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Abstract

Background Alternative fuels made from biomass or CO, and water using renewable energy can reduce CO,

and pollutant emissions compared to fossil-based mobility and thus support a transition to a more sustainable trans-
port. The adoption of alternative fuels in transport will ultimately depend on public acceptance and drivers' willing-
ness to use them. Little is known if and under which circumstances people would accept alternative fuels and which
narratives and cognitive beliefs might underlie these usage intentions. Moreover, it is unclear if and how laypeople
distinguish between different alternative fuel types in their perceptions, e.g., between fuels made from biomass (bio-
fuels) and fuels produced using electricity (e-fuels). To address the research gap, this study empirically investigated
laypeople’s beliefs and expectations towards alternative fuels and preferences for different fuel types. Understanding
preferences for fuel types could help in steering public information, support managerial decisions and communica-
tion pathways, and promote the roll-out process of fuel innovations.

Results Laypeople expected alternative fuels to be made using renewable feedstocks and to not contain gaso-

line or diesel. Whereas alternative fuels were believed to have advantages concerning environmental and toxic
effects and safety compared to diesel and gasoline, they were associated with practical disadvantages for drivers. It
was shown that although e-fuels and biofuels both fall under the definition of "alternative fuels’, laypeople distinguish
between them in evaluations of safety, costs, and resource competitiveness: E-fuels were preferred over biofuels

and believed to have a lower competition for resources than biofuels. They were also evaluated to be more expensive
and comparably less safe to use. Moreover, different adopter groups were identified for both fuels.

Conclusions The study has highlighted both adoption drivers and barriers for alternative fuels: Reduced environ-
mental impact could be an important positive factor. In contrast, drawbacks feared by laypeople regarding a low
range and an expensive fuel price could be barriers for alternative fuel adoption because they reflect current techni-
cal challenges for these fuels. Thus, a more cost-efficient production and higher fuel efficiency should be considered
in an acceptance-optimized alternative fuel production.
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Background

The mobility sector faces serious global challenges: On
the one hand, mobility is an essential part of human life
because it connects different areas of life such as home,
job, and recreational activities [1, 2] and allows social par-
ticipation. On the other hand, fossil automobility today is
one of the largest emitters of CO, and pollutant emissions
[3]. Thus, mobility has to become more sustainable while
becoming more affordable and has to be accepted by the
public to be successfully implemented [4].

One option of transforming mobility is the use of alter-
native fuels. Even if zero-emission passenger cars will
only be allowed to be registered in the EU from 2035
onwards, the vehicles with internal combustion engines
still need fuel. To increase sustainability in this vehi-
cle fleet and to reduce CO, emissions, alternative fuels
remain an important research topic, especially on the
global level.

The acceptance of alternative fuels requires people’s
recognition and understanding of the novelty and advan-
tageousness of a technical innovation. It also involves
that they adopt the innovation, value the advantageous-
ness more than any perceived risks or drawbacks, and
ultimately accept the novel technical product. [5, 6].
Especially when it comes to a product that people are
somewhat familiar with, as is the case with traditional
fuels for vehicles, it is essential to ensure that laypeople
properly understand the novel product, i.e., the “alter-
native fuels” This is important to prevent the intuitive
transfer of properties of the well-known product to the
novel product although this does not necessarily match
in all cases (see, e.g., [7-9] for cognitive biases and infer-
ence errors, [10] for misconceptions transferred from
the CCS context to the CCU context, and [11] for mental
models of energy storage). False assumptions that stem
from other usage contexts along with lower technical
domain knowledge bear the risk that the cognitive beliefs
and misconceptions of the public lead to a premature
rejection of the product, as was the case in Germany with
E10 [12].

From a social science point of view, the knowledge
about human decision-making and cognitive beliefs
about the innovation has different advantages: First, pub-
lic perceptions and expectations towards fuel innova-
tions can be integrated into technological design. Second,
they serve as a basis to accompany the market launch
with tailored information and communication strategies;
and third, policy makers can profit from the knowledge
about public attitudes to steer policy actions and political
communication.

From a technical point of view, integrating acceptance
investigation into the development of alternative fuels
can be beneficial in two respects: It can avoid wasting
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development effort on fuel candidates that are likely to be
rejected by the public or future users. Also, it can pro-
vide guidance for weighing the relative importance of
the numerous performance metrics that can be used to
assess alternative fuels.

Yet, there is little to no knowledge about these pub-
lic presumptions in the context of alternative fuels for
automobility.

It is thus a timely research duty to assess what laypeo-
ple—which are the people who have to accept alternative
fuels in the end—mean by the term “alternative fuels”
Since the ideas and beliefs that people hold can shape
expectations towards new fuel types and determine the
readiness to adopt fuel innovations [11], it is crucial
to gain insights into how laypeople imagine an alterna-
tive fuel. Knowledge about this helps to inform about
the expectations and requirements for alternative fuels
and to uncover possible misconceptions which can be
addressed by transparent and tailored information con-
cepts. The second novelty of the research approach is the
comparison of perceptions for different fuel types (bio-
fuels vs. e-fuels). To the best of our knowledge, no study
so far has compared perceptions of e-fuels and biofuels
in one frame of reference. Since fuel options do not exist
in isolation but always in the context of other fuel choice
options, it is important to understand how biofuels are
perceived compared to e-fuels and which of the fuel types
is more preferred to understand their future potential
for adoption by drivers. To close these research gaps, the
paper addresses the following research aims:

1 The revelation of lay beliefs and expectations about
alternative fuels.

2 The comparison of lay perceptions regarding differ-
ent fuel types (biofuels vs. e-fuels).

Technical background: alternative fuels for sustainable
mobility

The term “alternative fuels” can refer to any fuels other
than those in wide use today. It can thus refer to fuels
for different applications including passenger vehicles,
trucks, trains, ships, or airplanes, as well as for differ-
ent propulsion systems. Some existing definitions even
include electricity for use in battery electric vehicles. In
this contribution, we focus on combustion engine fuels
for vehicle applications only, and thus alternatives to gas-
oline and diesel fuel.

The large variety of potential alternative fuels for this
application can be categorized by the main energy source
used in their production: The main energy input can
come from fossil sources (e.g., for liquified petroleum gas
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(LPG) or compressed natural gas (CNG)), from biomass
(in case of biofuels), from renewable electricity (in case of
e-fuels), or directly from sunlight (in case of solar fuels).
Among these categories, we focus on biofuels and e-fuels
in the following.

Biofuel production

For biofuels, biomass is both the material feedstock and
the main energy source. There is a broad variety of bio-
fuels in terms of their chemical composition, their pro-
duction processes, and their required biomass types used
as feedstock. The production processes can be broadly
categorized as either thermochemical, where the main
conversion steps are high-temperature chemical reac-
tions, or biochemical, where the main conversion steps
are facilitated by microorganisms and/or enzymes [13].

In terms of feedstock, the majority of the biofuel pro-
duction today relies on plants that are rich in sugars or
fatty oils. Examples include bio-ethanol produced from,
e.g., corn or sugar cane, or bio-diesel produced from,
e.g., soy or rapeseed. The production of these biofuels
has caused controversy due to the competition with food
production since it is either directly based on food crop
or uses arable land that could also be used for food pro-
duction [14].

