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Abstract

Background The need for greenhouse gas abatement measures grows as climate change threatens life on earth.
Negative emission technologies, such as carbon capture and utilization (CCU), can reduce emissions from the trans-
port sector, particularly aviation. However, the lack of support and low public acceptance can impact the successful
introduction of new technologies. This study analyzes the factors that influence acceptance of the single production
steps (capture, purification, conversion, and transport of CO,) of production of CO,-based jet fuels to identify accept-
ance hot spots and potential roll-out barriers.

Results In a quantitative survey with n=543 German respondents, we find that transport of CO, in comparison

with capture, purification, and conversion of CO, into hydrocarbons is perceived as less acceptable, efficient, and use-
ful, more expensive as well as damaging for the environment and health. Furthermore, product-step specific risk
perceptions, as well as benefit and barrier perceptions for CCU mainly predict people’s attitude towards the four pro-
duction steps. A cluster-analysis revealed two groups, “Approvers”and “Sceptics’, which were characterized by distinc-
tive perception profiles. Further analysis showed that sustainability (e.g., use of renewable energy) and efficiency (e.g.,
carbon removal and resource use) were of greater importance to Approvers.

Conclusions The study’s results suggest the need for further research and information provision to enhance public
understanding of the technology and its role as a part of circular economy approaches. Risk perceptions play a central
role in determining attitudes towards CCU, which should be considered in future studies and communication strate-
gies. The findings can inform policymakers, industry stakeholders, and communication experts working to promote
sustainable aviation fuel technologies.

Keywords Carbon capture and utilization, CO,-based fuels, E-fuels, Public perception, Production step perception,
Technology acceptance

Background
As anthropogenic climate change continues to threaten
increasing numbers of human lives and as estimations
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ous forecasts had to be discarded in favor of more critical
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assessments and it is expected that with reaching higher
warming levels, the complexity and interaction of risks
and climate change impacts will increase [1].

To achieve climate goals, both the reduction of future
emissions and the removal of GHG by means of nega-
tive emission technologies is necessary [2]. The transport
sector is highly dependent on fossil resources, cumulat-
ing to cause 37% of carbon dioxide (CO,) emissions by
end-use sectors in 2021 [3]. Carbon Capture and Utiliza-
tion (CCU) is considered as a candidate for clean energy
technologies that will be of use in the process of decar-
bonizing transport sectors, such as aviation and heavy
transport [4]. CCU comprises the capture (e.g., from fos-
sil or biogenic sources) and subsequent transformation of
CO, into products, such as chemicals or building materi-
als [5]. As one potential utilization pathway, CO,-based
fuels or e-fuels produced from CO,, water, and renewable
energy [6] offer the potential to reduce aviation sector
emissions [7]. In 2021, the aviation sector accounted for
around 720 Mt of global emissions [8] and it is estimated
to grow (on average) by 3.3% per year until 2040 in terms
of passenger numbers [9]. Therefore, a considerable pro-
portion of emissions can be avoided in the future using
e-fuels, which may become more appealing and econom-
ically feasible in the future, also due to more recent global
crises and developments, such as the Ukraine war and
rising fossil fuel prices. Accordingly, it is forecasted that
the demand for e-fuels and e-chemicals could increase
tenfold between 2030 and 2050 [10].

Perceptions of risks and benefits as well as acceptance
by the public and other involved stakeholders can play a
decisive role for the introduction and market success of
new technologies or products. Although the CCU tech-
nology, its production steps, and infrastructure repre-
sent a set of large-scale technologies that is not directly
used by end-consumers, their elements may still be vis-
ible and tangible to the public; they can support or reject
them [11]; the latter can be reflected, for example, in
opposition and protest, especially at the local level (e.g.,
[12]) as has been the case for the deployment of installa-
tions for power supply or wind energy [13], and carbon
storage[14].

Therefore, the analysis of (risk) perceptions, perceived
barriers, but also acceptance a) is crucial to identify
potential roll-out barriers as early as possible and b) can
offer insights to various stakeholders [15]. In the case of
CO,-based fuels, previous research has identified per-
ception- and acceptance relevant impact factors for the
fuel as an end-product, CCU as the underlying techno-
logical approach, as well as for involved infrastructure.
To the best of our knowledge, however, the body of lit-
erature to date lacks detailed insights into the percep-
tion and acceptance of the process steps necessary to
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produce CO,-based jet fuels. The perception of the CCU
technology can impact the perception and acceptance of
CO,-based fuel as the manufactured end-product [16]. In
view of this, this study analyzes whether there are accept-
ance hot spots among the necessary production steps
and which (user) factors influence the public perception
of the involved steps of the production of CO,-based jet
fuels.

Carbon capture and utilization/CO,-based jet fuels

CCU is a technology that is set to reduce the environ-
mental impact of emission-intensive (industrial) sec-
tors. The growing global recognition of CCU is evident
as numerous countries actively engage in advancing its
technological development [17-19]. This study focuses
on the production process for manufacturing CO,-based
fuels, which encompasses a series of essential steps, i.e.,
(a) the separation of CO, at a point-source [20], (b) the
purification of the separated CO, (necessary for CO,
streams with insufficient CO, stream purity) [21], (c)
the transport of CO,, and (d) the conversion of CO, into
hydrocarbons [20].

CO, separation

CO, can be captured either pre- or post-conversion,
i.e., CO, is separated before or after the carbon source
has been converted into CO,, or under the inclusion of
O, for combustion (oxy-fuel combustion) [22]. Regard-
less of which of the three options is used, a considerable
amount of input energy is needed for CO, capture [23].
Technologies used to separate CO, from flue gas streams
are adsorption, (physical or chemical) absorption, and
membrane-based separation. As different CO, sources
come with differing combinations of flow rate, gas stream
impurities or moisture levels in CO, streams, process
configurations depend on the plant application while
considering further conditions (e.g., costs). In planning
of CCU supply chains, industrial plants are considered as
supply sources due to their large flow rates of CO, [20].

CO, purification

CCU technologies often require a high purity and/or
concentration of CO,, which is why CO, purification is
needed if gas stream purity and/or concentration is not
high enough. This process step may be combined with
CO, separation processes (e.g., using membrane-based
separation) or added as a process step. Depending on the
downstream requirements for further CO, utilization, it
can be both cost- and energy intensive [24]. Impurities
[e.g., nitrogen (N,) and nitrogen oxides (NO,)] need to
be removed to avoid unintended reactions that can affect
the process [21].
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CO, transport

After separation (and if necessary, purification) of CO,,
it can be necessary to transport the CO, if it is not con-
verted directly on-site. In this case, the CO, is trans-
ported to another production site for the next step, the
conversion of CO, into carbon-based products. Trans-
port is possible via pipeline, railway, and ship [25], as well
as road transport (under specific distance and quantity
circumstances) [10, 25]. Previous supply chain modelling
has considered pipelines as the main (and economically
most feasible) operation mode for transporting CO, [20,
26]. The properties of CO, require attention to certain
points during transport planning: in comparison with
other gases transported via pipeline, CO, leakages can
pose greater risks, as transported liquid CO, will rapidly
cool during expansion, potentially leading to impacts in
the used pipeline infrastructure [27]. Additional factors
that need to be taken into account for CO, transport
decisions are, e.g., transport distance, pre-existing infra-
structure, transport capacity, and properties of the CO,
that is transported [10].

CO, conversion

Finally, CO, is converted into a carbon-based product,
e.g., CO,-based fuels. Currently investigated routes of
fuel production include the production of methanol,
dimethyl ether, or Fischer—Tropsch-fuels [28]. The con-
version process considered for this study is the techno-
logical approach studied in the EU-funded eCOCO,
project. Via electrocatalytic conversion, CO, is converted
into chemical energy carriers (hydrocarbons) under the
use of renewable electricity and water steam, to be used
as synthetic fuel for aviation [29]. As the CO, conver-
sion process is realized using renewable electricity, there
is either the need for available renewable energy on-site,
where CO, capture takes place, or CO, needs to be trans-
ported to places that offer an adequate supply of renew-
able energy [10].

CO,-based jet fuel usage

This study focuses on the production steps used to man-
ufacture CO,-based fuels for the aviation sector using
the CCU approach. CCU technology development has
increased over the last decades. However, there are hur-
dles yet to be overcome and many CCU technologies are
currently still in lower levels of technology maturity [30],
depending e.g., on the production step. In 2023, post-
combustion capture of CO, in case of the cement or steel
industry has reached a technology readiness level (TRL)
of 6 [31], while approaches such as conversion via elec-
trochemical membrane reactors (similar to the process
in the considered eCOCO,, project) are at TRL 3—4 [32].
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For e-fuels, TRL ranges from 5 to 6 (high temperature
Fischer—Tropsch) to 8 (methanol) [33]. Significant emis-
sion reduction potentials are attributed to CCU. Never-
theless, these assessments are based on scenarios that
require for example significant financial expenditure
(e.g., due to the need to build new plants) by those indus-
tries that in the future would use CO, as feedstock, i.e.,
changes that can be labeled as ‘a highly disruptive course
of action’ [30]. CO,-based fuels in particular are currently
not economically attractive without subsidies, such as
carbon credits [34]. From a regulatory perspective, the
Renewable Energy Directive II recognized CO,-based or
e-fuel in 2018. However, until 2023, only a small number
of countries have legal frameworks that could foster the
implementation of these fuel alternatives. To allow them
to compete with conventional fuels, regulatory interven-
tion is needed [35]. Policy efforts such as the Carbon
Offsetting and Reduction Scheme for International Avia-
tion (CORSIA) intend to keep CO, emissions at 2020 lev-
els by compelling airlines to offset any increase beyond
2020 levels [36]. However, it is important to note that
these measures can have unintended consequences, such
as carbon leakage through the use of alternative flight
routes or distortion of competition [37].

