 02 .873
Scenario 03 .854
Scenario 04 .869
Scenario 05 .869
Scenario 06 .844
Scenario 07 .888
Scenario 08 .869
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Table 3 Path analysis predicting adoption interest - direct effects

Dependent variable

Membership Personal norm Adoption interest
Personal norm 294 **
Biospheric values -.022 231FF* .070*
Egoistic values 191 %** 102** .102**
Initiative membership? 250*** 232%**
CSEM .108 .352%** .092*
Community identification 109
R? .099 417 .308

CSEM= Community sustainable energy motivation
*p<.05; **p< .01; ***p< .001; coefficients are standardized.
2 Initiative membership coded as 0= non member , 1= initiative member.

Table 4 Path analysis predicting adoption interest - indirect effects

-> membership -> per-

. -> personal norm -> -> membership ->
Predictor L . . . sonal norm -> adop-
adoption intention adoption intention . .
tion intention
Biospheric values .086*** -.005
Egoistic values .044**
CSEM 1047
Community identification .025 .008

Initiative membership? 074%**

CSEM= Community sustainable energy motivation
*p<.05; **p< .01; ***p< .001; coefficients are standardized.
2 Initiative membership coded as 0= non member , 1= initiative member.
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V2G tariff attributes as predictors of adoption interest

Table 5 Linear mixed model with V2G tariff attributes as predictors of adoption interest

Adoption interest

Predictors Estimates std. Beta Cl standardized ClI p
(Intercept) 3.75 -0.16 348-4.02 -0.31--0.02 <0.001
Time on grid [6h] 0.24 0.13 0.20-0.28 0.11-0.15 <0.001
Minimum range [sel- 0.39 0.21 0.35-0.43 0.19-0.23 <0.001
ectable]
Renewable energies -0.00 -0.00 -0.05-0.04 -0.02-0.02 0.837
[local]

Random Effects

o2 0.87
T00 subject 2.51
T00 country 0.05
ICC 0.75
N subject 981

N country 3
Observations 7848
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Table 6 Linear Mixed Model with all Dual Path Model Components as Direct Predictors of Adoption Interest

Adoption Interest

Predictors Estimates  std. Beta Cl standardized ClI p
(Intercept) 3.61 -0.17 3.44 -3.77 -0.25--0.09 <0.001
Time on Grid [6h] 0.24 0.13 0.20-0.28 0.11-0.15 <0.001
Minimum Range [Sel- 0.39 0.21 0.35-0.43 0.19-0.23 <0.001
ectable]

Renewable Energies [Lo- -0.01 -0.00 -0.05-0.04 -0.03-0.02 0.790
cal]

Biospheric Values? 0.10 0.05 0.01-0.20 0.00-0.11 0.038
Egoistic Values® 0.16 0.09 0.07-0.26 0.04-0.14 0.001
Personal Norm? 0.50 0.27 0.39-0.60 0.21-0.32 <0.001
CSEM? 0.20 0.11 0.10-0.30 0.05-0.16 0.001
Initiative Membership 0.57 0.13 0.35-0.79 0.08-0.18 <0.001

Random Effects
c? 0.87
T00 subject 1.87
T00 country 0.01
ICC 0.68
N subject 979
N country 3
Observations 7832

Note. a Predictors are standardized using z-transformation.
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