Recent efforts have been focused on biofuels that can
be produced from feedstock that do not compete with
food production [14]. This includes biofuels produced
from lignocellulosic biomass such as wood or by-prod-
ucts or residues from other agricultural processes (e.g.,
straw). Another option are biofuels produced from algae,
which have higher growth rates and require less land,
but need more fresh water and nutrients. Finally, some
potential biofuels rely on genetically modified microor-
ganisms. The actual fuels produced from such feedstock
can be the same as some more conventional biofuels (e.g.,
ethanol production from lignocellulosic biomass instead
of corn [14]), or new ones, potentially even optimized
fuel blends for a given engine type [15].

E-fuel production

For e-fuels (also called electricity-based fuels or electro-
fuels), the main energy input is electricity. As first step
in the production of e-fuels, this electricity is typically
used to produce Hj via water electrolysis. This Hy can be
used as a fuel itself in fuel cell vehicles or in combustion
engines, or it can be further reacted to produce other
fuels.

To convert the Hy to a hydrocarbon or oxygenated
fuel, it needs to be combined with a carbon source. The
most common carbon source proposed in literature is
COy, the resulting fuels including, for example, methane
[16], methanol [17], Fischer—Tropsch gasoline or diesel
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(either directly [18] or via methanol [17]), or oxymethyl-
ene ethers [3]. In this case, the production processes also
constitute carbon capture and utilization processes, and
the corresponding fuels are sometimes also called COy
-based fuels. The required COy can come from power
plants, industrial or bio-based processes, or be directly
captured from air. While there will likely be sufficient
amounts of CO; available, obtaining CO; from these dif-
ferent sources entails different environmental impacts
and in particular different greenhouse gas emissions,
mainly because of the different energy demands for CO;
separation [19]. Furthermore, the environmental impact
and availability of these CO, sources may change in the
future.

Properties of biofuels and e-fuels compared to diesel

and gasoline

It is difficult to universally characterize the properties of
biofuels and e-fuels since both come in a variety of forms:
They can be pure chemical species, e.g., in the case of
bio-ethanol or e-methanol, or they can be mixtures of
many species, e.g., in the case of bio-diesel or e-Fischer—
Tropsch gasoline or diesel. They can be stored and used
as a gas, e.g., methane (which can be a biofuel in case it is
derived from biogas, or an e-fuel if it is produced from Hj
and CO»), or as a liquid, e.g., bio-ethanol or e-methanol.
Furthermore, they can either be neat fuels (i.e., used by
themselves without other fuels), or blend components to
be combined with other fuels, as is currently often done
for bio-ethanol or bio-diesel, or may even be required for
some fuels such as oxymethylene ether (also known as
OME;) [20].

Similarly, the performance of biofuels and e-fuels in
vehicle applications differs widely depending on the exact
fuel (cf., e.g., [21] for a comparison of e-fuels). However,
many alternative fuels exhibit a lower energy density than
gasoline or diesel since they have a high oxygen content
(e.g., methanol) and/or are a gas and thus have a lower
volumetric mass density (e.g., CNG). If such compounds
are used as neat fuels or as significant fractions of fuel
blends, this lower energy density may translate into
reduced driving range. Furthermore, most fuels require
adaptions to be usable in existing engines, or even require
new engines altogether (cf,, e.g., [22] for the case of oxy-
methylene ethers). However, there are several biofuel or
e-fuel candidates that enable lower formation of pollut-
ants such as carbon monoxide, particulates, or NO,. An
example that has received significant attention recently
are oxymethylene ethers which enable dramatic reduc-
tions in pollutant formation even when blended with fos-
sil diesel [20]. In contrast, some alternative fuels can also
cause increased formation of certain types of pollutants,
e.g., smaller particulate matter [23].
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Reducing greenhouse gas emissions is a main moti-
vation for the development of biofuels and e-fuels. For
e-fuels, it is widely known that electricity must have a low
carbon footprint for such fuels to provide benefits over
fossil fuels in terms of greenhouse gas emissions. In some
countries, e-fuels can have lower greenhouse gas emis-
sions than fossil fuels already when using today’s electric-
ity mix, while in other countries significant expansion of
low-carbon electricity sources is still required [3]. The
correct evaluation of life cycle greenhouse gas emissions
has been subject to some controversy for COy-based pro-
duction pathways. However, these can be resolved with
strict application of existing standardized procedures
[19], and such pathways can in fact be environmentally
beneficial. For biofuels, there has also been some contro-
versy, including the effect of land use change. However,
recent studies conclude that biofuels also enable reduced
greenhouse gas emissions [13]. Direct comparisons
between biofuels and e-fuels are difficult because the
exact values of emissions are heavily dependent on the
details of the production processes and the raw material
and energy supply. However, e-fuel production typically
enables more efficient utilization of the carbon contained
in the feedstock, which may contribute to lower green-
house gas emissions [24].

Beyond greenhouse gas emissions, other performance
criteria, including fuel cost, water use, and land require-
ment, are also dependent on the production pathways
and raw material and energy supply. Fuel production
costs tend to be higher for e-fuels than for biofuels,
mainly because of high costs for renewable electricity and
the water electrolyzer [25]. In contrast, e-fuels require
significantly less water than biofuels [26]: While for e-fuel
production, water is mainly required for electrolysis,
many biofuel pathways require large amounts of water
for biomass production [13]. Similarly, the land require-
ment is also expected to be lower for e-fuels than for bio-
fuels [26]. Additionally, the land requirement for e-fuels
mainly exists because of the renewable electricity pro-
duction which is not limited to arable land, or may admit
other simultaneous uses (e.g., for agriculture or fishing in
case of wind power).

Social science background: acceptance of fuel innovations
Public perceptions and beliefs of alternative fuels

Studies dealing with the acceptance and general percep-
tions of the concept “alternative fuels” as such are rare
(an exception includes [27], where preferences for alter-
native fuels were examined). Past research concentrated
mainly on preferences for alternative fuel vehicles (AFVs),
e.g., [28, 29]. However, the focus on vehicles (AFVs)
lacks the representation of mental concepts of laypeo-
ple about “alternative fuels” as energy carrier because of
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two reasons: First, insights into the evaluation of the fuel
itself cannot be derived on the basis of results on AFVs
as the evaluation of AFVs is always a combination of the
new propulsion technology and the new vehicle that has
to be bought or rented. This combination cannot be eas-
ily broken down into evaluation parts for the fuel and the
car. The second factor blurring perceptions of alterna-
tive fuels is that in acceptance studies, the term AFV is
often not limited to fuels used in combustion engines but
is used in a wider sense for different alternative propul-
sion technologies including battery and hybrid electric
vehicles (e.g., [30, 31]). Therefore, it is currently unclear
what laypeople understand about the term “alternative
fuels” and how they imagine an alternative fuel to be with
regard to its production and usage.

Several studies have dealt with public perceptions and
acceptance of specific fuel types. Most of them have
looked into public perceptions of biofuels (e.g., [32—34])
but only few studies have examined the acceptance of
e-fuels in road transport and aviation (e.g., [35, 36]).

Acceptance of biofuels

For biofuels, perceived benefits outweighed the per-
ceived risks. In turn, benefits were revealed to impact
the attitude towards biofuels [37]. In acceptance
research on biofuels environmental, health-related,
economic, and usage-related factors were identified as
acceptance-relevant.

