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ability and acceptance. The participatory monitoring is based on a citizen science
approach in which citizens are invited to actively participate in seismic measurements
around a geothermal project using plug-and-play seismometers. The potential indi-
vidual, societal and scientific implications of this approach are analyzed by introducing
established participatory and social scientific concepts within the geothermal con-
text. Our conceptual analysis suggests that participatory monitoring could effectively
address seismic risk perception and acceptability by enhancing transparency, provid-
ing non-experts with first-hand experiences, and fostering discussions and informed
decision-making. From a technical perspective, implementing this approach to create
dense seismic networks enhances the evidence base in research projects and supports
more balanced risk management strategies. This article lays the conceptual ground-
work for combining social scientific and geophysical approaches and recommends
citizen science demonstration projects accompanied by social scientific research

to evaluate this approach. As case example, the planned implementation of the par-
ticipatory monitoring approach within the DeepStor project is presented. Our findings
aim to contribute to the ongoing discourse on sustainable energy transition, risk man-
agement and governance, and the role of public participation in geothermal energy
development.
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Introduction

The transformation of the conventional energy system into a decarbonized and sustain-
able regime presents major challenges for society. The energy transition requires not
only disruptive technologies for a renewable energy supply and an efficient storage, but
involves also profound changes in the economy and society at both the public and pri-
vate levels (Papadis and Tsatsaronis 2020; Miller et al. 2013). Technological leaps will
only be possible to implement if the human factor is taken into account in a techno-
sociological framework (Steg et al. 2015; Geels et al. 2017). As pointed out by Manzella
et al. (2019) and Spijkerboer et al. (2022) this is also true for advancements in geother-
mal technologies. In this paper, we link a specific aspect of techno-scientific geothermal
research to participatory and social scientific approaches.

Society’s response to the energy transition and new technologies such as deep geo-
thermal energy technologies is multifaceted and complex (Batel and Devine-Wright
2015). It depends on particular sociotechnical configurations and is embedded within
wider systemic inter-relations (Stephanides et al. 2025). For the implementation of the
emerging renewable energy technologies (RET), the technology’s acceptability is a pre-
requisite. Acceptability refers to the degree to which an energy technology meets the
values, norms, expectations, and ethical or social criteria of stakeholders (Moesker
et al. 2024). A lack of acceptance or even opposition and protest can be a severe hin-
drance to the implementation of energy infrastructures (Wiistenhagen et al. 2007; Spiess
et al. 2019; Batel 2018; Meller et al. 2018). Acceptance is described as positive response
toward a technology through attitudes, intentions, and behaviors, which can range from
tolerance to a positive attitude or even active commitment. Conceptual models conclude
that acceptance of energy technologies is a complex and dynamic construct with multi-
ple dimensions (e.g., personal and collective; market, community, political, and societal),
levels (e.g., individual, household, community, and general) and factors (e.g., psychologi-
cal, social, and cultural) (Upham et al. 2015). Used without deficit-based assumptions
about a public that is simply lacking in knowledge, or top—down notions of public under-
standing, acceptance models offer a way to capture aspects of the complex cognitive,
affective, and contextual dynamics underlying societal responses to new technologies.

Amongst the socio-psychological factors affecting acceptance, the perceived benefits
and risks are particularly relevant. In contrast to the objective, data- and fact-based risk
analysis carried out by experts, subjective risk perception involves intuitive judgments
and a complex interplay between emotions and rational thought (Slovic et al. 2004). Less
familiar technologies, such as geothermal energy, tend to be consistently associated with
higher levels of risk perception. Personal risk assessment involves guesswork, and if per-
sonal experience is lacking, a fundamental element of risk assessment is missing, affect-
ing the outcome of the assessment (Groot et al. 2020; Flynn et al. 2006).

Social acceptability is especially relevant to the successful implementation of deep
geothermal projects. While deep geothermal technologies have great potential for con-
tributing to the energy transition for heat and power provision as well as storage from a
scientific and technological perspective (Acksel et al. 2022; Stricker et al. 2020), they also
present a particularly high potential for conflicts among RET (Kunze and Hertel 2017).
Hirschberg et al. (2015) found that, at a societal level, attitudes toward deep geothermal
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technologies were often generally neutral or positive, in contrast to a more skeptical and
negative attitude and behavior at a local level with respect to specific projects.

Perceptions and responses to deep geothermal projects are complex and commu-
nity specific (Benighaus and Bleicher 2019; Chavot et al. 2018; Manzella et al. 2019).
In studies, citizens express concerns mainly about possible groundwater contamina-
tion, unknown risks, and, most often, about induced seismicity (Knoblauch et al. 2019;
Hosgor et al. 2013; Cousse et al. 2021; Kluge et al. 2015; Hildebrand et al. 2022). The
later refers to earthquakes triggered by human activities, which can be caused by fluid
injection or extraction operations that modify the stress conditions in the surrounding
geological formations. (e.g., Ellsworth 2013). On one hand, microseismicity, character-
ized by weak seismic events that remain unperceived at the surface, is crucial for reser-
voir monitoring and offers insights into subsurface behavior. On the other hand, cases of
felt induced seismicity may have an impact on infrastructure, raise public concern and
can jeopardize project acceptability. To manage and mitigate the associated risks, Traffic
Light Systems (TLS) (Grigoli et al. 2017) provide a structured approach to risk manage-
ment, using decision variables such as earthquake magnitude or peak ground velocity to
trigger operational decisions. Furthermore, site-specific risk governance frameworks are
increasingly used to accommodate the complexity and diverse dimensions of each pro-
ject (Trutnevyte and Wiemer 2017). The interplay between induced seismicity, risk per-
ception, and acceptability underscores the importance of robust and trustworthy seismic
monitoring.

Access to information, dialogue between stakeholders, and the active involvement of
citizens has been shown to contribute to constructive solutions to the challenges of the
energy transition and to the successful implementation of RET (Schweizer et al. 2016).
Participation has the potential to improve the quality of the projects by incorporating
the knowledge and perspective of the involved citizens (Renn et al. 2017). Rohse et al.
(2024) highlight that inclusive, early, and continuous societal engagement is crucial to
maximizing the benefits and social legitimacy of geothermal technologies.

