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Abstract 13 

In cool-temperate and boreal regions, ground-mounted photovoltaic (PV) is rapidly emerging as a 14 

new land use, but planning-relevant evidence on land requirements, siting options, and land-system 15 

impacts remains limited. Based on an analysis of built and planned ground-mounted PV projects in 16 

Norway (n = 77), we quantify size, capacity density, land-cover composition and net greenhouse gas 17 

effects, and model land use requirements to 2050 under contrasting siting strategies. Current and 18 

proposed projects are largely concentrated in forest and woodlands (96.4% of mapped project area), 19 

with median capacity density and energy yield density clustering around ~80 MWp/km² and ~84 20 

GWh/km²/year. For the assessed siting pattern, combined land-use-related and PV life-cycle emissions 21 

were approximately 5,000 t CO₂e per km² per year, annualised over 30 years. This estimate implies 22 

net emissions reductions if PV displaces electricity with the emission intensity of the EU-27 mix but 23 

increases relative to the current Norwegian mix. Achieving about 1, 4, or 21 GWp by 2050 would 24 

require approximately 15, 56, and 268 km² of land, respectively. Shifting development towards 25 

agricultural and heavily modified land slightly increases overall land demand by ca. 25 % under our 26 

scenario assumptions but can reduce expansion into (semi-)natural ecosystems, reduce greenhouse 27 

gas emissions from land cover changes, while offering opportunities for co-use and biodiversity 28 

mitigation. The results support a diverse siting strategy, with greater use of previously modified land 29 

and agricultural co-use, guided by site-specific assessment and monitoring of land-use and ecosystem 30 

impacts.  31 



1. Introduction 32 

Scaling up renewable electricity is a key part of climate mitigation, but the land footprint of new 33 

projects can conflict with biodiversity objectives and other land uses (Johnson et al., 2021; Palmer-34 

Wilson et al., 2019). Many countries, including Norway, now pursue two goals at once: scaling up 35 

renewable energy while reducing the rate of conversion from nature and cropland to artificial surfaces 36 

to limiting impacts on biodiversity and ecosystem services (Ministry of Climate and Environment, 37 

2024; NOU 2023:3, 2023). In Norway, this tension is sharpened by high land take per capita (Venter 38 

et al., 2026), increasing the need for land-efficient deployment and careful allocation of land-39 

demanding infrastructure. 40 

Ground-mounted photovoltaic (PV) technology is rapidly emerging as a new component of the 41 

Norwegian energy transition (Norges vassdrags- og  energidirektorat, 2025). As of January 2026, only 42 

9 (>500 kWp) facilities are operative but many more are in planning, while national guidance on 43 

allocation, siting priorities, and mitigating negative effects for biodiversity expectations remain 44 

limited. Licensing and permitting have also been slow, increasing uncertainty for municipalities, 45 

developers, and land managers. Ground-mounted PV is therefore not only an energy question but a 46 

land-use policy question: which land-cover types should carry the footprint, and what forms of co-use 47 

and mitigation are realistic at scale (Diffendorfer et al., 2024; Hernandez et al., 2015; Wu et al., 2023). 48 

Ground-mounted solar PV affects land systems mainly through where it is placed and how 49 

sites are designed and managed. Direct impacts include land-cover change and habitat alteration from 50 

vegetation clearing, ground levelling, installation of foundations (such as concrete footings, ballast 51 

blocks, or driven piles/ground screws), access roads, and cabling, as well as long-term occupation that 52 

can increase fragmentation and edge effects (Borgelt et al., 2026; Hernandez et al., 2014; Lafitte et al., 53 

2023). These effects are typically more severe when projects are sited in semi-natural or natural areas 54 

rather than already modified land. Indirect effects can extend beyond habitat loss through shading and 55 

changes in microclimate (light, temperature, moisture) and water flows (runoff and local hydrology), 56 

with potential consequences for ecological processes such as plant growth, soil functioning, erosion, 57 

and pollination (Lafitte et al., 2023; Schwarz & Ziv, 2025). Species responses are context- and 58 

species-specific, ranging from habitat loss and barrier effects to potential creation of habitat where 59 

vegetation structure and connectivity are maintained through management (Schwarz & Ziv, 2025). 60 