A recent study [32] identified advantages for human
health and the environment as well as economic advan-
tages for farmers growing biofuel feedstocks as main
usage motives for biofuels. Likewise, previous research
revealed a positive effect of the perception of environ-
mental benefits on biofuel acceptance [38]: People who
believed that fossil fuels contribute to climate change,
that less use of fossil fuels has relevant environmental
benefits, and that biofuel production has no relevant
negative consequences for biotopes and biodiversity were
found to be more willing to use biofuels. Furthermore, it
was revealed that people who believed biofuels to have
advantages for the environment in the form of providing
a means against climate change and who did not expect
negative consequences for the air and water quality due
to biofuel feedstock production were willing to even pay
a higher price for biofuels [38].

Still, in other studies (e.g., [39]) positive environ-
mental effects were not seen by drivers: Biofuels were
not believed to have a cleaner combustion than gaso-
line. However, this statement was presented together
with the statement that biofuels had no contribution to
greenhouse gas emissions. Thus, it is not clear whether
the disagreement about these statements means that
respondents believed biofuels to not be cleaner in their
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combustion than conventional fuels or whether they
thought that biofuels burn cleaner but still contribute to
GHG emissions.

It was also reported that biofuels and their production
are linked with environmental and ethical concerns: A
perceived trade-off and concern was identified between
biofuel and food production [34], e.g., in the form of
higher food prices [40, 41]. Higher food prices and food
supply insecurities can lead to rejection of biofuel devel-
opment [42]. Concerns about increased food prices do
not only apply to biofuels produced directly from edible
feedstocks but can also affect support for second genera-
tion biofuels [43], e.g., due to a perceived competition for
land use between the production of crops for food and
biofuel feedstocks. As such, agricultural waste was iden-
tified as preferred feedstock for biofuels compared to edi-
ble crops [34, 44]. Instead, Savvanidou et al. [38] showed
that people who do not believe that the production of
biofuels leads to higher food prices have a higher willing-
ness to use biofuels. For biofuel feedstock preferences it
was also revealed that plants which are not genetically
modified were more approved than GM biomass [45].

With regard to environmental and health-related per-
ceptions, health-related aspects were rated higher than
environmental effects: people would be more willing to
pay a higher biofuel price for reducing human health risk
rather than reducing resource consumption and negative
environmental effects [46].

The importance of fuel-usage-related factors, e.g., avail-
ability and price, has been emphasized [45]: The will-
ingness to buy biofuels was positively influenced by the
provision of sufficient information about biofuels and the
availability of biofuels at fuel stations [32]. More people
were ready to refuel biofuels if these were as available
as fuel stations for diesel [33]. Fuel price was identified
as an obstacle for biofuel acceptance (e.g., [47]) show-
ing that more people were willing to use biofuels if they
cost the same as diesel compared to a higher price [33].
Next to fuel price, whether the biofuel is compatible with
one’s car and whether its use has negative impacts on the
engine plays an important role [45].

However, for different user groups different usage
motives for biofuels matter, e.g., related to environmental
effects, social effects, and the required effort to use bio-
fuels [47]. Likewise, for drivers of passenger vehicles bio-
fuel characteristics such as price and performance matter
most, whereas for freight vehicle drivers biofuel availabil-
ity and policies play a special role [48].

Studies on biofuel acceptance have also examined
the effects of user diversity. In some studies, an effect
of sociodemographic factors was revealed. A younger
age, a female gender, and a higher income were asso-
ciated with a more positive perception of biofuels [33,
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49]. Moreover, people with a higher education were
willing to pay higher prices for biofuels than people
with a lower education [38]. Contrary to this, however,
in another study [50] a higher formal education was
linked to biofuel use being perceived more negatively.

Environmental concerns impact both the beliefs
about biofuels and the intention to use and pay for
biofuels [51]. Additionally, a more positive environ-
mental self-identity was linked to a higher willingness
to use biofuels [33]. Mixed results were found for the
impact of domain knowledge on biofuel perceptions.
Some studies (e.g., [49, 52]) found a negative effect of
factual knowledge on perceptions: People with more
knowledge about biofuels perceived a less positive
benefit-risk balance, i.e., less advantages in relation
to risks, than people with less knowledge [49]. Fur-
thermore, people with more self-assessed knowledge
about biofuels showed a lower willingness to pay
for biofuels [52]. In contrast, other studies revealed
higher factual knowledge and self-reported knowledge
about biofuels to be linked to more willingness to use
biofuels [33, 51].

Acceptance of e-fuels

Previous research on CO,-based fuels has examined
risk perceptions of CO,-based fuels with regard to toxic
effects [35] and the impact of perceived benefits and
barriers of CO,-based fuels on their acceptance in avia-
tion [53]. Furthermore, preferences for CO,-based fuels
and their production were investigated and how tech-
nically accurate information on environmental effects
influenced these preferences [36, 54]. Risk perceptions
and factors perceived to cause toxic effects were sig-
nificantly lower for CO,-based than conventional fuels
[35]. Moreover, the acceptance of CO,-based fuels as
end-product was higher than the acceptance of their
production process [36]. In the context of aviation, the
acceptance of CO,-based fuels was directly impacted
by perceptions of benefits and barriers of the fuel and
(mostly) indirectly by perceptions of the production
process of using CO, as a feedstock [53].

Like in the context of biofuels, for CO,-based fuels
diverging requirements were found for different user
groups with some consumers being more oriented
towards environmental performance and others paying
more attention to financial criteria [54].

Still, no study to date has directly compared percep-
tions of e-fuels and biofuels. Thus, it is not understood
which fuel type is more preferred from laypeople per-
spective and if and how perceptions of the two fuel
types differ from each other.
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Perceptions of biofuels

Addressed research gap
The summary of the state of research has highlighted two
research gaps:

1. Laypeople’s understanding of alternative fuels: It is
currently unclear what laypeople understand by the term
“alternative fuel” and how they imagine an alternative fuel
to be. These images and beliefs can shape expectations
towards alternative fuels and thus the readiness to use
these new fuel types. Therefore, it is important to under-
stand laypeople’s mental concepts of alternative fuels to
identify the requirements that they hold towards alterna-
tive fuels which in turn can be considered in fuel design.
This also helps to uncover possible misconceptions, e.g.,
related to feared drawbacks or unrealistically high expec-
tations that are not met by the technical reality.

2. Comparison of different fuel types: So far, no study
has compared perceptions of e-fuels and biofuels in one
frame of reference. Since fuel options do not exist in iso-
lation but always in the context of other choice options,
it is important to understand how biofuels are perceived
compared to e-fuels and which of the fuel types is pre-
ferred the most.

To address the two research gaps, the paper looks into
the following research questions:!

! Since the study explores very new research topics (mental concepts of
alternative fuels and e-fuel vs. biofuel preferences) about which little is
known so far, the study did not aim at a representative sample size, which
would be required for confirmation and generalization of already tested the-
oretical acceptance models. Instead, the goal was to identify and understand
acceptance-relevant factors and to make acceptance requirements visible,
for which the targeted survey sample was sufficient.

Beliefs about alternative fuels

Comparison of alternative
and conventional fuels

Perceptions of
e-fuels

Fuel type preferences

1 Which beliefs and expectations do laypeople hold
about alternative fuels (how do laypeople “imagine”
an alternative fuel)?

2 How do laypeople evaluate different fuel types (bio-
fuels vs. e-fuels)?

Methods

To investigate the beliefs about alternative fuels and
perceptions of different fuel types, an online survey was
conducted in Germany in early 2021. In the following,
the questionnaire used, the survey sample, and the data
analysis will be described.