Research plays an important role in the energy transition, and encouraging public par-
ticipation in the research process could foster transdisciplinary knowledge production.
Citizen science (CS) is one of several suitable formats in this regard: CS promotes partic-
ipatory engagement by empowering citizens to actively collaborate with scientists in the
research process to generate new knowledge that supports informed decision-making
(Vohland 2021). In particular, the research format promises to unfold its full potential in
transformation processes that encompass research, technology development and imple-
mentation and society (Sauermann et al. 2020; Gonner et al. 2023). However, it is far
from realizing its potential in the context of energy system transformation and in geo-
thermal research in particular. In a literature review, Gooding et al. (2024) found only
nine relevant CS projects worldwide in the context of the energy transition—in contrast
to numerous CS projects in ecology, biology, or astronomy. In the field of geothermal
research and operation, there are, to the best of our knowledge, no scientifically docu-
mented and evaluated CS projects. It has been shown that CS has an impact on research,
participants (knowledge, skills, attitudes toward science, and pro-sustainable and pro-
environmental behavioral changes), and socio-political processes (Gonner et al. 2023;
Zilliox and Smith 2018). However, the link between CS or participatory monitoring of
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RET projects, risk perception and RET acceptance has not been studied explicitly yet.
Several factors and existing challenges indicate that CS—among other engagement for-
mats and factors—could have an impact on risk perception and RET acceptance. The
objective of this debate paper is to integrate participatory monitoring within a CS frame-
work, along with considerations of risk perception and RET acceptability, conceptually
exploring the potential of CS projects to address the mentioned challenges.

The DeepStor research project, a geothermal research infrastructure planned at a
campus of the research university KIT (Karlsruhe Institute of Technology, Germany) to
investigate deep geothermal storage in depleted oil reservoirs (Stricker et al. 2020; Banks
et al. 2021), has highlighted some of these aspects. An illustrative event from the Deep-
Stor context is taken as a starting point of the analysis (Sect. “Starting point: the Deep-
Stor research environment”), underlining how context and risk perception can influence
the public reaction to ground vibrations. The participatory and social scientific-based
concepts, on which the approach is based, are then outlined (Sect. “Social scientific
concepts”). These are combined with geophysical approaches to seismic monitoring in
geothermal projects to propose a framework for participatory monitoring in geothermal
research projects. The potential impact of participatory monitoring on risk perception
and other socio-psychological factors along the impact axes of CS is outlined (Sect. “A
framework for participatory monitoring in geothermal Citizen Science projects”). Com-
ing back to the DeepStor case, the participatory monitoring implementation in the
frame of the research infrastructure is presented (Sect. “Implementation in the DeepStor
project”). Finally, we discuss chances, challenges, and limitations of the proposed frame-
work and possible guidelines for its implementation. The findings aim to contribute to
debates on sustainable energy transitions, risk management and governance, and the sig-
nificance of public engagement in the research and development of geothermal energy.

Starting point: the DeepStor research environment

The research context of DeepStor

The DeepStor project is situated in the Upper Rhine Graben, a trinational region with
the highest geothermal anomaly in Central Europe (Baillieux et al. 2013). These con-
ditions offer huge potential for geothermal exploitation (Frey et al. 2022; Stricker et al.
2020). At the same time, deep geothermal projects are a contested technology in this
densely populated area (Meller et al. 2018; Chavot et al. 2018). The DeepStor geother-
mal research project explores the technical feasibility of high-temperature heat storage
within the research environment of a KIT campus, starting with an initial exploration
well to be drilled to a depth of approximately 1400 m (Stricker et al. 2024).

This campus can serve as a model for geothermal projects in complex urban settings.
The relevance of this analogy lies in the campus’s scale of about 2 km?, the number of
employees of over 5000, the diversity of infrastructures, including some highly sensitive
facilities, conflicting land uses (above and below ground), and the wide range of stake-
holders involved. Hence, this complex and sensitive environment must be carefully con-
sidered within a geothermal risk management strategy. Moreover, the discussions and
controversies regarding hazards and risks, with input from various stakeholders, mirror
the broader public discourse on these issues and emphasize the need for a comprehen-

sive dialogue approach.
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To develop the infrastructure and potential future energy uses, DeepStor has con-
ducted participatory research through a co-design project involving non-specialist KIT
employees and citizens from neighboring communities. This project highlighted a high
risk perception of stakeholders, the requirement for a dense monitoring network with
stringent and transparent risk management schemes, and the need for collaborative
solutions. Participants expressed their wish to be actively involved in future environ-
mental monitoring activities, including seismic monitoring (Schill et al. 2021).

To illustrate the interplay between seismological observations and social responses, we
describe in the following an event involving an accidental explosion on the KIT Cam-
pus North that generated ground vibrations comparable to those of a seismic event in
this specific environment. The incident provided an opportunity to analyze the resulting
vibrations in relation to the thresholds of the TLS designed to protect vibration-sensitive
research infrastructures in the DeepStor project.

Seismological setting

The monitoring of ground movements and seismic activity will be carried out in accord-
ance with recommendations and legal requirements (Barth et al. 2015). Hence, a seismic
network of eight sensors—including three-component (3C) seismometers and vibration
measuring devices installed in buildings—is designed for local permanent seismic moni-
toring of the underground operations.

In view of the research environment with sensitive infrastructures, the thresholds of
the TLS were defined based on a risk analysis and set to exceed typical requirements.
According to the German regulation under the norm DIN4150-3 (DIN 2016), a peak
ground velocity (PGV) of 3 mm/s in the frequency range of 1-10 Hz is taken as the
threshold for damaging seismic activity. In view of the DeepStor reservoir geometry, this
threshold is linked to a moment magnitude of Mw=2.1. In comparison, the threshold
for human perception (PGV of 0.3 mm/s) is estimated at a magnitude of Mw=1.0. To
protect existing research infrastructures with sensible experiments, a PGV of 0.05 mm/s
(in the 1-40 Hz bandwidth) has been proposed as a threshold of harmlessness in Deep-
Stor. Considering an additional safety margin for sensitive research infrastructures
on the campus, a PGV of 0.02 mm/s has been set as a preventive threshold for alert
triggering.

The seismic network was initiated in 2021 during the planning phase of the Deep-
Stor project, when an initial record of seismic activity and of ambient wavefields were
established. This baseline provides a reference point for understanding the natural back-
ground seismicity in the region. During this initial phase, the network included one
Nanometrics Trillium Compact Horizon 20 s seismometers (CNNO1 in Fig. 1a) and
three short period Mark L4C-3D, 1 s corner period seismometers (CNN02, CNNO03 and
CNNO6 on the map).

Accidental explosion and media coverage

Three consecutive accidental explosions, unrelated to geothermal activities, occurred at
the campus on 24.11.2021 during laboratory experiments. Figure. 1a shows the location
of the explosion on the campus and of the sensors installed and recording at the time of
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Fig. 1 a Map of KIT Campus North with the location of the seismic stations during the early monitoring
phase (red triangles). The seismometers recorded the explosion that occurred on the campus at the location
of the red star on 24.11.2021. Vertical peak ground velocity (PGV) measured at each station for the largest
explosion are indicated as labels. The values are extrapolated [see panel (b)] and represented as colored rings
at the scale of the campus. b Extrapolation of the recorded PGV values accounting for geometrical spreading
and exponential amplitude decay with distance

Table 1 Peak ground velocity and associated distance to the explosion

Station name PGV [um/s] Source to
receiver distance
[km]

CNNO3 1199 0.2

CNNO02 395 045

CNNO06 89 1.1

CNNO1 88 09

the event. The explosions were accompanied by loud bangs, and caused small material
damages (KA news 2021).

