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Abstract

Background The transition to renewable energy is crucial for decarbonising the energy system but creates land-use
competition. Whilst there is consensus on the need for local responsibility in achieving climate neutrality, debates
continue over where to implement renewable energy plants. The Public Participation Geographic Information System
(PPGIS) scenario approach can facilitate these debates and improve equity and procedural and distributive justice.

Results The findings highlight the effectiveness of the PPGIS method in assessing the spatial impact of technologies
on agriculture and landscapes. The approach was tested in a rural German municipality to help stakeholders and citi-
zens recognise the potential for land-based solar energy even under strict constraints. These insights were shared

to support decision-makers on land-use changes to increase renewable energy production.

Conclusions The findings indicate that the PPGIS scenario approach is valuable for improving equity and mutual
understanding in local decision-making processes. Incorporating stakeholders’and citizens’ perspectives into renew-
able energy planning enhances the transparency, legitimacy, and acceptability of land-use decisions. The ability

to visualise and quantitatively assess different scenarios makes PPGIS particularly useful for addressing the complexi-
ties of public debates on land-use requirements for renewable energy systems.

Keywords Land-use competition, Participation, Bottom-up scenarios, Public acceptance, Decision-making, Public
Participation Geographic Information System (PPGIS), Ground-mounted photovoltaics,

Background

Decarbonising the energy system is a primary driver of
land-use competition at regional, national, and global lev-
els [1]. The German government aims to achieve climate
neutrality by 2045 by increasing the share of renewable
energies from 46% of gross electricity consumption today
to at least 80% by 2030 [2]. Solar energy must contribute
to achieving the target [3]. Photovoltaic (PV) capacity
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should increase from 65 Gigawatt (GW) to 215 GW
by 2030 and 400 GW by 2040. Backcasting the renew-
able energy target, starting from the preferred norma-
tive future and analysing backwards to the present, can
lead to various results due to differences and inconsist-
encies regarding assumptions, methods, and data [4-6].
The scenarios for solar energy are mainly based on two
technologies: PV on rooftops and ground-mounted pho-
tovoltaics (GM-PV) on fields. Agrivoltaics has not (yet)
been considered, although it has significant theoretical
potential [7]. According to the scenarios produced by the
German Industry Association, PV capacity is expected to
increase to 200 TWh for rooftop PV and 4500 TWh for
GM-PV. Still, the achievable potential is far lower, with 78
to 130 TWh on rooftops and 140 TWh on fields due to
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environmental, economic, and acceptability constraints
and land-use conflicts [8, 9]. Competition for land use
is an issue of controversial public debate and procedural
and distributive justice and equity [10, 11]. Despite this
evidence, energy scenario development is mainly expert-
based and does not directly address local decision-mak-
ing processes or consider public views [12]. Participatory
approaches to developing pathways from the preferred
future to the present based on (affected) stakeholders’
and citizens’ perceptions of land-based solar energy are
also rare [13].

Political regulations on different scales determine land
use for the energy transition, particularly the German
Renewable Energy Sources Act (EEG) and the obliga-
tion for the federal states to set aside at least 2% of their
land for renewable energies. As every state has individual
characteristics, possibilities, and limitations, each has
a specific area target for installing solar energy [14]. In
the past, the EEG remuneration criteria were changed
to phase out GM-PV in 2010 [15], so that the expansion
of GM-PV declined in 2011 and 2012 [16]. A few years
later, the EEG again provided state-fixed remuneration
rates, which were then shifted to a competitive tendering
system to increase cost efficiency for PV systems [17]. In
addition, specific categories of land, particularly former
landfill sites, industrial and military conversion sites, and
strips of land alongside motorways and double-tracked
railways, were defined as suitable for GM-PV. Land-based
solar energy systems have been further promoted by the
Open Space Ordinance, which allows the federal states to
authorise GM-PV in naturally disadvantaged agricultural
areas characterised by unfavourable climatic conditions,
poor soil quality, or steeper slopes. Nine of the sixteen
federal states use this regulation, including Baden-Wiirt-
temberg, Bavaria, Hesse, and Rhineland-Palatinate, with
favourable conditions for solar energy technologies.

The increase in GM-PV installations contributes to
land consumption for settlement and infrastructure
development. Existing governance at the state level seems
not to foster effective land management at the municipal
level to achieve the overarching goals of the European
Union, such as “no net land take” [18]. Germany aims
to limit land consumption to less than 30 ha per day by
2030, but this target is difficult to achieve, since between
2019 and 2022, 52 ha of land was consumed daily [19].
This goal is not translated to the municipal level, where
actual land-use decisions are taken due to municipal
planning sovereignty [20]. Some federal states have intro-
duced a PV obligation to alleviate the burden on land use.
This makes rooftop PV mandatory for new commercial
buildings and ‘the rule’ for new private buildings. The
controversial debates show that burden-shifting can limit
the expansion of renewable energies due to their visual
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impact on the landscape [21]. However, the term ‘land-
scape’ has many meanings and can be perceived differ-
ently, for example, as a source of livelihood resources, a
space for recreation, or a cultural heritage to be protected
[22]. A key antagonist of GM-PV is the German Farmers’
Association due to the loss of agricultural land and the
further fragmentation of agricultural structures. It calls
for GM-PV only to be allowed under strictly limited con-
ditions, considering regional differences and agricultural
structures [23-25]. In contrast, environmental organisa-
tions argue that GM-PV is more environmentally friendly
than agriculture and can help preserve biodiversity if
adapted to ecological criteria [26]. Other stakeholders
and citizens are either convinced by and committed to
land-based solar energy systems, or are critical of or even
opposed to them because of its aesthetic, ecological, and
socio-economic impacts on the immediate environment
[27, 28]. As a result, some projects are accepted [27],
whilst others face controversial discussions or opposition
[29].