Regarding technology development, estimates for
cost scenarios for the operation of CCU at an industrial
scale need to be developed for the near to distant future
to check for aspects such as energy efficiency or current
density at a bigger scale [38]. In addition to economic
and technological obstacles, there is the requirement for
a more in-depth comprehension of the environmental
advantages associated with utilizing CO, in diverse appli-
cations throughout life-cycle analysis [30].

Despite technical, economic, and regulatory challenges
to be overcome, CCU offers several benefits, including
pathways towards a circular economy [39] by utilizing
CO, and converting it into higher value materials, such
as polyols [40] or concrete [41]. From an industrial point
of view, there are currently limited short-term options
for large-scale CO, reduction besides carbon capture for
heavy industries, such as steel and cement [42].

Furthermore, complementary to hydrogen-based solu-
tions, CCU can address the demand for sustainable fuels
in heavy-transport sectors, such as maritime [43] and
aviation [44]. The production of CO,-based fuels (and
other e-chemicals), however, depends on a large amount
of electricity, which would preferably be generated from
renewable sources. Accordingly, this production path
competes with other applications of renewable energy,
such as electricity supply and heat generation [45].

Although CO,-based jet fuel may have a lower impact
on the environment in terms of greenhouse gases,
the combustion of alternative aviation fuels does not
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eliminate the influence of other climate-impacting fac-
tors, such as contrail heating, which also occurs when
CO,-based fuel is burned [46]. However, according to
Ballal et al. [47], the combustion of alternative aircraft
fuels results in lower soot emissions, leading to less
ice crystal formation in contrails and, consequently, a
reduced global warming effect [47]. Considering the
aspect of carbon neutrality, options such as CO,-based
fuel production based on bioenergy (under certain condi-
tions) [48], or Direct Air Capture (DAC) can be consid-
ered carbon neutral [10]. However, there are industries
such as the cement industry that are facing the problem
of currently unavoidable emissions. Utilizing emissions
from these point sources offers the opportunity to pro-
duce fuels with a smaller impact than fossil-based, con-
ventionally used fuels—as the carbon is reused instead of
being extracted from fossil reserves—for a transport sec-
tor, such as aviation [10], which is estimated to grow [9]
and is far from being able to utilize technologies such as
electrification for commercial air traffic [8, 49].

Technology (risk) perception and acceptance of CCU
technologies and infrastructure

Technology acceptance

Apart from potential benefits in CO, emissions reduc-
tion, CCU—as any technological innovation—is linked
to two crucial factors that social science research increas-
ingly focuses on: public perception in terms of perceived
barriers and benefits, and acceptance. Among other cru-
cial aspects, such as technical, economic or governance
feasibility [50] or environmental impacts on e.g., the
atmosphere and biodiversity [51], these factors play a
significant role in the successful implementation of new
technologies or consumer goods, such as CO,-based
fuels. Lack of public acceptance has the potential to hin-
der the adoption of innovative technologies, due to pro-
tests or reluctance towards climate-friendly innovations
[52, 53]. However, it is not only the lack of acceptance for
marketable end-products in the roll-out process which
is decisive. Typically, there is also a lack of knowledge
of acceptance of production process criteria, i.e., which
acceptance-related factors should have been recognized
during the technology development [16, 54]. Therefore, it
is essential to assess technology perceptions and accept-
ance by all stakeholders, including the public, as early as
possible, i.e., also during the developmental phase of a
technology and its infrastructural elements [54—56]. Reg-
ularly and empirically examining and addressing percep-
tions of technology is a crucial cornerstone in informing
technology development and shaping effective commu-
nication activities. By actively identifying and address-
ing any (mis)conceptions associated with the technology,
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stakeholders can make informed acceptance decisions
grounded in verifiable information.

Technology acceptance is defined as the active or pas-
sive approval of a technology or product, encompass-
ing its development, implementation, and usage [57].
It describes a dynamic process whereby participating
stakeholders, including the general public, constantly
re-evaluate their attitudes towards the technology [58].
Public perception refers to the cognitive and affective
evaluations that individuals associate with a technology,
encompassing perceived benefits, barriers, and risks [59].
Public perceptions and technology acceptance are closely
intertwined, as the former significantly influences the
latter. As demonstrated by Huijts et al. [60], perceived
benefits and risks have a significant impact on an individ-
ual’s attitudes, which in turn influences their intention to
accept or adopt a technology [60].

In the context of sustainable energy, Wiistenhagen et al.
[61] have conceptualized three dimensions of accept-
ance, while also identifying (a) the actors involved and
(b) the factors influencing acceptance decisions within
each of these realms. Socio-political acceptance refers to
the general acceptance of a technology on a broader level
by stakeholders, such as the public, policy makers, and
other relevant actors. Community acceptance addresses
the approval of local energy projects, emphasizing factors
such as trust or procedural justice. Market acceptance, on
the other hand, pertains to the adoption of a technology
on a large-scale through consumer or investor adoption
[61]. While all three dimensions are critical for the suc-
cessful implementation of a technology, this study spe-
cifically examines the socio-political acceptance of the
production steps involved in manufacturing CO,-based
fuels.

Acceptance and perception of CCU and CCU products
Although many CCU projects are still in the pilot phase,
there is a growing body of research investigating public
perception as well as (laypeople’s) acceptance of the tech-
nological approach of CCU, production steps involved,
and CCU-derived products.

Degrees of general technology acceptance of CCU
range between moderate (with average responses devi-
ating only marginally from the mid-point of the scale
towards a positive assessment) [59] and rather high [62].
At the same time, laypeople’s awareness and knowledge
of the technology is rather low [11, 62, 63]. Despite the
low level of knowledge, the moderate to positive accept-
ance ratings indicate a general openness towards the con-
cept of CCU.

Regarding the influence of technology perception on
acceptance of CCU, benefit perceptions (e.g., perceived
environmental, policy benefits) are a strong positive
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impact factor for acceptance, i.e., the more the techno-
logical approach of CCU is perceived as beneficial, the
more it is accepted [16, 64]. Perceived benefits identified
during an interview study with CCUS related stakehold-
ers identified both global but also local benefits (e.g., in
terms of labor and industry opportunities) for the region
that will potentially be the location of CCUS projects
[65]. Conversely, barrier perceptions negatively impact
acceptance, e.g., perceived policy and sustainability bar-
riers [16], as well as perceptions of delays in emission
reduction and investments in sustainable technologies
[62] or the perception that implementing CCU is to be
interpreted as tampering with nature [63]. Similarly, risk
perceptions are accompanied by a negative influence on
CCU acceptance [63, 64]. A study by Arning et al. [62]
observed that CCU related risks are predominantly not
connected to human health or the environment in gen-
eral, but to the risk of CO, leakage during production
[62]. In a study comparing the influence of CO, source,
CO,-derived product, and profitability of a CCU site on
acceptance, profitability was found to be the most deci-
sive. It turned out that for laypeople it mattered the most
that no public financing is involved (vs. long-term and
start-up public financing), compared to various options
of CO, sources and manufactured products [54]. Results
on impacts by user-related factors on acceptance are
mixed, as for example one study found no impact by
user factors, such as age, education or gender [62], while
another study reported that gender and technical self-
efficacy showed to have an influence [11]. Conducting
a thorough analysis that specifically examines the indi-
vidual steps involved in the production of CO,-based jet
fuels through CCU could offer insights into the influence
of personal variables on risk perceptions and technology
acceptance. This analysis would not only consider the
final product itself but also explore how personal vari-
ables might impact the perception of the production pro-
cess itself.

Parallel to CCU as a technological approach,
CO,-derived products have been the object of percep-
tion and acceptance studies. Results indicate rather high
levels of acceptance and willingness to use CO,-derived
products, such as carbonated beverages [66], insulation
boards [67], and CO,-based fuels [16], which were found
to be preferred as a potential product in a study by Offer-
mann-van Heek et al. [68]. In comparison with conven-
tional fuels, CO,-based fuels were assessed to be safer,
more eco-friendly, less toxic, cleaner, and less harmful
[69].

