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HIGHLIGHTS

e DGE is less popular than other renewables due to seismic and environmental risks.

e Concerns and expectations of stakeholders must be taken seriously.

e Mitigating seismic risk and sharing energy with communities can foster acceptance.

e Co-design scenarios can promote procedural and distributive justice in a DGE project.
e Acceptance is related to the trustworthiness of DGE developers and expert's credibility.

ARTICLE INFO ABSTRACT

Keywords: Unlike solar and wind energy, which have grown significantly over the past decade, the use of deep geothermal
Stakeholder energy (DGE) has stagnated in Germany and worldwide. This is despite DGE's significant potential as a reliable,
Acceptance

weather-independent source of decarbonised electricity and heat, and despite its political support. However, the
high upfront costs, exploration risks, complex permitting processes, environmental concerns, and lack of social
Energy sharing acceptance, particularly with regard to the risk of induced seismicity, have hindered its development. This study
Risk mitigation addresses the prerequisites for the acceptance of DGE by analysing the needs, concerns and expectations of
Trustworthiness stakeholders regarding its use, based on the principles of procedural and distributive justice. To this end, we
Energy transition developed a co-design method to analyse stakeholders' evaluation criteria and, based on these, design scenarios
to identify conditions for success. The results revealed several key findings that are prerequisites for accepting a
DGE project. These include the importance of trustworthiness and regional roots of project developers, as well as
reliable seismic risk mitigation strategies and energy sharing with local municipalities, for example, through the
decarbonisation of district heating. The findings emphasise the importance of procedural and distributive justice,
a shared vision and co-designed scenarios for the use of DGE resources and open communication on the feasi-
bility of deep geothermal energy sharing. These findings, along with the co-design method, can be applied
beyond the context of Germany's energy transition to other regulatory and cultural frameworks. The authors
recommend that developers of DGE projects tailor their projects to the needs, concerns, and expectations of
municipalities and their stakeholders and integrate them into the local energy transition context to improve the
conditions for acceptance.
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1. Introduction

In pursuit of climate neutrality by 2045, Germany has set the over-
arching target of raising the share of renewable energy sources to 80% of
gross final energy consumption by 2040. Within the electricity sector
specifically, the Renewable Energy Sources Act (EEG) establishes more
ambitious intermediate targets, mandating that renewables account for
at least 80% of gross electricity consumption by 2030 and 100% by 2035
(Jan et al., 2024). Progress toward these goals has been substantial in
recent years, with the share of renewables in gross electricity con-
sumption increasing up to over 55% in 2025 (Umweltbundesamt,
2026a). The share of renewable energy in Germany's heat supply lags
significantly behind that of the electricity sector, although the heating
sector accounts for more than 50% of Germany's total final energy
consumption (Umweltbundesamt, 2026b). According to the municipal
heat planning in Germany, this will change in the future as heat pumps
and district heating networks are expected to supply about four-fifths of
the heat demand by 2045 (around 42% and 37%, respectively) and the
share of heat delivered via networks is projected to grow from roughly
15% today to 38% by 2045 (Stobbe et al., 2026). Yet more than half of
the plans lack details on future heat generation for these networks, and
where specified, the most common mix combines heat pumps and
biogenic fuels, complemented by site-specific options such as industrial
waste heat and geothermal energy, with local resources, existing infra-
structure, settlement density, and strategic choices determining the most
suitable solutions.

Deep geothermal energy (DGE) is a reliable, weather-independent,
low-carbon energy source that can provide a consistent energy supply
around the clock. However, its deployment lags behind that of solar and
wind power (Li et al., 2015a), due to capital-intensive projects and rising
costs worldwide (Mueller et al., 2026), project risks specific to the site
and context (Liu et al., 2025), and opposition from local communities
delaying, altering, or in some cases contributing to the cancellation of
DGE projects (Soltani et al., 2021; Bonciani et al., 2024). The strongest
driver of these concerns is the risk of induced seismicity. A study ana-
lysing eight countries, including Germany, found that 26% of DGE
projects had failed due to a combination of hydrogeological, financial
and technical factors (Brémaud et al., 2025).

Despite favourable geological conditions in several regions —
particularly the South German Molasse Basin, the Upper Rhine Graben
and the North German Basin — and its political positioning as a key
decarbonisation option for a largely fossil-based heat supply,
geothermal energy still plays a minor role in Germany compared to
wind, solar and bioenergy (Leiss et al., 2021), It provides roughly 0.1%
of renewable electricity, and just 1.3% of district heating stems from
shallow geothermal systems, a significantly lower share than that pro-
vided by bioenergy and solar thermal energy, which together contribute
18.7% of renewable district heat (EEG, 2023; Groteliischen, 2022). By
exploiting thermal waters (~400-5000 m; <180 °C), DGE could supply
~25% of district heat in Germany if ~10% of resources are utilised (Die
Bundesregierung, 2023), with lithium and copper co-production offer-
ing additional strategic value (Sanjuan et al., 2022). The limited
exploitation of this potential contrasts with the common perception that
the technology's main advantage is its contribution to district heating
(Wolf et al, 2025) and that the base-load capability of DGE can
compensate for temporal fluctuations in wind and solar power (Tester
et al., 2021). In view of the potential and advantages of geothermal
energy, several EU countries have created national geothermal road-
maps with ambitious targets (including Ireland, Poland, Croatia, France,
and Germany) to make investment in geothermal projects more attrac-
tive and to encourage their development. (European Commission,
2026). Another boost came in the form of the German Geothermal Ac-
celeration Act (GeoBG), which was adopted in December 2025
(Bundesministerium der Justiz und fiir Verbraucherschutz, 2025). The
Act streamlines the permitting process, drastically shortening the plan-
ning and approval phases for geothermal energy projects. It does this by
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classifying such projects as being of overriding public interest until the
country achieves climate neutrality in 2045. This simplifies and shortens
the planning and approval phases, which could previously take years,
thus accelerating the process and ensuring the completion of at least 100
of the planned 150 projects by 2030.