At the national level, 76% of the German population
consider GM-PV in their neighbourhood (within 5 km)
to be ‘rather good’ [30]. As GM-PV expands, the pressure
on land will intensify land-use competition which can
change public perceptions at the local level [31]. How-
ever, approval at the national level may remain high, a
situation which is known as the 'national-local gap’ [29].
Despite land-use competition, municipalities can favour
GM-PV if they feel the benefits meet their stakeholders’
and citizens’ needs and expectations [10]. Understand-
ing the contradictions between the public’s general sup-
port, the difficulties in realising specific projects, and the
dynamics of people’s responses is crucial for expanding
renewable energies [21, 32]. However, analysis is not
enough. Instead, social needs, expectations, and norma-
tive values must be integrated into the mainly techno-
economic development of futures, and potential analyses
of renewable energies to better represent social factors
in energy modelling and increase the relevance of energy
models for informing policymaking [33]. Critical theo-
retical insights from social and socio-economic sciences
can no longer be ignored, and integrated social criteria
cannot be reduced to trivial approximations [34]. Natural
and social science issues must be combined in decision-
making for land-use change [35, 36]. To address conflicts
over land use, the views of affected stakeholders must be
included in processes, practises, and guidelines [32, 37,
38]. The term ‘land-use conflict’ refers to social or spa-
tial conflicts of interest between stakeholders over land-
use functions. However, it is a vague concept without a
coherent understanding and definition of what it encom-
passes [39-41]. Despite the need to involve stakeholders
and citizens in land-use planning for renewable energies,
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there is a lack of approaches, guidelines, and best prac-
tises for stakeholder involvement in decision-making
processes [42].

This study aims to fill this gap and involve stakeholders
and citizens in decision-making on land use for renew-
able energy, to help manage controversies and conflicts
amongst affected stakeholders, to facilitate negotiation
processes and deliberative decision-making, to support
consensus building, and to provide scientific support
for the development of guidelines for land-use change
from food to energy production. The study addresses the
national-local gap of the energy transition [29] by ana-
lysing land-use restrictions and preferences to support
the energy transition in a rural community in southern
Germany between 2023 and 2024. To this end, the Pub-
lic Participation Geographic Information System (PPGIS)
scenario approach was used to assess the feasibility of
land-use change in favour of energy production with
GM-PVs by involving stakeholders and citizens in the
development and evaluation of GM-PV scenarios, thus
supporting decision-making in the local designation of
areas for renewable energy production.

Methods

The association municipality of Kandel (referred to
as Kandel) was selected as a case study, because it is
located in Rhineland-Palatinate, which has favourable
conditions for solar energy and the highest target for
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expanding GM-PV amongst the German federal states.
It is a rural municipality with 16,226 residents covering
an area of 69.15 km? of which 66% is used for agricul-
ture, 21% for forests, and 10% for settlement and public
transport [43]. In 2017, around 60% of the municipal-
ity’s energy consumption came from renewable sources
(PV, wind, biogas cogeneration, and hydropower). This
is well above the national average of 36%. Kandel hosts
various renewable energy installations, including 927 PV
plants (12,258 kW), 11 wind power plants (27,800 kW),
and three bioenergy (biogas) plants (1560 kW), with
a share in local electricity production of 29%, 67%, and
4%, respectively. Amongst the PV installations, there are
two GM-PV plants, each of around 2 ha (Fig. 1). Kandel
aims to become an ‘Energy Plus Municipality’ by 2050 by
increasing the use of local renewable resources.

PPGIS is a transdisciplinary format of technology
assessment which addresses societal and spatial issues
related to the implementation of technologies to broaden
public involvement in political decision-making pro-
cesses [44]. The PPGIS enables the identification of values
towards technologies in social and geographical contexts,
correlating land use with participants’ attitudes and pref-
erences and analysing the causes of land-use conflicts
[45]. In contrast to classical technocratic scenario devel-
opment, which focuses on expert knowledge, the PPGIS
scenario approach addresses the socio-technical interface
of the energy transition. It enables affected stakeholders
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Fig. 1 The geographical position of and land use in the municipality of Kandel, showing the arable land and grassland and its distribution. The blue
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and citizens to access the decision-making process and
integrate their views and values on renewable energies
in planning [44—46]. By considering local knowledge and
perspectives, the approach can contribute to procedural
and distributive justice and fairness [47]. It combines the
PPGIS with the scenario technique to integrate stake-
holders’ and citizens’ views and values in developing pos-
sible futures. There are different scenario techniques to
develop probable or preferred descriptions of the future
[36]. The PPGIS scenario approach was developed using
the conceptual framework from [44, 45] and adapted
according to [48]. Figure 2 shows the different steps of
the PPGIS scenario approach.

First, the goal was defined with a focus on GM-PV.
Alternatives, such as increased energy saving and effi-
ciency, rooftop PV, and agrivoltaics [7], were excluded.
Based on Wade and Greenberg’s concept [49], a social site
characterisation was conducted to gather information
on stakeholder views and identify relevant stakeholders
and citizens to invite to workshops. The cross-section
recruitment of key stakeholders and citizens to include
various views was conducted on the results of the social
site characterisation with the help of the municipality’s
climate manager and mayor [50]. The scientific project
team conceptualised two workshops, held from 5-8 pm
in the municipality’s town hall. At the first workshop, 27
stakeholders participated: 20 from politics and admin-
istration, two from agriculture, two from nature protec-
tion, two from citizens’ energy cooperatives, and one
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from the energy supplier. Participants from the first
workshop were invited to the second workshop. At the
second workshop, 18 stakeholders participated: 12 from
politics and administration, three from agriculture, one
from nature protection, one from a citizens’ energy coop-
erative, and one from an energy supplier.