The questionnaire used in the survey included three
parts (see Fig. 1). An overview of the constructs and
items from the questionnaire is given in Table 5 in the
Appendix (see also Figs. 2, 3, 4, 5).

At the beginning of the questionnaire, participants
were briefly introduced to the topic of alternative fuels.

The first part addressed the sample’s demographic and
personality characteristics and driving behaviors. As
demographic factors, age, gender, education, residence,
and professional expertise in fuel and engine research
were assessed. The considered personality characteris-
tics were attitudes towards environment, technology, and
driving as well as interest in alternative fuels.

Awareness of environment and climate change was
measured with six items (Cronbach’s alpha = 0.85, item
sources: [55-57]) adapted to the context of fuel-based
mobility. Additionally, the perceived individual respon-
sibility for contributing to environmental problems via
one’s mobility behavior was assessed with two items
(Cronbach’s alpha = 0.46) based on previous research
[58] adapted to the context of fuel-based mobility.



Linzenich et al. Energy, Sustainability and Society (2023) 13:35

The general attitude towards technology was assessed
in terms of technical self-efficacy (four items, Cronbach’s
alpha = 0.90, item source: [59]) and personal innovative-
ness (four items, Cronbach’s alpha = 0.88, item source:
[60]). Whereas the technical self-efficacy captures the
personal affinity towards technology and the self-confi-
dence in interacting with technology, the personal inno-
vativeness relates to the openness and interest towards
innovative technologies.

To assess the role that driving played for the sample
(necessary action or symbol of fun and reputation), the
attitude towards driving was measured with seven items
(Cronbach’s alpha = 0.82, item source: [61]).

To control for interest and awareness regarding the
survey topic, one item measured the interest in alterna-
tive fuels while self-assessed knowledge about alternative
fuels and their production was measured by two items
(Cronbach’s alpha = 0.90, item source: [35]). All attitudi-
nal variables were measured on six-point Likert scales.

As indicators for the driving behavior of participants, car
ownership, propulsion type, driving frequency (before and
during the COVID-19 pandemic), annual mileage, and the
self-assessed dependency on car use were included.

The second part captured perceptions of alterna-
tive fuels in general. Acceptance of alternative fuels was
measured with four items (Cronbach’s alpha = 0.75, item
source: [35]) on the attitude towards and the willingness
to use alternative fuels to be answered on a six-point Lik-
ert scale. Moreover, beliefs about alternative fuels were
assessed using a semantic differential [62] consisting of
six bipolar scales related to fuel properties (feedstocks
used and state of matter) and consequences for fuel
usage. The semantic differential technique was not only
used in its original sense to capture predominantly affec-
tive reactions but was applied to avoid bias of respond-
ents by the use of one-directional statements. A semantic
differential was also used to identify perceived strengths
and weaknesses of alternative compared to conventional
fuels (diesel and gasoline) and thus to uncover possi-
ble enablers and inhibitors of the adoption of alterna-
tive fuels. Ten bipolar scales compared alternative fuels
to diesel and gasoline in terms of environmental effects,
risks, and fuel usage. Both semantic differentials had
5-point-answering scales.

The third part of the questionnaire focused on percep-
tions of different fuel types (biofuels vs. e-fuels). In the
beginning, the two fuel types were introduced by an info-
graphic visualizing the production of biofuels and e-fuels.
Respondents were then asked to rate biofuels and e-fuels
on a five-point semantic differential regarding ben-
efits, costs, risks, and environmental effects. The survey
closed with a question on fuel type preferences. Partici-
pants were asked to indicate whether they would prefer
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biofuels or e-fuels given the same fuel costs, whether they
had an equal preference for both fuel types, or whether
they would rather choose none of the fuels.

The evaluative dimensions of the semantic differen-
tials used were derived from previous interview studies
conducted prior to this research. The questionnaire was
pre-tested by laypeople to ensure the clarity and compre-
hensibility of the questions and instructions.

Survey sample

254 respondents participated in the study, after a quality
control (excluding incomplete and inconsistent answer-
ing patterns) 208 data sets remained for further analysis
(response rate: 81.9%). It was convenience sampling with
the survey link being distributed via e-mail and social
media. Participants were selected based on their interest
for alternative fuels and through personal networks. The
208 respondents were between 18 and 80 years old (M =
34.4 years, SD = 13.8) with 46.2% females and 53.4% males
(0.5% made no indication on their gender). Asked for
their highest formal educational achievement, 59.6% of
respondents reported a university degree or Ph.D., 37.0%
a high school degree or completed vocational training,
and 3.4% had completed primary, secondary, or middle
school. 15.4% of the participants reported that their edu-
cation or job was in the field of fuel development or com-
bustion engines. Thus, the large majority of the sample
(84.6%) were laypeople with regard to fuel and combus-
tion engine research. Most respondents lived in an urban
area (48.1% in the city center, 36.1% in a suburb or in the
city outskirts), while 15.9% resided in the countryside.

The sample reported high awareness for environment
and climate change (M =4.73,SD =0.83) and rela-
tively high perceived responsibility of their own mobil-
ity behavior for the current environmental problems
(M = 3.96,SD = 1.01). Also, the technical self-efficacy
(as indicator for the general attitude towards technology)
was rather high (M = 4.07,SD = 1.28) but the personal
innovativeness was moderate (M = 3.48,SD = 1.16,
n = 207). There was a high interest in alternative fuels
(M =4.43,SD = 1.13) and a high acceptance of alter-
native fuels (M = 5.07,SD = 0.75) but the self-assessed
knowledge about alternative fuels was rather low
(M = 2.84,SD = 1.22).

The driving behavior of the sample is summarized in
Table 1. Most respondents had access to a car and used
conventional fuels in their primarily used vehicle.” Half
of the sample (49.5%) felt dependent on car use in their

2 We asked here for the propulsion type of the primarily used vehicle,
not specified to cars. This may explain why although #n = 23 participants
reported not to have access to a car, n = 201 respondents answered the
question on vehicle propulsion type.
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Table 1 Driving behavior of the sample (n = 208)
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Driving behavior Percentage

Car ownership

Vehicle propulsion type (n = 201)
Car dependency M =343 (SD=1.80)
Driving frequency (before COVID-19)

Annual mileage

58.2% have own car, 27.9% use car of family/friends, 5.3% use company car, 7.2% use carsharing or rented
car, 11.1% have no access to car

68.7% gasoline, 23.4% diesel, 2.5% EV, 2.0% hybrid, 0.5% gas, 3.0% other

8.7% never, 22.6% several times / year, 13.9% several times / month, 27.9% several times / week, 26.9% daily
10.6% prefer not to say/ don'‘t know, 53.4% up to 10,000 km, 24.0% >10,000-20,000 km, 12.0% > 20,000 km

everyday life (fully-rather agree). The sample was also
asked to indicate their attitude towards driving, which
was rather negative (M = 2.71, SD = 0.94), meaning that
driving was rather seen as necessary and less as a pleas-
ure or status symbol.

Data analysis

Results were analyzed using descriptive and inferential
statistics. Mean values were calculated for all scales with
multi-item measurements. To analyze mental concepts
and beliefs of alternative fuels, mean values were calcu-
lated for the evaluative dimensions in the semantic differ-
ential. t-Tests were used to test for statistically significant
deviations of the mean values from the scale midpoint (=
3). The same procedure was applied to analyze evalua-
tions of alternative fuels compared to conventional diesel
and gasoline.