The event received limited media coverage, which is taken as an indicator of the public
reaction to this event. Only a few media outlets reported the explosion. News articles
were published in local online media (Minet 2021; BNN 2021; KA news 2021; Robinson
et al. 2018; RHEINPFALZ Redaktion 2021; Hotheinz 2021). The main regional radio and
TV station published a short news article (SWR 2021). In social media, a video of the
blast was published (r/KalT 2021). The articles were short and written on a factual level
and in an emotionally neutral style. At that time, the event was far from being perceived
as dangerous by the media and the public. It appears that the event and the resulting
ground vibrations were not perceived as significant or particularly dangerous.

Ground vibration of accidental explosion

Vibrations associated with the explosions could be measured across the campus and
characterized in terms of Peak Ground Velocity (PGV). The measurements are illus-
trated in Fig. 1a were the focus is on the third explosion of the series, which is the larg-
est in terms of released energy and recorded ground vibrations. The PGV is measured
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on the vertical component of the 3C-seismometers. The values, ranging from 88 to
1199 mm/s, are detailed in Table 1. These recordings were characterized on a larger
scale using an extrapolation model (see colored rings in Fig. 1a or extrapolated trend in
Fig. 1b). Although the stations installed during the preparatory phase of DeepStor do
not fully comply with the DIN 4150 standards for PGV measurements (2016) used in
TLS, Fig. 1 and Table 1 indicate that the PGV values observed after the largest explosion
exceeded the alert threshold defined in the frame of the DeepStor TLS by a factor of 4.

The colored rings in Fig. 1a depict interpolated PGV intervals, where the observations
of Table 1 are extrapolated following 2D geometrical spreading, according to Eq. (1). The
exponential amplitude decay as a function of distance r in Eq. (1) characterizes the atten-
uation of surface waves. The parameters a and b are calibrated by fitting the equation to
the observed PGV values (see Fig. 1b), where the best fit is obtained with »=2.17 km™
and a="775 ym s' km/%

1
PGV (r) = N e b7 (1)

Implications

Quantifying the explosion in seismic terms provides a means to contextualize it within
DeepStor. It suggests that an event induced by geothermal activities with comparable
ground vibrations would have had serious consequences for geothermal operations, with
the likely possibility of alerting the media and local residents—as experienced, e.g., in
the Landau geothermal project (Meller et al. 2018). On the seismological side, this case
example underlines the significance of extensive monitoring measures for the precise
characterization of seismic events. On the social scientific side, this event is interest-
ing because of the reaction to the unforeseen but well-understood and traceable event,
occurring in a non-geothermal context and a familiar environment. It highlights the sig-
nificance of experience, reference knowledge and trust on risk perception. These aspects
correspond to some of the factors that could be constructively affected by CS and par-
ticipatory monitoring in a geothermal research project, which will be discussed below

based on the framework conceptualized in the following.

Social scientific concepts

This chapter lays the conceptual and methodological basis and introduces the concepts
of CS, acceptance and acceptability, and risk perception. These concepts form a basis for
the conceptual participatory monitoring framework presented below.

The concept of Citizen Science projects and citizen seismology

The practice of CS dates back to the early twentieth century when citizens collected data
in the natural environment (Lintott 2020; Guida 2019). As term and formalized con-
cept, CS began to develop in the 1990s. It was developed in parallel from the natural
sciences, with a focus on the advancement of science through data collection and scien-
tific understanding by citizens (Bonney 1996), and from the social sciences motivated by

the tense relationship between science, the public and environmental matters and risks
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(Irwin 1995). This indicates that the interconnected natural scientific and social scien-
tific aspects of CS were evident from the outset.

CS has developed rapidly in recent years, driven by citizens’ wish to participate in
research processes and the more and more pressing need to find solutions to societal
challenges. CS is widely used in natural sciences, ecology and nature conservation.
There are also examples from geosciences and seismology. In the project “Detecting
Earthquakes”, citizen scientists outperformed a trained Al in identifying dynami-
cally triggered seismic events. Using the Zooniverse platform, participants reliably
detected weak local earthquakes and successfully distinguished them from noise and
other signals (Tang et al. 2020). The project “Did You Feel It?” gathers crowdsourced
reports from people who experienced earthquakes, creating maps of perceived shak-
ing and damage (Quitoriano and Wald 2020). This data supports calibration of global
earthquake loss models via the ShakeMap Atlas (Marano et al. 2024,).

Another reason for the strong growth and development of CS projects in recent
years is the emergence of digital technologies (Bonney et al. 2014) and low-cost and
user-friendly technologies (Baker 2016). These technologies facilitate access to CS
projects, data collection and motivate collaborations. In geoscience, plug-and-play
seismometers such as Raspberry Shake® sensors are already actively used by inter-
ested laypeople around the world. They have started up to be a suitable tool in “citi-
zen seismology’, referring to a specific CS approach in seismology, incorporating
citizens and schools in seismological monitoring and educational outreach projects
to enhance awareness and preparation toward natural seismic hazards (Chen et al.
2020). In a pioneering project to more accurately monitor natural seismicity, Schlupp
et al. (2019) densified the permanent seismic network (RESIF) in southern Alsace,
France, through citizens hosting seismometers in a cooperative framework with dia-
logue events and discussions. A similar network was established in Haiti with local
citizens, providing critical near-field data that enabled rapid understanding of the
earthquake mechanism and improved assessments of hazardous aftershocks (Corbet
et al. 2023). All these projects focused on natural seismicity.

To the best of our knowledge, there is no conceptualization or documentation of
a participatory monitoring network forming part of a CS project within the context
of geothermal research or a geothermal plant. First examples show the usability of
plug-and-play seismometers in science education around geothermal projects: in the
United Downs project, local schools are provided with Raspberry Shake sensors to
enhance the monitoring network (Holmgren and Werner 2021) and to involve the
public via schools into the geothermal project (Farndale 2021). Azzola and Bremer
(2023) used these sensors in an educational role-playing game around a geothermal
plant to raise awareness and knowledge on natural and induced seismicity and seis-
mic monitoring in geothermal projects.

A meaningful engagement of citizens through innovative tools in CS projects
requires more than their engagement in data collection as in “contributory” CS pro-
jects. It means incorporating their ideas, experiential knowledge and concerns in
“collaborative” or even “co-created” projects, in which citizens participate along the
research process (Shirk et al. 2012; Senabre Hidalgo et al. 2021; Giel et al. 2024). This
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can bring transdisciplinarity into projects to drive innovations with societal relevance
(Shirk and Bonney 2018).

Turrini et al. (2018) and Gonner et al. (2023) showed that CS projects have a signifi-
cant innovation potential and transformative impact along three conceptual axes:

1. The first axis refers to research itself including data acquisition, knowledge genera-
tion, increase in societal relevance, and increase in acceptance.

