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ARTICLE INFO ABSTRACT

Keywords: Achieving national climate targets while balancing land-use and biodiversity goals is a shared challenge for
PV potential countries undergoing large-scale solar energy transitions. Strategic deployment of photovoltaic (PV) systems is
Renewable

essential to maximise energy output while minimising land use. This study explores strategies for land-efficient
PV deployment by assessing the technical PV potential of ground mounted systems under varying land-use re-
strictions and PV technology scenarios. Using Germany as a case study, we integrated high-resolution climate

Solar panels
Energy transition

Environment
Climate change data, PV potential modelling, and land suitability assessment across three levels of land-restriction (least, in-
Germany termediate, most) and three PV technology efficiency levels (low, medium, high) to evaluate how land suitability

and technology choices affect energy outcomes. Our results show that deploying high efficiency PV systems can
more than double electricity generation from the same land area. Prioritising the most suitable land could
produce up to 759 TWh of energy, whereas stricter land-use restrictions could limit this potential to just 97 TWh.
We find that energy targets can be met using <1% of Germany’s land area, without compromising protected
areas or biodiversity objectives, provided PV deployment is targeted to optimal sites and paired with advanced
technologies. By aligning PV deployment with high-suitability land and advanced technologies, countries can
reduce land demand and environmental trade-offs. This study proposes a scalable pathway to strengthen the
renewable energy transition while supporting sustainable outcomes — making it relevant beyond Germany for
global land-energy planning.

1. Introduction

The transition to renewable energy is accelerating globally, with
countries setting ambitious targets to reduce fossil-fuel dependency and
achieve climate neutrality. In 2024, the global renewable energy sector
experienced a record capacity expansion of 585 GW, marking the largest
annual increase to date and raising total renewable power capacity to
approximately 4448 GW. Solar PV alone contributed around 454 GW,
accounting for over three-quarters of the new capacity [1]. A 90%
decline in solar PV module costs since 2010, rapidly expanding invest-
ment flows [2], and favourable policy environments have driven the
growth of photovoltaics across many regions. For example, India aims
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for 280 GW of solar capacity by 2030, the United States targets 50%
clean electricity by 2035, and the European Union has committed to
doubling solar capacity under REPowerEU plan [3-5]. This surge in
solar PV development indicates the pivotal role of PV in meeting near-
and long-term climate and energy goals worldwide.

Germany’s “Energiewende” remains a leading example of an ambi-
tious energy transition, aiming to source 80% of electricity from re-
newables by 2030 and 100% by 2035, with the goal of net-zero
emissions by 2045 (Renewable Energy Sources Act Erneuerbare-
Energien-Gesetz, [6,3]. To meet these goals, the EEG has set specific
targets for various renewable technologies. Among these, PV plays a
central role with 215 GW of capacity required by 2030 [7], in addition to
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100-110 GW of onshore wind, 30 GW of offshore wind, and 10 GW of
hydrogen [3]. As of 2024, Germany’s installed PV capacity reached
approximately 99.3 GW following a record annual addition of 16.2 GW
[8]. Despite this progress, substantial additional deployment is still
needed across all renewable technologies particularly PV, wind,
hydrogen, and storage, to meet the country’s renewable energy targets
[9,10].

While Germany has made substantial progress toward its solar PV
targets with approximately 100 GW of installed PV capacity by the end
of 2024, an additional 115 GW is still required by 2030 to meet the
national goal of 215 GW [6,8]. Similar large-scale PV expansion efforts
are being pursued in other countries, many of which are facing dual
challenges: rapidly scaling up renewable energy supply while managing
limited land availability. In regions, such as Brazil, China, and parts of
Southeast Asia, tensions have already emerged between solar PV
deployment, agriculture productivity and conservation goals [2,11-14].
Simultaneously, global investment in renewable energy reached a new
high in 2024, with about USD 807 billion directed toward clean energy
technologies, indicating rising policy ambition, technological advance-
ment and economic momentum [15]. Careful planning is therefore
needed to optimise PV deployment in the most suitable locations,
maximising energy outputs while minimising land requirements. This,
in turn, requires a careful consideration of various long-term factors,
including climatic, technological, environmental, geographical, eco-
nomic and regulatory constraints [16]. These constraints must also align
with demand-side needs while avoiding negative impacts such as
excessive material extraction, waste generation, and biodiversity loss
[17,18,19] .

Several studies emphasised the importance of strategic PV deploy-
ment in improving energy generation outcomes. For instance, [20]
found that many PV farms in Romania were underperforming due to
sub-optimal placement. In the German context, [10] showed that
PV-suitable areas exhibit contrasting characteristics: with higher solar
radiation typically observed in the south, while the north holds greater
soil carbon storage potential. These findings underline the need to
explore how PV energy performance is influenced by land suitability
prioritisation and the adoption of emerging high efficiency PV tech-
nologies [21-23]. Germany provides a highly relevant case study due to
its ambitious PV capacity targets, dense land-use patterns, and strong
environmental protection. The availability of a detailed energy policy
framework [6] enables scenario-based analysis under diverse regulatory
and spatial constraints. Germany’s climatic diversity, from
high-irradiance southern regions to lower-irradiance northern areas,
making it an ideal case to study the interactions between technology
choice, land suitability and energy output.

Land-use policies often restrict PV deployment to designated areas to
protect farmland, urban spaces, and natural habitats. While such re-
strictions are important for conservation and spatial planning, PV po-
tential can vary substantially even within the designated areas [24,25],
the failure to account for site-specific PV potential differences may result
in sub-optimal PV outcomes [26]. Prioritising highly suitable but
otherwise unrestricted land, based on factors such as solar radiation,
grid connectivity, and proximity to settlements, can greatly improve the
deployment efficiency [27]. In addition, advances in PV technology such
as perovskites and III-V multijunction cells help to rapidly increase effi-
ciency, thus reducing PV area demand [28,29]. Many countries have
developed regulatory frameworks that seek to address the land-area
conflicts such as California’s farmland mapping and monitoring pro-
gram or China’s land classification system, which influence solar siting
decisions [30]. Although numerous studies have explored PV perfor-
mance, deployment barriers or land-use conflicts, an important gap re-
mains is integrating land suitability, technological efficiency, and policy
constraints within a single spatially explicit modelling framework.
Previous research focussed on technical PV efficiency, land-use con-
straints, or policy rules in isolation without assessing the combined
implications for national-scale deployment [31,32]. Moreover, many
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studies rely on area-based allocation rules, and ignore how prioritising
highly suitable land and deploying advanced PV technologies could
reduce the overall PV footprint [29]. Moreover, limited empirical evi-
dence exists comparing energy-target based deployment strategies with
conventional land-area based policies. This study addresses these gaps
by integrating spatially explicit PV potential modelling with land suit-
ability and policy-based restriction scenarios, and by comparing
energy-target based and land-area based deployment approaches. Un-
like previous work, this study assesses how land prioritisation and PV
efficiencies interact to influence energy outputs, both in absolute terms
and relative to energy demand. The study provides a decision-relevant
and scalable framework for land-efficient PV deployment under real-
istic land constraints and policy.