Importantly, impacts also depend on PV design and operation such as panel height and spacing, 61 

orientation, and whether land use is single-purpose or dual-use.  62 

Ground-mounted PV is often framed as a driver of ‘land take’ when it converts (semi-)natural 63 

or agricultural land to infrastructure (Turney & Fthenakis, 2011). However, conflicts may be reduced 64 

through co-location with other land uses (‘co-use’), including deployment on already modified sites 65 

such as industrial areas, parking lots, rooftops, landfills, and in some cases within existing energy 66 



landscapes. We use the term ‘grey areas’ for previously developed or heavily modified land where 67 

current use falls below its potential, including brownfields, obsolete infrastructure and underused 68 

urban areas (Jacek et al., 2022). Despite growing policy interest, greyfields remain weakly integrated 69 

into energy system planning and the capacity of grey areas to accommodate renewable energy 70 

production remains largely unquantified. Agrivoltaic systems (Agri-PV) combine food production and 71 

solar energy conversion on the same land, while ‘ecovoltaic’ approaches aim to maintain or restore 72 

vegetation, soils, and habitat features through low-disturbance construction and active site 73 

management (Schwarz & Ziv, 2025; Zainali et al., 2025). Figure 1 summarises four stylised PV siting 74 

and design options that motivate our scenario comparison of current planning practice versus 75 

strategies that prioritise agriculture and already modified land. The extent to which these approaches 76 

reduce net ecological impacts remains largely uncertain, particularly in northern, high-latitude 77 

environments where evidence is limited (Lafitte et al., 2023). 78 

Land-use choices directly interact with climate objectives through carbon emissions from land 79 

use and land cover changes. Protection of carbon sequestration and storage in natural and semi-natural 80 

ecosystems can contribute substantially to climate mitigation, and energy planning has been criticised 81 

when it overlooks emissions risks from loss of natural carbon stocks and other impacts of nature loss 82 

associated with infrastructure development (Van De Ven et al., 2021). Siting projects in carbon-rich 83 

ecosystems can create an up-front carbon loss and reduce future net CO₂ uptake, potentially delaying 84 

or diminishing the net climate benefits of renewable electricity. Taken together, the key land-use 85 

policy question is not only whether PV expands, but how much land it requires, what characteristic has 86 

that land, how carbon-rich is that land and how much of that carbon can be lost, and how alternative 87 

siting and co-use strategies shift risks across ecosystems and landscapes. 88 

Here, we combine a national snapshot of current PV planning in Norway with scenario 89 

modelling to 2050 to quantify future land demand and how the land-cover burden shifts under 90 

contrasting siting assumptions. By reporting both total land requirements and plausible alternatives for 91 

distribution across land-cover types, the study provides a planning-relevant basis for discussing 92 

allocation strategies, feasible co-use options, and priorities for more detailed assessment of direct 93 

conversion and indirect effects. 94 

The aim of this study is to inform land-use policy for ground-mounted solar PV in Norway by 95 

quantifying how siting choices translate into land demand and land-cover exposure. Specifically, we 96 

(i) describe current planning practice based on proposed projects (n = 77), (ii) develop planning-97 

relevant density metrics for ground mounted solar PV, and (iii) develop explorative national scenarios 98 

to 2050 to estimate total land requirements and how the land-cover burden shifts under contrasting 99 

allocation strategies. We discuss findings in relation to current land use and future land use and energy 100 

policies.   101 
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Figure 1. Six siting and design options for ground-mounted PV in Norway, with different land 108 

requirements and potential for co-use. a) PV in heavily modified land (grey areas), co-use with car 109 

parking. b) PV on heavily modified land on top of a former landfill site. c) PV on grasslands. d) Agri-110 

PV on farmland: combines energy with farming/grazing. e) PV with full land conversion from forest to 111 

heavily modified land (i.e., ‘land take’). f) PV in a logged forest ecosystem with a light footprint, 112 

keeping the ground relatively intact (‘ecovoltaics’).   113 



2. Material and methods 114 

2.1 Data collection  115 

To get a snapshot of current trends in PV planning, we collected data from existing or proposed solar 116 

facilities downloaded from The Norwegian Water Resources and Energy Directorate (NVE), January 117 