2. The second axis is related to the effects on participants, e.g., by learning, experience
of self-efficacy, etc.

3. The third axis concerns civic participation and socio-political processes, e.g., by pro-
viding an evidence base for decision-making and transformations.

These three axes define the potential impact space for CS projects that will be consid-
ered below for the participatory monitoring of geothermal projects.

Acceptance models for renewable energy technologies

The public as a relevant factor for the implementation of RET has been studied since the
1980s (Barac et al. 1983). In the 1990s, it became clear that social acceptance is decisive
for the implementation of RET. The social science concept of acceptance became one of
the most politically relevant concepts in this field. Research focused on understanding
the reasons for the “social gap” between a general acceptance of RET and the opposition
on a local scale, and the “not-in-my-backyard” (NIMBY) syndrome (Freudenburg and
Pastor 1992). The perspective paper of (Wiistenhagen et al. 2007) proposed a new model
for social acceptance represented by socio-political, market and community dimensions.
It set the basis for a research period in which social acceptance is regarded as a dynamic
multi-level, multi-actor and multi-factor phenomenon (Batel 2020). On a citizens’ level,
socio-psychological factors play a major role for the development of positive attitudes
and acceptance, mainly cognition, affect and behavior (Upham et al. 2015).

A comprehensive framework for citizen acceptance of RET was proposed by Hui-
jts et al. (2012) based on empirical data and three psychological concepts: the theory
of planned behavior (TPB), the norm activation model (NAM), and theories on affects
influencing attitudes. It serves as a basis for case specific acceptance models to explain
RET acceptance.

The TPB (green rectangle in Fig. 2) builds the backbone of the Huijt’s conceptual
model and assumes that social norms, perceived behavioral control, and attitudes are
determining factors for a specific behavior (Ajzen 2001, 1991). Applied to the accept-
ance model, this refers to behavior toward the acceptance or rejection of a RET. Within
TPB, social norm refers to influence of the judgment of persons that are significant to
the individual (Cialdini and Jacobson 2021). The concept of perceived behavioral control
refers to an individual’s perception of their ability to control a specific behavior (Smel-
ser and Baltes 2007; Kiriakidis 2017). This notion is closely associated with the concept
of self-efficacy, which emphasizes internal factors that influence an individual’s belief in
their capability to execute a certain behavior. In this regard, perceived behavioral con-
trol can be viewed as a reflection of primarily external factors that shape an individual’s
behavior (Kiriakidis 2017). The attitude is a result of a positive or negative outcome of
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Fig. 2 Framework for renewable energy technology acceptance described by socio-psychological factors
adapted from Huijts et al. (2012).The underlying theories are highlighted: theory of planned behavior (TPB;
green), affect/cognition theories (blue), the Norm Activation Model (purple), and concepts on context-related
perceptions (yellow). Personal experiences and knowledge have an influence on all the identified factors
within the dashed line. Although not always the most important, perceived risk (red) is a central factor,
particularly for specific technologies, such as geothermal

gain evaluations—in this case, perceived costs, risks and benefits of a RET. Attitudes are
influenced not only by cognitive evaluations, but also by emotions (positive or negative
affects; Fig. 2, blue mark). The NAM (Fig. 2, purple rectangle) proposes that the inten-
tion to accept is also influenced by one’s personal norms based on the awareness of con-
sequences of a considered behavior, moral evaluations and pro-social considerations
(Onwezen et al. 2013).

The factors shaping the attitude toward or against a new technology are highly sensi-
tive to the context. This means that the involved actors, locations, and processes have
a significant influence on evaluations. Trust and perceived fairness determine feelings,
evaluations and finally attitudes (Fig. 2, yellow rectangle). All factors of the model are
based on experiences made and knowledge acquired by citizens.

In developing a technology, it is important to consider its acceptability. This term
emphasizes judgement aspects of a technology (Moesker et al. 2024): it describes the
attitude toward a technology and includes moral judgements guiding the development
and implementation of a technology. It concerns whether something is considered
appropriate in principle, even before a specific project realization occurs. Acceptabil-
ity of a technology can be defined as a condition in which the risks associated with a
technology are minimal in comparison with the added value it provides. It is impera-
tive that certain risks, particularly those related to health, safety and the environment,

Page 10 of 27
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are eliminated or reduced to a minimum (Meller et al. 2018). While models based on
acceptance are more oriented toward outcomes, acceptability considerations focus more
on the development process toward a technology that is acceptable to wide parts of soci-
ety or communities.

Risk perception concepts

Perceived risks play a central role in acceptability and in the above-described accept-
ance model (Fig. 2, highlighted in red). Moreover, there is an overlap and interconnec-
tion between socio-psychological factors influencing technology acceptance and those
shaping risk perceptions. However, risk perception is a complex phenomenon, and the
link between judgment and behavior has not been fully explored. A model by Renn and
Rohrmann (2000) identifies four nested levels of influencing factors for risk perception,
each interconnected and operating at both collective and individual levels: heuristics
of information processing, cognitive—affective factors including reference knowledge,
social—political institutions, and cultural background.

Risk perception at the societal level is characterized by a tension between scientific—
technical risk analysis—based on probability and impact or severity—and personal
risk perception, which is influenced by psychological, sociological, and cultural factors.
Sometimes this difference between experts’ assessments of technologies and the result
of risk evaluations by the public gets large. Then, the risk associated with a certain haz-
ard is socially amplified (or attenuated), with ripple effects spreading from the individ-
ual to other stakeholders and domains and impacting society and economy (Kasperson
et al. 1988). Comparable tendencies may also be observed in the context of geothermal
energy. In this case, an intensified societal dialogue is needed.

Examining deep geothermal technologies within the context of risk perception
models underlines the importance of factors, such as the familiarity with the tech-
nology, knowledge and experience, level of trust and benefits, unfamiliar risks and
uncontrollable hazards. Prior experience and knowledge have been shown to have a
strong influence on the perception of risks, as new evidence is interpreted in the light
of existing beliefs (Slovic 1987). Li and Li (2023) and Midden and Huijts (2009) show
that this gets particularly evident in the case of unfamiliar technologies and novel
hazards and risks, and that trust in the actors and institutions involved plays a crucial
role in shaping risk perception. Slovic (1987) found that perceived risks and attitudes
are also strongly influenced by the perception of unknown and unfamiliar hazards
and risks and by the perceived controllability and possibly catastrophic nature of a
hazard.