This study adopts an integrated modelling approach that links land
suitability, PV technology efficiency, and policy-based deployment
constraints. We assess the potential for land-efficient PV energy gener-
ation under a combination of land-based restrictions [10] and PV
technology scenarios in Germany. We evaluate how land suitability and
technology choices interact to influence energy outputs across the
country and compare these outputs with existing energy targets and
projected demand. Specifically, we address the following research
questions using a modelling framework that integrates PV potential
estimation [33,34] with land suitability assessment [10] in Germany.

1. What is the potential PV energy generation across different levels of
land suitability, and how do these areas contribute to meeting pro-
jected energy demands?

2. How do different PV technologies, in combination with varying
levels of land-based restrictions, affect total energy generation po-
tential in Germany?

3. Can an energy target-based PV deployment strategy outperform
Germany'’s current land area-based deployment approach?

2. Methods

Germany is located in central Europe and spans a wide range of
geographical and climatic conditions. The country experiences a
temperate seasonal climate with substantial spatial variation in solar
radiation. Southern regions such as Bavaria and Baden-Wiirttemberg
receive relatively high solar radiation (1100-1250 kWh/m? per year),
while Northern states such as Lower Saxony and Brandenburg experi-
ence moderate ranges (around 900-1000 kWh/m? per year). Despite
this variation, even moderate solar radiation levels can yield substantial
PV output when combined with high-efficiency PV technologies [3]. In
addition to spatial variability in solar radiation, Germany experiences
moderate temperature conditions (annual mean around 8-10 °C), which
are favourable for PV performance as excessive heat related efficiency
losses are limited. Seasonal variability in radiation and temperature was
minimised using long-term climatological averages (1990-2014), to
represent the baseline conditions. The feasibility of PV deployment in
Germany is also supported by sustained policies and declining technol-
ogy costs which back PV deployment at scale.

We applied the spatial PV potential (PVOUT) modelling framework
developed by [33], 2024b) to estimate PVOUT across suitable
ground-mounted PV locations in Germany. This method integrates
climate variability, panel orientation, and technical losses to produce
spatially explicit estimates of PV energy output. The PVOUT modelling
framework was selected for its ability to capture spatially-explicit cli-
matic variations and technological influence. We combined this with a
land suitability model developed by [10], which classifies land into
three suitability categories (high, moderate, and marginal) under three
restriction scenarios (least, intermediate, most restricted) based on so-
cioeconomic, environmental, and legal factors. An additional
policy-aligned scenario based on the EEG deployment guidelines was
also evaluated (more details in Table 1 and 2). PV energy generation was
calculated by integrating technical parameters across these scenarios
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Table 1
The factors considered for different levels of suitability [10].

Suitability criteria Highly Moderately Marginally suitable
suitable suitable

Solar radiation >1116 1043 -1116 <1043
(kWhm~2yr~1)

Distance to power <=3km 3-5 5-10
lines (km)

Land aspect South Southeast, Northeast, Northwest,

Southwest East, West

Slope (%) 0 0-5 5-15

Soil erosion in ton > =30 10 - 30 <10
ha~'yr

Table 2

Land-based restriction scenarios [10]. The grey colour corresponds to criteria
that exclude PV installation, while blank corresponds to allowing PV
installation.

Restricted factors Least Intermediate Most
restricted restricted restricted
scenario scenario scenario

Nature reserves (NSG) and Yes Yes Yes

legally protected biotopes

NATURA 2000 /FFH fauna- Yes Yes Yes

flora habitats, FFH habitat
types and bird sanctuaries

Natural monument Yes Yes Yes

Nature parks Yes Yes Yes

Waterways & Waterbody Yes Yes Yes

Drinking water protection Yes Yes Yes

areas (zones I and II)

Flood dykes Yes Yes Yes

Forests and wooded areas Yes Yes Yes

Settlement areas with 100m  Yes Yes Yes

buffer zone

Settlement areas with200m  No Yes Yes

buffer zone

Settlement areas with400m  No No Yes

buffer zone

Transport routes: Roads Yes Yes Yes

Transport routes: Railway Yes Yes Yes

lines

Airports Yes Yes Yes

Military zones Yes Yes Yes

Monument-protected Yes Yes Yes

buildings

Soil quality rate (SQR) > 35 No No Yes

SQR > 50 No No Yes

SQR > 60 No Yes Yes

SQR > 70 Yes Yes Yes

Significant landscapes (BfN)  Yes Yes Yes

Eligible areas for ground-
mounted PV systems
according to the amended

500 m Marginal strips along highways and double-
track railway lines, Former rewetted moorland

[6]
Table 3
Land-restriction scenarios [10] and PV technologies considered [28,33].
PV with different Low efficiency Medium High efficiency
technologies (Conventional Si) efficiency am-v
(Perovskites) Multijunction)
18.5% 24.8% 35.8%

Definition of scenarios
Least restricted Large-scale PV deployment and energy generation by
scenario dedicating extensive land for this purpose, and excluding only
areas in close urban proximity (up to 100 m) and very high-
quality (SQR > 70) arable land.

Intermediate Medium-scale PV deployment by excluding high to very high-
restricted quality (SQR > 60) arable land and areas near the intermediate
scenario urban periphery (up to 200 m).

Most restricted
scenario

Small-scale PV energy generation by restricting arable land of
SQR >50 and a large vicinity of urban areas (up to 400 m).
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(see Table 3 and 4). The overall methodology used to conduct the study
is presented in Fig. 1, with further details provided in subsequent sec-
tions. We utilised ArcGIS Pro 3.5 and Python 3.9 for developing code,
processing data and analysing the results.

2.1. Data inputs

We applied a downscaled climatology dataset for solar radiation and
temperature, covering the period 1990-2014 at 1 km resolution (Fig. 2,
Fig. A2). Downscaling was carried out using the CHELSA algorithm
applied to ISIMIP3b historical climate available at 0.5° [35,36], a
semi-mechanistic framework designed to produce high-resolution
climate data for temperature, surface incoming solar radiation, and
precipitation. The algorithm primarily leverages variations in elevation
and lapse rates to derive fine-scale temperature fields. Surface incoming
solar radiation was estimated by combining direct and diffuse radiation,
factoring in obstructions caused by surrounding terrain that affect light
penetration. Mean values over the 1990-2014 period were used as
baseline climatic inputs to the PVOUT model ([33], 2024b), which was
used to estimate the technical PV potential for Germany at 1 km reso-
lution. The model uses solar radiation, temperature, orientation, and
standard PV performance losses (Table 4). Additionally, efficiencies of
different PV technologies [28] were applied, from low (Si), medium
(perovskites), to high (III-V multijunction) efficiency, forming the basis for
low-medium-high technology scenarios (Table 3). These technologies
were considered advanced as their efficiencies are substantially higher
than the conventional silicon-based systems and their potential for
future deployment is technically realistic in the near-term [28].