Differences in the perception of different fuel types
(biofuels vs. e-fuels) were examined by one-way
repeated-measures ANOVAs.> A MANOVA was con-
ducted to investigate whether people with a preference of
different fuel types differed in their perceptions of biofu-
els and e-fuels. Furthermore, demographic and personal-
ity profiles of the fuel preference groups were examined
by ANOVAs.

Results

Insights into lay beliefs: what makes a fuel “alternative”?
Beliefs about alternative fuels were assessed on a seman-
tic differential relating to properties of the fuels and their
production. Results are visualized in Fig. 2. Like Fig. 2
shows, alternative fuels were expected to be made of
renewable feedstocks, to not contain conventional gaso-
line and diesel, and to be incompatible with conventional
vehicles. For these three evaluative dimensions, mean
values deviated significantly from the scale midpoint (see
Table 2).*

3 ANOVA = analysis of variance, MANOVA = multivariate analysis of vari-
ance.

In contrast, no significant deviations from the midpoint
were found for the energy used in the production, the
state of matter of alternative fuels, and fuel usage. This
means that the sample was undecided (meaning hetero-
geneous in their evaluation) whether renewable energy
or an energy mix would be used for producing alternative
fuels, whether the new fuels would be gaseous or liquid,
and whether they would differ in usage compared to con-
ventional fuels.

Expectations towards alternative fuels compared to diesel
and gasoline

To identify possible enablers and inhibitors of alterna-
tive fuel adoption, it was investigated how alternative
fuels are evaluated compared to conventional fuels (diesel
and gasoline). Figure 3 shows that alternative fuels were
perceived to have significantly less environmental effects
than diesel and gasoline since they were perceived to
have a cleaner combustion and a lower CO, footprint, to
be more sustainable, and to produce less pollutant emis-
sions. All mean values had a significant difference from
the scale midpoint (3) (see Table 3).> Only the expected
land use did not differ significantly between alternative
and conventional fuels (no significant difference from the
scale midpoint).

Regarding perceived risks, alternative fuels were per-
ceived as significantly safer to use and to have fewer toxic
effects than diesel and gasoline (see Table 3).

Whereas alternative fuels were evaluated as advanta-
geous in environmental effects and safety, they were asso-
ciated with drawbacks regarding their use: Alternative
fuels were perceived as more expensive and to decrease
the driving range compared to diesel and gasoline. Both
mean values differed significantly from the scale mid-
point (see Table 3). However, alternative fuels were not
perceived as significantly more difficult to use than con-
ventional fuels.

* Bonferroni-adjusted significance level: p = 0.05/6 = 0.008
> Bonferroni-adjusted significance level: p = 0.05/10 = 0.005
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are made from fossil
feedstocks

are produced using an
energy mix

contain gasoline or diesel

are liquid

differ in usage compared
to conventional fuels

are incompatible with

3.53 conventional vehicles

3 4 5

Alternative fuels ...
Fig. 2 Lay beliefs about alternative fuels (n = 208). Error bars indicate standard deviations

Table 2 t-test for deviations from scale midpoint (3) for the
belief items (n = 208, df = 207)

Belief t p Cohen’sd
Renewable—fossil feedstocks —2052 <0001 —-142
Renewable energy-energy mix ns.

No diesel/gasoline—contains diesel -1174 <0001 -081
gasoline

Gaseous-liquid ns.

No difference-difference in usage n.s.
Compatible-incompatible 592 <0.001 041

Table 3 t-test for deviations from scale midpoint (3) for the
comparison of alternative fuels to diesel and gasoline (n = 208,
df = 207)

Evaluative dimension t p Cohen’sd
Cleaner-dirtier combustion -2567 <0001 —-1.78
More-less sustainable —2888 <0001 —200
Lower-higher CO, footprint —-2533 <0001 -1.76
Less—more pollutant emissions —-2369 <0001 —-164
Smaller-higher land use ns.

Safer-more dangerous -7.15 <0001 -0.50
Less—more toxic -1599 <0001 —-1.11
Cheaper-more expensive 6.22 <0.001 043
Easier-more elaborate to use ns.
Increased-decreased range 8.71 <0.001 0.60

Perceptions of e-fuels vs. biofuels

To compare perceptions of different fuel types, biofuels
and e-fuels were assessed on the same evaluative dimen-
sions reflecting environmental effects, benefits, costs,
and risks. The results for perceptions of biofuels and
e-fuels are displayed in Fig. 4.

Both biofuels and e-fuels were evaluated rather posi-
tively: They were perceived as useful, environmentally
friendly, safe to use, and to have a low CO, footprint.
One-way repeated-measures ANOVAs showed signifi-
cant differences between fuel types for the evaluation of
production costs (Pillai's V =0.08, F(1,125) =11.10,
p = 0.001, 17129 = 0.08), safety of fuel usage (Pillai’s
V =0.22,F(1,125) = 34.42,p < 0.001, 7]1% =0.22), and
resource consumption (Pillai's V =0.17,F(1,125) =
25.13,p < 0.001, 771% =0.17). Whereas biofuels were
expected to be cheaper in production and to be safer to
use than e-fuels, they were also believed to be in higher
competition for resources with other sectors than e-fuels.

When asked about which of the two fuel types they
would prefer given the same fuel price, 45.2% chose the
e-fuel and 23.8% the biofuel (see Fig. 5). This shows that
e-fuels were more preferred than biofuels. 30.2% of the
sample had an equal preference for both fuel types and
0.8% wanted to use none of the fuels.
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have a more polluting
combustion

are less sustainable

have a higher CO2 footprint

produce more pollutant
emissions

require a smaller land use

are safer to use

are less toxic

are cheaper

are easier to use

increase the driving range
1 2

3.53

require a higher land use

are more dangerous to use

are more toxic

are more expensive

are more elaborate to use

decrease the driving range
4 5

Compared to diesel and gasoline, alternative fuels ...
Fig. 3 Perceptions of alternative fuels compared to diesel and gasoline (n = 208). Error bars indicate standard deviations

In order to identify which groups of people preferred
biofuels and e-fuels, an ANOVA was conducted with the
fuel type preferences as groups® using the demographic
and personality characteristics as dependent variables.”

Significant differences between the groups were
found for gender, education, driving frequency, annual
mileage, and self-assessed knowledge about alterna-
tive fuels (see Table 6 in the Appendix). Whereas in the
group with biofuel preference there was a higher share
of females, the group preferring e-fuels had a higher
share of males. In the group with biofuel preference, the
majority had a formal education of type 2 (high school
degree or completed vocational training) while in the
other two groups the majority had a formal education

© The group “I would use none of the fuels” was left out because of its small
size (0.8%).

7 Considered were age, gender, education, place of residence, field expertise,
technical self-efficacy, personal innovativeness, awareness and perceived
responsibility for environment and climate change, vehicle propulsion type,
dependency on car, driving frequency, annual mileage, self-assessed knowl-
edge about alternative fuels, and interest in alternative fuels.

of type 3 (university degree or Ph.D.). The driving fre-
quency and annual mileage also differed between the
groups (see Table 6 in the Appendix). For self-assessed
knowledge, the group preferring e-fuels felt slightly
more informed about alternative fuels than the group
preferring biofuels.