Indeed, deep geothermal can be considered as relatively novel outside volcanic
areas, and not widespread. Citizens tend to be unfamiliar with the technology and
the complex underlying mechanisms. Most people lack experience with geothermal
plants in their vicinity. Deep geothermal energy is associated with hazards, such as
induced seismicity, whose associated risks are difficult to quantify and predict. It is
also difficult for untrained citizens to interpret quantitative information on (micro-)
seismicity and environmental seismic noise due to lacking prior knowledge and expe-
rience. It can be assumed that the cultural-historical background also plays a role
in risk perception. Gross (2013) hypothesized that the perception of the subsurface
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as the “unknown” plays an additional role in this context. Besides positive associa-
tions, such as origin, truth and shelter, the term “deep” also has a negative and anx-
iety-provoking connotation: the deep functions as a projection space for the dark,
the irrational, and the threatening—for forces perceived as uncontrollable (Kimmich
and Miller 2020). The recent analysis of public perceptions reveals symbolic and
emotional ambiguities, indicating that attitudes toward subsurface technologies are
shaped by cultural as well as technical and economic factors (Lambert et al. 2025;
Manzella et al. 2025). Thus, the theoretical advantage of geothermal systems being
less visible on the surface may turn into a negative, as the deep underground may be
perceived as something unknown and threatening.

The above-described theories and concepts suggest that deep geothermal technologies
tend to be perceived as risky. Indeed, although experts’ risk assessments often assign
manageable risks, individuals’ risk perceptions are typically higher, at least at the local
level. Cousse et al. (2021), Kluge et al. (2015) and Ejderyan et al. (2019) show that this is
particularly true for unknown hazards, associated with a feeling of uncontrollability and
a perceived lack of information on hazards and drawbacks. This is particularly the case
for induced seismicity. Knoblauch et al. (2019) conclude that the risk of induced seismic-
ity is crucial for the acceptance of deep geothermal energy, and while the heat benefits
are acknowledged, they do not fully offset the seismicity risk.

A framework for participatory monitoring in geothermal Citizen Science
projects

In this chapter, we link the social scientific concepts to geophysical monitoring to estab-
lish a framework for participatory monitoring in geothermal projects. We explore its
impact on factors relevant to risk perception, RET acceptability and societal dialogue.
Finally, we present the planned implementation of a participatory monitoring CS project
within the DeepStor framework.

Participatory geothermal projects as a means of collaboration
Research creates fundamental scientific knowledge for the development of a technol-
ogy and helps to quantify risks on a scientific—technical basis. However, Renn and Rohr-
mann (2000) argue that this quantification is not sufficient to evaluate the acceptability
of the risks associated with a technology. With regard to risk perception and its impact
on risk governance, Renn et al. (2016) claim that the primary challenge involves initi-
ating a dialogue that acknowledges scientific knowledge’s limits and uncertainties and
at the same time starts a learning process to address evident misperceptions. This way
a legitimate interpretation framework could be collectively established. This is relevant
for geothermal energy projects, especially with respect to the risk of induced seismicity.
Based on above presented concepts of CS, RET acceptance and acceptability, and risk
perception as well as geophysical monitoring approaches, participatory projects and col-
laborative monitoring in geothermal projects may be a suitable means to address this
challenge.

We propose that participatory projects in geothermal research could actively involve
citizens in the seismic monitoring of a geothermal project by hosting cost-effective,
compact and user-friendly seismometers. These could be installed in private and public
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Fig. 3 Participatory monitoring projects in geothermal research can bring together social scientific and
geophysical approaches and have the potential to have an impact on a sustainable geothermal technology
development on both the scientific-technological and the socio-economic level

spaces, such as in homes, on the premises of actively involved citizens, or in schools
and supervised by citizens or students. To move beyond a contributory CS project and
actively integrate participating citizens into the research beyond mere data collection,
we propose involving them more deeply than just hosting a sensor, thereby unlocking
the broader potential of the CS approach. Workshops, the joint interpretation of meas-
urements and research results, and joint dissemination efforts could create a framework
for dialogue and collaboration. Such an approach enables deeper engagement with cit-
izens. This way, we see potential for project outcomes with an impact on geothermal
technology development on both the techno-scientific and the socio-economic side
(Fig. 3).

Accompanying research using social science evaluation methods is essential to assess
both the conceptual and methodological foundations of a CS project, as well as to bet-
ter understand participants’ knowledge, attitudes, and how these may change through
their involvement. Of particular interest is whether such participation influences the
perception of seismicity-related risk and contributes to acceptance of deep geothermal
projects, along with the broader implications these changes may entail.

Impact on risk perception and technology acceptability along the three axes of CS projects
We propose the hypothesis that engaging citizens in geothermal research projects might
have an impact on RET acceptability and acceptance and risk perception factors within
the three impact axes of CS projects (Fig. 4). Participatory monitoring as CS approach
could help to define, assess and improve specific aspects of the acceptability of geother-
mal technologies.

Along the first axis of CS projects, such an approach could contribute to the genera-
tion of scientific knowledge by increasing the measurement density and improving the
data basis. Hybrid networks combining inertial seismometers fitting legal frameworks,
innovative recording techniques, such as Distributed Acoustic Sensing (Azzola et al.
2023), and low-cost geophones considerably increase the density of the measurement
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Fig. 4 Factors influencing risk perception and technology acceptability in a sustainable innovation and
transition process. The factors are categorized (approximately) within the three impact axes of CS according
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network, which contributes to the seismic event detection capabilities and to the reli-
ability of the processing results.

Interpreting seismic measurements requires a basic understanding of the underlying
physics and geomechanics. Providing learning opportunities with adequate informa-
tion material on these geophysical principles or workshops is a prerequisite for enabling
citizens to play an active role in the project. It might promote scientific literacy and, by
playing a meaningful part in the project, increase the sense of technical self-efficacy. This
active role could enable a self-reinforcing effect for the acquisition of further knowledge
and skills according to the second axis of CS projects.

Collaboration, learning opportunities, and the joint creation of new data and knowl-
edge in a research project are supposed to be a prerequisite for building trust between
the parties involved. Furthermore, through the measurement and collaborative interpre-
tation of seismic data, citizens have the opportunity to gain reference knowledge and
experience related to geothermal energy technologies and seismology that could be
applied outside the CS project. This could include an understanding of the processes
linked to the production of this energy source and could help individuals to develop an
intuitive understanding of both microseismicity and seismicity. Trust, knowledge and
experience, in line with the concepts of risk perception and technology acceptability dis-
cussed above, strongly influence how geothermal technology risks are perceived. They
affect the extent to which geothermal projects are accepted or rejected by citizens.

Benefits in the first two axes enable also outcomes and impacts of CS projects to
extend into the third axis, which includes the socio-economic—political level (Génner
et al. 2023). Participatory research projects bring together researchers, citizens and vari-
ous stakeholders involved in geothermal projects, thus promoting dialogue and mutual
understanding. Geothermal research could be more closely linked to issues of societal
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relevance, potentially increasing the acceptability of research and geothermal technolo-
gies. Collaborative geothermal projects including scientists and citizens could improve
the evidence base for the formulation of science-informed regulations and serve as a
basis to guide decision makers on how to design acceptable geothermal projects.

Frequent exposure to geothermal through learning and research opportunities,
and ideally open discussion of RET scenarios, could help to generate interest and an
informed opinion on geothermal as a potential alternative to fossil fuels. Huijts et al.
(2012) refer to this as “problem perception” CS projects might also have an impact
beyond the directly involved participants, e.g., CS school projects could be a good multi-
plier in this respect (Kloetzer et al. 2021; Azzola et al. 2023).