The deliberative discussions in the workshops were
facilitated by an experienced senior scientist trained as a
professional moderator. The moderator’s role was to keep
the group focussed and allow participants to express their
views with minimal interference, to ensure the diver-
sity of voices regardless of background or experience, to
explore differences and commonalities amongst partici-
pants, to articulate shared issues to enhance awareness
and mutual understanding, and to transit to new topics
when all arguments had been thoroughly discussed. The
moderator clustered similar arguments around an over-
arching theme and looked for convergences between and
across topic clusters. This encouraged exchange between
arguments and values in a spirit of mutual understand-
ing, which was integral for the definition of restrictions
(land categories to be excluded) and suitability criteria
(land categories given priority) for land use by GM-PV
and subsequent analysis and interpretation [51]

The first workshop started with an introduction to the
PPGIS scenario approach, followed by a presentation of
the results of its application to develop national GM-PV
scenarios by considering restrictions and suitability cri-
teria drawn from the literature [52]. Then, participants
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: ; Discussions with the mayor Selection of ten GM-PV
Selection of scenarios — } .
| and climate manager scenarios
. Second stakeholder and . . .
Scenario assessment .\ Discussion of scenarios
. citizens vi/orkshop )

Policy recommendations —

Fig. 2 The study’s PPGIS scenario approach
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wrote their criteria on cards, presented them, and pinned
them to a display board, where they ranked and weighted
the clustered criteria, with the possibility of accumulat-
ing seven points for each criterion. The discussion was
recorded, transcribed, and qualitatively analysed.

The criteria developed in the first workshop were sum-
marised and translated into the PPGIS modelling lan-
guage and used to assess GM-PV land-use change in
different scenarios to visualise the spatial impacts on agri-
culture and the landscape, reflecting different attitudes to
the technology, for example, in terms of biodiversity and
farmland protection and distance from residential and
commercial areas (see “GM-PV scenarios” section). The
scenarios were assessed by integrating the restrictions
and suitability criteria. The suitability criteria were pri-
oritised in the Analytic Hierarchy Process (AHP) of the
PPGIS using the One-At-a-Time (OAT) sensitivity analy-
sis method [52]. The results were classified into ‘particu-
larly suitable; ‘highly suitable, and ‘moderately suitable’
areas to reflect the relative importance of the criteria.
Modelling and pre-processing were performed using
ArcGIS Desktop 10.8.1, ArcPro-py3, and the Python site
package arcpy. The combination of different constraints
and preferences results in many scenarios unsuitable for
presentation and discussion in a workshop, as they can
be tiring and distract from the focus on the main results
of the scenarios [53]. The number of scenarios assessed
using the PPGIS scenario approach to be presented in the
second workshop was therefore limited by selecting, in
partnership with the climate manager and the municipal-
ity’s mayor, the ten most relevant scenarios for the needs
and expectations of the municipality.

The second workshop started with a recap of the first
workshop, summarising consensus and conflicts on the
criteria. The ten main scenarios were presented, followed
by a buzz group discussion where participants reflected
on the results. Then, a fishbowl discussion was per-
formed involving representatives from five stakeholder
groups to discuss the acceptability and feasibility of the
scenarios. The discussion was recorded, transcribed, and
qualitatively analysed to derive recommendations for the
decision-making process. It should be noted that stake-
holders and citizens participated in the criteria- and
scenario workshops. In contrast, the social site charac-
terisation, the selection of the ten main scenarios to be
presented in the scenario workshops, and the recom-
mendations were carried out in collaboration with the
municipality’s climate manager and mayor. In this way,
an environment of trust and accountability was created
by involving stakeholders, citizens, administration, and
policymakers in the process, and the PPGIS scenario
approach and recommendations were not overly aca-
demic but transdisciplinary and responsive to local needs
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and expectations. The results of the two workshops were
presented to the participants. The data and algorithms
behind the PPGIS scenario tool were handed over to the
climate manager and the mayor of the municipality, who
will use the tool to respond systematically and respon-
sibly to GM-PV project developers seeking approval for
land-use changes based on the results of the transdisci-
plinary consultation process.

Results

The results section displays the workshop results against
and in favour of GM-PV in three sections: GM-PV land-
use restrictions, GM-PV land-use suitability criteria, and
GM-PV land-use scenarios. Figure 3 shows the aggre-
gated results of the criteria workshop (see Figure S1)
translated into English. The cards on the left side of Fig. 3
represent the land categories that were not considered
suitable for GM-PV installations and the corresponding
reasons. Conversely, the cards on the right side of Fig. 3
indicate the areas that workshop participants considered
suitable for GM-PV solar energy production. The initial
results of the participatory mapping and scoring process
are detailed in Figure S1 in the appendix.

Participants were instructed to use as many cards as
necessary to document their land-use restrictions and
preferences. Each participant had seven points to distrib-
ute amongst the cards, irrespective of whether they per-
tained to restrictions or preferences. In total, 189 points
were allocated, indicating that all points provided to the
27 stakeholders were utilised. Notably, only a quarter of
these points (47 points) were assigned to indicate the
importance of restrictions. In contrast, a significantly
larger portion, quarters of the points (142 points), was
used to weight preferences for area characteristics related
to GM-PV. Specific land-use criteria were awarded many
points, even though only a few cards were classified in
the respective land-use category. Conversely, other land-
use categories received no points in the scoring process.

GM-PV land-use restrictions
Amongst the GM-PV land-use restrictions, 40% of the
total 47 points allocated for land-use restrictions were
assigned to “no agriculturally high-quality soils and ara-
ble land” (Fig. 2, left). This allocation reflects concerns
that local agricultural and food businesses should not be
further threatened by losing their foundational resources
for production and existence. Additionally, the impor-
tance of regional food production for ensuring a secure
and sustainable food supply was emphasised, particu-
larly in light of existing and emerging political crises that
threaten international food supply chains.