The PV land suitability model developed by [10] integrated a range
of environmental, infrastructural, and economic parameters (details in
Table 1), identified land as highly, moderately, or marginally suitable
(Fig. 1). The PV land suitability model incorporated these factors due to
their crucial role in determining land suitability for PV deployment in
Germany. For example, proximity to grid influences connection costs in
highly interconnected systems, while slope and aspect determine tech-
nical feasibility under Germany’s moderate solar conditions. Similarly,
soil quality and other land-use constraints reflected national priorities
related to agricultural productivity and biodiversity conservation which
are central to land-use planning in Germany. Other factors such as
economic costs, land ownership, and social acceptance were not
included as the focus of the study is spatial and technical suitability at a
national scale. These factors may influence local-scale deployment de-
cisions and could be incorporated in future analyses. The model also
considers various land-based restrictions that limit panel placement
such as conservation areas, settlements, water bodies, and natural parks
(further details in Table 2). Collectively, these define the land-based
restriction scenarios, categorised into least, intermediate and most
restricted scenarios (Table 3). Additionally, EEG guided scenarios were

Table 4
Factors considered in the calculation of PV potential [33].

Values//losses

0.5 (0.1 - 50) (%)
0.3 (0.1 -15) (%)
2(0.5-15) (%)
2.2 (2-15) (%)
0.5 (0.1 -10) (%)
3.5(2-10) (%)
0.5 (0.2 - 3.5) (%)
0.9 (0.2 - 3.5) (%)
18.5 °C above ambient temperature
at standard test condition (STC)
o —loss for every 1 °Cincrease above 25°Cof  0.4%
the combined PV module and air
temperature
The ideal PV module temperature, at which 25°C
efficiency losses due to heat are negligible

Parameter

Orientation loss

Mismatch losses

DC cabling losses

Losses in inverter (conversion of DC to AC)
Availability (Downtime losses)

Losses due to dirt and soiling

AC cabling losses

Transformer losses

PV module temperature




A. Saxena et al.

Sustainable Futures 11 (2026) 101930

Baseline climate data downscaling
e.g., solar radiation, temperature
(1990-2014)

|

PV potential modelling
Calculation of technical PV potential
across suitable locations
PVOUT (1km resolution)

Land Suitability & restriction analysis
(Fakharizadehshirazi and Résch 2024)
Three suitability levels (high, moderate,
marginal, EEG-prescribed suitable)
Three land restriction scenarios (least,
intermediate, most)

(see Table 1 and Table 2)

PV technology scenarios
Low (Si), medium
(Perovskites), and high (IlI-V

Multijunction) efficiency
scenarios

A

PV energy generation estimation

!

Comparison of energy generation and electricity
demand met

Fig. 1. Overall methodology.

developed to reflect policy-constrained PV deployment under Ger-
many’s Renewable Energy Source Act [6] by incorporating 500 m
marginal buffer strips along highways and double-track railway lines
and rewetted moorland, in line with national deployment policies. These
scenarios provided a basis for a direct comparison between theoretical
technical potential and policy-constrained deployment in order to un-
derstand the trade-offs between land used for PV and energy generation.

2.2. PV potential estimation in suitable land areas

Baseline climate data were used to drive the PVOUT model. The
model’s outputs were evaluated against existing PV deployment data
across Germany (Fig. A1, [37]). The technical PV potential was calcu-
lated for each of the three PV technologies i.e., (low (Si), medium (pe-
rovskites), and high (III-V multijunction). The outputs from PVOUT model
and the PV land suitability model were integrated to compute spatial PV
potential under defined deployment scenarios.

2.3. Total PV energy generation in suitable land areas

The PV energy generation model incorporated key technical com-
ponents of a ground-mounted PV system, including PV module effi-
ciency (), ground coverage ratio (GCR), system losses (described in
Table 4), and temperature dependent performance to reflect realistic
system performance under field conditions. Module efficiencies were
considered for three technology levels (Table 3), while system-level
losses such as orientation, mismatch, cabling, inverter, and soiling los-
ses were accounted for using standard parameter ranges (Table 4).
Temperature effects were incorporated using a coefficient-based
adjustment to reflect efficiency reductions above standard test

conditions.

Total PV energy generation was estimated using Eq. (1), which is
based on a spatial aggregation of PV energy output across suitable land
areas, combining area, site-specific PV potential (PVOUT), system
design parameters, and technology-specific efficiency [33,38].

n

PV electricity generation; = Z (area; x PVOUT; x GCR % 17) (€})

i=1

Where i refers to each suitable land unit, n is the total number of such
suitable land units, GCR is the ground coverage ratio, and n represents
PV module efficiency. The GCR adjusts for shading effects (thus giving
the PV footprint), while ) varies by PV technology type.

2.4. Energy and electricity demand met by PV energy generation

Total PV electricity generation was compared with national total
energy and electricity demand projections for all nine combinations of
restriction levels (least, intermediate, most) and PV technologies (low,
medium, high). The percentage contribution of PV to energy and elec-
tricity demand was calculated using Eq. (2) and 3 [39].

Energy demand met by PV energy = ((PV energy generation) x 100)

-+ (total energy demand) )

Electricity demand met by PV energy = ((PV energy generation) x 100)
=+ (total electricity demand)
3
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(1990-2014)

solar radiation
(1990-2014)
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intermediate
restrictions
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Legend

solar radiation (1990-2014) (kWh/sqm)

812 1520.83

temperature (1990-2014) (°C)

i
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0.11

[ ]

Suitable areas with Administrative
restrictions boundary

Fig. 2. Input dataset [10,36].
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2.5. Role of land suitability in PV energy generation

To assess the influence of land quality on energy output, we
compared a least land restricted scenario, where highly suitable land
was preferentially chosen for PV deployment, against the most restricted
scenario. PV energy generation per unit area was calculated across the
three suitability types, progressively moving from land with highly to
moderately to marginally suitable land under the least restricted sce-
nario. We calculated the sum up until the point where the highest point
of PV energy per unit area was achieved, beyond which it would start
levelling off as sites with less PVOUT begin to be included in the sum. We
then compared the total area at the point of maximum energy generation
per unit area in the least restricted scenario with the total area in the
most restricted scenario. This comparison allowed us to analyse the role
of different land suitability categories in PV energy generation. The
analysis aimed to determine the total land area required to achieve peak
energy generation under each scenario.