Following the “Citizen Science Evaluation Framework” by Kieslinger et al. (2018), the
project’s effects should be assessed along the potential impact axes of CS and with a
focus on the potential effects in Fig. 4. A formative evaluation (conducted during imple-
mentation) would enable adjustments at every phase of the project. Defining metrics
or indicators for the success of the participatory monitoring approach will be a crucial
and challenging part of the conceptual phase. The broader innovation potential of the
considered CS approach should also be assessed in relation to its contribution to soci-
etal transformation and sustainability goals (Kieslinger et al. 2018; Passani et al. 2022;
Schaefer et al. 2021; Moczek et al. 2021).

Community-deployable seismometers

To facilitate meaningful contributions from citizens to seismic monitoring, the seis-
mometers used must be affordable, accessible, straightforward to install and simple
to operate. The most widespread devices meeting these requirements with an existing
broad community are Raspberry Shake® seismometers (Raspberry Shake, S.A accessed
2025). Built on a Raspberry Pi platform, their compact size, user-friendliness and rela-
tively low cost compared to traditional professional seismometers increase accessibility
for a wide range of users, which contributes to their adoption in both amateur and pro-
fessional seismology applications. In seismic monitoring frameworks, such sensors can
considerably increase the density of seismic stations and enhance the spatial coverage
of data collection, thereby enhancing monitoring operations and site characterization
efforts. On the other hand, technical limitations include the sensor’s sensitivity, which
may result in less accurate recordings of low-magnitude earthquakes compared to state-
of-the-art inertial seismometers, and reliance on consumer-grade components that may
lead to lower durability and reliability in demanding environmental conditions. Never-
theless, previous studies by, e.g., Anthony et al. (2019) have shown that Raspberry Shake
sensors can effectively support earthquake research and monitoring. Studies by Lecocq
(2020), Noriega-Linares & Navarro Ruiz (2016), or Diaz et al. (2020) have demonstrated
their capabilities not only in detecting natural seismicity but also in assessing seismic
noise conditions. In terms of data integration, the use of low-cost seismometers within
standard monitoring practices was explored to improve the density of the permanent
French institutional observation network (RESIF) (Schlupp et al. 2019).
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Fig. 5 Spatial distribution of seismic citizen scientists’stations in the context of the DeepStor project. a Zoom
on the KIT Campus North area (dashed black boundary), highlighting installed 3C-Raspberry Shake sensors
(RS3D). The location of the DeepStor project is shown by a red diamond. b Overview map showing also
hypothetical station locations within a 4 km radius (blue dashed circle) around the KIT Campus North

Implementation in the DeepStor project

Citizen science project setup
Based on the above-described framework, it is planned to implement a CS project with

participatory monitoring of the DeepStor site. The CS project is set up in two phases.
Phase 1 started during the DeepStor preparation phase and involves distributing Rasp-
berry Shake sensors on the KIT Campus North (see Fig. 5a) to involve a broad range of
KIT institutes and employees in the data collection process. This network includes to
date thirteen Raspberry Shake 3C- geophones (RS3D), hosted by interested non-special-
ist employees outside the geosciences, who are otherwise not involved in the DeepStor
project. Participants receive a short training on accessing and understanding the openly
available online data (Raspberry Shake accessed 2025). This requires an understanding
of the device and the measurement principle to clarify the measured and monitored var-
iables. The instruction also covers the interpretation of the measurements, based on the
graphical tools available on the online platform. This includes the visualization of time
series in near real time as well as associated spectrograms, or daily time series. This ini-
tial sensor-distribution lays the foundation for the planned broader deployment around
the DeepStor drilling site. It will serve as a testbed for evaluating and developing techni-
cal requirements, such as data transmission methods, as well as non-technical aspects,
such as the recruitment and training of participants, for a successful rollout.

Phase 2 is planned to start after the evaluation of phase 1 and before the start of drill-
ing activities. In this phase, the CS project will extend its reach to surrounding com-
munities and include KIT Campus North to a greater extent. It is planned to densify
the network within a 4 km radius around the drilling site, thereby fostering CS collabo-

rations within the local community context (see Fig. 5b). A further perspective is the
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Fig. 6 a Probabilistic Power Spectral Density (PPSD) to assess the noise characteristics of the station

R9858 installed on the KIT Campus North and measured with 1-month recordings over October 2025. The
characteristic trend, illustrated by the 90th percentile of individual PSDs (black curve), is compared with
standard high (NHNM) and low (NLNM) noise models, shown as white lines (Peterson 1993). b Detection
threshold of the Raspberry Shake network from noise measurements at all stations. The color background
shows the minimum moment magnitude MW detectable by the RS3D network for hypocenters at the
depth of the reservoir (1260 m below ground level). The black dashed line shows the border of the campus.
Coordinate system: UTM Zone 32N, EPSG: 32,632

integration of the RS3D data streams into standard monitoring practices of the DeepStor
project. Basis for the recruitment of participants is planned to be a stakeholder analysis
to ensure that a broad and diverse range of societal groups is addressed—including those
who may hold critical views on geothermal energy.

Monitoring benefits

In addition to the legal framework introduced above (“Seismological setting”), the local
network of RS3D strengthens the seismic network and increases its density. To illustrate
the possible monitoring benefits by an extension of the legally required network, the
sensitivity of the presently installed network of RS3D is evaluated based on ambient seis-
mic wavefield measurements. Figure 6a presents a probabilistic representation of Power
Spectral Densities (PSD) measured between 0.1 and 50 Hz with successive 30-min-long
data windows over October 2025 at station R985B. The measurement characterises the
recording environment of the station. The characteristic trend, illustrated by the 90th
percentile of individual PSDs (black curve) shows a relatively high level of ambient noise
on the KIT campus, where the station is located, which results in higher amplitudes
above 1 Hz. The sensitivity of the Raspberry Shake network is inferred from compara-
ble ambient vibration measurements at all stations, following the methodology of Pezzo
et al. (2013). Figure 6b shows the spatial variation of the minimum detectable magnitude,
derived from 2 week long recordings on the vertical component of each RS3D. The anal-
ysis focuses on the 5-40 Hz frequency range, which is critical for detecting small-mag-
nitude seismic events at reservoir depths. Figure 6b shows that the theoretical detection
threshold at the DeepStor site itself reaches down to a magnitude of Mw=0.7. These
results highlight the promising capabilities of the Raspberry Shake network, despite a
noisy recording environment and its use of low-cost sensors. While the final monitor-
ing system will rely on a dedicated array of more standard and higher grade sensors, the
Raspberry Shake network could serve as a valuable complementary asset that enhances
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spatial resolution, improves system redundancy, and offers early stage insight during the
project’s preparatory phase.