2026. For planned projects (not yet built or licensed/permitted), we included only cases taken into 118 

processing by NVE to reduce bias from submissions that are screened out and unlikely to be realised. 119 

For these projects, we collected data from applications documents, downloaded, extracted or digitized 120 

polygons representing the perimeter of the PV area (Figure S1). We extracted key information for each 121 

planned PV park, including administrative information (applicant, stage in the planning process), 122 

technical information (planned capacity installation (MWp), as planned land use and management 123 

regime (e.g., multifunctional land use such as agriculture or grazing). Current ecosystem type was 124 

extracted from the National base map for ecosystem accounting, following the typology (level 2) from 125 

Eurostat (2026). For five newly developed projects we conducted area-covering land cover type 126 

mapping in the field, including a buffer zone of minimum around the perimeter of the PV production 127 

area. (minimum 500 m), providing a validation and input to the interpretation of GIS-based land cover 128 

data, and impact from PV installations.   129 

To estimate carbon stock changes and greenhouse-gas (GHG) flux implications of land-cover change 130 

related to ground-mounted PV, we used NIBIO’s nationwide, map-based carbon calculator (Mathiesen 131 

et al., 2026). The calculator follows IPCC Guidelines (IPCC, 2006, 2019) while utilising detailed 132 

Norwegian spatial datasets, measurements and modelling to develop its emission factors. Because only 133 

a subset of a project’s perimeter is typically occupied by physical infrastructure, we represented the 134 

share of land remaining vegetated using a ‘green fraction’, defined as the proportion of the PV area not 135 

covered by technical installations and roads. Technical installations include both PV panels and 136 

transformer (trafo) stations. Based on the concession applications, we assumed a green fraction of 90% 137 

within panel areas, with vegetation retained beneath and between arrays and limited ground sealing. 138 

For areas occupied by transformer stations, we applied a green fraction of 25%, consistent with 139 

standard assumptions for infrastructure; this value may vary across facilities depending on design. 140 

Emission factors were selected according to soil type, distinguishing organic from mineral soils. We 141 

assumed that areas with organic soils within the developed footprint are, or will become, drained, and 142 

therefore applied emission factors for drained organic soils. While drainage effects under PV may 143 

differ from those of conventional agricultural drainage (e.g., for cultivation), we did not have 144 

sufficient evidence to parameterise alternative drainage intensities. For forested sites, we accounted for 145 

both immediate losses of on-site carbon stocks (e.g., in trees, dead wood, and other biomass) due to 146 

vegetation removal and ground levelling, and the foregone future carbon sequestration (net CO2 147 



uptake) that would have occurred through continued forest growth. Both components were included in 148 

our estimates of area-based emissions and removals associated with PV establishment. 149 

The CO2e emissions from producing electricity from PV, which is separate and adds to emissions from 150 

land cover change, was estimated to 35.8 g CO2e/kWh using the Life Cycle Assessment (LCA) of 151 

monocrystalline Si panels prepared by the International Energy Agency (Stucki et al., 2024). The LCA 152 

evaluates emissions related to manufacturing, transport, installation, use, maintenance, and end of life 153 

practices, and its scope includes PV panels, cabling, mounting structure, inverter and system 154 

installation. PV electricity emissions were treated as assumptions and were not assigned uncertainty. 155 

The combined CO2e emissions from a PV project were treated as the sum of the emissions from land 156 

cover change and the emissions estimated from the LCA of PV electricity (Table 3). The combined 157 

emissions of a PV project can be compared to the emissions of other sources of energy to evaluate the 158 

total carbon footprint of the project. To complement the detailed land-cover carbon accounting, we 159 

used a simplified calculation to compare the estimated emissions under planned land cover, combined 160 

with PV life-cycle emissions, against emissions from displaced electricity (Supplementary material 161 

Table S2). We evaluated two scenarios where we assumed that PV displaced a mix of existing energy 162 

sources: 1) that PV displaced electricity with the same emission intensity as the Norwegian energy 163 

mix in 2024 with 11.9 g CO2e/kWh, and 2) that PV displaced electricity with the same emission 164 

intensity as the European energy mix in 2024 with 187.1 g CO2e/kWh (European Environment, 2025; 165 