With 32% of the points allocated to nature conserva-
tion areas and ecologically valuable regions, participants
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Land restriction for GM-PV

Agriculture

No high-quality soils and arable land
No threat to agricultural businesses
No threat to regional food production

Nature conservation

No forests

No ecologically valuable areas
No nature conservation areas

Townscape and landscape

No impairment of townscape and landscape
No urban sprawl, no unorganized expansion
No fragmentation, no isolated sites

Economic efficiency

No sites with poor access to the area

No small sizes far from the grid

No areas with low solar radiation & shading

Water
No natural lake waters
No impairment of drinking water reservoirs

Safety
No areas required for public safety
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Land suitability for GM-PV

Sealed areas
Public car parks
Buildings and roof surfaces, including flat roofs

Conversion areas
Waste landfill sites, quarries
Former industrial areas

Polluted areas alongside infrastructure
Motorways and slip roads to motorways
Railway lines and embankments

Agricultural land

Poor arable land where agriculture is limited
Substitution of energy maize

Natural meadows

Land size
Land size between 2 and 20 ha
Large parcels with suitable ownership structure

Distance to electricity consumer
Near to the grid or transformer stations
Near to electricity customers

Fig. 3 The results from the first stakeholder and citizen’s workshop in Kandel showing the land-use restrictions (left) and preferences (right)

for GM-PV

highlighted the necessity of protecting forests and envi-
ronmentally significant areas to preserve biodiver-
sity. Nearly as many points, 28%, were dedicated to the
restriction on townscapes and landscapes. Participants
expressed concerns that unregulated GM-PV expansion,
following a “first come, first served” approach, could lead
to urban sprawl and landscape fragmentation by estab-
lishing isolated sites. This could result in a patchwork
appearance and undesirable changes to the previously
untouched cultural landscape.

Other constraints received lower responses and scores.
These include considerations for protecting drinking
water reservoirs and natural lakes, as well as techno-eco-
nomic aspects such as distance to the electricity grid. The
importance of these considerations varied from stake-
holder to stakeholder, with some criteria receiving many
points and others receiving no points in the scoring pro-
cess. The results on land-use restrictions indicate that
agricultural land, nature conservation areas, and areas of
townscape and landscape importance are most vulner-
able to conflicts in land-use planning for GM-PV.

GM-PV land-use suitability criteria

The cards on the right side of Fig. 3 illustrate the suita-
bility criteria for GM-PV land use. The results show that
sealed areas, particularly public car parks, were consid-
ered the most suitable, receiving 25% of the 142 points
allocated for land-use preferences. Surprisingly, 17% of
the points were allocated to agricultural land. In addition,
8% of preferences were given to agricultural land along-
side motorways and double-track railways. More spe-
cifically, 4% of the land-use preferences were allocated to
fields of energy maize for biogas production, as GM-PV
is more environmentally friendly and efficient in electric-
ity production and requires less land for energy produc-
tion than biogas technology. A further 3% was allocated
to grassland, which is economically unattractive for agri-
culture, and 5% to fallow land without agricultural use.
One participant pointed out that areas along motorways
and double-tracked railways are predominantly high-
quality agricultural land. He expressed concern that the
EEG supports their use regardless of soil quality and its
value for local food production, potentially threatening
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small farms and local food businesses. Overall, one-third
of the preferential votes were allocated to general or spe-
cific agricultural land use.

An analysis of the relationship between restrictions and
preferences for agricultural land to the total number of
points shows that preferences for agricultural land, which
accounted for 27%, received significantly more support
than restrictions for agricultural land, which received
only 10%. The reason is the urgency of expanding renew-
able energy production to meet local climate change tar-
gets, which requires acceptance of GM-PV land use.

Conversion areas, such as landfills and former indus-
trial sites, were considered with 15% of the preference
points. Buildings, including flat roofs, received 7% of
the preference points. Other criteria highlighted include
techno-economic factors such as proximity to the elec-
tricity grid, substation, or direct electricity consumer
(11%), a preferred GM-PV size between 2 and 10 hectares
and simple ownership structures (4%), and flat southern
exposure of the area (1%).

GM-PV scenarios

The main restrictions and suitability criteria were inte-
grated into the PPGIS GM-PV model to assess scenarios
based on national and regional data. For the scenario
development, these restrictions were considered:

1. No agricultural arable land of high quality, which
corresponds to a value of arable land quality>60
according to the Spatial Database Infrastructure
Rhineland-Palatinate [54], or no agricultural priority
areas according to regional planning [55],

2. No ecologically valuable areas, such as nature con-
servation areas and biotopes, but Natura 2000 areas
are not excluded, and their non-approval should be
based on a case-by-case assessment,

3. No areas which are essential for the regional land-
scape or part of the natural and cultural heritage of
significant German landscapes [56],

4. A 200 m buffer zone around residential and 100 m
around industrial areas allows future urban growth
(571,

5. GM-PV size: minimum 2 or 5 and maximum 10 ha.

Regarding GM-PV land-use suitability, the following
criteria were used:

1. Strips along motorways and double-track railways:
200 m privileged [58] and 500 m eligible strips [17],

2. Distance to the electricity grid: <1 km or 1-3 km,

3. Solar radiation: >1116 kWh/m? and year or 1043—
1116 kWh/m? and year,

4. Orientation: south or south-east and south-west,
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5. Slope: <5% or 5-15%.

The suitability criteria were combined into classes to
identify the most suitable areas:

1. Particularly suitable areas: 500 m strips along motor-
ways and double-track railways

2. Highly suitable areas: solar radiation >1116 kWh/m?
and vyear, distance to electricity grid: <1 km, south
orientation, slope <5%

3. Moderately suitable areas: solar irradiation 1043—
1116 kWh/m? and year, distance to electricity grid:
1-3 km, south-east and south-west orientation, slope
5-15%.