Despite its significant potential and political support at the European
and global levels (Tester et al., 2021; Weber et al., 2020; Hirschberg
et al., 2014), geothermal energy accounts for only a small share of the
energy transition (Li et al., 2025; Younger, 2015; Agemar et al., 2014).
Geothermal energy reached a total installed capacity of 14.85 GW in
2023, accounting for 0.384% of global renewable energy capacity
(Fogha et al., 2026) and 0.2% and 0.7% of EU electricity and heat
production, respectively (Nkinyam et al., 2025; Taylor et al., 2025). No
further increase is expected, given declining growth rates and costs
higher than those of wind and solar power (Fogha et al., 2026). This is
primarily due to high upfront capital costs and geological exploration
risks specific to the site (Agemar et al., 2014; Kassem et al., 2025). These
factors limit its competitiveness and hinder cost reductions, unlike wind
and solar power (Yao et al., 2021). Other factors include financial
constraints, complex regulatory frameworks, lengthy permitting pro-
cesses, environmental concerns, and a lack of social acceptance
(Daniilidis et al., 2017; Meirbekova et al., 2024; Kunze et al., 2017),
which is shaped by perceived risks, particularly those related to induced
seismicity. Such risks can trigger local protest movements and cause
significant delays to, or even prevent, the implementation of DGE pro-
jects (Edwards et al., 2015; Cousse et al., 2021; Knoblauch et al., 2018).
However, risk perceptions are not static; they are socially constructed
and shaped by cultural, political, spatial, and temporal contexts, as well
as by trust in the institutions and companies and individuals responsible
(Wiistenhagen et al., 2007; Batel et al., 2015; Benighaus et al., 2019;
Carrera et al., 2010). For instance, following Russia's invasion of
Ukraine, public opinion in Germany shifted in favour of geothermal
energy as a reliable, locally sourced alternative to reduce reliance on
energy imports (Stadt Freiburg, 2022; Steffen et al., 2022), as indicated
by the increased acceptance of geothermal energy, which rose from 30%
in 2021 to 50% in 2024 (AEE, 2021).

Social acceptance is widely recognised as a central prerequisite for
the successful implementation of energy infrastructure projects (Abdi
et al., 2025a; Karytsas et al., 2021a; Korucan et al., 2024; Barich
et al., 2021; Qorizki et al., 2021). The growing number of studies on
the social acceptance of geothermal energy worldwide supports this
view (Hymans and Fumiya, 2022; Shortall and Ali, 2017; Romanach
et al., 2015; Meraz, 2025; Dowd et al., 2011; Vargas and Sofia, 2018;
Renoth et al., 2023; Park, 2021). Acceptance is a multidimensional so-
cial process influenced by perceptions of risk and benefit, but also trust
and the experiences of procedural and distributive justice (Renn et al.,
2019). To improve acceptance, institutions must be trustworthy, per-
ceptions of procedural and distributive justice must be positive, and the
risks associated with induced seismicity must be effectively managed
(Kassem et al., 2026a). Radtke and Renn (2024) demonstrate that
participatory processes in energy transition projects can enhance dem-
ocratic legitimacy and secure widespread social acceptance when
various interest groups and governance approaches are considered
(Radtke et al., 2024). Perceptions of risk can vary depending on the
stakeholder groups involved and the governance arrangements in place,
as well as across cultural, spatial, and temporal contexts (Abdi et al.,
2025a; Shortall and Ali, 2017; Meraz, 2025; Carr-Cornish et al.,
2014). Empirical studies show that people living in municipalities
near a DGE project tend to be more sceptical than those living farther
from potential exploration sites (Costa et al., 2017). Conversely, projects
that have a strong local presence and the potential to foster social
identification and local benefits are easier to establish than those
without direct links to local municipalities (Chavot et al., 2018a; Cook
et al., 2022). This is particularly true of projects financed by major in-
vestors, who are generally not interested in providing benefits to mu-
nicipalities. Their main goals are to maximise profit and communicate
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with the local population to reassure them (Qorizki et al., 2021; Hymans
and Fumiya, 2022). Consequently, municipalities wish to be involved in
planning and decision-making processes. From this perspective, partic-
ipatory governance and early stakeholder involvement are essential for
enhancing legitimacy and acceptance, particularly in the context of
contested energy technologies (Radtke et al., 2024). Including the ex-
pectations and concerns of stakeholders in a shared vision of DGE pro-
jects can improve their acceptance (Chilvers et al., 2021; Gooding et al.,
2023; Der Schoor et al., 2015; Zwickel et al., 2022). This is particularly
important when the planning process provides municipalities with
tangible benefits, such as reliable and affordable energy and added value
through the extraction of domestic resources, including lithium and
copper (Meraz, 2025; Vargas and Sofia, 2018; Abdi et al., 2024a; Kurek
et al., 2024; Malau et al., 2020; Knoblauch et al., 2019). To prevent

©
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social exclusion and avoid favouring one group over another, stake-
holders must be meaningfully involved in the planning process (Renoth
etal., 2023; Reed and Hannah, 2023). However, stakeholder integration
is neither straightforward nor universal, and there is no standardised
approach to determining who should be included as stakeholders (Ruef
et al., 2020; Pellizzone et al., 2017). The perception and acceptance of a
DGE project by stakeholders influence its feasibility (Karytsas et al.,
2021b), and if these stakeholders are not carefully selected, certain so-
cial groups that perceive risks differently may be overlooked (Chavot
et al., 2018b; Goedkoop et al., 2016; Rohse et al., 2024) Inclusive
engagement of stakeholders was found to be crucial for the acceptance
of DGE in European, American and African countries (Balzan-Alzate
et al., 2021; Abdi et al., 2024b, 2024c),

Against the backdrop of the current state of knowledge and the need
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to involve stakeholders in the planning of a DGE project to ensure pro-
cedural and distributive justice, the aim of this inter- and trans-
disciplinary study was to DGE project acceptance by systematically and
comprehensively examining stakeholders' needs, concerns, and expec-
tations, and translating these into scenarios illustrating possible DGE
visions. As stakeholder involvement is central to the co-design method,
this study addressed the question of which local stakeholders should be
included in the co-design process. The aim was to involve as many
stakeholders as possible in the process, as this can significantly influence
the outcome in terms of acceptance (Renoth et al., 2023). The co-design
method was applied to a DGE project for the decarbonisation of the
district heating system at the Campus North of the Karlsruhe Institute of
Technology (KIT). Site conditions are favourable in the Upper Rhine
Valley region where KIT is located, as geothermal resources largely
coincide with favourable surface conditions, making the region a
preferred target for geothermal utilisation (Frey et al., 2023). Further-
more, using DGE in the Upper Rhine Graben region could produce
enough lithium each year to make around 1.2 million batteries for
electric vehicles (Weinand et al., 2023).