Norwegian Water Resources and Energy Directorate, 2026). The emission factors per kWh were 166 

converted to emission factors per km2 by multiplying with the project energy yield density (Table 2).  167 

The difference between the combined emissions of a PV project and the emissions of the displaced 168 

electricity mix provided a net carbon budget per km2 for the PV project.  169 

2.2 Scenario modelling 170 

To simulate plausible future land use change for different energy production trajectories, we modelled 171 

future land requirements for solar PV in Norway to 2050 using a Monte Carlo simulation framework 172 

that converts installed capacity (MWp) to land area (km²) and allocates land area to land-cover groups.  173 

To contrast different policy options, we developed a scenario framework combining three alternative 174 

energy production trajectories with two spatial placement strategies, resulting in six distinct energy 175 

deployment and land use policy scenarios (Table 1).  176 

  177 



Table 1. Scenario framework for solar PV deployment in Norway (2026–2050). Combination of three 178 

installed-cpacity pathways and two spatial allocation strategies, resulting in six scenarios (e.g. 1a–179 

3c). 180 

  Spatial allocation 
  

a) Business as usual 

Size and placement patterns 

based on snapshot from current 

concession applications. 

Capacity density: sampled from 

the empirical distribution of 

proposed projects (median 80.2 

MWp/km²; IQR 36.3; range 

36.2–173.7.6; n = 77). 

c) Agri-PV and grey areas  

Equal allocation of installed capacity 

between agricultural land and grey areas; 

adjusted area demand for agri-PV (1.5). 

Capacity density: sampled from the same 

empirical distribution as BAU (n = 77). 

Agri-PV land demand adjusted by a co-

use factor (1.5). 

In
st

al
le

d 
ca

pa
ci

ty
 

1) Low growth  

0% annual growth in capacity 

additions ≈ 1 GWp in 2050. 

1a – Low energy growth and 

current placement patterns  

1c Low growth within agri-PV and grey 

areas  

2) Intermediate growth 10% 

annual growth in capacity 

additions ≈  4 GWp in 2050.  

2a – Medium energy growth 

and current placement patterns 

2c – Medium growth within agri-PV and 

grey areas 

3) High growth  

20% annual growth in capacity 

additions ≈ 21 GWp in 2050.  

3a – High energy growth and 

current placement patterns 

3c – High growth within agri-PV and 

grey areas 

 181 
We used three cumulative installed-capacity pathways (MWp by year): (1) Low growth (0% 182 

annual growth in new additions), (2) Intermediate growth (10% annual growth in new additions), and 183 

(3) High growth (20% annual growth in new additions). All pathways started from a cumulative 184 

installed capacity of 77 MWp in 2026. The baseline annual capacity addition was 44 MWp, 185 

corresponding to the increase between 2025 and 2026. From 2027 onwards, annual additions remained 186 

constant under low growth or increased by 10% and 20% per year under intermediate and high 187 

growth, respectively. To account for expected technology developments that will lead to higher 188 

efficiency PV modules, and consequently higher capacity densities for future projects, we have 189 

assumed efficiency improvements as projected by the International Technology Roadmap for 190 

Photovoltaics (VDMA, 2026). A shift from PERC technology (21.7% efficient modules in 2025) to 191 

TOPCon technology (23.2% efficient modules in 2025) is assumed to occur in 2026. TOPCon 192 

efficiency improvements are assumed to start at 23.2% in 2026 and end up at 24.7% efficient modules 193 

in 2035. We linearly interpolate module efficiency in the years 2027-2034, and do not assume new 194 

technology development after 2035. Similarly, we have also assumed a bifaciality factor improvement 195 

from 80% in 2025 to 85% in 2035. These technology improvements are combined into an annual 196 

technology factor that is multiplied with the capacity densities in the scenarios. Thus, the technology 197 

improvements lead to a gradually higher capacity density up to 2035, after which the density stays 198 



constant. The median capacity density in 2035 and beyond is estimated to be 93.7 MWp/km2. Scenario 199 