3. Results
3.1. Spatially-explicit PV potential in Germany

Model validation against observed PV generation data from existing
PV installations nationwide [37] showed a good agreement with an r? of
ca. 0.8 (Fig. Al), indicating satisfactory model performance. The PVOUT
model in [33]was parameterised for large-scale PV installations. In
contrast, existing PV site data encompassed both small and large-scale
installations without detailed spatial parameter variations associated
with the losses. While some variations between observed and modelled
PV outputs were therefore expected, overall model performance was
satisfactory. The model showed a slightly higher mean and narrower
range of PV potential compared to the observed at-site PV outputs. The
photovoltaic (PV) potential varies geographically across Germany due to
differences in solar radiation, topography, and weather conditions
(rainfall and cloudiness) with the highest PV potential found in the south
of the country due to higher solar radiation.

Bavaria (around 1100-1250 kWh/kW) and Baden-Wiirttemberg
(1100 kWh/kW), have the highest annual PV potentials. Likewise, the
southwestern states, Rhineland-Palatinate (around 1100 kWh/kW) and
Saarland (1050-1100 kWh/kW), also have high potential. The central
and eastern states, Hesse (1000-1050 kWh/kW) and Saxony (1000
kWh/kW) have moderate PV potential. While North Rhine-Westphalia
(900 - 1000 kWh/kW), Lower Saxony, Brandenburg, and Berlin
(950-1000 kWh/kW) have the lowest PV potential, they still offer viable
opportunities for PV energy generation (Fig. 3). The existing PV in-
stallations across the country currently generate around 61 TWh of PV
energy annually [37,40] on 0.23% of the land area (Table A2), with a
12% contribution to Germany’s total electricity demand (Table A2).
There is scope for more PV deployment at the most effective locations
(Fig. 3).

3.2. PV energy generation across land suitability types and contribution to
energy demand

The total suitable land in different categories (i.e., highly, moder-
ately, and marginally suitable) results in different proportions but fol-
lowed similar patterns across different land-based restriction scenarios.
In addition, we also compared these with the EEG-prescribed land areas.
In the least restricted scenario, the major proportion of the land area
used for PV energy generation based on the PVOUT would come from
moderately suitable areas, followed by high, marginal, and EEG-
prescribed areas. In the intermediate and most restricted scenarios,
the order changes to moderate, high, EEG-prescribed and marginal
suitable areas (Fig. 4).

The highly suitable land of 1.8% under the least restricted scenario is
alone sufficient to produce PV energy that meets Germany's current
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Fig. 3. Baseline PV potential and the current PV sites [37].

electricity demand across all low, medium, and high PV technologies
(Fig. 5). In contrast, highly suitable land under intermediate (0.9%) and
most (0.2%) restricted scenarios, does not meet the current electricity
demand, even with highly efficient PV technologies, except for the III-V
multijunction technology in the intermediate restricted scenario (Fig. 5).

PV deployment on moderately suitable land (7.7%) in the interme-
diate restricted scenario would also meet Germany's total current energy
demand. However, none of the types of suitable land alone is enough to
meet either the current energy or electricity demands in the most
restricted scenario. Only highly or EEG-prescribed suitable land and
medium to high PV technologies under the intermediate restricted sce-
nario would meet the current electricity demand, but none of the suit-
ability types would meet the total current energy demand in this
scenario (Fig. 5).

3.3. Combined effects of PV technologies and land-based restrictions on
energy generation

Even under the most restrictive scenario, which still allows about 2%
of Germany’s land area to be used for solar electricity production (see
Fig. 6), the deployment of conventional silicon PV technology could
generate around 639 TWh. This is equivalent to the current electricity
demand (around 600 TWh) in Germany ([3], Federal Ministry for Eco-
nomic Affairs and Climate Action (BMWK)). Energy output would
approximately double to 1237 TWh if higher efficiency PV technologies
were to be used on the same land area. In this scenario, PV energy
generation would meet 19% to 36% of the total current energy demand,
depending on the PV technologies considered. Under more relaxed
levels of restriction (intermediate restricted scenario), around 4 to 8
times the current electricity demand could be generated on 7% of
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Least restricted scenario Intermediate restricted scenario Most restricted scenario

PV electricty generation (%, TWh)
m Moderately suitable 61.9% (2,977)
mEEG prescribed suitable 16.1% (774)
m Highly suitable 15.78% (759)

= Marginally suitable 6.25% (301)

PV electricity generation (%, TWh)
m Moderately suitable 44.25% (283)
mEEG-prescribed suitable 36.5% (233)
mHighly suitable 15.1% (97)

= Marginally suitable 4.13% (26)

PV electricty generation (%, TWh)
uModerately suitable 61.0% (1,569)
MEEG-prescribed suitable 19.6% (504)
Highly suitable 15.2% (391)

= Marginally suitable 4.16% (107)

Fig. 4. PV potential in least, intermediate and most restricted scenarios (upper panel) and electricity generation share on different levels of suitability (lower panel).

Least restricted Intermediate restricted io: Total Most restricted scenario: Total electricity generation
6,000 3,500 3,500
Total energy demand g --- Total energy demand ] ) --- Total energy demand
Electricity demand Electricity demand --- Electricity demand
Current solar energy generation --- Current solar energy generation --- Current solar energy generation
5,000 PV_Si 3,000 PV Si 3,000 m—PV_Si
4 PV_Perovskites = PV_Perovskites = PV_Perovskites
PV_Multijunctions = PV_Multijunctions m= PV_Multijunctions

2,500 2,500
4,000

2,000 2,000

3,000

1,500 1,500

2,000

1,000 1,000

Total electricity generation (TWh)
Total electricity generation (TWh)
Total electricity generation (TWh)

1,000

500 TR T - 500

= = o
High Moderate Marginal High Moderate Marginal EEG-prescribed High Moderate Marginal EEG-prescribed
(6360) (26743) (2788) (3307) (14268) (1013) (4621) (812) (2531) (244) (2126)
Suijtable land Sq ki Suitable land ki Suitable land S
Least restricted Stenane; Suiabid I9nd distribution Intermediate restrietod Stanarior Sulabie land distribution Most restricted Seananos Sunabie ISnd distribution

High (1.8%)

Moderate (7.7%)

Marginal (0.8%)
EEG-prescribed (2.0%)
Unsuitable/Other land (87.7%)

EE High (0.9%)

Moderate (4.1%)

Marginal (0.3%)

BN EEG-prescribed (1.3%)

[ Unsuitable/Other land (93.4%)

B High (0.2%)

B Moderate (0.7%)

=3 Marginal (0.1%)

BN EEG-prescribed (0.6%)

3 Unsuitable/Other land (98.4%)

Fig. 5. Total electricity generation using different PV technologies across land-suitability categories for various levels of PV-suitable land under least, intermediate
and most restricted scenarios.
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Total electricity generation for different technology and land-based restriction scenarios (TWh)
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Germany's land area, meeting 75% to 146% of the total current energy
demand depending on the type of technology used. The least restricted
scenario would produce 8 to 15 times the current electricity demand,
meeting 141% to 273% of the total current energy demand on 12% of
Germany's land area (Fig. 6). By utilising highly efficient PV technolo-
gies, it is possible to not only meet the electricity demand but also to
generate an excess supply of energy. This surplus could be redirected to
fulfill the overall energy demand including electricity and other indus-
trial needs and heating.