Despite the initial focus on GM-PV, scenarios with-
out using agricultural land were developed as the work-
shop participants prioritised applying rooftops and car
parks, already sealed areas, landfills, and brownfield
sites. As the PPGIS scenario model was not designed to
assess rooftop PV, 3D building data from the Authori-
tative Topographic-Cartographic Information System
dataset [59] were used to evaluate the roof area poten-
tial using the equation from Risch et al. [5]. The results
show that 90 ha of rooftops are available for PV expan-
sion (Table 1). Exploiting this potential can decrease
land use for renewable energy. However, the realis-
able potential is subject to economic and social condi-
tions as rooftop PV areas are relatively small, in many
different hands, and more expensive than GM-PV,
which has comparatively lower costs and can mobilise
high deployment volumes faster [60]. This challenge
with rooftop PV was commented on by a stakeholder,
who said that ‘a much larger amount of energy will
have to come from undeveloped land’ The municipal-
ity’s eco-account compensation areas (39 ha) were
also considered, although GM-PV is not recognised
as a compensation measure but requires a compensa-
tion measure. The two landfill sites in Kandel (0.3 ha
and 0.14 ha) were also considered. However, they are
techno-economically unattractive due to their small
size and the distance from the electricity grid.

Table 1 Availability of rooftops and car parks for PV in Kandel

Sealed surfaces Area (ha) Available
PV area
(ha)

Sloping rooftop surfaces 102 61

Flat rooftops 45 27

Car parking areas 1.9 19

Total area 148.9 89.9
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Workshop participants agreed that high-quality ara-
ble land (corresponding to numbers>60) should be
retained for food production and restricted to GM-PV.
Low-quality arable land is considered, recognising that
these soils are not necessarily poor for food production
but can be economically valuable for growing certain
crops, such as strawberries and asparagus, which are
essential for the regional food market and have high
economic value for farmers. The assessment shows
that the municipality is predominantly characterised by
high-quality arable land (Fig. 4).

The assessment of the agricultural land scenario
shows that if 500 m and 200 m strips along motorway
No. 65 and the double-track railway crossing the terri-
tory of Kandel are considered for GM-PV, the potential
adds up to 563 and 231 ha of arable land and 208 ha and
70 ha of grassland respectively, which corresponds to
18% and 7% of the municipality’s agricultural area. The
assessment results confirm the concern that in this sce-
nario, GM-PV would threaten the existence of small-
scale farms.
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The assessment of the nature conservation scenario
considers that only strictly protected nature conserva-
tion areas designated under the German Federal Nature
Conservation Act [61] are unsuitable for GM-PV, as par-
ticipants’ opinions on Natura 2000 were divided. The dis-
agreement reflects the controversy at the national level,
where some federal states allow GM-PV in Natura 2000
areas, whilst others, such as Saxony, Bavaria and Hesse,
do not. Workshop participants believe that Natura 2000
sites should be considered in principle for GM -PV and
that the specific decision should be made on a case-by-
case basis. Whilst nature reserves and biotopes cover
1261 ha in Kandel, a much larger area of 2426 ha is desig-
nated as Natura 2000 areas with 765 ha of grassland and
310 ha of arable land (Fig. 5). Therefore, the potential for
GM-PV would be significantly greater in this scenario
and would take up more agricultural land than in the
agricultural land scenario assessed above.

The landscape scenario reflects national preferences
based on significant German landscapes, which totals
1648 ha, of which 405 ha is arable land and 345 ha is

Lindenhol Bllligheim-Ingenheim

Rohrbach

Arable land quality

< =40
o3 40 -50 Ward
50- 60 Rh
B 50 - 80
M-

Fig.4 Arable land quality classes in Kandel showing that the municipality has a high share of high-quality arable land (= 60) that should be used

for food and not for energy production
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Fig. 5 Natura 2000 areas in Kandel showing that they cover a large area and consist predominantly of grassland, which is considered more suitable
for GM-PV by farmers than by nature conservationists
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Fig. 6 Significant regional (left) and national landscapes (right) in Kandel showing that this limits the potential for GM-PV to a considerable extent
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grassland (Fig. 6, right), and regional preferences based
on regional planning, with an area of 414 ha designated
to preserving the landscape, of which 172 ha is arable
land, and 46 ha grassland (Fig. 6, left).

The scenario restricting GM-PV within 200 m of resi-
dential areas considers the restrictions regarding settle-
ment and infrastructure areas, arable land with high soil
quality, and nature conservation areas. This totals 6033,
which is not applicable for GM-PV (Fig. 7). Considering
an additional distance of 100 m around industrial areas
increases the excluded area to 6161 ha.

The identified criteria for land-use restrictions and
preferences for GM-PV were combined in different
ways for the analysis of different scenarios. The char-
acteristics of the 40 scenarios analysed using the PPGIS
model are presented in Table S1 in the supplementary
material. Together with the mayor and the climate man-
ager of Kandel, it was agreed to present only the results
of the ten main scenarios. This was a good compromise
between the variety of scenarios calculated using the
PPGIS tool and the reasonableness of the number of
scenarios that could be presented and discussed in the
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time-limited framework of the second workshop. Too
many scenarios would have led to information over-
load and confusion amongst the participants and might
have been seen as an overly academic approach. These
ten scenarios consider the main restriction criteria ana-
lysed in the first stakeholder and citizen’s workshop.
In all scenarios, GM-PV is not installed in settlements
or areas to serve infrastructure tasks or in forest areas,
because the Federal Forest Act protects the forest from
clearing and arbitrary use for other land uses (conver-
sion) (Table 2). The wishes and concerns of the farmers
were taken into account, as they are opposed to further
utilisation of agricultural land to secure regional food
production. This mainly concerns high-quality agri-
cultural areas in the region with an arable land index
of over 60. Even areas with a lower arable land index
are good soils compared to other regions. They can be
of high value for speciality crops such as asparagus or
strawberries, which prefer light soils with a low arable
land index. As an alternative to the field index, in sce-
nario 10, all priority areas for agriculture defined in the
state development plan were excluded from conversion

i 3. p oingheim-ingenneim Rohrbach

Steinweiler

Idhof

Sudetenhof

Hatzenbuh

Kanael

£9 Waort

Residential/commercial area Rihg

200 m distance from residential area,
100 m distance from commerdal area
[ Kandel Community