MWp values were treated as assumptions and were not assigned uncertainty.  200 

For each scenario year, we converted cumulative installed capacity (MWp) to total land 201 

requirement (km²) by dividing capacity by an assumed capacity density (MWp per km²). Capacity 202 

density (MWp per km²) was treated as uncertain and, in each Monte Carlo iteration, was sampled with 203 

replacement (bootstrap sampling) from the empirical distribution observed in the NVE planning 204 

snapshot of proposed projects (n = 77 density estimates; median 80.2 MWp/km², IQR 36.3; range 205 

36.3–173.7). This non-parametric approach preserves the observed variability without assuming a 206 

particular parametric distribution.  207 

Under the business-as-usual (BAU) strategy, total land requirement was allocated across land-208 

cover classes in proportion to the mean land-cover composition observed within current planning 209 

polygons; uncertainty in land-cover composition was represented using a Dirichlet distribution 210 

centered on the observed mean proportions. The Dirichlet parameters were αᵢ = 500pᵢ, where pᵢ is the 211 

observed mean proportion of land-cover class i and 500 is a fixed, assumed concentration parameter. 212 

One land-cover composition was sampled per iteration and applied across all years and capacity 213 

pathways. Under the Agri-PV + grey area strategy, total land requirement was allocated between 214 

agricultural land and grey areas using three fixed sensitivity values (30/70, 50/50, and 70/30), with 215 

50/50 used for the main comparison. The agricultural component was multiplied by a fixed co-use 216 

factor (1.5) to reflect higher land demand per MWp under Agri-PV designs. We did not cap the 217 

availability of grey areas in the model; instead, the model outputs the grey-area requirement, which 218 

can be compared with mapped grey-area potential in a subsequent GIS step. 219 

We ran 5,000 Monte Carlo iterations per scenario to propagate uncertainty in capacity density 220 

and land-cover composition. Results are reported as medians and 90% intervals (5th–95th percentiles) 221 

for total land demand over time and land-cover group requirements in 2050. 222 

 223 

2.3 Analysis of suitable land 224 

Grey area resources > 10 were identified by filtering the Norwegian Mapping Authoritiy’s  grey area 225 

dataset (Geonorge, 2025) to exclude areas ≤ 1 ha, and areas in active use, based on land-use classes, 226 

mineral concession data and a building share threshold of 25% (Supplementary material, Figure S2).  227 

 228 

  229 



3. Results  230 

3.1 Current planning practice 231 

Planned project size and output varied widely and were right skewed. Median planned capacity was 232 

24.5 MWp (IQR 38.8) and median estimated annual production was 26.0 GWh (IQR 42.1), with 233 

means consistently higher than medians, indicating a small number of very large projects (Table 2). In 234 

contrast, area-normalised metrics were more consistent across projects: median capacity density was 235 

80.6 MWp/km² (IQR 25.4) and median energy yield density was 85.1 GWh/km² (IQR 33.1). Density 236 

metrics were available for 77 proposed projects.  Agri-PV projects had slightly lower capacity density 237 

than non–Agri-PV projects: mean 67.5 MW/km² (median 63.2; SD 24.6; n = 18) versus 72.4 MW/km² 238 

(median 71.8; SD 20.5; n = 30). 239 

Table 2. Descriptive statistics for project area, capacity, electricity production, and area-normalised 240 

metrics for planned solar facilities (n = 77). Values are reported as mean (SD), median (IQR), and 241 

minimum–maximum.  242 

Variable Unit Mean (SD) Median (IQR) Min Max 

Area Km² 0.6 (0.8) 0.3 (0.6) 0.01 3.4 

Installed capacity (DC) MWp 44.0 (51.8) 24.5 (38.8) 1.1 264.6 

Installed capacity (AC) MW 39.7 (48.9) 21.0 (38.0) 1.8 264.6 

Annual production GWh 49.5 (60.8) 26.0 (42.11) 1.8 311.3 

Capacity density MWp/km² 80.6 (25.4) 80.2 (36.3) 36.2 173.7 

Energy yield density GWh/km²/year 85.1 (23.5) 84.1 (33.1) 33.2 148.4 

 243 

Total area for planned PV projects was 49.2 km² (n = 77). Projects areas ranged from 0.01 to 3.4 km², 244 

with a median project size of 0.3 km (IQR 0.6) Across all projects, forest and woodlands dominated 245 

the mapped project footprint, accounting for 96.4% of the total area (49.2 km²). Land-cover 246 

composition varied markedly between projects: the average site was 88.0% forest (SD 24.8), 247 

suggesting that many proposals are almost entirely in forest areas while a subset occupy more mixed 248 

land-cover mosaics (Table 3).  249 

Using land-cover–specific emission factors, the mapped project footprint corresponds to substantial 250 

differences in cumulative net CO₂e balance across land-cover groups over a 30-year horizon (Table 3). 251 