3.4. Comparison between energy-target based and land-area based
deployment approaches

The PV energy generation per unit area shows a declining trend
when adding land gradually, starting with highly suitable land, followed
by moderately, and marginally suitable land (Fig. 7). The highly suitable
land (1.8% of total land area) in the least restricted scenario is more
efficient than the total suitable land (1.9% of total land) in the most
restricted scenario; producing 120 TWh more and surpassing Germany's

le-7 Electricity generation per unit area by suitability and technology in least restricted scenario

24| = Si
N Perovskites
. |I-V multijunctions

Electricity generation per unit area (TWh/sqm)

High High+Moderate

High+Moderate+Marginal

Gradually combining suitable land areas for PV installations

Suitable land distribution in least restricted scenario

High+Moderate+Marginal

(oS High+Moderate

9.5%
1.8% High

Suitable land distribution in most restricted scenario

Unsuitable/other Land

8 Suitable land area in most restricted scenario /

Unsuitable/other Land

o)

Fig. 7. Electricity generation per unit area by gradually combining suitable land areas by suitability and technology in the least restricted scenario. The lines in the
upper panel show a declining trend as less suitable areas are added. The lower panel compares PV energy production between least and high restricted scenarios

using different levels of suitable land.
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total electricity demand (Fig. 7). Although the differences are limited,
and even in the most restricted scenario the PV energy has substantial
potential to contribute its share in Germany’s renewable energy targets.

The EEG-prescribed areas (0.6%) in the most restricted scenario
could contribute to renewable energy targets through its share of PV
energy generation i.e., 233 TWh (52% of the 80% of total electricity
demand which is the current renewable target) while in the least
restricted scenario it produces around 774 TWh (Table Al). To achieve
the 215 GW of PV installed capacity target by 2030, it would require an
additional around 1270 sq km (around 0.6% of land), which might vary
with the technology and design specifics considered (Table A2).

4. Discussion

To accelerate large scale PV deployment, strategic planning is
essential to ensure efficient use of land, given the competition with other
land uses and spatial variation in PV potential. In Germany, most high-
capacity PV sites are concentrated in the north and northeast, despite
relatively higher solar radiation in the south. The EEG guidelines iden-
tify areas suitable for PV deployment to support the energy transition;
however, they often lack detailed consideration of the PV potential and
site suitability factors. Our study shows that prioritising highly suitable
land with high PV potential can substantially reduce the total land area
required to meet energy targets. Highly suitable land areas for PV
deployment in Germany are primarily characterised by high solar ra-
diation, low slope, favourable aspect, proximity to grid network and low
agricultural and ecological values (Table 1). Southern regions exhibit
relatively higher photovoltaic potential. However, land-efficient PV
deployment can be further enhanced by complementing these areas with
marginal lands, transport corridors, and previously disturbed areas (e.g.,
brownfields) under policy -constraints. Additionally, integrating
advanced PV technologies with high-potential land could effectively
address land constraints [29] by increasing yield per unit area. This
improvement depends on the higher conversion efficiencies without
influencing the physical system size. Advanced PV technologies, such as
perovskites and III-V Multijunction systems generate more electricity per
unit area compared to conventional silicon-based system, thereby
reducing the total land required to meet energy targets. For instance,
deploying high-efficiency PV panels (e.g., III-V multijunction) could
reduce land requirements by up to 50% while still achieving national
energy targets. Surplus electricity generated through advanced tech-
nologies could also support energy-intensive sectors such as heating,
with the excess managed through energy storage systems that help
balance demand and supply ([41], Germany Trade & Invest). However,
the large-scale commercial deployment of these advanced PV technol-
ogies has several challenges associated. For example, perovskites face
issues related to long-term stability and environmental sensitivity, while
deployment of III-V Multijunction is impeded by high material and
manufacturing costs. Nevertheless, ongoing research and rapid techno-
logical advancements could improve the stability and scalability of these
technologies in the near future [28].

Our estimates (97 TWh) are derived from a PV potential model that
incorporates spatial and technological parameters while [10] and Clean
Energy Wire [40,42,43] quoted around 37 TWh and 61 TWh respec-
tively by using more generalised methods (Table A2). This discrepancy
highlights the importance of accounting for land suitability and PV
technology differences in assessing deployment potential.

Land-based restrictions on ground mounted PV deployment are
necessary to balance PV expansion with ecological, environmental and
land-use concerns [44]. Large-scale ground mounted PV deployment can
lead to competition with agricultural and ecosystem services, and
potentially affect food security [45] and local biodiversity [46,47].
Encouraging PV deployment along roadsides, railways, and on marginal
lands (e.g., brownfield sites, landfills and industrial wastelands) [48,
49], while avoiding ecologically sensitive zones, provides a balanced
path forward. PV deployment on rewetted moorlands may also offer
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co-benefits for PV energy production along with conserving ecology and
biodiversity [50], but timing and installation before rewetting is
essential to realise these synergies. However, land restrictions may
exclude some of the most efficient land for PV energy generation. Our
results show that the least restricted scenario with high-suitability land
could generate 759 TWh, while the most restricted scenario could limit
this to just 97 TWh (Fig. 5).

The prospective electrification of various sectors in Germany
including industry, transport, heat, and rising household income is
projected to increase electricity demand by up to 700 TWh by 2030 [40].
To meet this growing demand, prioritising sites with high PV potential
suitability along with deploying medium-to-high-efficiency PV tech-
nologies could generate sufficient energy while occupying only around
0.9% of Germany’s area under an intermediate restricted scenario
(Fig. 6). Moreover, combining high and moderately suitable lands for PV
deployment while conserving protected areas and adopting advanced
PV technologies should go hand in hand in achieving renewable energy
targets. This study provides a direct comparison between energy-target
based and land-area based deployment approaches. The results show
that energy-target based strategies, which prioritise high-yield loca-
tions, can achieve national energy targets using substantially less land
compared to conventional area-target based approaches that are con-
strained by land restrictions. This also opens ways for integrating com-
plementary land-use strategies, such as land restoration [51]. In
addition to large-scale ground-mounted PV systems, future land-energy
planning should also consider alternative PV applications or dual use
systems such as agri-voltaics — which combine solar energy generation
with agriculture, solar-biomass, floating PV, or PV over parking lots
[52]. Such multifunctional approaches could ensure sustainable, effi-
cient, and equitable use of land - addressing energy needs without
displacing food or ecological services while also contributing to the
broader goals of a just energy transition [14,11].