2. Methodology

The co-design framework is based on stakeholder mapping and
integration, as well as developing explorative scenarios. The aim is to
encourage co-integration, co-production and co-evaluation. This
approach emphasises the importance of meaningfully involving stake-
holders in knowledge generation and decision-making processes from
the outset (Meraz, 2025; Malau et al., 2020; Knoblauch et al., 2019).
Fig. 1 provides an overview of the methodology.

In the preliminary phase of the inter- and transdisciplinary study, a
review of participation and communication processes relating to
geothermal energy was conducted. This was done by examining two
contrasting case studies. The DGE project in St Gallen, Switzerland, is a
successful example of stakeholder engagement. In contrast, the near-
surface geothermal energy project in Staufen, Germany, has received
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widespread media coverage due to its failures, which include seismic
damage to buildings in the city centre (Burbaum and Ingo, 2013). The
project has also been criticised for its inadequate communication and
participation processes (Mbah et al., 2021a). Although geothermal en-
ergy in Staufen was already in use, the study's authors decided to analyse
this case because of its relevance to risk communication. The aim was to
gain insights into communication and public engagement. Despite their
technical differences, both cases provided valuable results regarding
stakeholder engagement and communication strategies that can foster
acceptance. These include building trust, transparent communication,
and the early and ongoing involvement of stakeholders (Mbah et al.,
2021b). The St. Gallen case study highlighted the importance of
tailoring strategies and formats to the local context, which varies
significantly in Switzerland due to referendums, a specific form of de-
mocracy that can either challenge or legitimise projects, thereby shaping
the implementation process in terms of pace and design (Rose, 2019;
Ejderyan et al., 2019; Moeck et al., 2015). The preliminary study's
findings confirm that the authors' decision to prioritise comprehensive
and conscientious stakeholder engagement in the co-design process was
appropriate.

2.1. Stakeholder mapping

The co-design process began with a comprehensive mapping of
stakeholders in the area in which the planned DGE project is to be
constructed (see Fig. 1). This encompasses Campus North of KIT, located
in the municipality of Eggenstein-Leopoldshafen in south-west Ger-
many, as well as the city of Karlsruhe and its surrounding suburban
municipalities, which are in close proximity to the planned site (Fig. 2).

Stakeholder identification followed a three-step approach (see
Fig. 1). The study's authors used the social site characterisation frame-
work proposed by Wade and Greenberg (Wade et al., 2011) to identify
stakeholders to include in the co-design process. The aim was to inte-
grate a broad range of stakeholders, including marginalised groups who
might hold specific risk perceptions due to their social, cultural or

Friedrichstal

Blankenloch

Fig. 2. Map illustrating the geographical location of the DGE project within Europe (top left) and the surrounding municipalities included in the study (right), as well
as the existing DGE plants in the Upper Rhine Graben (red dots bottom left). (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)
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religious backgrounds. First, a stakeholder screening analysis was con-
ducted by the project team and structured around a series of guiding
questions (adapted from Wade and Greenberg, 2011, p. 25) (Wade et al.,
2011). Second, qualitative expert interviews (Meuser et al., 2009) were
conducted with mayors of municipalities in the vicinity of the DGE
project (see Supplementary Materials S1 and S2). Five out of ten mayors
responded, with interviews lasting between 30 min and 1 h. Because of
the Coronavirus pandemic, interviews were conducted by telephone or
video conference. We audio-recorded interviews with consent; other-
wise, the interviewer took notes. The third step involved conducting a
media resonance analysis to search for articles on DGE in the online
database of the regional daily newspaper Badische Neueste Nachrichten
(BNN) between March 2017 and May 2020. Using the search terms
'geothermal energy', 'deep heat, 'deep geothermal energy' and
'geothermal energy', this yielded around 50 articles. The articles ranged
from short notes to longer pieces of around three pages.

Methodological triangulation was employed in the social site char-
acterisation by combining stakeholder and context mapping, qualitative
expert interviews with mayors, and an analysis of regional media. These
complementary methods and data sources were also used to develop and
contextualise the stakeholder landscape and the relevant criteria, con-
cerns and interests to provide insight into the context in which the
workshops took place. The participatory process itself included an
additional step of triangulation: the results from the KIT and municipal
stakeholder criteria workshops were combined and discussed at the
third workshop on scenarios, which included participants from both
groups. This enabled the findings and perspectives from the separate
workshops to be compared, reflected on, and further consolidated. The
results of the comprehensive, multi-step stakeholder identification
process were compiled into a single list. The study's authors assessed and
categorised the broad range of identified stakeholders by linking them to
their level of interest in and ability to influence the DGE project, using
the power/interest grid scheme (Freeman et al., 2001). Based on this
analysis, the relevant stakeholders to be involved in the co-design pro-
cess were identified and categorised into two groups: (1) KIT employees
and affiliates, given that KIT employs over 10,000 people, and (2) rep-
resentatives and stakeholders of municipalities, civil society organisa-
tions, and regional institutions. This was done to prevent discussions
from being dominated by KIT stakeholders, which could marginalise
other social groups and civil society organisations (Lelieveldt and
Wouter, 2023).

2.2. Stakeholder integration

Two workshops were organised, one for each stakeholder group (KIT
and municipal stakeholders), to identify their respective needs, expec-
tations, concerns, and priorities regarding the DGE project. All identified
stakeholders were invited to either the KIT or the municipal stakeholder
workshop. A follow-up scenario workshop was organised for the
municipal stakeholders who had taken part in the criteria workshop, as
well as for selected representatives from the KIT workshop. The aim was
to ensure continuity with the results from the KIT criteria workshop
while avoiding any potential dominance or leadership by academic
participants. Furthermore, KIT's plan to work with a regional energy
supplier to use the local DGE resource to decarbonise the district heating
network on KIT Campus North is already part of the planning process.
However, the needs and expectations of nearby municipalities and their
stakeholders were not taken into account so far.