Under current land cover, forests and woodlands dominate the carbon signal because they account for 252 

nearly all mapped area; the estimated 30-year net balance for forests and woodlands is approximately 253 

−642,000 t CO₂e (net uptake), while other land-cover groups contribute comparatively little in 254 

absolute terms (Table 3). When expressing the same footprint as a conversion to built land, the 30-year 255 

balance shifts strongly towards net emissions and is dominated by current forest areas that become 256 



artificial surfaces, with an estimated balance across land cover types at ~2,879,000 t CO₂e over 30 257 

years. Across the full mapped footprint, the implied difference between the ‘current’ and ‘planned’ 258 

carbon trajectories over 30 years is approximately 3,518,000 t CO₂e. 259 

Table 3. Land-cover composition and estimated CO2e-balance within proposed solar project polygons 260 

(n = 77). Mean (SD) shows the average percentage cover of each land cover type across projects. 261 

Total (km²) and Share of total (%) represent the summed area and percentage of the total mapped 262 

project footprint across all projects. Negative CO2e-values indicate net uptake, while positive values 263 

indicate net emissions.   264 

Land cover types Land cover composition CO₂e 30-years balance 

 Mean (%) SD (%) Total 

(km²) 

Share of  

total (%) 

Current  

CO₂e  

balance 

(tons) 

Projected  

30-years  

CO₂e  

balance 

(tons) 

Forest and woodlands 87.0 26.4 47.4 96.4 -641,604 2,859,134 

Settlements and other artificial areas 7.7 23.0 0.8 1.7 1,741 -1,054 

Inland wetlands 0.5 1.5 0.4 0.8 792 20,435 

Heathland and shrub 2.5 7.9 0.3 0.6 0 -408 

Cropland 0.6 2.8 0.1 0.2 151 -158 

Sparsely vegetated ecosystems 0.8 6.5 0.1 0.1 0 0 

Grassland 0.5 3.0 0.1 0.1 -14 963 

Lakes and reservoirs, rivers and canals 0.4 3.3 0.0 0.1 -0 48 

Sum 100 NA 49.2 100 -638,934 2,878,960 

 265 

3.2 Net greenhouse gas effects 266 

When emissions from land-use change were combined with life-cycle emissions from PV components, 267 

installation, operation and decommissioning, the estimated carbon footprint was approximately 4,997 t 268 

CO₂e km⁻² yr⁻¹, or 149,913 t CO₂e km⁻² over an assumed 30-year project lifetime (Table S2). The 269 

resulting net carbon balance depended strongly on the electricity source assumed to be displaced. 270 

Relative to the EU-27 electricity mix, PV reduced emissions over its lifetime, whereas relative to the 271 

low-carbon Norwegian electricity mix, the combined emissions from land-use change and the PV 272 

system exceeded the avoided electricity-sector emissions. These estimates should be interpreted as 273 

contrasting displacement scenarios rather than predictions of the realised carbon balance of individual 274 

projects. 275 

Planned multifunctionality (i.e., several co-existing land-uses within the PV area) was common but 276 

inconsistently specified. Among projects with available information (n = 70), 34 (48.6%) proposed 277 

sheep grazing within the PV area. Agri-PV classification was recorded for fewer projects; among those 278 



with available coding, 18 (38.3%) were classified as Agri-PV and 29 (61.7%) as conventional PV, 279 

although the descriptions in project applications were often ambiguous. Projects located largely in 280 

already heavily modified ecosystems were uncommon, reported for 10 of 76 projects with available 281 

data (13.2%). 282 

3.3 Scenario modelling (2024–2050)  283 

Projected land demand increased strongly with the capacity trajectory and was sensitive to the 284 

assumed placement strategy (Figure 2; Table S3). Under business-as-usual (BAU) allocation based on 285 

observed land use allocation from 2026, median total PV area demand in 2030 was 3.3 km² (90%: 2.2–286 