This study provided a comprehensive assessment of land-efficient PV
deployment, however, several limitations could be addressed in future
work. Future climate variability and extreme weather events were not
accounted for in the assessment that may influence PV performance. The
study is based on current policy conditions which may evolve over time
and affect PV outputs. Economic factors such as material and installation
costs as well as market dynamics were not included in the modelling
framework. In addition, material availability and the adoption rate of
newer PV technologies may influence large-scale implementation. These
limitations introduce uncertainties in the estimation of PV potential and
deployment feasibility which could be addressed in future studies. Our
findings align with multiple Sustainable Development Goals (SDGs) —
specifically SDG7 (Affordable and Clean Energy), SDG 13 (Climate Ac-
tion), and SDG 15 (Life on Land). By integrating spatial land suitability
and technology advancement into national planning, this study offers a
replicable framework for land-smart PV deployment. Countries with
land constraints and ambitious energy goals can adopt similar strategies,
tailoring land prioritisation to local contexts. By integrating land suit-
ability and advanced PV technologies, countries like Germany could
effectively balance ecological preservation with ambitious renewable
energy targets, ensuring a sustainable energy future. A well-planned PV
deployment strategy presented here, not only enables a nation to meet
its renewable energy goals but also aligns with broader environmental
and biodiversity conservation efforts, thereby offering a scalable model
for fostering a sustainable and climate-resilient energy transitions
globally. From a policy perspective, the results suggest that current land-
area based deployment strategies should be complemented with or even
replaced by energy-target based planning strategies where high yield
locations are prioritised for PV deployment. Integrating the national
planning framework (EEG) with a spatial PV efficiency assessment
framework could improve PV deployment effectiveness and avoid land-
scarcity issues. In addition, dual-use systems, such as agri-voltaics and
infrastructure-based PV deployment could offer production of multiple
services including energy from the same land.
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5. Conclusion

This study presents a spatially explicit assessment of PV energy po-
tential across Germany, considering multiple land-use restriction sce-
narios and technology pathways. The integration of high-resolution
climate data with land suitability and policy-relevant constraints offers a
novel framework for energy-land planning. Results show that prioritis-
ing highly suitable land areas and adopting high-efficiency PV tech-
nologies substantially reduce land requirements while increasing energy
yield. Compared to traditional area-based deployment strategies, an
energy-targeted approach can deliver more effective outcomes, sup-
porting national energy goals with reduced land-use impact. This
modelling approach provides a transferable methodology for other
countries seeking to optimise land use in their renewable energy tran-
sition goals. Furthermore, prioritising energy-target based PV deploy-
ment, integrating advanced PV technologies, and promoting dual-use PV
systems, such as agri-voltaics and infrastructure-based installations
could further help minimise land scarcity and reduce conflicts between
energy, environment, and land-use while supporting sustainable
development.

CRediT authorship contribution statement

Ankita Saxena: Writing — review & editing, Writing — original draft,
Methodology, Formal analysis, Data curation, Conceptualization.
Elham Fakharizadehshirazi: Writing — review & editing, Data cura-
tion. Almut Arneth: Writing — review & editing, Conceptualization.
David Martin Belda: Data curation. Calum Brown: Writing — review &
editing, Methodology. Dmitry Otryakhin: Writing - review & editing,
Data curation. Christine Rosch: Writing — review & editing, Data
curation. Mark Rounsevell: Writing - review & editing,
Conceptualization.

Declaration of competing interest
The authors declare no competing financial interests.
Acknowledgements

Authors would like to acknowledge the KIT Future Fields Programme
and Helmholtz Association, Germany for funding this work.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.sftr.2026.101930.

Data availability

We provide PV potential data and outputs that can be accessed and
downloaded from  https://doi.org/10.17605/0SF.I0/X28EG  or
https://ee-ankitasaxena03as.projects.earthengine.app/view/pvde.

References

[1] IRENA, Renewable Capacity Statistics 2025, International Renewable Energy
Agency, Abu Dhabi, 2025. https://www.irena.org/Statistics.

IRENA, Renewable Capacity Statistics 2023, International Renewable Energy
Agency, 2023. https://www.irena.org/publications/2023/Mar/Renewable-Capac
ity-Statistics-2023.

IEA, Energy System of Germany, IEA, 2024. https://www.iea.org/countries/ger
many.

European Commission, REPowerEU Plan. Brussels: european Commission. http
s://commission.europa.eu/strategy-and-policy/priorities-2019-2024/europea
n-green-deal/repowereu_en, 2022.

MNRE India, Updates on the National Solar Mission, Ministry of New and
Renewable Energy, Government of India, 2023. https://mnre.gov.in/solar/.
EEG 2023. Gesetz fiir den ausbau erneuerbarer energien (Erneuerbare-Energien-
Gesetz — EEG 2023): gesetzesfassung vom 23.

[2]

[3]

[4]

[5]

[6]

10

[7

—

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Sustainable Futures 11 (2026) 101930

Enkhardt, S., 2024. “Germany’s January-April solar installations hit 5 GW.” PV
magazine.

Bundesnetzagentur, Photovoltaik-Zubau: Monatliche Meldungen nach dem EEG,
Federal Network Agency for Electricity, Gas, Telecommunications, Post and
Railway, Bonn, Germany, 2025.

F. Kaspar, M. Borsche, U. Pfeifroth, J. Trentmann, J. Driicke, P. Becker,

A climatological assessment of balancing effects and shortfall risks of photovoltaics
and wind energy in Germany and Europe, Adv. Sci. Res. 16 (2019) 119-128,
https://doi.org/10.5194/asr-16-119-2019.

E. Fakharizadehshirazi, C. Rosch, A novel socio-techno-environmental GIS
approach to assess the contribution of ground-mounted photovoltaics to achieve
climate neutrality in Germany, Renew. Energy 227 (2024) 120117.

W.Y. Park, Y.H. Song, N. Abhyankar, H.S. Moon, U. Paliwal, E. Kim, N. Khanna,
S. Hong, J.H. Kim, K. Shiraishi, J. Lin, A clean energy Korea by 2035: transitioning
to 80% carbon-free electricity generation, Cell Rep. Sustain. 2 (1) (2025) 100262.
M.A. Lima, L.F.R. Mendes, G.A. Mothé, F.G. Linhares, M.P.P. De Castro, M.G. Da
Silva, ML.S. Sthel, Renewable energy in reducing greenhouse gas emissions:
reaching the goals of the Paris agreement in Brazil, Environ. Dev. 33 (2020)
100504.

C. Carty, O. Claveria, A synergistic analysis of solar and wind energy deployment in
Europe, Environ. Dev. 49 (2024) 100967.