To investigate whether people with different fuel pref-
erences also differed in their evaluation of biofuels and
e-fuels, a MANOVA was conducted on the fuel prefer-
ence groups. Table 4 contains the results. People who
preferred biofuels rated biofuels as significantly more
useful than respondents who preferred e-fuels. At the
same time, the group with biofuel preference evalu-
ated biofuels as significantly more environmentally
friendly than the other two groups. A similar result was
found for e-fuels: People who preferred e-fuels assessed
e-fuels as significantly more environmentally friendly
than the group with a biofuel preference. Apparently,
preferences for a fuel type were attributed to differences
in perceived benefits rather than to differences in costs
and risks.
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Discussion

Insights into laypeople’s beliefs about alternative fuels

The beliefs laypeople hold towards alternative fuels indi-
cate that drivers expect considerable drawbacks from
using alternative fuels, e.g., an incompatibility with con-
ventional vehicles, a higher fuel cost, and a lower driving
range compared to diesel and gasoline. Especially costs
and a required retrofit or purchase of a new vehicle due
to incompatibility with conventional vehicles could be
serious barriers because these have been identified as
vital decision criteria for alternative fuel preferences in
previous research [27].

The perception of less toxic effects and higher safety of
alternative fuels compared to conventional fuels confirm
findings of Engelmann et al. [35] and extend their validity
to CO,-based fuels. However, that study revealed that on
an absolute basis, perceived toxic effects and perceived
safety were moderate for CO,-based fuels, which indi-
cates that they were not seen as completely safe.

Between two worlds: comparing lay beliefs to the fuel expert
perspective

The general beliefs of the participating laypeople about
alternative fuels (Fig. 2) are largely in line with techni-
cal reality, at least for certain types of alternative fuels:
The fuels were believed to be made from renewable
feedstock, which applies to both biofuels and e-fuels,
but not to alternative fossil fuels such as LPG or CNG.
In contrast, the energy input is believed to be exclusively
renewable by some and an energy mix by others. Both
can be the case, e.g., when producing e-fuels exclusively
from renewable electricity vs. grid electricity, or when
producing biomass with energy for farming and fuel pro-
duction also derived from renewable vs. conventional
sources. The finding that alternative fuels were perceived
to not contain gasoline and diesel suggests that laypeople
either expect a neat fuel rather than a blend component,
or that they associate the term only with the blend com-
ponent itself and not the mixture with gasoline or diesel.
The beliefs about the state of matter, usage requirements,
and vehicle compatibility, all of which were rather widely
spread, also reflect technical reality in the sense that dif-
ferent alternative fuels have very different properties in
these categories. However, it is unclear whether laypeo-
ple are aware of these differences or simply unsure about
what to expect.

Similarly, the perceived differences between alternative
fuels and gasoline and diesel (Fig. 3) are also in line with
the actual technical performance of many alternative
fuels. Alternative fuels were perceived to have less envi-
ronmental harm regarding pollutant emissions as well as
CO; footprint and general sustainability. These points are
in line with the main development goals for (renewable)
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alternative fuels, and they are also fulfilled by many exist-
ing and proposed alternative fuel candidates. The per-
ceived decrease in driving range is also in line with the
lower energy density of most alternative fuels, while the
perception of alternative fuels being more expensive is in
line with the cost predictions for many (though not all)
biofuels and e-fuels. The perception that alternative fuels
are less toxic is partly in line with technical reality, as
this holds for some alternative fuels, but not for all (e.g.,
methanol). The large spread in the perceived land use
of alternative fuels may be related to the spread in land
use between biofuels and e-fuels, with the former likely
requiring more land. However, both biofuels and e-fuels
likely require significantly more land than fossil fuels.

Recommendations for fuel design
Based on the findings, the following recommendations
for a socially accepted fuel design are obtained:

Little to no barriers are vital for making the switch to
alternative fuels because laypeople expect drawbacks
in fuel usage compared to diesel and gasoline such as
higher costs and a lower range. The role of costs may also
depend on the general development of fossil fuel prices.
Increasing fossil fuel prices makes it easier for alterna-
tive fuels based on biomass or renewable electricity to
become economically competitive. Additionally, sub-
sidies for alternative fuels or CO, taxation could also
offset the higher costs of alternative fuels. To address
concerns about fuel price and range, drivers should be
transparently informed about costs and efforts required
for switching to alternative fuels and about the political
measures taken to facilitate alternative fuel adoption.

Environmental effects and low risks should be empha-
sized. They were perceived as advantages of alternative
compared to conventional fuels and thus could be impor-
tant enablers of alternative fuel adoption. This may not be
limited to alternative fuel use in cars, but could also be
important for their application in heavy-duty transport,
shipping, and aviation because these effects concern the
whole fuel lifecycle.

From an acceptance research perspective, the finding
that laypeople expect alternative fuels to be made from
renewable resources reveals biofuels and e-fuels to be
more promising fuel candidates compared to alternative
fossil fuels (such as LPG or CNG), which do not fulfill
this renewable feedstock requirement. Moreover, because
laypeople assume alternative fuels to not contain gasoline
and diesel, fuel blends of alternative fuels with gasoline
and diesel could be an inhibitor for acceptance if laypeo-
ple expect alternative fuels to be fully made from renew-
able feedstocks. However, it remains unclear if a blend
with a renewable component is nevertheless perceived as
an ‘improvement’ to conventional fuels and preferred by
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drivers at the fuel station. If a blend with gasoline or diesel
has advantages to drivers compared to a neat renewable
fuel (e.g., no required car retrofitting and a higher driving
range), it is possible that drivers’ preferences for the blend
or neat fuel can vary. Therefore, future research should
compare perceptions of alternative fuel blends vs. neat
fuels to uncover decision criteria and preferences for the
different fuel options and to reveal whether laypeople dis-
tinguish between blends and neat fuels. This is especially
important since a lower range was perceived as drawback
of alternative fuels compared to conventional fuels.

Summing up, the following guidelines should be
respected for alternative fuels in general:

+ Ensure environmentally friendly production and use
(e.g., low CO, footprint and less pollutant emissions).

« Aim for cost-effective fuel production to reduce fuel
prices.

+ Ensure a sufficient driving range.

+ Minimize toxic effects.

+ Alternative fuels should not contain conventional
diesel or gasoline (if blends with diesel or gasoline are
used, these should be transparently labeled as such).

« Alternative fuels are perceived as different from exist-
ing fuels—therefore, specific information and com-
munication efforts should be undertaken to inform
laypeople adequately which impacts alternative fuels
have.

Insights into preferences and perceptions of biofuels vs.
e-fuels

The direct comparison of the acceptance of e-fuels and
biofuels has revealed similarities and differences between
both fuel types. Positive benefit perceptions and unspe-
cific risk perceptions were found for both "alternative”
fuels and validate past research [35, 37, 53]. For both
fuels, the perceived environmental benefits are promi-
nent, which is in line with results from previous studies
examining biofuel and e-fuel acceptance separately [32,
37,53, 54].

However, the revealed differences in perceptions
between e-fuels and biofuels highlight possible accept-
ance barriers for both fuel types. As a possible inhibi-
tor for biofuel adoption, the perceived competition for
resources was identified. The perceived higher competi-
tion for resources in the biofuel context compared to the
e-fuel context could possibly be explained by a belief that
the feedstock use (if food crops are used for biofuel pro-
duction) or the land use for producing biofuel feedstocks
(if biomass is used for biofuel production) could be in
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competition with food supply. A competition between
biomass use for fuels and food as well as increasing food
prices due to biofuel production have been revealed to be
obstacles for biofuel acceptance in previous research [34,
40, 42, 43]. To address concerns about resource competi-
tion, transparent information on the feedstock basis and
resource consumption should be given to laypeople: Are
biofuels produced solely from waste or inedible crops
(e.g., straw, wood waste) or are crops or land used that
could be used for other important purposes (e.g., food
production)?