Both workshops were held online due to the Coronavirus pandemic,
and each lasted half a morning, from 9.00 a.m. to 1.00 p.m. The KIT
workshop took place on 16 October 2020 with 35 participants, and the
workshop with municipal stakeholders took place on 14 November 2020
with 30 participants. Two moderators facilitated the workshops, and one
note-taker documented them. During the group work, each group was
supported by one moderator and one note-taker. The moderators' role
was to ensure that all participants had equal opportunities to contribute
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to the discussion and that different perspectives and arguments could be
expressed. The small groups were formed to achieve a balanced distri-
bution by gender and institutional affiliation. In the scenario workshop,
municipal stakeholders from the criteria workshops were deliberately
mixed across the small groups with representative participants from the
KIT workshop to facilitate exchange between the two participant groups.
The workshops were conducted in accordance with pre-defined facili-
tation guidelines and guiding questions, and followed a structured
programme. They began with general information and introductory
explanations to ensure apartll icipants had a comparable level of
knowledge about the DGE project and the workshop's aim. Participants
then worked in small groups of roughly equal size, in which they iden-
tified and discussed criteria they considered relevant for evaluating the
DGE project. Participants then presented and discussed the results of the
small-group discussions in a plenary session. Participants then priori-
tised the identified criteria by vote. We used interactive online tools to
visualise results, particularly Conceptboard and Mentimeter. At the end
of the workshop, a feedback session was held to gauge participants'
satisfaction with how it went. The workshop discussions, including the
small-group sessions, were recorded with participants' prior consent.
The recordings were transcribed in full and anonymised. The transcripts
documented and analysed participants' arguments and the reasoning
behind them. Written contributions on Post-it notes and notes taken
during the workshops served as additional documentation. The audio
recording from the municipal stakeholder workshop was subjected to
qualitative content analysis and carried out in three stages: (1) discur-
sive assignment of the recorded criteria to cluster terms (prioritised key
terms: transparency, cost-effectiveness and safety; other terms: local
authority cooperation, sustainability, carbon neutrality and energy
transition); (2) feedback of the documentation to the participants for
comment; and (3) in-depth transcript analysis using MAXQDA, with
revision of the classifications where necessary. The results were then
reviewed by the study's authors, who were also responsible for sum-
marising and analysing the results (see Supplementary Materials S3).

2.3. Scenario development

The consolidated results of the workshops involving KIT and
municipal stakeholders were used to define three explorative scenarios
for DGE projects. The first scenario only considered KIT's needs and
expectations. Scenarios two and three included heat distribution to the
surrounding municipalities, supporting them in transitioning to renew-
able heating sources while mitigating the risk of induced seismicity
(Moeck et al., 2020; Hartmann et al., 2023). The study region is located
within a geothermal anomaly in the Upper Rhine Valley, which makes
these scenarios feasible in principle. There are fluid pathways at tem-
peratures of around 170 °C at depths of approximately 3000 m
(Ejderyan et al., 2020), with an expected annual potential output of 186
TWh (Frey et al., 2023), which equates to 5% of Germany's energy de-
mand (Kock et al., 2012). These favourable conditions also entail a
moderate earthquake risk, with a 10% probability of exceeding a
maximum ground acceleration of 0.2 g over 50 years (Giardini et al.,
2014). The Upper Rhine Graben is a region of Europe renowned for its
geothermal energy exploitation and development projects, particularly
in France, Germany, and Switzerland. Over the last 20 years, numerous
seismic events and uplifts have occurred around DGE project sites such
as Landau, Insheim and Vendenheim (see Fig. 2). These events have
raised concerns among local populations (Fiori et al., 2023; Groos et al.,
2013; Heimlich et al., 2015; Dalmais et al., 2022). In some cases, such as
in Basel, Switzerland, where an enhanced geothermal system project
damaged infrastructure and buildings, these events have resulted in
projects being cancelled (Mignan et al., 2015; Haring et al., 2008).

2.4. Feedback workshop

The scenario workshop results were analysed and summarised to
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provide comprehensive recommendations for the administrative, polit-
ical, and industrial decision-makers involved in DGE projects. These
recommendations were then reviewed by KIT and the regional energy
company experts responsible for the technical, economic and commu-
nication aspects of a DGE project. The rationale for the feedback
workshop was to operationalise the core principles of transdisciplinarity
by validating, contextualising, and concretising the results at the deci-
sion interface. The aim of the feedback workshop was to maximise the
relevance, uptake and impact of the project outcomes, validate the study
results through direct exchange, analyse the practicality and resilience
of the recommendations in relation to real-world constraints, and
strengthen the transition from knowledge to action. The feedback
workshop also aimed to increase the transparency and traceability of the
process for participating stakeholders.

3. Results

The ‘Results’ section presents the findings from the various sections:
(1) stakeholder mapping, (2) KIT stakeholder criteria workshop, (2)
municipal stakeholder criteria workshop, (3) co-design of scenario, (4)
stakeholder scenario assessment and recommendations for action.

3.1. Stakeholder mapping

The media resonance analysis revealed that induced seismicity hin-
ders acceptance, thereby diminishing the importance of the contribu-
tions that DGE makes to climate protection, the decarbonisation of
district heating and the improvement of the sustainability and resilience
of the energy system. Based on the media analysis, four main stake-
holder groups were identified: (1) supporters of the technology, such as
project developers and plant operators; (2) opponents of the use of DGE
due to the risk of seismic events, groundwater contamination and haz-
ardous waste production; (3) mayors and local politicians who complain
that local interests are not considered because they are not involved in
the project planning and approval process; and (4) scientists from KIT,
some of whom research and communicate information about the DGE
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technology and its impacts and others with sensitive research
infrastructure.