Fig. 7 Considering the distance to residential and industrial areas in Kandel restricts a large share of the municipality area for GM-PV
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Table 2 Characteristics of the 10 GM-PV scenarios to be presented in the second workshop

Scenarios No arable land (quality No nature Distance to residential Distance to commercial Minimum size of
number > 60) reserves areas (m) areas (m) GM-PV area (ha)

1 X X 0 0 2

2 X X 200 0 2

3 X X 200 100 2

4 X X 0 0 5

5 X X 200 0 5

6 X X 200 100 5

7 X X 0 0 10

8 X X 200 0 10

9 X X 200 100 10

101 yX X 200 100 10

x: These areas were restricted and excluded from the analyses. y: Instead of high-quality land (> 60); all agricultural priority areas are excluded from the analysis

to GM-PV areas to reduce the loss of agricultural land.
In the ten scenarios, only nature reserves were excluded
in the limitation of the designation of areas that are
suitable for GM-PV. In contrast, areas with a less-strict
nature conservation character, such as Natura 2000
areas, were not excluded as possible areas for GM-PV
in all ten scenarios. Different minimum distances to
residential and commercial areas were analysed in the
scenarios. Opinions in the workshop were divided on
this point, as, on the one hand, proximity to electric-
ity consumers would have economic advantages, but,
on the other hand, the designation of new residential
and commercial areas should not be ‘obstructed, and
the townscape should not be ‘disfigured. The scenarios
also differ in terms of the size of the GM-PV plants.
There was agreement that the plants should not be too
small because of the economies of scale and in order
not to negatively change the landscape with many small
plants. However, these should not be very large either.
In the scenarios, sizes of 2, 5, and 10 ha were therefore

considered to analyse whether, taking into account
the other criteria, areas of the desired size would be
available.

The suitability of the areas analysed in these ten sce-
narios was assessed on the basis of their distance from
motorways and double-tracked railways with 500 m
strips, which were considered to be particularly suitable
areas, because they are already polluted by traffic. Highly
suitable areas are those with a southern exposure, the
highest solar radiation, a slight slope, and a small dis-
tance from the electricity grid (see methodology). The
moderately suitable areas have south-east and south-
west exposures, less solar radiation, a higher slope, and
a greater distance from the grid. The assessment results
of the GM-PV scenarios, addressing restriction and suit-
ability criteria, for Kandel are displayed in Table 3. The
potential for GM-PV decreases from scenario 1 to 10
due to the increasing restrictions and requirements for
suitability. Regarding scenario 10, which has the highest
constraints and requirements, 0.4% of the municipality’s

Table 3 Particularly-, very-, and moderately suitable areas for GM-PV in ten scenarios

Scenarios Particularly suitable Highly suitable area Moderately suitable Total area (ha) Share of
area (ha) (ha) area (ha) municipal area

(%)

1 162 188 122 472 6.8

2 143 150 98 391 57

3 116 115 86 317 4.6

4 56 88 34 178 26

5 56 66 34 156 2.3

6 44 49 33 126 18

7 23 42 0 64 0.9

8 23 29 0 52 0.8

9 23 18 0 41 0.6

10 Il 18 0 29 04
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area could still be used for GM-PV (Table 3). This finding
was a surprise for the workshop participants, which was
underlined by a statement from one participant: “Well, I
was positively surprised by what came out of the analysis,
that if you apply all these criteria, there are enough areas
where it would make sense to have such solar parks. The
fishbowl discussion revealed that despite initial reserva-
tions, most workshop participants acknowledged that
GM-PV is needed to produce as much renewable energy
locally as possible to become an ‘Energy Plus Municipal-
ity. The importance of renewable electricity production
in supporting local industries was discussed, and con-
cerns were expressed that the factory nearby could close
due to the lack of local renewable energy supply. The
finding that the preference for large-scale GM-PV to pro-
tect the landscape from urban sprawl and achieve eco-
nomic efficiency still gives considerable room for GM-PV
was acknowledged. Farmers, however, adhered to their
concerns about giving up arable land for GM-PV and
emphasised finding a compromise between agriculture
and nature conservation objectives.

Participants discussed the importance of connecting
GM-PV to the electricity grid and the economic chal-
lenges regarding grid length and available capacity. They
identified infrastructure development and grid reinforce-
ment as critical factors for GM-PV deployment. Utility
stakeholders highlighted the importance of landowners’
willingness to lease or sell their land to implement the
scenarios. Ultimately, it is the landowner who decides. If
a farmer uses the land for food production, they will not
give it up. However, an owner who is no longer involved
in agriculture or a large landowner who wants to diver-
sify their income is likely to rent out the land for GM-PV,
as the income is more than ten times higher than if leased
to a farmer. This shows that the economic framework
of the energy transition leads to a complex trade-off for
agriculture. However, it cannot be the case that only the
landowner decides on the use of the land, collects the
profits, and leaves the disadvantages to the public. This is
also not possible with construction projects. The respon-
sible political committee decides in which areas this is
possible and agrees on the framework conditions. In the
future, this should also be the case for the construction of
GM-PV plants.

The feedback rounds which took place at the end of
each of the two workshops on the process and the results,
yielded positive feedback. In general, it was stated that
procedural and distributive justice should be taken seri-
ously, and the interests of agriculture, nature conser-
vation, and renewable energy production should be
balanced. The participants and the mayor emphasised the
importance of the public’s early participation in consult-
ing decision-makers. They stated that the PPGIS scenario
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approach was crucial to finding compromises and mov-
ing the energy transition forward. The criteria developed
in the PPGIS scenario approach were adopted by the
municipal council by a clear majority, with only a few
farmers voting against or abstaining. The decision-mak-
ers highly praised the work and the results. The estab-
lishment of jointly developed, mandatory criteria was
considered essential, and a transparent participation pro-
cess was regarded as indispensable for consensus build-
ing in the municipality.