6.0) under low growth, 3.9 km² (2.7–7.1) under medium growth, and 4.7 km² (3.2–8.5) under high 287 

growth. By 2050, median total area increased to 14.6 km² (10.0–26.7), 56.3 km² (38.6–102.7), and 288 

268.4 km² (184.2–489.2) for low, medium, and high growth, respectively. Uncertainty intervals 289 

widened over time because land demand scales directly with capacity density (MWp per km²), which 290 

was treated as uncertain. 291 

 292 

Figure 2: Projected total land demand for ground-mounted solar PV (2024–2050) under three 293 

capacity trajectories and two allocation strategies. Lines show the median total land area required 294 

(km²) across 5,000 Monte Carlo iterations; shaded ribbons show the 90% interval (5th–95th 295 

percentiles) reflecting uncertainty in capacity density (MWp/km²). The BAU strategy allocates land 296 

demand according to the observed land-cover composition of current concession applications. The 297 

Agri-PV + grey strategy assumes a 50/50 split between agriculture and grey areas and applies a fixed 298 

land-demand multiplier of 1.5 for Agri-PV.  299 



The two policy-dependent allocation strategies produced contrasting land-cover requirements (Figure 300 

3). Under the BAU strategy, most projected land demand occurred in forests and woodlands, reflecting 301 

the observed land-cover composition of current concession applications. In 2050, the median forest 302 

area required was 12.7 km² (8.5–22.8) under Low growth, 48.7 km² (32.8–87.6) under Medium 303 

growth, and 232.3 km² (156.6–418.1) under High growth, while other land-cover groups contributed 304 

comparatively little. 305 

Under the Agri-PV + grey area strategy (50/50 split), land demand was instead allocated to 306 

agricultural land (cropland and grassland) and grey areas (settlements and other artificial areas) by 307 

construction, with no allocation to forests. By 2050, the median agricultural area required was 11.0 308 

km² (7.5–20.0) under Low growth, 42.2 km² (29.0–77.0) under Medium growth, and 201.3 km² 309 

(138.1–367.3) under High growth (Table S3). The corresponding median grey-area requirements were 310 

7.3 km² (5.0–13.3), 28.1 km² (19.3–51.3), and 134.2 km² (92.1–244.9). 311 

Because Agri-PV was assumed to require more land per unit of installed capacity (co-use factor 1.5), 312 

the total land requirement under the Agri+Grey strategy (50/50 split) was consistently higher than 313 

under BAU for the same capacity pathway (approximately 25% higher total area). 314 

  315 



 316 

 317 

Figure 3. Land-cover group requirements in 2050 under BAU and Agri-PV + grey allocation 318 

strategies. Points show the median land area (km²) allocated to each land-cover group in 2050; 319 

horizontal bars show the 90% interval (5th–95th percentiles) across 5,000 Monte Carlo iterations. 320 

Under BAU, land demand follows the land-cover composition of current concession applications. 321 

Under Agri-PV + grey (50/50 split), land demand is allocated to agriculture (cropland + grassland) 322 

and grey areas (settlements and other artificial areas), with no allocation to forests. In BAU, rare 323 

classes in the 2026 footprint (wetlands, heathland, water) contribute little and are not shown 324 

separately in the table. Note that land demand refer to areas within the perimeter of the PV plant; 325 

direct physical conversion will vary across facilities. 326 

 327 

If future solar development is redirected away from forests and towards agricultural and grey areas, 328 

the required area can be quantified from the scenario results. Under the main scenario (50/50 Agri–329 

Grey), median total land demand ranged from 18.3–335.5 km² in 2050 across growth pathways. Of 330 

this, 11.0–201.3 km² in 2050 would occur on agricultural land, and 7.3–134.2 km² in 2050 on grey 331 

areas (Table S3). Because Agri-PV was assumed to require more land per unit of installed capacity 332 