For the specific case of CO,-based jet fuel, perceived
benefits were (again) identified as a predictor of accept-
ance [16] and willingness to use [66]. For CO,-based jet
fuel, perceptions of advantages include environmental
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benefits but also the perceived potentials for the spe-
cific case of aviation, as it is perceived as a much-needed
measure in this sector and ensures flying as a mode
of transport [16]. Again, risk perceptions can impact
acceptance [66, 70], although in case of CO,-based fuel
it was found that there is no elevated risk assessment by
laypeople for various risk targets (e.g., one’s own health,
flora and fauna) [69]. For user factors, several sociode-
mographic (e.g., education, nationality [71]) and atti-
tudinal factors (e.g., environmental awareness [66] and
flight shame [71]) were observed to influence the accept-
ance of CO,-based products. Other factors, such as the
knowledge about carbon dioxide, did not seem to have an
influence [66]. Conversely, a study by Dowd et al. (2014)
linked low levels of knowledge about CO, to misconcep-
tions and perception of CCS [72]. For an in-depth analy-
sis of the perception of CCU production steps, the factor
of CO, knowledge may still be of relevance and should
not be omitted from consideration.

Perception of CCU production steps

The analysis of positive or negative attitudes towards
production steps and the ability to identify predictors of
these attitudes are central aspects of studying the rela-
tionship between production perception and acceptance
in the context of CCU. To the best of our knowledge, this
has not been undertaken yet. Nevertheless, individual
production steps have been studied before, for example
in the context of CCS. Although CO, is not stored under-
ground in the specific case of CCU, it still needs to be
separated and likely transported first. However, it can be
assumed that the overall assessment of CCS could influ-
ence the perceptions of the individual steps. Then again,
it gives a first insight into the perception of each step, an
insight that is still partly missing from the perspective of
CCU and whose gap the present study aims to close.

For the first production step, CO, capture, Arning
et al. (2018) determined that the perception of a CO,
source can vary between scenarios, as steel plants were
assessed positively, while coal-fired plants were not
preferred as places for CO, capturing (likely due to the
option of renewable energy sources) [54]. Wallquist et al.
(2012) observed that a fossil gas plant was rejected, while
biogas-fired plants were preferred for CO, capture [73].
Interestingly, there are inconclusive results between stud-
ies touching on proximity to a capture site. While some
findings conclude a positive connection between proxim-
ity to and support of CO, capture [74], others prefer cap-
turing to take place in neighboring areas instead of their
own [73]. As for international management of CO,, Merk
et al. [75] hypothesize that cross-border transport of CO,
was rejected by Norwegians in their study because of the
belief that domestic emissions are the emitting country’s
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responsibility, and that capture (and storage) should
therefore take place domestically [75].

As for transport of CO,, a qualitative study found that
six out of ten interviewed people from an area where a
CCS project was supposed to be implemented felt that
transport of CO, via pipeline was going to be “quite” to
“very unsafe” [14]. Notably, risk perceptions surrounding
CO, transport are a recurrent theme in public percep-
tions, as another study observed that ensuring the safety
of onshore CO, transport was a topic of elevated rele-
vance to participants from the UK and the Netherlands.
Nearly half of voiced arguments for negative assessment
(NL: 44.5%, UK: 45.9%) were referring to safety, risk or
monitoring concerns, with leakage and resulting harm
playing a prominent role in argumentation [76].

For purification and conversion of CO, we did not
come across previous empirical results on public per-
ception. A potential reason for this could be that the
relatively new body of research in the field of CCU until
now focused on technological development, its economic
viability, and environmental impacts. Further research
on the topic of production step perception is therefore
needed.

Methods

Research questions and empirical approach

Previous research investigated both public perception
and acceptance of the CCU technology as well as poten-
tial CCU products, such as CO,-based fuel. It has been
previously established that there is a connection between
how laypeople perceive a technological approach and
their acceptance of a product resulting therefrom [16].
Previous studies have not thoroughly investigated the
perception of the individual CCU production steps in the
context of aviation fuel production. Here it is important
to bear in mind that an empirical examination of per-
ceptions and acceptance of these production steps from

Demographic and
attitudinal factors

Perception of CCU

- Awareness of
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the perspective of laypersons is not intended to lead to
the abolition of (technically) necessary production steps.
Rather, we aim to identify sources of misconceptions,
to identify potential “hotspots” for risk perceptions,
and to identify information needs and communication
requirements.

Based on the previous literature review and the identi-
fied research gap, the following study aims and research
questions were formulated.

Aim 1: Assess and contrast perceptions and evaluations
of CCU process steps.

RQ 1: Are there differences in laypeople’s perceptions
and attitudes between the CCU production steps?

Aim 2: Identify impact factors for the evaluation of
CCU production steps.

RQ 2: Which (user) factors affect laypeople’s attitude
towards the CCU production steps?

RQ 2.1: Which (user) factors affect laypeople’s attitude
towards CO, separation?

RQ 2.2: Which (user) factors affect laypeople’s attitude
towards CO, purification?

RQ 2.3: Which (user) factors affect laypeople’s attitude
towards CO, transport?

RQ 2.4: Which (user) factors affect laypeople’s attitude
towards CO, conversion?

Aim 3: Provide an in-depth understanding of lay per-
ceptions for production-related processes.

RQ 3: Which further requirements are formulated for
the individual CCU production steps?

Measurement instrument

At the beginning of the survey, respondents were
informed about the purpose and data privacy of the
study. After stating their informed consent, they provided
information on demographic and attitudinal user factors
(see Fig. 1). Next, participants were instructed to read a
short informational text on the production of CO,-based

Perception of CCU production steps

. - Affective evaluation
— Information on —

- Age CO,-based jgt production step - Cognitive. evaluation
- Gender . fuel production and requirements
- Education iz i Al - CCU benefit
- Region (L perception |

Dop el - CCU barrier CO, separation
- Openness to innovation e . perception |
- Environmental awareness RIgSHEHEn CO, purification
- Knowledge on CO, \

CO, transport

F

g. 1 Structure of and assessed constructs in the survey

|
CO, conversion
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jet fuel based on the CCU approach. The information
text (see Additional file 1 for instructional material) was
developed together with the technical experts from the
eCOCO, project consortium and checked for factual cor-
rectness and comprehensibility in pretests.

In the following, participants answered questions
concerning their awareness of CO,-based fuel produc-
tion and their benefit and barrier perceptions towards
CCU. After that, the perception of production steps was
assessed following a recurring pattern: first, a short expla-
nation of the respective production step was presented.
Next, respondents indicated their affective evaluation
of that production step as well as their (dis)agreement
to individual items that, for example, formulated condi-
tions of production for the respective step, which were
determined in exchange with technical experts from
the eCOCO, project. A six-step semantic differential
[77] was employed as the assessment tool to evaluate
the perceptions of the CCU production steps. Partici-
pants were asked to provide their evaluations based on
the dimensions presented in the differential scale. This
was done separately for the steps of CO, separation, CO,
purification, CO, transport, and CO, conversion into
hydrocarbons.

Respondents’ answers were collected using 6-point
Likert scales ranging from O=strong disagreement to
5=strong agreement. The mid-point of the scales was
2.5; accordingly, mean values below 2.5 were judged as
disapproving judgments and mean values above 2.5 were
judged as approving judgments. In case of CO, knowl-
edge, respondents had the opportunity to indicate their
lack of knowledge by choosing ‘I don’t know’ in addi-
tion to the 6-point Likert scale. Item battery-internal
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randomization was used to prevent sequence effect bias.
A complete list of the used items and constructs, includ-
ing references, can be found in Additional file 1: Table S1.
Before data collection, the survey structure, contents,
and data management were checked by the Ethics Com-
mittee of the Faculty of Arts and Humanities at RWTH
Aachen University and were approved for empirical use.

Data collection and preparation
Data collection took place in the fall of 2020 and was con-
ducted through a market research company. To acquire
a representative sample, we used quotas tailored to the
German population for age groups per gender, education
levels (low, medium, and high; based on the International
Standard Level of Education, ISCED) [78], and regions.
Respondents were excluded from participation if the set
quotas were full. For sufficient data quality, individuals
were also excluded in case of failed quality checks, sur-
vey termination, speeding (i.e., a response time<35%
of the median), and internal inconsistency (i.e., equal
response behavior for contradictory item contents). The
final sample consisted of #=543 data sets from German
participants. On average, it took participants 23.0 min
(§D=10.16 min) to complete the survey.

After collection, data for singular items were inverted,
so that low values refer to disagreement and high values
to agreement.