Discussion

The main outputs of the study are the criteria for devel-
oping the scenarios themselves. The ten scenarios are not
discussed in detail here. The focus is on the methodol-
ogy, the PPGIS scenario approach and the criteria used
to inform policy decisions at the end of the PPGIS sce-
nario process. The PPGIS scenario approach addresses
the socio-technical interface of the energy transition. It
bridges the national-local gap by empowering affected
stakeholders and citizens and facilitating open and
transparent decision-making processes [29, 62]. The
scenarios eased communication between participants
about land-use change for GM-PV and enhanced plan-
ning procedures for expanding renewable energies [63].
The PPGIS scenario approach supports societal dialogue
on the burdens and benefits of renewable energy pro-
duction and public participation in consulting decision-
makers to increase procedural and distributive justice
and fairness [64]. The method enables new insights for
a context-based inter- and transdisciplinary assessment
of renewable energies and the socio-technical assess-
ment of land-use potential at the local scale [65]. The
application of the PPGIS scenario approach is limited
due to the required professional and scientific guidance
to organise the workshops, so that transdisciplinary sce-
nario development can be meaningful [12, 66]. The pro-
cess needs an experienced moderator to ensure that the
decisive votes of participants from agriculture or renew-
able energies do not interfere with sharing opinions and
developing criteria or dominate the discussions due to
their higher levels of technical knowledge and personal
conviction [67]. The joint social site characterisation,
identification, and invitation of stakeholders and citi-
zens and the municipality’s mayor and climate manager
facilitated the representative cross-section recruitment
of stakeholders and citizens, covering various opinions
about the topic [50]. A further advantage of the approach
was that the stakeholders and citizens felt that their
views were listened to and taken seriously and could
actively participate in land-use planning and decision-
making. This feeling was confirmed by the fact that the
results and recommendations were received with great
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appreciation and led to the development of a guideline
for decisions on converting agricultural land from food to
solar energy production. The workshop did not explicitly
address landowners, although they may ultimately decide
whether to use their land for GM-PV or to give it away
(rent or sell it) to GM-PV project developers. However,
all the farmers who attended the workshops were land-
owners. Finding stakeholders who are landowners would
be difficult, because there are no statistics on land own-
ership in Germany, where ownership is a private matter
and land registers are not publicly accessible. A recent
study by the Thuenen Institute shows that the majority
(80%) of agricultural land is owned by individuals, most
of whom are not farmers, and that land ownership is pre-
dominantly local, with a good two-thirds of agricultural
land owned by individuals and companies based in the
same municipality as the land. Regardless of their pro-
fession or place of residence, landowners need a permit
from the local planning authority and an amendment to
the zoning plan, which is decided by the local council, to
build a solar farm. Local decision-makers appreciate the
participatory process of the PPGIS scenarios, because the
results have helped them to derive guidelines for future
decisions on land-use changes for the installation of
GM-PV.

Applying the PPGIS scenario approach to only one
municipality limits the study’s results about the suitabil-
ity of the method and the transferability of the results.
Yet, the role of energy advocates who belong to energy
cooperatives and emphasise local renewable energy pro-
duction opportunities and citizens’ participation in the
energy transition consultation process became appar-
ent. There is evidence that their arguments about the
benefits for local value creation and income opportuni-
ties for landowners, farmers, the municipality, and local
businesses to remain competitive and maintain local
jobs long-term are transferable to other municipalities if
the context is similar. This finding is supported by [68],
indicating that members of energy cooperatives act as
agents of change by triggering behavioural changes and
engaging in participative consultation of energy transi-
tion decision-makers. The study shows that, in contrast,
mainly farmers and, to some extent, environmental
organisations worry that previously ‘untouched and
unspoiled’ landscapes are changed to more ‘engineered’
landscapes with less recreational and cultural value. This
finding is supported by [69, 70]. Similar concerns are
raised nationally [25, 71]. These concerns were integrated
into the PPGIS scenario approach, because workshop
participants decided that the potential for expanding
small-scale PV on rooftops and sealed surfaces must be
assessed before agricultural land is considered for solar
energy production. The finding on the limited potential is
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supported by an assessment that only 2-3% of urbanised
land can be used for PV with reasonable efficiencies [72].
In addition, using non-optimal rooftops increases capi-
tal costs for each additional area [73]. Regardless of the
techno-economic challenges of exploiting this potential,
using it could help to achieve renewable energy targets
with less land use [30].

Solar energy potential is constrained by land use,
technology conversion, and net energy yield [74]. Agri-
cultural land use for GM-PV has increased due to the
limited potential of polluted land, a non-negotiable
ban on the conversion of forests and nature reserves
[75] and additional land categories eligible in the EEG,
such as peatland (to be rewetted), the extension of the
eligible strips along highways and double-tracked rail-
ways to 500 m and a more flexible Open Space Ordi-
nance. The study shows that these developments have
reinforced the disagreement between farmers and
energy producers on using agricultural land for renew-
able energies, which can jeopardise the existence of
farms [40, 76, 77]. The German Farmers’ Association
has called for the same protection for farmland as for
forests to protect it from GM-PV [75] and to main-
tain the soil’s ability to capture and store carbon and
ensure regional food production [23, 78]. The study’s
results indicate that not all farmers oppose using land
for solar energy but have a differentiated view and con-
sider areas less beneficial to agriculture, such as exten-
sive grassland in less-favoured areas, to be appropriate
for GM-PV. However, as extensive grasslands are essen-
tial for biodiversity and of high cultural value to the
landscape, there is a conflict with nature conservation.
Conservationists are calling for a permanent ban on
using extensive grassland for GM-PV and for the EEG’s
funding rules to be amended to ensure that renewable
energy does not endanger biodiversity. Despite a gen-
eral agreement on the value of biodiversity, the study
reveals that nature compensation areas for construction
projects and Natura 2000 areas are considered suitable
for GM-PV as they contribute to climate protection by
generating renewable energy. To reconcile GM-PV sce-
narios with biodiversity conservation, further research
is needed to integrate the GM-PVs’ impact on ecosys-
tems in the PPGIS scenario approach. Linking climate
change and nature conservation can change the scenar-
ios and increase the favourability of renewable energy
projects [79]. The study indicates that the participants
do not want the landscape to be spoilt by (too many)
small and scattered or too large GM-PV plants and con-
sider a size of 2—10 ha to be optimal. This result con-
trasts with the EEG limit of 100 Megawatt (MW) for
the tender bid volume for GM-PV, equivalent to about
100 ha. This finding is supported by a research project
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in Southern Europe, indicating that citizen satisfaction
with solar energy depends on project size, location, and
participation [80]. In the study, participants agreed not
to use areas for GM-PV which were essential for pre-
serving natural and cultural landscapes. Considering
the characteristics of the landscapes, such as vegetation
and topography, could help to better investigate stake-
holders’ and citizens’ views on integrating GM-PV into
the socio-ecological environment. This finding is sup-
ported by wind power results, which show that the
(visual) impact on the landscape is the main factor in
explaining opposition or support [81]. Nevertheless,
adequate scientific methods and procedures have not
been implemented or regularly applied, resulting in dis-
crepancies between scientific landscape research and
landscape planning practises and needs [82, 83].