The study's authors drew up the final list of stakeholder groups based
on the results of the stakeholder screening analysis, the interviews, and
the media analysis, and structured it accordingly. The result is a
comprehensive stakeholder landscape encompassing administrative
bodies, civic groups, environmental and heritage initiatives, educational
and trade institutions, businesses with high heating demands, and
various community organisations relevant to the DGE project. The KIT
stakeholders included the presidency and department heads, institute
directors, administrative departments, student representatives, the fa-
cility management team, and the public relations team. The breadth and
diversity of the identified stakeholders at KIT and in the municipalities
reveal that a DGE project could have implications that extend far beyond
technical and administrative interests and could intersect with the
identity of the research institution or municipalities, environmental
values, economic needs, and institutional and municipal social struc-
tures. This underscores the importance of an inclusive, carefully tailored
participation process. Fig. 3 shows the 32 stakeholder categories derived
from the authors' assessment conducted prior to the participatory pro-
cess and their levels of interest and ability to influence the project in a
power/interest grid. The aim of this categorisation was to capture the
broadest possible range of stakeholder groups, rather than to assess or
rank their relative importance.

All stakeholder groups were invited to participate in the workshop.
We followed up in writing and by telephone to confirm their interest and
availability. Of the 217 municipal stakeholders who were invited, 30
took part in the workshop, which equates to a relatively high response
rate of 13.8%. For the KIT workshop, invitations were distributed widely
across KIT institutions and organisational units, including scientific,
administrative, and cross-cutting functions, rather than to a defined
number of individuals. Of the 89 institutions and organisational units
contacted, 21 responded, which equates to a relatively high response
rate of 23.68%. A total of 35 persons took part in the KIT workshop.
Since the invitations were distributed at the institutional rather than
individual level, an individual response rate cannot be calculated for the
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Fig. 3. Power-interest grid showing the stakeholder categories (n = 32), based on the results of the social site characterisation (value '0' means no power/interest,

value '6’ means high power/interest).
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KIT workshop. Fig. 4 shows that the majority of participants in the
criteria workshop were researchers (scientific staff), who had a high
level of interest but less power than managers and facility managers.
However, they were not the only participants; managers, students and
administrative and facilities management staff were also involved.

The analysis of the municipal stakeholders participating in the
workshop and their power and interest in the DGE plant, presented in
Fig. 5, shows that political decision-makers constituted the majority of
participants, with high interest and power compared to other partici-
pants, including members of the Friday for Future movement and
citizens.

3.2. KIT stakeholder criteria workshop

The results of the KIT stakeholder criteria workshop indicate that
participants primarily associated DGE with positive contributions to
climate protection, a sustainable energy supply, and district heating,
which they considered more important than the disadvantages, such as
seismic risks and economic efficiency (Table 1). However, the high
priority placed on researching the future impacts and on exploring al-
ternatives for decarbonising the energy system shows that the partici-
pants also had a critical view of DGE and its possible negative impacts.
With regard to the DGE project, stakeholders considered transparency,
data sharing, and open and honest communication crucial for building
trust and addressing concerns, while seismic risks and safety measures
were considered less important. The involvement of municipalities and
local authorities in planning and approving geothermal projects and
energy use was considered particularly important. This divergence from
the usual pros-and-cons assessment of DGE projects stems from the high
proportion of stakeholders working in science and academic
administration.

3.3. Municipal stakeholder criteria workshop

During the municipal stakeholder criteria workshop, participants
entered three critical keywords into a word cloud (Fig. 6). The main
expectation regarding distributive justice in the use of DGEs was their
contribution to climate protection, decarbonised energy portfolios, and
municipal district heating systems.

Participants raised concerns about seismic risks and how to mitigate
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Fig. 4. Power-interest grid of KIT stakeholders (n = 35), showing the share of
stakeholders per category in red circles, based on the results of Social Site
Characterisation (value '0' means no power/interest, value '6' means high
power/interest). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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them, and about protecting the natural and built environments —
particularly groundwater and buildings. They emphasised the impor-
tance of transparency and proactive communication, as well as of
providing clear and honest information. The main concerns focused on
technical design, economic efficiency, cost-risk-benefit ratios, legal lia-
bility and financial security. They regarded cooperating with munici-
palities to consider local contexts and expectations as essential.
However, they considered public participation less important, as was the
added value it would provide to citizens. This suggests a high level of
trust in local authorities and politicians. Participants regarded inde-
pendent scientific evaluations as crucial for building trust, enabling fair
comparisons with other renewable energy sources, and ensuring inclu-
sive planning that guarantees the fair distribution of burdens and ben-
efits. The general recommendation was to consider all technical and
social possibilities for achieving a sustainable and resilient energy sup-
ply, rather than focusing solely on DGE.

3.4. Co-design of scenarios

The study's authors developed the explorative scenarios based on the
results of the two workshops, taking into account technical and eco-
nomic criteria, as well as the participatory and social aspects identified
during the workshops. Although the scenarios are simplified and only
roughly outlined due to project-related constraints, they provide much
more detailed contextualisation than usual. The scenarios are not
intended to replace actual planning; rather, they reflect the needs and
expectations of those involved in the process while ensuring funda-
mental feasibility and plausibility. The results were structured into three
categories: (1) socio-political criteria; (2) technical and non-technical
criteria; and (3) criteria that can be translated into model language
and quantified using calculations and sensitivity analysis. The modelled
criteria, in particular, addressed municipal stakeholders' concerns about
the seismic activity associated with a DGE project — a common issue in
other regions and countries (Buijze et al., 2019; Majer et al., 2007). Risk
mitigation was achieved by simulating flow and heat transport, and by
restricting the geothermal flow rate to 25 L per second. This ensured that
pressure changes remained below 2 Megapascals (MPa). The Multi-
physics subsurface model (version 6.0) was coupled with a simplified
heat network model for KIT Campus North (Zwickel et al., 2022). The
quantitative modelling was based on KIT's annual heat demand of
around 29,000 MWhy, (KIT, 2018). To maximise benefits for the mu-
nicipalities and ensure a heat supply during the winter months, a
detailed 3D geological framework was used to model an underground
high-temperature aquifer thermal energy storage (HT-ATES) system
(>50 °C) (Frey et al., 2022; Fleuchaus et al., 2020a; Stricker et al.,
2020). The framework was derived from geophysical and borehole
data (Bauer et al., 2025) and from relevant heat-transfer units between
the basement and the tertiary reservoirs in the former Leopoldshafen oil
field (Schill et al., 2024). The simulation involved an HT-ATES system
operating at a rate of 5-10 L/s. Fig. 7 shows that a DGE plant could meet
the base-load heating demand of KIT Campus North and a neighbouring
municipality. Adding an HT-ATES would cover most of the KIT Campus
North's heating demand during the winter.