Statistical analyses

Prior to inference statistical analysis, item analyses were
conducted to ensure measurement quality. Cronbach’s
alpha was calculated to test for internal construct con-
sistency (see Table 1 for construct formation). Principal

Table 1 Cronbach’s alpha and descriptive statistics for computed constructs

Construct Number of items Cronbach’s a M SD

Environmental awareness 5 0.676 342 0.90
CO, effect knowledge 3 0.551 3.84 0.78
CO, chemical knowledge 2 0.640 293 123
Openness to innovation 3 0.566 2.34 0.87
Awareness of CO,-based jet fuel production 2 0.630 091 1.02
Attitude towards CO, separation 6 0.899 3.07 1.10
Attitude towards CO, purification 6 0.884 313 0.95
Attitude towards CO, transport 6 0.906 253 1.05
Attitude towards CO, conversion 6 0.902 3.07 0.99
CCU benefit perception 9 0916 3.09 0.84
CCU barrier perception 7 0.817 2.68 0.78
Risk perception for separation of CO, 2 0.732 2.03 0.99
Risk perception for purification of CO, 1 - 1.70 1.05
Risk perception for transport of CO, 4 0.787 2.58 091
Risk perception for conversion of CO, 3 0 234 0.90
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component analyses (PCA) were utilized to identify
underlying factors in the data. Distributional assump-
tions were tested prior to performing parametric testing
procedures. If these were not met, nonparametric proce-
dures were used. Bi-variate correlations were conducted
to analyze the relationships between user factors. Fur-
thermore, we used analyses of variance (ANOVA) with
repeated measures, to identify differences for answers
given at different points during the survey. Step-wise
multiple linear regression was applied to exploratorily
check which factors predict the attitude towards the
production steps. The sample was screened for underly-
ing groups with similar answering patterns using a two-
step cluster analysis (hierarchical and k-means cluster
analysis). Finally, one and two-sample ¢ tests were used
to identify differences between groups and to check for
deviance from the mid-point of scales, i.e., for tendencies
in answering behavior. The level of significance was set at
5%.

Construct formation

To check for underlying structures in the survey items,
the items were included in factor analyses. We included
all knowledge-related items from the survey in a PCA, i.e.,
items whose content formulated an assumption about,
e.g., climate change, CO,, or sustainable technologies.
Bartlett’s Test of Sphericity was significant (p<0.001)
and the Kaiser—Meyer—Olkin (KMO) measure was 0.684,
indicating appropriate levels of sampling adequacy. The
PCA results justified the extraction of four factors with
eigenvalues above 1 (see Table 1 for all constructs): Envi-
ronmental awareness (a=0.68, five items), e.g., “I think
that CO,-emissions have a strong influence on climate
change’; CO, effect knowledge (o =0.55, three items), e.g.,
“CO, is toxic to humans in high concentrations’, CO,
chemical knowledge (¢ =0.62, two items), e.g., “Naturally
and industrially produced CO, are chemically differ-
ent in composition’; and Awareness of CO,-based jet fuel
production (¢=0.63, two items), e.g., “I have a very good
knowledge of the topic the production of CO,-based
fuels”

In addition, two constructs were built, respectively,
relating to perceived benefits and barriers of CCU: CCU
benefit perception (a=0.92, nine items), e.g., “CCU con-
tributes to saving fossil resources” and CCU barrier per-
ception (a#=0.82, seven items), e.g., “CCU will become an
excuse for factories to keep on emitting CO,”

Another construct that was calculated relates to
Openness to innovation (a=0.57, three items), e.g., “I
am often one of the first in my circle who accepts an
innovation. Finally, for every production step included
in the study, a construct for Attitude towards [produc-
tion step] was formed. Although fitting to the definition
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of acceptance as an active or passive approval of a tech-
nology or product, encompassing its development,
implementation, and usage [57], we are not referring to
the production step evaluation as acceptance of [pro-
duction step] in this study. Based on the items used
to form the constructs, we find the use of the wording
Attitude more fitting for the dynamic, reiterative pro-
cess of re-evaluation of attitudes [58]. Constructs were,
respectively, formed based on the six semantic differen-
tial items that were surveyed for each production step
and the end-product CO,-based jet fuel: “unaccepta-
ble—acceptable’, “not useful-useful’, “damaging for the
environment—environmentally friendly”, “inefficient—

efficient”, “expensive—cheap’, and “health damaging—not
health damaging”.

Sample

In total, 543 German participants took part in the sur-
vey. Of this sample, 50% each were female (n=271) or
male (n=272) with a mean age of 45.0 years (SD=15.2,
18-70 years). The share of individuals with low educa-
tion levels was 15.8%, followed by the highly educated
group with 28.7%. Most of the participants indicated that
they had achieved a qualification of medium education
level (55.4%). On average, the sample was rather envi-
ronmentally aware (M =3.42, SD=0.9) and participants’
knowledge of the effects of CO, (e.g., on the climate) was
rather high (M=3.84, SD=0.78). Their knowledge on
chemical characteristics of CO, (e.g., that naturally and
industrially produced CO, are chemically the same in
composition) was not as high (M=2.93, SD=1.23), yet
still significantly differing from the mid-point of the scale
of 2.5 (¢,99="7.85, p<0.001, d=0.354). Overall, openness
towards innovation (M=2.34, SD=0.87) was rather low
(540 =—4.28, p<0.001, d=-0.184).

Age was negatively associated with environmental
awareness (r=-—0.097, p=0.025, see Table 2), openness
to innovation (r=-0.201, p<0.001), and participants’
knowledge of effects of CO, (r=-0.094, p=0.028). With
increasing age, scores for the three attitudinal factors
decrease. Regarding gender, women reported higher lev-
els of environmental awareness (r=-0.109, p=0.011),
while men indicated a higher openness to innovation
(r=0.116, p=0.007) and knowledge on CO,’s chemical
characteristics (r=0.270, p<0.001). Higher levels of edu-
cation also correlated positively with openness to inno-
vation (rb=0.083, p=0.019), as well as knowledge about
CO, effects (rb=0.161, p<0.001) and chemical charac-
teristics (7h=0.141, p<0.001). Participants with higher
levels of CO, effect knowledge also were more environ-
mentally aware (r=0.362, p<0.001) and more open to
innovation (r=0.153, p<0.001).
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Table 2 Pearson and Kendall’s tau correlations for demographic and attitudinal characteristics

1 2 3.0 4 5 6
1.Age -
2. Gender® 0.009 -
3. Education® -0.034 0.093* -
4. Environmental awareness —-0.097* —0.109* 0.054 -
5. Openness to innovation —0.207*** 0.116** 0.083* 0.022 -
6. CO, effect knowledge —0.094* 0.048 0.1671*** 0.362%** 0.153*** -
7.CO, chemical knowledge 0.025 0.270%* 0.147%** —0.051 0.067 0.028

*p<.05, **p<.01, ***p <.001; °gender dummy-coded: 0=female, T =male; bKendall’s tau correlation

Results

Evaluation of production steps (RQ 1)

To compare the evaluation of CCU production steps, we
analyzed the data to detect any variations in respondents’
responses regarding the dimensions used to assess these
steps.

An ANOVA with repeated measures revealed that
there is a significant difference in people’s mean evalua-
tion of the steps for the semantic differential “unaccep-
table—acceptable” [F(2.55, 1384.03)=70.37, p<0.001,
partial #*=0.12] (see Fig. 2). A Bonferroni post-hoc test
revealed that there are significant differences between
transport of CO, and all other production steps, as it
is perceived to be less acceptable (see Additional file 1:
Tables S2-S7 for pairwise comparisons and descrip-
tives). The transport step still was perceived to be rather
acceptable than unacceptable, as the mean value for this
item (M=2.94, SD=1.31) is significantly different from

unacceptable

not useful

damaging for the environment
inefficient

expensive

health damaging

—e—separation —e—purification

the mid-point of the scale (2.5) (£5,,=7.89, p<0.001,
d=0.34).

A similar picture emerged for “not useful-useful”
[F(2.55, 1379.97)=115.77, p<0.001, partial #*>=0.18], as
post-hoc Bonferroni tests show that transport of CO,
again is significantly less perceived to be useful (M =2.75,
SD=1.36) than all other production steps. Neverthe-
less, perception still leans more towards usefulness
(t549="4-33, p<0.001, d=0.19). In addition, separation of
CO, (M=3.47, SD=1.42) is significantly less perceived
as useful than the step of purification (M=3.67, SD=1.2,
p<0.001).

For “damaging for the environment—environmentally
friendly’, we again found a significant difference between
transport of CO, and the remainder of production steps
[F(2.62, 1419.77)=95.68, p<0.001, partial #>=0.15]. In
this case, however, transport of CO, is perceived as rather
damaging for the environment (M=2.36, SD=1.25,

acceptable
useful
‘/ environmentally friendly

// efficient

cheap
\\\ not health damaging
X
3 4 5
transport conversion

Fig. 2 Mean agreement for semantic differential evaluations of the production steps
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toy=—2.6, p=0.01, d=—0.11), while the other steps are
perceived as environmentally friendly (e.g., conversion of
CO,: M=3.05, SD=1.23, t;,,=10.43, p<0.001, d=0.45).

For the pairing “inefficient—efficient’, the mean per-
ception of transport of CO, (M =2.4, SD=1.28) does not
significantly differ from the mid-point of the scale (2.5)
((54p=—1.89, n.s.), so no positive or negative trend can
be discerned across the sample. Separation, purification,
and conversion of CO, are significantly more perceived
to be efficient [F(2.68, 1454.42)=90.87, p<0.001, partial
7*=0.14].