In contrast, possible acceptance barriers for e-fuels
could be the perception of higher costs and higher risks
compared to biofuels. Since the price for alternative fuels
was found to be decisive for drivers [27], concerns about
high fuel costs are even more important. However, previ-
ous research revealed some contradictory findings when
it comes to the expected e-fuel price: In a recent study
[53] CO,-based fuels were not perceived as particularly
expensive. In line with this, Arning et al. [54] reported
that laypeople evaluated CO,-based fuels as neither
cheap nor expensive. A possible reason for the different
evaluation could be that in our study the focus on both
biofuels and e-fuels influenced evaluations of e-fuels so
that they were rated as relatively expensive compared to
biofuels. Another explanation for the diverging results
could be the age of study respondents: In our study
respondents were on average younger and more often
students than the respondents in the other studies [53,
54]. The younger age or student status could be related
to a possibly lower financial status and thus may have led
to a different evaluation of the terms “cheap” and “expen-
sive” than in a more balanced sample.

Regarding the second barrier, i.e., perceived risks, it
was found that although risks from e-fuels were rated
higher than risks from biofuels, perceived e-fuel risks
were still rather low. Thus, it is not expected that e-fuels
are instantly rejected due to fears of specific risks. Still,
it would be insightful to understand how the higher risk
perception of e-fuels is composed and which target is
perceived to be most affected by risks (e.g., the environ-
ment, the health of drivers, employees at the fuel produc-
tion plant or residents living nearby). Therefore, future
research should investigate perceived risks of e-fuels and
biofuels in more detail to trace down the facets that con-
stitute the risk perception. For example, it is known from
biofuels research that health effects have a higher weight
than environmental concerns when it comes to the will-
ingness to pay for biofuels [46].

The analysis of preferences for e-fuels and biofuels
however has shown that e-fuels were preferred over bio-
fuels and that the biofuel preference group and the e-fuel
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preference group mainly differed in the benefit percep-
tions of the two fuel types. This is in line with previous
research on biofuels and e-fuels which found a positive
impact of benefit perceptions on fuel attitudes [37, 53].
Moreover, different user profiles had been identified:
People with a preference for e-fuels were more often
male, had a higher formal education, and drove less
frequently on a regular basis than people with a prefer-
ence for biofuels (although they had a lower share of
non-drivers and were more often high-mileage driv-
ers). These findings largely added to comprehending
user diversity for e-fuels, which is not well understood,
and corroborated past research on biofuels. The higher
share of females among the group with biofuel preference
compared to the groups with e-fuel preference and with
equal preferences for both fuel types corroborates previ-
ous findings that women have a more positive perception
of biofuels [33, 49]. Also, the higher share of people with
a high school degree or completed vocational training in
the biofuel group compared to the higher share of people

useless

environmentally
harmful

expensive in
production*

risky to use*

high CO2 footprint

high competition for
resources*

E-Fuels
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with university degree in the e-fuel and equal preference
groups validates past research which found a higher for-
mal education linked to more negative perceptions of
biofuel use [50].

Results on self-assessed knowledge leave an incom-
plete picture as the omnibus effect in the MANOVA
between the three preference groups could not be attrib-
uted to a significant specific group difference. On a
descriptive level, e-fuel-preferring people felt on average
more informed than biofuel-preferring people. Previous
research (e.g., [49, 51]), has identified knowledge (both
objective and self-assessed) as relevant factor affecting
biofuel perceptions but the directions of the effect (posi-
tive or negative) were mixed. While some studies found
biofuels perceptions and acceptance to be more positive
with a higher objective or self-assessed knowledge [33,
51], others revealed a negative effect [49, 52]. Thus, future
research should investigate the impact of previous knowl-
edge on perceptions of different fuel types more closely.

useful

environmentally
friendly

cheap in
production

safe to use

low CO2 footprint

low competition for
resources

Biofuels

Fig. 4 Perceptions of biofuels and e-fuels (n = 126). Significant differences (Bonferroni-adjusted significant level: p < 0.008) are marked by asterisks
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0.8%

' 23.8%

= Equal preference for
both fuel types

Preference for biofuels

= Preference for e-fuels

= Rejection of both fuel
types

Fig. 5 Preferences for using biofuels and e-fuels (n = 126)

Lay and expert view on fuel types: congruence and possible
misconceptions

In the comparison between the perceptions of biofu-
els and e-fuels (Fig. 4), most points can also be matched
with aspects of the actual technical performance, such as
e-fuels being more expensive than biofuels [25]. The per-
ceived higher competition for resources of biofuels is in
line with the differences in water use and land require-
ment. If they refer to competition with food production,
this only applies to first-generation biofuels, which may
still be prevalent in the perception of laypeople.

The results of the present study also match insights
from technical expert perspective that for e-fuels higher
production costs are to be expected compared to conven-
tional fuels and to biofuels [24].

The aspect of safety for which significant perceived
differences between biofuels and e-fuels were found is
harder to assess from a technical point of view.

One aspect that may explain the perceived difference
is that some (but not all) common e-fuels are stored as
gases in high-pressure tanks (e.g., hydrogen, methane,
or dimethyl ether), while biofuels are more commonly
liquid. Such high-pressure tanks may be perceived as an
additional safety hazard for e-fuels. To this end, future
research should further investigate to what extent the
state of matter of a fuel affects the perception of safety,
and whether laypeople in fact imagine biofuels to be lig-
uid and e-fuels to be gaseous. The latter could explain
why the participants were undecided on whether alterna-
tive fuels in general are liquid or gaseous.

Another explanation for the higher risk perception of
e-fuels compared to biofuels could be that biofuels, which
have been on the market for a longer period already (e.g.,
ethanol-blend fuel E10), are perceived as more estab-
lished and thus as more familiar and in turn, elicit less
concerns by laypeople. However, the experience with E10
in Germany, where drivers were reluctant in adopting
E10 [12], has shown that biofuels can also lead to worries.
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This indicates that risk perceptions of fuel types are quite
complex, and that future research requires a focus on
underlying assumptions and influencing factors of risk
perceptions and their interrelation.

The comparatively lower risk perception of biofuels
could also be explained by a more positive connotation
of the term “bio” This could have evoked associations
of organic or environmentally friendly production or
naturalness [63], or even more generally life and nature,
whereas e-fuels might evoke associations with electricity
(the power system) that are more likely associated with
risks. The positive meaning of “bio” in the fuel context
is supported by findings of Cacciatore et al. [64] that the
term “biofuel” is more positively evaluated than the term
“ethanol” Still, these explanations remain speculative
without empirical evidence, thus the underlying beliefs
and reasons for the higher risk perception of e-fuels need
further research.

Recommendations for the selection of fuel types

and production routes

The above findings on the preferences of potential fuel
users between biofuels and e-fuels have a key implica-
tion for the development of alternative fuels and lead
to the following recommendations for research and
decision-making:

Both fuel types may have a significant share of fuels
users preferring one or the other, potentially with dis-
tinct user profiles. This suggests that neither biofuels nor
e-fuels should be discarded based on acceptance criteria,
and that it is instead reasonable to keep developing both
fuel types and consider the identified consumer segments
as target groups in fuel design.