The economic figures provided in the scenarios are indicative as-
sumptions rather than the results of a comprehensive financial appraisal.
Therefore, the expected return on investment is a target rather than a
calculated internal rate of return, as the plant is expected to be profit-
able. Based on rough estimates, the following investments were
considered: €20 million for a municipal DGE plant, €3 million for HT-
ATES and €60 million per 10,000 inhabitants over ten years for dis-
trict heating network development. Additional operating costs were
estimated at €160,000 per year for 8000 h at full load over a 30-year
lifetime. Scenario 1 focuses on supplying KIT's base heat load. The
DGE plant produces around 9.2 MW of heat, covering KIT's 2.2 MW base
load. The HT-ATES stores any surplus heat. This reduces KIT's CO,
emissions by around 65% (Schill et al., 2024). Risk mitigation measures
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Table 1
Ranking of the criteria developed in the KIT stakeholder workshop. Each
participant (n = 35) was given 7 points to allocate.

Criteria to evaluate DGE projects Ranking
Sustainability and climate protection (KIT and beyond) 57
Assessment of future impacts 28
Assessment of alternatives 27
Transparency and communication 24
Integration of communities and citizens 21
Networking of research and teaching 20
General safety, in particular seismicity 18
Technical specifications 16
Economic efficiency 7
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include continuous monitoring of seismic activity, implementation of a
traffic-light warning system and provision of liability coverage through
the Mining Compensation Fund. Transparent communication is facili-
tated via digital platforms, an information centre and public dialogue
events. Public participation is not considered.

Scenario 2 builds on Scenario 1 by incorporating a second HT-ATES
connected to the DGE plant described in the previous scenario. This
facility provides around 3 MW of heat for KIT and a neighbouring mu-
nicipality. A private operator manages the DGE plant, enabling munic-
ipal stakeholder participation. Risk management and transparency
measures are considered to be in place. Stakeholder roundtables,
workshops and surveys are held regularly. The amount of CO, saved
depends on the number of connected buildings, the type and quantity of
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Fig. 6. Word cloud of the three most critical keywords identified by municipal stakeholders (n = 30), with more frequently selected criteria appearing larger,

translated with DeepL.
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Fig. 7. DGE plant with heat storage system (HT-ATES) covering the heat de-
mands of KIT Campus North and the base load heat demand of a municipality in
the neighborhood.

displaced fossil fuels, and the economic viability of constructing new
networks. Profitability is challenging because the plant is close to KIT,
resulting in a longer and more costly connection to the municipality's
district heating systems.

Scenario 3 involves two DGE plants working together, with one
supplying KIT and the other supplying the municipalities. Close
collaboration with stakeholders ensures effective risk management,
transparent decision-making, and communication tailored to different
groups' needs. To be profitable, the district heating infrastructure re-
quires a return on investment of 3-4%. This could be achieved through
national and state funding, as well as high connection rates among
businesses and residents. The municipality would benefit from replacing
fossil fuel sources to reduce CO, emissions, enhance resilience and
become more appealing to residents and businesses while retaining local
added value.

3.5. Stakeholder scenario assessment and recommendations for action

During the scenario workshop, participants highlighted the impor-
tance of trust in DGE project developers and operators, as well as their
commitment to mitigating seismic risks and groundwater pollution.
They also emphasised proactive communication from a designated
person with adequate budgetary support, along with accessible, under-
standable environmental monitoring data and independent expertise, to
ensure the credibility of the information provided. The feasibility of
Scenario 3 was called into question because it requires local ownership.
This is because a DGE project requires substantial investment, which
exceeds the budgets of most households and the debt levels of most
municipalities. There are also complex insurance and liability issues in
financially struggling municipalities, and exploration permits have
already been allocated to industry stakeholders. Investing in a DGE
project carries a high level of risk and may be unprofitable, as the in-
vestment extends beyond exploration to include district heating infra-
structure and connections to residential properties and businesses
(Barbier, 2002; Li et al., 2015b). To ensure stable base-load demand,
high connection rates and significant heat consumers are required, as
well as HT-ATES, to prevent inefficient electricity conversion and
summer surpluses.

Participants in the scenario workshop recognised the potential of HT-
ATES to bridge the seasonal gap between periods of peak heat demand
and supply. They also acknowledged its benefits alongside the DGE
project, as well as the opportunity it provides for municipal stakeholders
to meet base-load heat demand. Because the technology is not widely
used or known, no critical voices emerged. However, experts point out
that social risks are likely to be more significant than technical risks

Journal of Cleaner Production 580 (2026) 149624

(Fleuchaus et al., 2020a; Dobson et al., 2025). Future co-design research
projects should focus on comprehensive subsurface use scenarios by
considering different alternatives and their socio-technical and envi-
ronmental relevance, and examine the long-term role of HT-ATES in
storing and supplying heat alongside a DGE plant in this context. This is
because an HT-ATES system has a lifespan of more than 30 years, during
which time it can have significant socio-ecological impacts, particularly
on drinking water aquifers and water quality (Bloemendal et al., 2014).

During the scenario workshop, some participants expressed critical
views, stating that the potential benefits do not outweigh the uncer-
tainty surrounding the probability, predictability, and reversibility of
adverse effects (Kubota et al., 2013), particularly the risk of induced
seismicity [61 and the difficulty of managing unintended environmental
impacts (Barbier, 2002). There is also a risk of missing out on profit-
ability due to a lack of significant base-load demand. This risk is exac-
erbated by declining demand as new and existing buildings opt for
alternative heating sources, such as heat pumps. Germany supports
these politically and financially, and they can be supplied by local solar
and wind production. This poses no seismic risk and is widely accepted.
Therefore, scenario 2 was favoured over scenario 3, along with the
proposal that local authorities should be permitted to use geothermal
energy through legislative measures. In this context, stakeholders criti-
cised the current mining law for excluding municipalities from the
decision-making process. They argued that regionally based plant de-
velopers and operators are essential in order to avoid resistance and
ensure procedural and distributive justice (see Supplementary Materials
S4)

The results of the feedback workshop were recorded in the author's
notes and used to inform the recommendations for action, which were
summarised based on the results of the criteria and scenario assessment
workshops. The aim was to develop best practice guidelines for DGE
projects to increase their practical application (see Supplementary Ma-
terials S5).