While transport of CO, is significantly more perceived
to be expensive than the remainder of production steps
[F(2.79, 1511.88)=14.63, p<0.001, partial 7>=0.03],
these are also perceived to be expensive instead of cheap
(e.g., separation of CO,: M =224, SD=1.25, t;,,=5.15,
p<0.001, d=0.22).

Finally, for “health damaging—not health damag-
ing’, an ANOVA with repeated measures showed that
there are significant differences [F(2.83, 1030.13)=9.27,
p<0.001, partial 72=0.02]. Bonferroni post-hoc analysis
revealed that it is again the transport of CO, that signifi-
cantly differs from the rest of production steps. Despite
this difference, transport of CO, overall still is perceived
to be rather not health damaging (M=2.75, SD=1.21,
by =4.82, p<0.001, d=0.21).
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Attitude towards CO,-based fuel production steps (RQ 2)
The second aim of this study was to identify impact fac-
tors on the evaluation of CCU production steps. Prior
to carrying out step-wise multiple linear regressions
to predict the attitude towards the single production
steps, assumptions of multiple linear regression were
checked [79]. P-P plots of the regression standardized
residuals and histograms of residuals were checked for
(near) normality of data. The inspection of scatterplots
revealed that homoscedasticity assumptions were ful-
filled. Multicollinearity diagnosis showed that predictors
show some relationship but do not correlate too strongly
(i.e.,>r=0.7). In addition, to check for multicollinear-
ity, tolerance (>0.1) and variance inflation factors (VIF)
values (<10) were consulted. Durbin—Watson statistics
were assessed to make sure there is no autocorrelation of
residuals. Cook’s distance (< 1) was utilized for each data
set to check for outliers. Adjusted R* was used to assess
model fit (see Additional file 1: Tables S8—S12 for regres-
sion results).

Prediction of the attitude towards CO, separation

Based on the predictors included in a step-wise lin-
ear regression, 46.0% of variance were explained for the
attitude towards the first production step, separation of
CO, [F(5, 485)=284.54, p<0.001]. Figure 3 depicts the

User factors Technology perception User factors ! Technology perception
CO, chemical Risk perception CCU benefit CCU barrier Openness to Risk perception CCU benefit CCU barrier
Gender knowledge | CO,separation perception perception innovation | CO, purification perception perception
8=-0.09 6=0.08 8=-0.47 6=0.23 6=-0.14 6=0.08 6=-0.38 6=034 6=-0.16
Attitude towards separation of CO, Attitude towards purification of CO,
a) adj. R?= 0.46 b) adj. R?=0.46
c) d)
User factors Technology perception User factors Technology perception
Education Risk perception CCU benefit CCU barrier Openness to Risk perception CCU benefit CCU barrier
(medium vs. high) Gender CO, transport perception perception innovation CO, conversion perception perception
8=0.11 8=0.24 8=-0.10 8=0.07 8=031 6=-0.11

8=-0.10 lﬁ =-0.48

Attitude towards transport of CO,
adj. R*=0.38

lB =-0.45

Attitude towards conversion of CO,
adj. R*=0.50

Fig. 3 Results of step-wise multiple linear regressions for attitudes towards a separation, b purification, ¢ transport, d conversion of CO,; size of circles
and shade of color indicate the size of standardized beta coefficients (8), blue = positive influence, red = negative influence of predictors
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regression analysis results for the step of CO, separation
as well as the subsequent process steps.

Based on the standardized coefficients, respondents’
risk perception best explains the attitude towards this
first production step (8=-0.47, p<0.001). This is fol-
lowed by benefit (5=0.23, p<0.001) and barrier percep-
tions (8=-0.14, p<0.001) of the CCU technology. The
two user factors explaining attitude towards separation
of CO,—although to a small degree based on the stand-
ardized beta coefficients—are chemical CO, knowledge
(8=0.08, p=0.035) and gender (8=-0.09, p=0.011).
Respondents with a higher knowledge of the chemi-
cal characteristics of CO, have a more positive attitude.
There were also differences between the perceptions
of women and men: women reported a more posi-
tive attitude than men. The variables age, awareness of
CO,-based jet fuel production, CO, effect knowledge,
education, environmental awareness, and openness to
innovation were not included as predictors in the regres-
sion model.

Prediction of the attitude towards CO, purification

The step-wise multiple linear regression for the predic-
tion of CO, purification attitude explained an adj. R* of
46.2% [F(4, 486)=106.32, p<0.001].

The analysis of standardized beta coefficients shows
that again the risk perception in connection with the spe-
cific step of CO, purification is the largest predictor for
this production step (8=-0.38, p<0.001). CCU benefit
perception is a nearly as strong—although positive—pre-
dictor (8=0.34, p<0.001), followed by negatively influ-
encing CCU barrier perception (8=-0.16, p<0.001).
Using regression analysis, only one user factor was iden-
tified as an attitude predicting factor: the more open peo-
ple are towards innovation in general, the more positive
their attitude towards the purification of separated CO,
(8=0.08, p=0.022) (excluded variables: age, awareness of
CO,-based jet fuel production, CO, chemical knowledge,
CO, effect knowledge, education, environmental aware-
ness, and gender).

Prediction of the attitude towards CO, transport

For the third production step, the transport of sepa-
rated and (if needed) purified CO,, we found that the
included variables could explain 38.4% of variance [F(5,
485)=62.13, p<0.001].

The analysis of standardized beta coefficients allowed
us to identify the variables that significantly predict the
evaluation of CO, transport: as was the case for separa-
tion and purification of CO,, risk perception regarding
the transport of CO, is the most prominent negatively
attitude-related factor (5=-0.48, p<0.001). CCU benefit
perception predicts the attitude towards CO, transport
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with half of that predictive power (8=0.24, p<0.001).
This is followed by the negatively impacting predictor
CCU barrier perception (8=-0.10, p=0.012). Regarding
user factors, people with a medium level education have
a more positive attitude than higher educated respond-
ents (f=-0.11, p=0.002), as do female in comparison
with male respondents (f=-0.10, p=0.011) (excluded
variables: age, awareness of CO,-based jet fuel produc-
tion, CO, chemical knowledge, CO, effect knowledge,
environmental awareness, and openness to innovation).

Prediction of the attitude towards CO, conversion
Based on the predictors included in a step-wise linear
regression, 49.9% of variance could be explained for the
attitude towards the final production step, the conversion
of CO, into hydrocarbons [F(4, 486)=123.03, p <0.001].
Based on the standardized coefficients, four predictors
were identified: as was the case in the previous analyses,
risk perception is the factor with the most predictive
power in the analysis (8=-0.45, p<0.001). The more
a person perceives the conversion of CO, into hydro-
carbons to pose risks, the more negative their attitude
towards this production step. The same applies to CCU
barrier perceptions, which add a smaller impact factor to
the picture (5=-0.11, p=0.002): the more respondents
evaluate CCU as a technological approach to be con-
nected to barriers, the less positive their attitude of CO,
conversion (and vice versa). CCU benefit perception has
the opposite impact, as an increase in benefit percep-
tion results in an increase on positive attitude (5=0.31,
p<0.001). The same applies to openness to innovation
(5=0.07, p=0.047), the only user factor in the regression
model of the final production step (excluded variables:
age, awareness of CO,-based jet fuel production, CO,
chemical knowledge, CO, effect knowledge, education,
environmental awareness, and gender).

Evaluation of production step requirements (RQ 3)

The analysis of regression models for production step
assessment determined risk perceptions as a central pre-
dictor of attitude towards the production steps. In addi-
tion to the assessment of risk perceptions, participants
indicated their agreement to several statements for each
production step that allow for a deeper analysis of lay-
people’s evaluation of the required steps of CO,-based
fuel production [16, 80]. For this reason, we believe it
makes sense to additionally focus on the conditions and
(differences in) risk perceptions associated with the pro-
duction steps that go beyond the general attitude towards
a production step. By doing so, the analysis of a rather
affective attitudinal evaluation is complemented by cog-
nitive assessment of specific production conditions [64].
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Identifying perception profiles
To provide an in-depth understanding of lay percep-
tions for production-related processes we used a two-
step cluster analysis (hierarchical and k-means cluster
approach) to identify groups of people with specific
attitudinal profiles. Therefore, we included the five con-
structs measuring participants’ attitudes towards the
production steps and the end-product and included
them in a hierarchical cluster analysis (Ward method).
The results indicated a two-cluster solution to be the
best fit. A subsequent k-means cluster analysis with two
clusters grouped the sample into two distinct clusters.
ANOVAs affirmed the cluster fit, as the two identified
clusters significantly differed in user characteristics (see
Table 3), most of which also were identified as crucial
factors in the preceding regression analyses.
Participants grouped in Cluster 1 were significantly
younger, less environmentally aware, and less open to
innovation, while they had a significantly lower degree
of knowledge when it comes to chemical characteristics
of CO,. Regarding perception of and attitude towards
the studied production steps and the CCU technology
in general, we find that Cluster 2 participants have a
significantly more positive attitude towards all pro-
duction steps, while also perceiving the CCU technol-
ogy to be beneficial or to be posing less barriers than
is the case for Cluster 1. Therefore, we coined Cluster
1 as Sceptics, as their mean agreement is often slightly
above or below the center of the scale (2.5). According
to participants’ average ratings in Cluster 2, this group
is named Approvers.