Collaboration between CS participants

In the collaborative CS project that is planned to start in project phase 2, citizens and
researchers will work together in four inter-related work packages with co-design ele-
ments (Fig. 7). Work Package 1 involves the installation and operation of a seismometer
network by scientific experts, complemented by Raspberry Shake sensors deployed by
citizen scientists to densify the network. They will be also invited to contribute to the
understanding of data by documenting events with high vibration intensity recorded by
their station and by relocating the sensor to enhance the characterization of local site
responses. Work Package 2 on the seismological evaluation is primarily conducted by
scientific experts and encompasses programming, data processing, and the integration
of heterogeneous data sources. Interpretation of the resulting data sets is carried out
collaboratively in workshops, allowing citizen scientists to contribute to drawing con-
clusions. Work Package 3 centers on the co-design of digital tools, including a mobile
application and web-based platforms, to facilitate data input, access and visualization.
Suitable data processing levels of the highly complex and large data sets as well as pres-
entation formats on websites etc. are determined jointly. Project outcome including
recommendations for future projects and politics are jointly discussed. Work Package
4 addresses the socio-economic and environmental/socio-psychological dimensions
of the project. Experts conduct a conceptual and methodological evaluation, also in
cooperation with citizen scientists, along the three above-described core dimensions
of CS—learning, knowledge production, and societal impact—also with a focus on risk
perception and technology acceptance. This includes identifying and addressing project
dynamics constructively. Furthermore, the project’s outputs, outcomes, and broader
impacts are assessed, with conclusions and recommendations developed in collabora-

tion with citizen scientists.
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Discussion

Socio-technical frameworks: importance and limitations

Collaborative monitoring initiatives in CS or similar formats are often planned from a
technical perspective and without knowledge of underlying social scientific concepts.
This is the first time that participatory seismic monitoring in geothermal research is dis-
cussed in relation to CS, risk perception and RET acceptance concepts. Defining this link
is important for understanding the underlying mechanisms and potential implications
on geothermal development and implementation as a complex socio-technical process.

Technology acceptance models are a means of analyzing the implementation process
of RETs. The aim is to gain insight into underlying mechanisms and societal concerns,
minimize misperceptions, and promote informed opinion-forming and conflict resolu-
tion, thus enhancing society’s ability to manage risks in an effective and efficient manner
(Renn and Rohrmann 2000; Renn et al. 2016; Klinke et al. 2021). However, it is impor-
tant to keep in mind the models’ limitations and potential misuse (Upham et al. 2015).

It shall be noted that the term “technology acceptance” has been criticized for its reso-
nant “deficit” and top—down character. It suggests in particular that something needs
to be “fixed” and citizens’ opinions need to be corrected (Upham et al. 2015; Batel and
Devine-Wright 2015; Batel et al. 2013). Individual judgments—whether positive or nega-
tive—must, of course, remain respected and autonomous. Moesker et al. (2024) highlight
the importance of shifting the focus from outcomes (acceptance or not) to the processes
that shape them. Thus, developing sustainable, “acceptable” technologies is put in the
focus. Chavot et al. (2018) argue that a primary focus on risk perception for acceptability
presents a distorted picture and proposes to take into account concepts of social identity
and social worlds. Stephanides et al. (2025) suggest to move beyond focusing on public
acceptance and societal acceptability and emphasize the need for a systemic approach
to societal responsiveness that challenges prevailing paradigms, which still insufficiently
capture the social complexities of the transition.

The present study focuses on CS. Nevertheless, it is not always straightforward to dif-
ferentiate the CS format from others, and this is also the case with the presented con-
cept. The plurality of CS is high and the methodological landscape of CS is diverse and
subject to constant further development (Vohland 2021; Haklay et al. 2021; Schrogel
and Kolleck 2019). Furthermore, there is a certain overlap to the multitude of participa-
tory research frameworks depending on the focus of the research project, the partici-
pants, and its aim, which can also evolve during the project (Vaughn and Jacquez 2020;
Schrogel and Kolleck 2019; Bruckermann et al. 2025; Schrogel 2025). Often, a variety
of participatory formats and methods are used in practical implementations. There is
also a large overlap or close link between research methods and approaches and specific
formats in implementation, such as co-design workshops as part of various participatory
research project formats (Bruckermann et al. 2025).

Analyzing dynamics and impacts: the need for contextual social science evaluation

When applied to a specific technology, such as geothermal, the presented general risk
perception and acceptance concepts should be evaluated in social scientific studies
based on implemented CS projects. The used acceptance framework by (Huijts et al.
2012) was conceptualized as basis for case specific acceptance models and is widely
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recognized in the literature. However, it should be kept in mind that such a general
framework may make individual adaptations necessary depending on the studied
technology, the framework conditions and the research questions being addressed.
These adaptations may include additional causal relationships between variables, as
in a study on hydrogen fuel station acceptance (Huijts et al. 2014), the explicit differ-
entiation between local and general acceptance when examining public acceptance of
RET in the German energy transition (Emmerich et al. 2020), or a focus on the neigh-
borhood scale (Morton et al. 2025).

Likewise, this framework needs to be examined in the context of actual geothermal
projects, and case-specific acceptance models are necessary to adequately capture the
particularities of geothermal technologies and their socio-technical environments.
For example, local aspects have been proven to be important in geothermal projects
(Pellizzone et al. 2015; Chavot et al. 2018; Manzella et al. 2025) and this should be
taken into account in corresponding concepts. While the work of Cousse et al (2021)
and other studies provide an important basis for analyzing risk perception and accept-
ance of geothermal technologies, social scientific studies accompanying various local
projects would be beneficial to analyze the explanatory power of the proposed mod-
els, such as the framework of Huijts et al. (2012), and, if necessary, to modify them or
assess the significance of certain factors. Milani et al. (2024) state that research on the
acceptance of RET within psychology is still relatively underdeveloped compared to
more established areas of environmental or social psychology.

Contemporary research emphasizes the significance of risk perception and atti-
tudes, as well as the critical roles of risk communication, participation, and trust in
shaping a certain risk acceptance, management, and governance (Klinke et al. 2021).
The approach in this paper uses the hypothesis that information, dialogue and partici-
pation as well as personal learning and making own experiences with seismicity and
ambient noise in a transparent research project tend to lower the high seismic risk
perception and enlarge trust. However, it is also possible that the constant preoccupa-
tion with the topic of seismicity and the awareness of a constant seismic background
noise increases the perception of risk. As Azzola and Bremer (2025) have shown,
preliminary indications of this possibility were obtained in the context of a school
project. This underscores the significance of three key considerations: (i) establishing
appropriate processing levels and employing data visualization techniques, (ii) incor-
porating a discussion on risk management strategies, and (iii) integrating social scien-
tific research that encompasses both short-term and long-term effects.