Since benefit perceptions have been revealed as crucial
for fuel preferences, both fuel types however need clear
advantages and these need to be transparently and com-
prehensibly communicated.

In particular, low environmental impacts were given as
main reasons to prefer either biofuels or e-fuels over the
other. This underlines the importance of careful analysis
of true environmental impacts via life cycle assessments
as well as transparent communication of these effects.
Similarly, it confirms the notion that low environmen-
tal impacts should be a key performance metric for fuel
development.

The perceived higher fuel costs of e-fuels compared
to biofuels indicate that cost optimization of produc-
tion processes for e-fuels should be targeted. Another
possibility to achieve lower e-fuel costs could be sub-
sidies. People with a preference for e-fuels differed
mainly in the perception of higher benefits from peo-
ple with preference for biofuels. Therefore, showing
the cost-benefit relation of e-fuels (higher costs but
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also possibly favorable environmental effects, [24]) is
essential.

Finally, the observed differences in the groups of users
preferring either biofuels or e-fuels could ultimately
inform the design of different fuels targeted at these
two (or potentially even more) distinct user groups. To
this end, a more detailed evaluation is required to iden-
tify which performance criteria are the most relevant
to which group. This type of information may even be
embedded directly in optimization-based methods for
the design of fuels, their production processes, or both
if they come in the form of constraints (e.g., minimum
driving range, lower greenhouse gas emissions than some
target), as quantitative weights of different performance
criteria, or even as a mathematical model that predicts
acceptance or adoption likeliness for that group as a
function of technical properties of the fuel or production
pathway.

Summing up, the selection of fuel candidates should be
aimed at optimizing the following criteria:

+ For biofuels:

— Use primarily waste biomass as feedstock such as
wood residues (to avoid a perceived competition for
resources and a high land use).

+ For e-fuels:

— Ensure and transparently communicate fuel safety.
— Make e-fuels financially competitive to biofuels.

Limitations and future research

The current study has provided a valuable understanding
of the beliefs and expectations of laypeople towards alter-
native fuels. At the same time, the findings raise some
methodological issues and have uncovered important
future research duties.

For some of the evaluative dimensions for alternative
fuels an “indecisiveness” was found, e.g., whether alter-
native fuels are gaseous or liquid or whether renewable
energy is used in the production or not. The reasons
for this indecisiveness should be investigated in future
research: Does this reflect true indecisiveness (as “don’t
know”), indifference (as “does not matter to me”), or
rather an awareness that the term “alternative fuel” refers
to a broad variety of different fuels that can differ in their
properties and production routes?

Also, the effects of user diversity on the beliefs of
alternative fuels should be explored to uncover whether
perceptions of the term “alternative fuels” differ with
sociodemographic variables, attitudes, and mobility
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behavior. For this purpose, it would be insightful to vali-
date the findings with a larger sample representative for
Germany with respect to demographics to capture the
view of an entire population.

Another open question is whether the laypeople rep-
resented e-fuels and biofuels solely as an end-product
or if they also considered the fuel production routes in
their evaluations. The latter is supported by results from
Simons et al. [53], in which the perceptions of CO,-based
fuels as a product were influenced by perceptions of
the underlying production technology. Future research
should investigate which dimension (production pro-
cess or end-product) influences perceptions the most
and whether preferences and evaluations of biofuels and
e-fuels change when expert information about environ-
mental effects, risks, and costs of fuel production and fuel
usage is given. Offermann-van Heek et al. [36] has shown
that providing laypeople with technically accurate infor-
mation on environmental effects can significantly change
preferences for CO,-based fuel production towards more
environmentally favorable production options.

A final research concern refers to the narrow one-
country scope on car use in Germany. Since current
EU-law and political plans in Germany aim at support-
ing electromobility and abolishing combustion engines
for cars from 2035 on, future research needs to tackle the
perspective on different transport sectors with a higher
future potential for alternative fuel use (e.g., heavy-duty
transport, shipping, and aviation). Future studies should
expand the scope to include different countries and
cultures because in countries with no plans to abolish
combustion engines, alternative fuels may play a more
important role in individual transport compared to
Germany.

Conclusion

The defossilization of mobility is a key goal in combat-
ing climate change, which is not only extremely chal-
lenging from a technical point of view (e.g., development
of fuel alternatives, of production routes, and combus-
tion technology), but also has to take socio-political fac-
tors into account during implementation and adoption.
The empirical analysis of social perceptions of alterna-
tive fuels in this study provided valuable information on
what expectations laypersons associate with alternative
fuels. The perceptions are consistent with the current
technical challenges in the development of alternative
fuels in terms of price, energy supply during production,
and technical performance, and can certainly be under-
stood as demands on technical development from the
users’ perspective. Even if e-fuels and biofuels carry the
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same label of “alternative fuels’, they are perceived dif- implementation, and to adequately address them in
ferently, in terms of core characteristics like safety, ethi- communication strategies.

cal aspects like resource competitiveness, and economic
aspects, and associated with different evaluative assess-
ments, which can seriously modulate acceptance (in
both directions). In order to achieve a successful trans-
formation towards lower-carbon mobility, it is extremely
important to know these perceptions and requirements
of potential adopters of alternative fuels, to take them
into account in technical development, production and

Appendix
Constructs and item statistics

Table 5 Constructs and item statistics (n = 208)

Construct Source Itemno. Items Cronbach’s
alpha
Awareness for environment and climate change [55-57]1 6 | feel worried about the environmental conditions under which  0.85

our children and grandchildren probably have to live.

If we carry on like before, we are heading towards an environ-
mental catastrophe.

In my estimation the environmental problem is greatly exag-
gerated by media and politicians. (recoded)

For the sake of the environment, we should all be prepared

to limit our current standard of living.

I personally feel that it is important to think about the environ-
ment in my everyday driving behavior.

I am prepared to change my mobility behavior in order to pro-
tect the environment.

Perceived responsibility for environmental problems  [58] 2 My car use contributes to environmental problems. 046
The currently occurring environmental problems are mainly
caused by others. (recoded)

Technical self-efficacy [59] 4 | can solve quite a few of the technical problems [ am con- 0.90
fronted with on my own.
I really enjoy solving technical problems.
Because | got along well with previous technical problems, |
optimistically look forward to future technical problems.
| feel so helpless when interacting with technical devices that |
rather keep my hands off them.

Personal innovativeness (n = 207) [60] 4 I regularly look out for new products. 0.88
| often search for information about new technologies
and products that could be of interest to me.
Most often, | am the first of my friends to test new products.
I find it interesting to test new products.

Attitude towards driving (n = 207) [61] 7 For me, the car has instrumental functions only. (recoded) 0.82
I'only have a car to travel from A to B. (recoded)
I'love driving.
A car provides status and prestige.
| feel free and independent if | drive.
I like to drive just for the fun.
My car shows who and what | am.

Self-assessed knowledge about alternative fuels [35] 2 | feel well informed about alternative fuels. 0.90
| feel well informed about the production of alternative fuels.

Acceptance of alternative fuels [35] 4 I do not want to use alternative fuels for driving a car. (recoded) 0.75
I think the use of alternative fuels in road transport is a bad
idea. (recoded)
I'am willing to refuel with alternative fuels.
I would prefer alternative fuels to conventional fuels for driving.
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