The separation of CO2 is only useful, if it is done using
renewable energy.

I think the purification of the collected CO2 is only useful, if it is
done using renewable energy.

| think CO2 separation should rather take place in industries

where additional treatment by removing other substances is...

I think it is important that the materials removed from the CO2
stream can also be reused.

| worry that a lot of water is used for the conversion process.
The conversion process to CO2-based fuel is only useful if it is

done using renewable energy.

M Total sample (n = 543)

o

M Sceptics (n = 282)
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Perception of material and energy utilization

During the survey, participants were instructed to
assess several items that formulate conditions of pro-
duction. A factor analysis revealed two underlying fac-
tors in this group of items: according to their semantic
content they can be titled as Perception of material
and energy utilization and Perception of plant condi-
tions. The first group of items groups together state-
ments regarding requirements and perception towards
material utilization, e.g., “The separation of CO, is
only useful, if it is done using renewable energy” Fig. 4
depicts the average ratings for the whole studied sam-
ple, as well as for the identified groups of Sceptics and
Approvers. One aspect that was analyzed for the pro-
duction steps separation, purification, and conversion
of CO, is the use of renewable energy. For all three
of these, there are significant differences between the
two groups. Approvers agreed significantly more than
the group of Sceptics to the statement that separa-
tion (Mg, =359, SD=1.17, Mg, =331, SD=1.1),
purification (M, =3.67, SD=1.09, Mg, =3.32,
SD=1.06), and conversion of CO, (M,,, =3.76,
SD=1.07, Mg, =348, SD=1.08) is only use-
ful, if the respective step is done via use of renew-
able energy [tsep(541) =-2.89, p=0.004, d=-0.25;
tpur(541) =—3.81, p<0.001, d=-0.33; ¢,,,(541) =—-3.0,
p=0.003, d=-0.26]. Interestingly, for the overall sam-
ple, the use of renewable energy is a more important
requirement in case of conversion of CO, (M=3.62,
SD=1.08) than it is for the steps of separation
[M=3.44, SD=1.14, F(1, 542)=7.96, p <0.001, partial
#*=0.03] and purification of CO, [M=3.48, SD=1.09,

1 2 3 4 5

average rating (O=min, 5=max)
m Approvers (n = 261)

Fig. 4 Average ratings for perception of material and energy utilization for total sample, Sceptics, and Approvers
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F(1, 542) =4.64, p <0.001, partial #*=0.02]. Interpret-
ing partial n* according to Cohen (1988), these are dif-
ferences with medium effect [81].

There is, in contrast, unanimity for the statement
that CO, should preferably take place in industrial
sectors, where there is no need for further treatment
of the CO, [M,,,, =296, SD=1.15 Mg, =294,
SD=1.05, t(260)=-0.16, n. s.]. Across the sample,
people are more likely to agree that further purifica-
tion could be avoided by performing CCU in plants
with a purer CO, stream [£(542)=9.57, p<0.001,
d=0.41]. The following was determined for the use of
the substances separated during purification and for
the use of water during conversion to hydrocarbons:
Approvers (M=3.69, SD=0.95) significantly agreed
more than Sceptics with the statement that re-usabil-
ity of separated materials is of importance [M=3.37,
SD=1.00, t(541)=-3.73, p<0.001, d=-0.32]. Simul-
taneously, Approvers were less concerned about the
increased usage of water during conversion into hydro-
carbons (M =2.86, SD=1.04) than Sceptics [M=3.22,
SD=1.07, t(541)=3.94, p<0.001, d=0.34]. However,
both groups are rather concerned about water usage
than not, as even the mean agreement of Approv-
ers still significantly differs from the mid-point of the
scale (2.5) [£(281)=7.1, p<0.001, d=0.42].

I support that the CO2 is separated for further use instead of
being released into the atmosphere.

I think the separation of CO2 at the point where it originates is a
good thing.

| think that the separation of CO2 where it originates is a better
alternative than the separation of CO2 from ambient air.

I think the purification of CO2 is a useful step if this ensures the
longevity of the production plant.

| think the purification of the CO2 is useful if it is performed in
such a way that removed substances do not enter the outside
world.

I think the production of fuels based on CO2 is good if resources
are used more efficiently than in existing types of fuel
production.

M Total sample (n = 543)

B Sceptics (n = 282)
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Perception of plant conditions

The second group of items identified using factor analysis
concerns perception of plant conditions, e.g., “I think the
purification of CO, is a useful step if this ensures the lon-
gevity of the production plant”

As is evident from the visual analysis of Fig. 5, the dif-
ferences between the two clusters are greater for the
perception of plant conditions. Sceptics significantly
less supported the premise that CO, is being separated
from streams in the first place instead of being released
into the atmosphere (M=3.32, SD=1.12) than Approv-
ers [M=4.22, SD=0.84, t(518.21)=-10.72, p<0.001,
d=-0.91]. The perception of separation of CO, at
its point of origin being a good thing [M,, =4.02,
SD=091, Ms,,=302, SD=104, #(541)=-11.84,
p<0.001, d=-1.02] as well as the perception that it is the
better option compared to DAC [M},,,.=3.86, SD=0.92,
Ms,,=3.03, SD=1.15  #541)=-9.19, p<0.001,
d=-0.79] were significantly lower in Sceptics. Another
aspect in connection with plant circumstances is the
requirement of purification being a way to ensure plant
longevity, which was also significantly different between
the two clusters [M,,,=3.78, SD=0.9, Ms,,=3.02,
SD=0.95, ¢(540.67)=-9.63, p<0.001, d=-0.83]. In
the case of the (sometimes necessary) step of purifica-
tion of the CO, stream, it is more important to Approv-
ers (M=4.11, SD=0.82) than it is to Sceptics (M=3.41,

average rating (0=min, 5=max)

m Approvers (n = 261)
Fig. 5 Average ratings for perception of plant conditions for total sample, Sceptics, and Approvers
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SD=1.08) that the substances filtered out are subse-
quently handled in such a way that they cannot enter
the environment [£(521.81)=-8.53, p<0.001, d=-0.73].
Finally, it can be stated that the condition of an efficient
use of resources, making the production perceived as
favorable in comparison to conventional fuel production,
plays a greater role for Approvers (M=4.01, SD=0.86)
than for Sceptics [M=3.22, SD=1.03, £(535.57)=-9.74,
»<0.001, d=-0.83]. All in all, however, it must also be
noted that both groups agreed or strongly agreed with
the items examined, as all answers differed significantly
on average from the center of the scale.

Discussion

In this research, we focused on public perceptions and
acceptance evaluations of the process steps necessary to
produce CO,-based jet fuels. The novelty of the approach
is the analysis of public perceptions of four different
steps in the production process—separation, purifica-
tion, transport, and conversion. This way, we connect to
the finding that the perception of the CCU technology
can impact the acceptance of CO,-based fuel not only
regarding the manufactured end-product [16] but iden-
tify possible acceptance hot spots among the necessary
production steps. Furthermore, as consumers are typi-
cally diverse in their perceptions and acceptance judge-
ments, we explore which (user) factors influence the
public perception of the involved steps of the production
of CO,-based jet fuels. The identification of two accept-
ance clusters or segments led to detailed insights in dif-
ferences in technology evaluations and plant roll-out
requirements.

Breaking down the production process of CO,-based jet
fuel—one of these things is not like the others (RQ 1)

A direct comparison of the production steps related to
CCU for CO,-based fuel production revealed that there
are significant differences in people’s assessment of the
capture, purification, transport, and conversion of CO,.
Specifically, transport of CO, showed a distinctive pro-
file of perceived attributes in comparison to the other
production steps. It is perceived to be significantly less
acceptable and useful, and more damaging for the envi-
ronment and health while also being perceived as more
expensive. As for perceived efficiency, transport was
perceived to be significantly less efficient than capture,
purification, and conversion of CO,. On average, how-
ever, respondents’ evaluation in this regard were incon-
clusive, meaning there was no evident tendency towards
efficiency or inefficiency. Transport being assessed dif-
ferently is consistent with previous results, as risks were
investigated more frequently for transport [14, 76]. How-
ever, as previously highlighted, there is a general lack of
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studies that specifically investigate the perception of the
different CCU production steps. Therefore, the absence
of results regarding risk perception cannot directly infer
a lower perception of risks.

It is important to consider that the instruction given
to respondents did not mention a specific transportation
mode. This was done to prevent framing respondents by
giving them multiple options causing them to think of
a specific case and then transferring their mental mod-
els of this specific mode for their answers, without the
option for us to check afterwards which mode of trans-
port they specifically considered. The instruction related
to the length of the transport, as the conversion process
could occur either on-site or through short to long-range
transport to another location. Considering that the par-
ticipants were aware of this distinction, the evaluation
profile suggests that, from their perspective, conversion
should ideally occur directly on-site. This finding aligns
with the participants’ perception of lower acceptability
and usefulness of CO, transport, as well as their uncer-
tainty regarding the perceived efficiency of this process
step and confirms earlier findings [56].