4. Discussion

Renewable energy sources, particularly solar PV and wind power, are
expanding rapidly and could account for up to two-thirds of the global
primary energy supply by 2050 (Hassan et al., 2024). This is mainly
because they are approaching cost parity with fossil-fuel-generated en-
ergy after a decade of dramatic cost reductions (Ito, 2026). Besides, they
offer opportunities to promote procedural and distributive justice in
energy transitions. Citizens, energy cooperatives and local communities
can contribute to the design, location, governance and ownership of
projects and share the economic, social and energy benefits. Evidence
from Germany, Europe, Asia, Africa and Australia suggests that energy
communities can strengthen local influence and promote fair distribu-
tion of benefits (Corasaniti et al., 2025) given the appropriate design of
institutional decision-making processes (Shejale et al., 2025). Recent
case-based research likewise highlights the importance of meaningful
consultation in solar development in Brazil and Portugal (Rielli et al.,
2025), as well as in wind development in Kenya (Ndi, 2024; Akrofi
et al., 2024). Similar debates are evident in Southeast Asia and
Australia, where community renewable energy initiatives and Indige-
nous—corporate partnerships may enhance local agency but cannot
secure equitable outcomes alone (Ridho et al., 2025).

The study's findings show that stakeholders recognise the potential of
DGE:s to achieve climate neutrality in heating systems, but are concerned
about seismic and environmental impacts, as well as adverse public
perception. Furthermore, DGE projects encounter procedural and
distributive justice challenges due to socio-technical and economic re-
quirements and uncertainties, such as accessing and utilising resources,
navigating permitting and licensing processes, the substantial invest-
ment required for DGE plants and HT-ATES systems, the risk of drilling
failure, operating costs, storage efficiency, network distance and
connection rates. All of these factors can deter private entrepreneurs
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from participating and investing (Huculak et al., 2015; Anatolitis et al.,
2024; Toth et al., 2025). The study's findings indicate that, for munici-
palities in Germany, local ownership is not feasible due to complex in-
surance and liability issues, and because the investment costs exceed the
budgets of most households and the debt levels of most municipalities.

The scenario method is widely used in research and decision-making
at global, European and national levels to assess future renewable en-
ergy use and provide insights into its deployment (Luderer et al., 2014;
Nam et al., 2020; Hansen et al., 2019). While renewable energy pro-
duction has long-term sociotechnical, economic and environmental
impacts on municipalities, the development of local-scale scenarios has
not yet been widely investigated (Busch, 2017). The co-design method
developed in this study addresses the needs, concerns, and expectations
of stakeholders, translating them into visions of the future. This is ach-
ieved by developing criteria-based scenarios, which enable DGE to move
beyond its controversial role. These scenarios offer stakeholders a better
basis for discussion than one-way information from DGE plant de-
velopers or operators, which are often viewed critically because they
typically only communicate positive information without openly
addressing risks (Kunze et al., 2017; Stauffacher et al., 2015). In line
with previous studies, the authors argue that co-designing scenarios can
promote both procedural and distributive justice, thereby encouraging
fair decision-making processes at a local level (Roddis et al., 2018;
Ghimire et al., 2026). A Turkish study mapping stakeholder discourses
surrounding the expansion of geothermal energy confirms this and
emphasises the importance of systematically involving local stake-
holders in a transparent co-design process to implement the principles of
procedural and distributive justice in DGE planning (Spijkerboer et al.,
2025). This finding is supported by a study emphasising that weak
communication and limited participation can intensify opposition [179]
and a recent Dutch case study which found that the lack of transparency
and communication in the development of a DGE project generated
anxiety and suspicion among communities and stakeholders who were
neither involved nor obvious beneficiaries (Duijn et al., 2024a). The
co-design scenarios developed in this study are suitable for considering
not only current and short-term issues, but also long-term ones. Recent
research in New Zealand suggests that the importance of justice issues is
often underestimated, and concludes that justice cannot be evaluated
within the timeframe of a short-term project (Parson et al., 2025). In this
context, the authors emphasise the importance of historical relation-
ships, cultural authority and resource control for a legitimate
geothermal transition.

The study's finding that involving stakeholders in the co-design
process strengthens trust and credibility in the design of a DGE project
is supported by previous studies (Enerchange, 2014; Leucht, 2012;
Dialog, 2023). Similarly, the finding that comprehensive stakeholder
engagement and participation are crucial for integrating diverse risk
perspectives, including financial risk, is also supported by previous
studies (Bidwell, 2016; Hendriks, 2005; Siisser et al., 2017). Other
studies support the idea that including stakeholders in the initial plan-
ning stage and introducing legal and political frameworks that facilitate
this boosts public confidence in DGE, provided the processes are not
overly academic or politicised (Ejderyan et al., 2019, 2020; Turnhout
et al., 2020; Galende-Sanchez et al., 2021). Moreover, other studies
support the idea that meaningfully engaging stakeholders from the very
beginning can foster trust between local municipalities and developers
of a DGE project, potentially mitigating conflicts and costs (Renoth et al.,
2023; Karytsas and Olympia, 2021; Hildebrand et al., 2022).