X. Cheng, J. Chen, S. Jiang, Y. Dai, J. Zeng, C. Shuai, J. Liu, W. Li, Y. Liu, X. Kang,
C. Wang, Pursuing sustainable development goals: a review of renewable energy
and poverty alleviation nexus, Environ. Dev. 40 (2021) 100679.

IRENA and CPI, Global landscape of energy transition finance 2025, International
Renewable Energy Agency,, Abu Dhabi, 2025.

M.K.H. Rabaia, M.A. Abdelkareem, E.T. Sayed, K. Elsaid, K.J. Chae, T. Wilberforce,
A.G. Olabi, Environmental impacts of solar energy systems: a review, Sci. Total.
Environ. 754 (2021) 141989.

D. Doljak, G. Stanojevi¢, Evaluation of natural conditions for site selection of
ground-mounted photovoltaic power plants in Serbia, Energy 127 (2017) 291-300.
B.G. Sasidharan, V. Haripadmanabhan, N.C. Giri, C. Madhusoodanan, Demand
forecasting based on ann integrating solar distributed generation, in: AIP
Conference Proceedings 2904, AIP Publishing LLC, 2023 060004.

F. Creutzig, J. Roy, J. Minx, Demand-side climate change mitigation: where do we
stand and where do we go? Environ. Res. Lett. 19 (4) (2024) 040201.

A. Vrinceanu, M. Dumitrascu, G. Kucsicsa, Site suitability for photovoltaic farms
and current investment in Romania, Renew. Energy 187 (2022) 320-330.

L.T. Lam, L. Branstetter, I.L. Azevedo, A sunny future: expert elicitation of
China&apos;s solar photovoltaic technologies, Environ. Res. Lett. 13 (3) (2018)
034038.

J. Ponitka, S. Boettner, Challenges of future energy landscapes in Germany—a
nature conservation perspective, Energy Sustain. Soc. 10 (2020) 1-11.

J. Hoppmann, J. Huenteler, B. Girod, Compulsive policy-making—The evolution of
the German feed-in tariff system for solar photovoltaic power, Res. pol. 43 (8)
(2014) 1422-1441.

G.C. Wu, E. Leslie, O. Sawyerr, D.R. Cameron, E. Brand, B. Cohen, D. Allen,

M. Ochoa, A. Olson, Low-impact land use pathways to deep decarbonization of
electricity, Environ. Res. Lett. 15 (7) (2020) 074044.

Y. Chen, X. Yue, C. Tian, H. Letu, L. Wang, H. Zhou, Y. Zhao, W. Fu, X. Zhao,

D. Peng, J. Zhang, Assessment of solar energy potential in China using an ensemble
of photovoltaic power models, Sci. Total. Environ. 877 (2023) 162979.

D. Turney, V. Fthenakis, Environmental impacts from the installation and
operation of large-scale solar power plants, Renew. Sustain. Energy Rev. 15 (6)
(2011) 3261-3270.

S. Baruch-Mordo, J.M. Kiesecker, C.M. Kennedy, J.R. Oakleaf, J.J. Opperman,
From Paris to practice: sustainable implementation of renewable energy goals,
Environ. Res. Lett. 14 (2) (2019) 024013.

M.A. Green, E.D. Dunlop, M. Yoshita, N. Kopidakis, K. Bothe, G. Siefer, X. Hao, J.
Y. Jiang, Solar cell efficiency tables (Version 65). Progress in Photovoltaics:
Research and Applications, 2024.

A. Saxena, C. Brown, A. Arneth, M. Rounsevell, Advanced photovoltaic technology
can reduce land requirements and climate impact on energy generation, Commun.
Earth Environ. 5 (1) (2024) 586.

California Department of Conservation, Farmland Mapping and Monitoring
Program (FMMP), State of California, 2022. https://www.conservation.ca.gov/i
ndex/fmmp.

A.M. Al-Abadi, A.M. Handhal, M.A. Abdulhasan, W.L. Ali, J.J. Hassan, A.H. Al
Aboodi, Optimal siting of large photovoltaic solar farms at Basrah governorate,
Southern Iraq using hybrid GIS-based Entropy-TOPSIS and AHP-TOPSIS models,
Renew. Energy 241 (2025) 122308.

L. Jiang, Y. Liu, L. Yang, Scenario-based simulation of future photovoltaic land
expansion in China: balancing energy demands and ecological conservation, Env.
Impact. Assess. Rev. 117 (2026) 108203.

A. Saxena, C. Brown, A. Arneth, M. Rounsevell, Modelling the global photovoltaic
potential on land and its sensitivity to climate change, Environ. Res. Lett. 18 (10)
(2023) 104017.

A. Saxena, M. Rounsevell, A. Arneth, C. Brown, PV potential model for Germany-
1km gridded dataset. https://doi.org/10.17605/0SF.10/X28EG.

D.N. Karger, O. Conrad, J. Bohner, T. Kawohl, H. Kreft, R.W. Soria-Auza, N.

E. Zimmermann, H.P. Linder, M. Kessler, Climatologies at high resolution for the
earth’s land surface areas, Sci. Data 4 (2017) 170, https://doi.org/10.1038/
sdata.2017.122, 122.

D. Otryakhin, D.M. Belda, A. Arneth, Comparison of simulations from a state-of-
the-art dynamic global vegetation model (LPJ-GUESS) driven by low-and high-
resolution climate data, Geosci. Model. Dev. 18 (22) (2025) 9101-9118.


https://doi.org/10.1016/j.sftr.2026.101930
https://doi.org/10.17605/OSF.IO/X28EG
https://ee-ankitasaxena03as.projects.earthengine.app/view/pvde
https://www.irena.org/Statistics
https://www.irena.org/publications/2023/Mar/Renewable-Capacity-Statistics-2023
https://www.irena.org/publications/2023/Mar/Renewable-Capacity-Statistics-2023
https://www.iea.org/countries/germany
https://www.iea.org/countries/germany
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal/repowereu_en
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal/repowereu_en
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal/repowereu_en
https://mnre.gov.in/solar/
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0008
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0008
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0008
https://doi.org/10.5194/asr-16-119-2019
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0010
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0010
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0010
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0011
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0011
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0011
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0012
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0012
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0012
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0012
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0013
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0013
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0014
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0014
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0014
http://refhub.elsevier.com/S2666-1888(26)00287-X/optDhSuGJhg9Q
http://refhub.elsevier.com/S2666-1888(26)00287-X/optDhSuGJhg9Q
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0015
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0015
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0015
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0016
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0016
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0017
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0017
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0017
http://refhub.elsevier.com/S2666-1888(26)00287-X/optfigRHWMkYA
http://refhub.elsevier.com/S2666-1888(26)00287-X/optfigRHWMkYA
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0018
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0018
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0019
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0019
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0019
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0020
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0020
http://refhub.elsevier.com/S2666-1888(26)00287-X/opt3E4MJGagV1
http://refhub.elsevier.com/S2666-1888(26)00287-X/opt3E4MJGagV1
http://refhub.elsevier.com/S2666-1888(26)00287-X/opt3E4MJGagV1
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0021
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0021
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0021
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0022
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0022
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0022
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0023
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0023
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0023
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0024
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0024
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0024
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0025
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0025
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0025
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0026
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0026
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0026
https://www.conservation.ca.gov/index/fmmp
https://www.conservation.ca.gov/index/fmmp
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0028
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0028
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0028
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0028
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0029
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0029
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0029
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0030
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0030
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0030
https://doi.org/10.17605/OSF.IO/X28EG
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1038/sdata.2017.122
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0032
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0032
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0032

A. Saxena et al.

[37]

[38]
[39]

[40]

[41]

[42]

[43]

[44]

L. Kruitwagen, K.T. Story, J. Friedrich, et al., A global inventory of photovoltaic
solar energy generating units, Nature 598 (2021) 604-610, https://doi.org/
10.1038/541586-021-03957-7.