Furthermore, it is noteworthy that the other produc-
tion steps did not show significant differences from each
other in terms of public perceptions. This lack of dif-
ference could be attributed to their technical nature, as
the explanations provided were kept brief and designed
to be as layperson friendly as possible. In contrast, the
concept of transport, being the most tangible step, is one
that people may have encountered in their personal lives
or through media reports of transportation of goods via
pipelines or roads.

Moreover, while the three steps of the production
process are generally perceived as acceptable, useful,
efficient, environmentally friendly, and not harmful to
health, there is still room for improvement in their evalu-
ation. This may indicate a certain degree of skepticism
among participants, which could be attributed to factors
such as limited knowledge about the technology and its
mode of operation (as measured in this study and other
sources) [62, 71, 82]. In addition, it is possible that con-
cerns about the sustainability of the technology [16] are
reflected in the evaluation of individual steps.

Hence, based on these findings, it can be concluded
that there is potential for providing more information
to enhance people’s understanding of the technology.
Previous studies regarding CCU acceptance report low
levels of public information and knowledge about CCU
[62, 83], at least in European countries. While this is a
clear call to action and strong evidence to convey knowl-
edge to the public and to create awareness for novel
renewable energy technologies in the fuel aviation sec-
tor, such information provision can serve to highlight
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that this technology, along with other alternatives, has
the potential to contribute to a more sustainable avia-
tion transport sector without detracting from efforts and
research in other areas. Still, we should be clear that the
mere increase of public information does not necessar-
ily increase acceptance. Previous research in this con-
text highlighted that consumers are quite diverse in their
reception of technical information [84-86]. For users
that already have a basic understanding of the technical
approach, more information might be helpful [87], while
people that only have a rudimentary knowledge base
their (non-)acceptance reactions on affective evaluations
that are related to (dis)trust [88]. Thus, information and
public education strategies should be developed with
care and in line with the specific information require-
ments of the public and potential consumers [89, 90].
Attention must also be paid to attitudinal characteristics
(e.g., CO, knowledge, environmental awareness) that are
recognized as being interrelated, as was the case with our
sample (see Table 2).

Predictors of attitude towards production steps—the
prominent role of risk perception (RQ 2)

The answers to RQ 2.1-2.4 can be combined to draw a
comparative in-depth picture of the whole CO,-based jet
fuel production process.

Interpreting the results of regression analyses, we find
that the influence of technology perception on people’s
attitude of all four production steps is remarkable. The
influence of CCU benefit and barrier perceptions is in
accordance with previous research [16, 62, 64] while con-
firming to be a relevant factor even on a more detailed
technology assessment level. When interpreting the
standardized betas, the perceived benefits (e.g., “CCU
contributes to saving fossil resources”) have an even
stronger influence than the barriers (e.g., “CCU only
delays the problem of increased CO, emissions.”). Nota-
bly, only in the case of purification of CO,, the positive
influence of benefit perception on attitude is nearly as
strong as the negative influence of perceived risks. This
finding is remarkable, especially considering the clear dif-
ferences observed in the dimensions examined in RQ 1.
This result also contradicts previous findings that hinted
at perceived production step risks not having a signifi-
cant impact on CCU acceptance [62]. It can be assumed
that the relatively low knowledge about the CCU tech-
nology is accompanied by a certain level of skepticism
and may influence the perception of risk—which should
be investigated in future studies. An increased risk per-
ception for the CO, transport step has already been
observed in previous literature [14, 76]. This was con-
firmed here. Although the risk perception for transport is
highest compared to the other steps, the strong influence
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in the case of conversion, capture, and purification is a
new finding.

For the overall sample, the descriptive analysis of risk
perception per step (see Table 1) shows that CO, puri-
fication was perceived as the step with the least associ-
ated risks. Separation and conversion of CO, were also
perceived as relatively low in risks. This lower perception
of risks could be due to various reasons. Limited aware-
ness of the process itself may lead to a perception of low
risks (regardless of whether actual risks are high or low).
In addition, lack of experience with these highly techni-
cal and not directly perceivable steps, from a layperson’s
perspective, may result in individuals not perceiving
increased risks. This aligns with the comparatively higher
perception of risks in transportation, which is the most
tangible step among the four for which individuals may
draw upon experiences and reports from other transpor-
tation modes.

When interpreting results for the identified clusters, we
also observed significant differences between the identi-
fied Approvers and Sceptics (see Table 3). Given that it
has been established that risk perception is a strong influ-
encing factor in the case of all production step attitudes,
it is not surprising to see significant differences in this
regard. However, this implies that there is room for spe-
cific communication strategies, for example, to address
the differences between the two groups and to tailor
information efforts accordingly. In the case of user fac-
tors identified as predictors of attitude towards the pro-
duction steps, a diverse pattern emerges. For the step
of CO, separation, it was found that women (similar to
the case of factors influencing the attitude towards CO,
transport) and individuals with an increased knowledge
of the chemical properties of CO, tend to perceive this
step more positively. This finding contradicts a previous
study [66]. As this factor was not identified as an influ-
ential factor for the remaining steps it is highlighted that
a step-wise analysis of the whole process allows for a
deeper understanding of attitude-influencing factors.

The openness to innovation was also identified as a
positive influencing factor for the steps of purification
and conversion. In the direct comparison of these more
abstract process steps, for which chemical processes are
central, being open to technological innovation has a
positive impact. Finally, a difference was observed in the
case of education: for the CO, transport step, individu-
als with higher education rated this step more negatively
compared to those with a medium level of education.
Interestingly, no influence of awareness was observed.
Similarly, Arning et al. [71] observed no impact on fuel
acceptance by subjective knowledge on the matter, but
a minor influence by people’s stated interest [71]. Simi-
larly, environmental consciousness and knowledge of the
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Table 3 Descriptive and inferential statistics for Cluster 1 and 2 for user characteristics and technology perceptions
Factor Cluster 1 (n=282) Cluster 2 (n=261) t P d
User characteristics
Age [M (SD)] 43.06 (14.92) 4709 (15.17) t(541)=-3.12 0.002 -0.27
Gender [%]* n.s
Female 511 48.7
Male 489 513
Education [%)* n.s
Low 17.0 14.6
Medium 543 56.7
High 287 287
Environmental awareness [M (SD)] 3.32(0.96) 3.53(0.86) t(541)=-2.78 0.006 -0.24
Openness to innovation [M (SD)] 2.27(0.87) 242 (0.86) t(541)=-2.04 0.042 -0.18
CO, chemical knowledge [M (SD)] 2.79(1.11) 3.08 (1.32) t(470.20)=-2.68 0.008 -0.24
CO, effect knowledge [M (SD)] 3.80(0.80) 3.88(0.75) n.s
Technology perception
Awareness of CO,-based jet fuel production [M (SD)] 0.84 (0.98) 0.99 (1.07) n.s
Attitude towards CO, separation [M (SD)] 2.39(0.95) 3.80(0.71) t(518.00)=—-19.86 <0.001 —1.67
Attitude towards CO, purification [M (SD)] 249(0.78) 1(0.58) t(517.04)=-22.41 <0.001 -1.90
Attitude towards CO, transport [M (SD)] 01(0.87) 3.08 (0.93) t(541)=-13.89 <0.001 -1.19
Attitude towards CO, conversion [M (SD)] 41(0.81) 3.78 (0.60) t(515.92)=-22.51 <0.001 -1.91
Risk perception for separation of CO, [M (SD)] 246 (0.94) 1.58 (0.83) t(541)=11.50 <0.001 0.99
Risk perception for purification of CO, [M (SD)] 1(1.04) 1.26 (0.86) t(541)=-10.32 <0.001 -0.89
Risk perception for transport of CO, [M (SD)] 2.88(0.81) 2.24(0.89) t(525.58)=8.73 <0.001 0.75
Risk perception for conversion of CO, [M (SD)] 2.77 (0.80) 1.88(0.76) t(541)=13.20 <0.001 1.13
CCU benefit perception [M (SD)] 2.71(0.80) 349 (0.69) t(541)=-12.03 <0.001 -1.03
CCU barrier perception [M (SD)] 2.93(0.74) 41(0.73) t(541)=8.26 <0.001 0.71

*v* was calculated for nominal data, but test statistics are not reported due to lack of significance

impacts of CO, did not play a significant role, which dif-
fers from previous research [71, 72, 91].

Thus, the CCU production step-specific examination of
user-related factors reveals a more diverse picture. This
insight should be considered when developing informa-
tion materials about CCU. While there are impacts by
risk, benefit, and barrier perception across the steps,
the differences in user factors and their different recep-
tiveness for technological innovations indicate that the
perception of individual steps may vary among different
individuals, influenced by factors such as education, CO,
chemical knowledge, gender, and openness to innovation.

In-depth analysis of CCU production roll-out
requirements—Disagreements and same destinations (RQ
3)

We addressed the last research question of the study by
examining whether distinct groups of individuals could
be identified in the data set based on their evaluation of
the production steps. In the subsequent step, we exam-
ined how these groups differ in their evaluation of pro-
duction requirements.