In line with previous findings, this study indicates that the percep-
tion of risk among stakeholders was positively affected by the trust-
worthiness of the project team and the participatory process (Der Schoor
et al.,, 2015; Freeman et al., 2001). As this study was based on the
recognition and credibility of KIT and the Institute for Applied Ecology
as renowned research institutions, this probably encouraged consistent
participation in the co-design process and reduced distrust, as observed
in previous studies (Stauffacher et al., 2015; Dalla et al., 2020;
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Trutnevyte and Olivier, 2018; Zaunbrecher et al., 2018). This is sup-
ported by research on risk perception and acceptance, which shows that
trust in responsible institutions and independent expertise plays a cen-
tral role in shaping how stakeholders interpret and evaluate risks (Renn
et al., 2013, 2019). The study's finding that institutional credibility and
transparent, participatory processes can build trust in DGE projects is
consistent with previous research (Metze et al., 2023; Kassem et al.,
2026b; Abdi et al., 2025b). In contrast, another DGE project near KIT
received much less trust and acceptance, mainly because a for-profit,
foreign-owned DGE company planned it to maximise profits for in-
vestors (including a Danish pension fund), regardless of local needs,
concerns, and expectations.

A key finding of the study is that acceptance of a DGE project de-
pends on how well it is integrated into the local context, particularly
with regard to the local energy transition, energy sharing and decar-
bonisation of the local heat supply. A French study based on surveys and
focus groups conducted in a region similar to the case study region in
terms of geography, society, and culture supports the idea that the
perceived risks and benefits of a DGE project depend on how commu-
nities experience and interpret territory and on the commitment of local
governments to the energy transition (Chavot et al., 2018b). This can be
achieved by exploring the key values and preferences surrounding DGE,
sustainability and participatory aspects (Ulpiani et al., 2023; Campos
et al., 2022), involving organisational, structural, technological and
spatial configurations (Becker et al., 2017). While conducting such a
comprehensive co-design study would be interesting from an academic
viewpoint, it would require significantly more resources and complex
modelling (Hiremath et al., 2007).

Despite conducting a systematic stakeholder mapping exercise and
integrating various stakeholders, the study failed to engage with mar-
ginalised and silent stakeholders from different cultural and religious
backgrounds, including ordinary people and those disadvantaged in
terms of education and/or economics, according to Plaza-Ubeda et al.
(2010) (Reed, 2008). In line with previous findings, the authors believe
that engaging with all stakeholders would have contributed to broader
sustainable development and social responsibility goals in the energy
transition. Reasons for non-attendance can be manifold, ranging from a
lack of interest to insufficient resources [180]. Conversely, a significant
number of local decision-makers participated in the study's workshops
although the co-design process was not embedded in legally mandated
procedures (Boussaguet, 2016). However, rather than feeling disillu-
sioned and disempowered, the stakeholders recognised the value of their
involvement in the research project. This aligns with the findings of
other studies (Lelieveldt and Wouter, 2023; Deckert et al., 2020; Lennon
et al., 2019),

The study findings are consistent with previous research indicating
that clearly and transparently communicating risk-mitigation strategies
(e.g. real-time monitoring and traffic-light systems) and establishing
clear stop rules can prevent misunderstandings and promote acceptance
(Knoblauch et al., 2018, 2019; Trutnevyte and Olivier, 2018; Zhou et al.,
2024; Trutnevyte et al., 2017). This aligns with literature indicating that
transparent, easily understandable risk management systems,
user-friendly citizen monitoring systems, and clear liability regulations
and compensation mechanisms are essential for gaining approval and
improving acceptance (Yaghoubi et al., 2024; Anis, 2025; Abesser et al.,
2023; Wiemer et al., 2017; Kraft et al., 2025; Duijn et al., 2024b). The
study also found that perceptions of and attitudes towards projects are
influenced by the sharing of benefits and profits, as well as by the
establishment of mechanisms to retain added value locally and manage
risk. These expectations reflect concerns about distributive justice and
the legitimacy of the flow of value. This is consistent with studies
emphasising that distributive justice and energy-sharing options are
prerequisites for municipal tolerance and local acceptance (Schneider
et al., 2011; Bonciani et al., 2023).

Unlike previous studies, which concluded that DGE projects in
remote rural areas were the most promising (Carr-Cornish et al., 2014;
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Knoblauch et al., 2019), this study found that stakeholders preferred
nearby plants with robust risk management, heat supply potential and
HT-ATES benefits, provided these were economically and technically
feasible. The literature also reflects the generally positive response to
HT-ATES, a technology that is still relatively unknown to the general
public. These shared benefits are a key aspect of this positive perception,
but they must be confirmed by further research. Further research should
explicitly address potential subsurface risks and strengthen opportu-
nities for transparent monitoring, good governance involving multiple
users, and a robust legal framework (Fleuchaus et al., 2020b) As there
are currently no clear regulations governing the use of the subsurface for
HT-ATES, concerns could arise regarding groundwater protection and
NIMBY effects (Dobson et al., 2025). Further research is needed to
address the largely neglected social and justice risks of HT-ATES, despite
experts considering these to be more critical than technical risks
(Fleuchaus et al., 2020b).

5. Conclusions

The co-design approach is well-suited to embedding a DGE project
within the context of the energy transition. It can translate the needs,
concerns and expectations of stakeholders into scenarios and identify
opportunities for risk mitigation through adjusted flow rates, as well as
for shared use of geothermal resources to decarbonise municipal and
private heating systems. Alongside the desire for more equitable use of
geothermal resources between the project developer and neighbouring
communities, transparent, early and continuous engagement, and clear
and honest communication of risks and risk management strategies are
considered important. While the co-design method can promote proce-
dural justice, achieving the expectations identified in the scenarios, such
as greater distributive justice with regard to non-monetary or monetary
values, is often difficult in practice due to the necessary political, legal,
economic or infrastructural prerequisites. This is particularly true of the
shared use of geothermal energy for decarbonising local heat supply,
since municipalities generally lack the legal means and financial re-
sources to cover the high investment costs of municipal networks and
the economic risk associated with geothermal systems. The study
highlights the importance of the co-design process, involving a broad
spectrum of stakeholders, including critical voices, as well as the trust-
worthiness, regional roots and recognition of the DGE project de-
velopers. When international, for-profit investment companies seek to
develop a geothermal project, a neutral organisation led by scientific,
independent experts is needed to facilitate the co-design process and
develop scenarios. This is because these project developers are often
perceived as lacking credibility and are suspected of merely treating the
co-design process as a participative formality without being genuinely
interested in addressing the community's needs, concerns and
expectations.
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