In parallel to the social scientific evaluation along the potential CS impact axes,
the levels of process evaluation and project dynamics should be considered. Process
evaluation involves a systematic examination of the procedures and activities within a
project or programme. The aim is to evaluate and understand the implementation and
execution of the measures and how they contribute to achieving the project objec-
tives. This should also critically reflect on the project’s conditions and resources,
such as infrastructure, personnel, volunteer management, communication, materials,
and scientific impact (e.g., number of publications). Impact evaluation, on the other
hand, focuses on individual changes among the researchers and the participating citi-
zen scientists. However, it is essential to ensure that the participating citizens are not
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treated as mere objects of science, but can contribute to the project and its evaluation
through various formats. Experimental study designs that leave respondents unclear
about the research questions (such as before-and-after designs in attitude research)
conflict with the understanding of transparency (Moczek et al. 2021). In addition to
the effects on citizens, the collaboration between institutional scientists and volun-
teers, as well as the impacts on the scientists themselves, should also be considered.

Technical considerations and broader applications

Future geophysical research needs to verify that plug-and-play seismometers can meet
the requirements for reliable participatory measurements in geothermal monitoring
network—both from the geophysical and societal perspective. A geophysical question
is the type of installation to be recommended, including the location of the sensor in
the building, to ensure the sensitivity of the measuring station. Another aspect is how
best to combine data from a small number of professional sensors with numerous low-
cost sensors in a network of increased density to increase its sensitivity and the quality
of the resulting measurements. From a science communication perspective, the ques-
tion is how to visualize the complex signal of seismometers to make it understandable
and interpretable to non-professionals. This task can be addressed through collaboration
with participants of a CS project.

This study approaches CS initiatives in the field of geothermal energy from the angle of
seismic monitoring, considering plug-and-play seismometers as an example of interface
between scientists and citizens. However, the study’s insights also apply to other formats
and subjects. Plug-and-play seismometers could also be suitable tools for other educa-
tional and participatory formats, such as workshops, co-design projects, transformative
project courses, real-world laboratories, or low-threshold formats, such as school pro-
jects, workshops, Science Cafés, and open marketplace formats (Azzola et al. 2023). For
effective learning, the chosen format should include the possibility of learning together
with opportunities for direct social interaction (Gonner et al. 2023). Some of these for-
mats could reach more people than a CS project, which requires cooperation over a
longer period and a rather high level of commitment.

Participatory monitoring in geothermal research projects could also be applied to the
monitoring of other environmental variables, such as radon air concentration. Radon is
a naturally occurring radioactive gas that can accumulate along fracture zones in crystal-
line rocks (Seyis et al. 2010). Similarly, participatory monitoring could also contribute to
track groundwater quality and levels, or acoustic disturbances.

Participatory monitoring could be one, albeit not the only, element to ‘locally anchor’
a geothermal project, a prerequisite for a successful implementation highlighted by
Chavot et al. (2018). This supposes that cooperation is not initiated for the sake of
appearances, but is honestly practiced, with joint interpretation of the collected data and
findings, and joint drawing of conclusions. It is essential that discussions provide space
for differing opinions, perceptions and assessments, and an autonomous opinion-form-
ing. On the legislative side, it could be beneficial if more dynamic frameworks for local
projects beyond certain minimum standards could be offered, so that solutions devel-
oped jointly by scientists and citizens can be realized.
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CS projects conducted within the framework of publicly funded research initiatives
offer a relatively protected space for open dialogue, collaboration and opinion-forming,
as they are not driven by profit orientation and economic constraints. This setting fos-
ters mutual trust and creates favorable conditions for reflective and inclusive engage-
ment processes—and also provides a strong basis for accompanying social science
research aimed at evaluating the participatory monitoring approach and understanding
participation dynamics, knowledge gain, learning processes, and social responses. Once
scientifically evaluated, participatory seismic monitoring could be also applied in local
operable geothermal projects beyond research, in a defined framework of duties and
rights of involved parties.

Conclusions

Participatory seismic monitoring in CS projects has the potential to impact the complex
process of risk perception of induced seismicity, which is a key concern in geothermal
projects, as well as the acceptability of geothermal technologies. It can be hypothesized
that, by measuring seismicity in a research project in collaboration with scientists over
a period of time, citizens can gain experience in evaluating measured ground vibration
values. Furthermore, they can perform a control function. This could empower laypeo-
ple to develop an informed perspective on the seismic risks associated with geothermal
projects, potentially counteracting the amplification of risk.

Conceptual models suggest that the proposed CS projects could have multifactorial
effects via the experience of technical self-efficacy, the specification of problem percep-
tion, perceived behavioral control, and multi-stakeholder collaboration. In particular,
participants could build up reference knowledge, gather own hands-on experiences,
and possibly advance and strengthen trust in research and geothermal risk management
strategies. The interdisciplinary linking of the underlying participatory social scientific
concepts with geophysical approaches proposes a more nuanced understanding of pub-
lic engagement and supports the development of socially robust approaches in deep geo-
thermal energy. The next step is to carry out CS demonstration projects based on the
presented concept and evaluated by social sciences.

Recent insights into systemic societal responsiveness (Stephanides et al. 2025) sug-
gest that participatory approaches should not only be implemented at the operational
level of geothermal projects, but already at the research stage of pilot projects. This early
integration strengthens the legitimacy and societal relevance of research activities. In
line with this consideration, CS seismic monitoring projects, and other participatory
formats using this approach, offer an opportunity to enrich research and the process of
defining acceptable risks, managing risks, and designing and implementing accepted risk
governance strategies. First, the proposed participatory monitoring could improve the
evidence base for science-informed risk assessment. Second, experts and lay people have
the opportunity to learn from each other and to bring together the techno-scientific per-
spective based on theories and data with the subjective perspective influenced by val-
ues, attitudes, social influences and cultural identity (Zwick 2002). Merging perspectives
could contribute to more robust risk management strategies, which do not merely per-
ceive the public as a source of risk.
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CS developed from both the natural sciences and the social sciences. CS projects on
seismic monitoring could also incorporate influences from both disciplines and benefit
both. From a scientific perspective, participatory projects such as CS have the potential
to foster scientific research and the development of risk management strategies. From a
socio-economic perspective, CS is one element of empowering communities, aligning
geothermal research and demonstration projects with local framework conditions and
supporting the implementation of this RET.

The widespread implementation of geothermal systems to utilize the unexploited
potential of deep geothermal reservoirs for the energy transition necessitates the par-
ticipation of various stakeholders at different stages of the project. There are numerous
potential avenues for engagement, particularly in the context of geothermal projects
undertaken by municipal utilities. These include initiatives, such as science education,
collaborative decision-making processes and co-design, as well as the exploration of co-
ownership models, which have the potential to significantly enhance both procedural
fairness and distributive fairness of geothermal projects (Manzella et al. 2025). CS for-
mats for seismic monitoring, as well as similar participatory monitoring formats, could
be one piece of the puzzle in implementing demonstration projects for the energy transi-
tion, not as a top—down process, but as a constructive, collaborative innovation process.
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