One result in the context of the CCU production
requirements is the identification of two main topics:
Perception of material and energy utilization and Per-
ception of plant conditions. The descriptive results for
the items in the former group clearly indicate that sus-
tainability is a relevant aspect of CCU production, as
respondents’ answers reveal the importance of the use of
resources (such as energy or water). This is in line with
previous research that reveals sustainability concerns or
perceived sustainability barriers as decisive acceptance-
relevant factors [16, 70]. It becomes clear that not only
the reuse of CO, by CCU, but the sustainability of other
process elements is a requirement for laypeople.

The results of the cluster analyses show that Approv-
ers (those with a more positive attitude towards CCU
production steps) are more likely to agree that the use
of renewable energy is essential in the steps of separa-
tion, purification, and conversion of CO, compared
to Sceptics. This suggests that policies promoting the
use of renewable energy in CCU production steps may
be more appealing to those who are more positively
inclined towards CCU. Therefore, policy initiatives that
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prioritize and incentivize the use of renewable energy in
CCU processes may help foster support from those who
are already inclined towards CCU, while also addressing
concerns of environmental sustainability. Further impli-
cations from the results regarding perception of material
and energy utilization are the promotion of the re-usabil-
ity of separated materials and addressing concerns about
water usage. Although these are not highly elevated
concerns in both groups, when communicating about
CCU, these potential concerns and barriers should also
be addressed. This way, for both regional and national
implementation strategies, the public can be enabled to
come to informed decision-making [65].

For the statements concerning the perception of plant
conditions, additional implications can be concluded
from the results. In this regard, the already mentioned
requirement of sustainability plays a role as well (e.g., in
the context of plant longevity); however, a closer inter-
pretation of item contents of the statements categorized
in this item battery (based on factor analysis) shows that
the implementation of CCU into industrial environ-
ments is also perceived as a preventive measure. Par-
ticipants (in case of Approvers more prominently) agree
that separation and further processing of CO, should be
conducted to prevent emissions or other substances to
be released into the atmosphere. Furthermore, efficiency
of CCU-based fuel production could be identified to be
very relevant to Approvers. Taking into consideration
that this group on average shows a higher level of open-
ness to innovation, we can conclude from these results
that although the knowledge on CCU is rather low, the
public is nevertheless interested in technology aspects of
climate-friendly technologies other than sustainability.

Based on Sceptics’ lower agreement to the produc-
tion related requirements, communication efforts should
focus on addressing concerns of this group. More specifi-
cally, understandable information about the benefits and
advantages of separation of CO, at its point of origin and
on the effectiveness and sustainability of the production
process should be provided. In addition, existing techni-
cal measures to ensure effectiveness and optimal utili-
zation of separated CO, should also be communicated.
Although there is overall agreement and therefore a form
of consensus in both groups, there are still significant
differences, highlighting the potential for further public
information.

Methodological limitations and future research

While our study provides valuable insights into the per-
ception of CCU production steps to produce CO,-based
jet fuel, it is important to note that no study is without
limitations.
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One limitation is that the subject matter is highly
technical, and we cannot simply assume that laypeople
easily grasp the depth of the technical topic. Still, we
took great care to present the topic and the instructions
in a lay-friendly manner through the gradual provision
of concise information. Nonetheless, we cannot quan-
tify the depth of understanding of the technology, or
whether the respondents’ cognitive processing of infor-
mation relied on mental models that might have influ-
enced the results, but we should be aware that this is in
fact also the case when laypeople form their opinions
on the technical level they have. In addition, in this
context, the risk of pseudo-opinions needs to be con-
sidered, as attitudes towards new and highly technical
topics may not be stable. While the information mate-
rial was carefully selected, pseudo-opinions and their
impact on the results cannot be entirely ruled out.

There are additionally still several paths for future
research that could build upon and extend our findings.
For instance, a potential next step could be to investi-
gate the acceptance and usage intention of CO,-based
jet fuel and their relationship with the perception of
the individual CCU production steps. This effort would
have exceeded the scope of the current study. In addi-
tion, in future studies, the scope of production per-
ception analysis of technological approaches such as
CCU could be broadened further by embedding them
in a systematic approach. Further insights could be
obtained, for example, by analyzing public percep-
tion of aspects such as energy efficiency and the use
of resources in a multi-technology portfolio to combat
climate change. However, this requires careful consid-
eration of the depth of information in studies with lay-
people and of the chances of reliable measurements at
this level of complexity.

Moreover, our investigation focused on the socio-
political dimension according to Wiistenhagen et al.
[61]. From other studies that focus on local acceptance
we know that local perception and acceptance can dif-
fer significantly from general perception and accept-
ance of technological infrastructure [92-94]. This
needs to be investigated in future studies to determine
whether proximity to production and transport infra-
structure is another influencing factor and whether
the results obtained here remain consistent for a local
scenario.

Finally, it can be noted that the proportion of
explained variance was already quite high for explain-
ing the perception of individual steps. However, there is
still room for investigating further influential factors on
perception. Future studies should aim to identify fur-
ther attitude-influencing factors and their impact.
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Impact of the findings for policy makers and public
communication strategies

The aviation sector is actively pursuing decarbonization
with strategies like fleet renewal, implementing disrup-
tive propulsion technologies, enhancing operational
efficiency, and increasing sustainable aviation fuel (SAF)
usage. An ambitious target set for this sector is achieving
net-zero emissions by 2050, balancing the growth in air
travel demand with the urgent need to reduce its carbon
footprint. Development and adoption of renewable elec-
tricity, technological breakthroughs, and alternative tech-
nologies, including hydrogen and electric propulsion, are
also central to this effort. Importantly, public perception
plays a critical role in the success of these strategies, as
societal acceptance and regulatory support are essential
for implementing new technologies and practices. Future
research must, therefore, also focus on understand-
ing public perception towards these decarbonization
strategies.

The contribution of this study to the current discussion
on decarbonization in both public and policy-making
spheres is based on awareness of the public’s acceptance
requirements and the need for transparency in the public
(policy) communication. Understanding acceptance can
aid in identifying specific groups of accepters and non-
accepters, as well as the pros and cons that the public
associates with such innovations. This information can
be used to shape effective information and communica-
tion strategies on the one hand but also to inform policy-
makers and communal deciders about the importance of
launching an open-minded policy communication that
helps the public to gain knowledge about novel decar-
bonization efforts and their role in combating climate
threats.

Policy makers and technical developers should be
aware that the public is not a homogeneous group. Differ-
ent groups may perceive risks associated with CCU pro-
duction steps differently based on their experience and
attitudes. This goes both ways: for example, for groups
with more positive attitudes towards CCU, emphasizing
potential risks and uncertainties may be necessary to pro-
vide a balanced understanding of the technology, while
for groups with more negative attitudes, highlighting
potential benefits and addressing concerns may be more
effective in building trust and acceptance. This result
furthermore highlights the importance of conducting a
thorough risk assessment not only for safe production
but also for effective communication. It is particularly
important to communicate safety measures and precau-
tions for production steps that involve a high risk percep-
tion, such as the transport of CO,, as this can influence
public attitudes towards risk. There is a need to provide
the general public with accurate information regarding
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the actual risks associated with the technology. This will
enable individuals to make informed decisions based on
factual knowledge rather than assumptions. The low level
of awareness highlights the need for such information.
We therefore have a great responsibility to develop
appropriate science communication and information
pathways that are accessible to the general public and
that help fill the knowledge gaps the public have in an
objective and transparent way. Overall, it is highly valu-
able to capture public opinion to inform the technical
design about possible barriers to acceptance, and at the
same time to systematically inform the diversity of the
public about the benefits and barriers of innovations. In
this way, we create a solid foundation for people without
technical expertise to make informed decisions.

Conclusions

As a novelty in acceptance research towards CO,-based
jet fuel innovations, the present study presents an inves-
tigation on people’s perceptions of the different steps
involved in CCU production for CO,-based jet fuel.
We found that there were significant differences in
people’s assessment of the capture, purification, trans-
port, and conversion of CO,, with transport being the
least positively perceived step. The study also found
that people’s attitudes towards the different steps were
influenced by their perceptions of the benefits and bar-
riers of CCU technology, as well as their perception of
the risks involved in each step. Furthermore, our find-
ings highlight the importance of knowledge and educa-
tion in shaping attitudes towards new technologies. For
example, individuals with a better understanding of the
chemical properties of CO, may be better equipped to
understand the technical aspects of the CO, separation
step. Our results also suggest that there is a need to pro-
vide more accurate information to the public to enhance
their understanding of the technology and address con-
cerns about its sustainability.

Overall, the study’s findings underscore the complex
interplay between (perceived) technical, environmen-
tal, and user-related factors that shape public attitudes
towards new technologies. By shedding light on the spe-
cific factors that influence attitudes towards CCU tech-
nology, this study provides important insights that can
inform efforts to promote the development and adoption
of sustainable aviation fuels.
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