The political framework defines renewable energy as
an overriding public interest when balancing interests,
such as biodiversity, landscape, and soil protection and
food production. This can affect the gradual erosion of
public acceptance, provoke public opposition to renew-
able energy projects [84], and reinforce the national-local
divide and the gap between attitudes and behaviour,
which is often referred to and explained by the concept
of “not in my backyard” (NIMBY) [85, 86]. The reasons
and mechanisms driving public acceptance or resistance
to renewable energy projects are many and complex and
go beyond the NIMBY syndrome [87]. In this context, the
term ‘acceptance’ is understood as acceptance by the pub-
lic rather than social acceptance. [37]. The study’s results
provide first insights, but more empirically conceptu-
alised and consistent research is needed to understand
better the relations between stakeholders and citizens
and their views on renewable energy projects [84]. The
PPGIS scenario approach addresses procedural and dis-
tributive justice and fairness, considering stakeholders’
and citizens’ interests and the priorities necessary for
public acceptance [88]. The results indicate that the con-
flicts between farmers and energy producers cannot be
resolved comprehensively. Even with an overall high level
of satisfaction with the PPGIS scenario approach, one
farmer did not agree with the results and recommenda-
tions. The study did not consider compensation schemes
and cooperative business models for the ownership and
operation of GM-PV and their benefits for stakeholders
and the municipality. Evidence shows that they can create
high value [84, 85], and socio-economic compensation
schemes can offset the disadvantages of land-use change
if designed transparently and with stakeholder and citi-
zen participation [89]. Transparent, participative and fair
decision-making processes, as exemplified by the study’s
approach, can help to avoid conflicts, because socio-psy-
chological aspects, normative values, and perceptions of
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justice and fairness significantly influence stakeholder
responses to land-use change for renewable energies [81].

In response to political and economic conditions,
GM-PV plants spring up like mushrooms on arable
land. This cannot be stopped by arguing that there are
still enough rooftops and non-agricultural areas. On the
contrary, this argument does not allow a social discourse
to control land conversion in line with social needs and
expectations. Given the limited and difficult-to-exploit
potential on rooftops and in sealed areas, most partici-
pants acknowledge the need for GM-PV to increase the
share of renewable energy. However, conflicts exist about
whether GM-PV should substitute bioenergy, which is
essential for difficult-to-decarbonize energy consump-
tion in areas such as aviation and shipping. The main
argument for GM-PV was land-use efficiency, because
solar energy produces around 1,000 MWh/ha per unit
of land, whilst maize-fed biogas plants produce 10-60
MWh/ha [1, 90]. Converting biogas maize and other bio-
energy fields, accounting for 23% of arable land in Ger-
many, into GM-PV would significantly reduce the land
demand for energy production and land-use competition
[91]. This opinion and environmental concerns about
too much biogas maize in the landscape are reflected in
the changed political orientation of the energy transi-
tion from bioenergy to solar energy and, in particular, by
restricting the share of maize permitted as feedstock in
biogas plants [17, 92]. Whether bioenergy or solar energy
is better suited to producing renewable energy in the field
and which agricultural land should be used for energy
rather than food production is an emotive debate, also at
the regional and national levels [71, 77].

Conclusions

Despite an agreement to take over local responsibility
to achieve climate neutrality by increasing the share
of renewable energy, controversies exist about which
technologies should be used where and to what extent.
The PPGIS scenario approach supports procedural and
distributive justice and fairness and impacts mutual
understanding and the willingness to compromise. The
PPGIS scenario approach to integrating stakeholders’
and citizens’ views on land use for renewable energy
is a powerful tool for technology assessment that can
facilitate the complex and emotionally charged public
debate and improve the acceptability of land-use deci-
sions. It can support local decision-making and land-
use planning processes whilst considering social and
cultural attachment to land use. It enables pro- and
interactive land-use decisions by quantitatively assess-
ing and visualising scenarios which reflect stakehold-
ers’ and citizens’ views on land-use changes towards
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renewable energy production. The approach can facili-
tate dialogue and joint fact-finding between stakehold-
ers and citizens with different opinions and help align
land-use planning goals and processes with stakehold-
ers’ and citizens’ views and values. It is crucial to ana-
lyse the context, the ethical values, and the engagement
of stakeholders and citizens to increase land-based
renewable energy production and reach climate neu-
trality. Participation increases the legitimacy of the
planning process. Still, it does not necessarily increase
the public acceptance of renewable energy or infra-
structure projects, as this also depends on the specific
process, context, facility design, and the willingness of
the landowner to change land use in favour of renew-
able energies.

Abbreviations

EEG Erneuerbare-Energien-Gesetz  (German Renewable Energy
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GIS Geographic Information Systems

GM-PV Ground-mounted Photovoltaics

km Kilometres
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