J.A. Duffie, W.A. Beckman, Solar Engineering of Thermal Processes, John Wiley &
Sons, 2013.

J.A. Duffie, W.A. Beckman, N. Blair, Solar Engineering of Thermal Processes,
Photovoltaics and Wind, John Wiley & Sons, 2020.

Clean Energy Wire, Solar power in Germany- output, business & perspectives. htt
ps://www.cleanenergywire.org/factsheets/solar-power-germany-output-business
-perspectives, 2024.

I.S.I. Fraunhofer, Energy Storage in Germany - Present Developments and
Applicability in China, Karlsruhe, 2020.

Clean Energy Wire, German 2030 power use forecast up due to heat pumps, e-cars
and hydrogen, Journalism for the energy transition, https://www.cleanenergywire
.org/news/german-2030-power-use-forecast-due-heat-pumps-e-cars-and-hyd
rogen?utm_source=chatgpt.com, 2024.

Clean Energy Wire, Electricity demand in Germany set to soar to 700 billion kWh
by 2030 — energy industry, Journalism for the energy transition, https://www.cle
anenergywire.org/news/electricity-demand-germany-set-soar-700-billion-kwh
-2030-energy-industry, 2024.

K. Bao, D. Thran, B. Schroter, Land resource allocation between biomass and
ground-mounted PV under consideration of the food-water—energy nexus
framework at regional scale, Renew. Energy 203 (2023) 323-333.

11

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Sustainable Futures 11 (2026) 101930

Z.B. Li, Y. Zhang, M. Wang, Solar energy projects put food security at risk, Science
381 (6659) (2023) 740-741.

J.A. Rehbein, J.E. Watson, J.L. Lane, L.J. Sonter, O. Venter, S.C. Atkinson, J.

R. Allan, Renewable energy development threatens many globally important
biodiversity areas, Glob. Chang. Biol. 26 (5) (2020) 3040-3051.

D. Serrano, A. Margalida, J.M. Pérez-Garcia, J. Juste, J. Traba, F. Valera,

M. Carrete, J. Aihartza, J. Real, S. Manosa, C. Flaquer, Renewables in Spain
threaten biodiversity, Science 370 (6522) (2020) 1282-1283.

S. Adelaja, J. Shaw, W. Beyea, J.C. McKeown, Renewable energy potential on
brownfield sites: a case study of Michigan, Energy Policy 38 (11) (2010)
7021-7030.

SENS Energy, Suitable Areas for Solar Parks, SENS Energy, 2024. https://www.
sens-energy.com/en/news/suitable-areas-for-solar-parks/#c16466.

M. Aitkenhead, M. Castellazzi, M. McKeen, M. Hare, R. Artz, M. Reed, Peatland
Restoration and Potential Emissions Savings on Agricultural land: an Evidence
Assessment, The James Hutton Institute, 2021.

M.K. Hoffacker, M.F. Allen, R.R. Hernandez, Land-sparing opportunities for solar
energy development in agricultural landscapes: a case study of the Great Central
Valley, CA U S Environ. Sci. Technol. 51 (24) (2017) 14472-14482.

H.K. Channi, N.C. Giri, R. Sandhu, M.I.A. El-Sebah, F.A. Syam, Potential and
economic feasibility analysis of solar-biomass-based hybrid system for rural
electrification, Bull. Electr. Eng. Inform. 13 (6) (2024) 3833-3840.


https://doi.org/10.1038/s41586-021-03957-7
https://doi.org/10.1038/s41586-021-03957-7
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0034
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0034
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0035
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0035
https://www.cleanenergywire.org/factsheets/solar-power-germany-output-business-perspectives
https://www.cleanenergywire.org/factsheets/solar-power-germany-output-business-perspectives
https://www.cleanenergywire.org/factsheets/solar-power-germany-output-business-perspectives
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0037
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0037
https://www.cleanenergywire.org/news/german-2030-power-use-forecast-due-heat-pumps-e-cars-and-hydrogen?utm_source=chatgpt.com
https://www.cleanenergywire.org/news/german-2030-power-use-forecast-due-heat-pumps-e-cars-and-hydrogen?utm_source=chatgpt.com
https://www.cleanenergywire.org/news/german-2030-power-use-forecast-due-heat-pumps-e-cars-and-hydrogen?utm_source=chatgpt.com
https://www.cleanenergywire.org/news/electricity-demand-germany-set-soar-700-billion-kwh-2030-energy-industry
https://www.cleanenergywire.org/news/electricity-demand-germany-set-soar-700-billion-kwh-2030-energy-industry
https://www.cleanenergywire.org/news/electricity-demand-germany-set-soar-700-billion-kwh-2030-energy-industry
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0038
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0038
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0038
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0039
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0039
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0040
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0040
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0040
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0041
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0041
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0041
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0042
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0042
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0042
https://www.sens-energy.com/en/news/suitable-areas-for-solar-parks/#c16466
https://www.sens-energy.com/en/news/suitable-areas-for-solar-parks/#c16466
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0044
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0044
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0044
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0045
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0045
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0045
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0046
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0046
http://refhub.elsevier.com/S2666-1888(26)00287-X/sbref0046

	Advancing the renewable energy transition through land prioritisation and advanced photovoltaic technologies: A case study  ...
	1 Introduction
	2 Methods
	2.1 Data inputs
	2.2 PV potential estimation in suitable land areas
	2.3 Total PV energy generation in suitable land areas
	2.4 Energy and electricity demand met by PV energy generation
	2.5 Role of land suitability in PV energy generation

	3 Results
	3.1 Spatially-explicit PV potential in Germany
	3.2 PV energy generation across land suitability types and contribution to energy demand
	3.3 Combined effects of PV technologies and land-based restrictions on energy generation
	3.4 Comparison between energy-target based and land-area based deployment approaches

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Supplementary materials
	Data availability
	References