(co-use factor 1.5), the total land requirement under the Agri+Grey strategy (50/50 split) was 333 

consistently higher than under BAU for the same capacity pathway (approximately 25% higher total 334 

area). 335 



3.4 Grey area analysis 336 

We allocated 318 km² of grey area resources larger than 1 ha with transformation or densification 337 

potential in Norway, of which 264 km² were located in Mid- and Southern Norway, where solar 338 

energy is most relevant (numbers in parentheses hereafter). Mean and median size of grey area 339 

resources in Mid- and South Norway were 3.5 and 1.9 ha respectively. Of these grey area rescources, 340 

42% were located in industrial areas, 21% were areas for mineral extraction, 19% were ‘unclassified 341 

built-up areas’, while the remaining 18 % were distributed across eleven built-up land use types.   342 

 343 

4. Discussion 344 

4.1 Land requirements from ground mounted PV in future Norwegian energy and land systems 345 

Ground-mounted photovoltaic development is emerging as a distinct land use in cool-temperate and 346 

boreal land systems. Norway provides a useful case for quantifying this footprint because ground-347 

mounted PV is at an early stage of deployment, while substantial expansion is being considered. In 348 

this study we estimate key measures of land-use efficiency based on 77 current and pipeline projects, 349 

and project national land requirements to 2050 under contrasting deployment scenarios. The projects 350 

have a median capacity density of approximately 80 MWp/km² and an energy yield density of 84 351 

GWh/km²/year, slightly above previously published early Norwegian estimates based on a small 352 

sample (n = 7; 80.1 GWh/km²/year; Kenawi et al., 2025). Our energy density estimates are in the 353 

upper range of, or above, previously published international density estimates (87 GWh/km²/year; 354 

Nøland et al., 2022; 35–79 GWh/km²/year; Smil, 2015; 51 GWh/km²/year; van Zalk & Behrens, 355 

2018). Since the benchmarks from our study are based primarily on planned rather than operational 356 

projects, they should therefore be continuously validated against realised projects as measurements are 357 

carried out. Regardless of the uncertainty, the estimates provide practical benchmarks for early-stage 358 

land-use and energy planning. As a rule of thumb, current project designs require approximately:  359 

• 0.0125 km² (12.5 decares) per MWp installed capacity 360 

• 0.0119 km² (11.9 decares) per GWh of annual electicity production, equivalent to 361 

approximately 11.9 km² per TWh 362 

For Agri-PV, the area units may be multiplied by the assumed co-use factor of 1.5, to allow wider 363 

spacing for continued agricultural use. Reduced shading at wider spacing may slightly increase 364 

electricity yield per unit of installed capacity, but this effect is not included given the approximate 365 

nature of these estimates.  366 

Our scenarios represent different roles of ground-mounted PV in the national energy system, ranging 367 

from approximately 1 to 21 GWp of ground-mounted PV by 2050. They should be interpreted as 368 



contrasting land-demand pathways rather than projections of Norway’s national solar target, which 369 

includes building-mounted systems. For context, the national ambition of 8 TWh solar energy (~10 370 

GW installed capacity) by 2030 is substantially larger than our scenarios at that date (NVE, 2024). 371 

Across these pathways, the relative importance of PV as a driver of land-use change varies 372 

considerably. At the national scale, the land required for ground-mounted PV would remain relatively 373 

limited under low and medium growth scenarios but could become a substantial part of annual land-374 

use change under high growth scenarios. In our scenarios, median cumulative PV area reaches a total 375 

of ~15 km² (low), ~56 km² (medium), and ~268 km² (high) by 2050. Maximum cumulative PV area in 376 

2050 is equal to ~ 0.1% of Norway’s total land area. Norway’s annual land take, the conversion of 377 

non-built land to artificial surfaces, has been estimated at 35 km² per year in the period between 2017 378 

and 2023 (Venter et al., 2026). Annualised over the years 2024–2050, our scenarios imply PV land 379 

demands equivalent to approximately 2%, 6%, and 30% of Norway’s annual land take under low, 380 

medium, and high growth scenarios, respectively. Ground-mounted PV would therefore remain a 381 

relatively minor component of national land take under low and medium growth scenarios but could 382 

become a substantial additional driver under high growth. For comparison, solar PV has been 383 

projected to occupy roughly 0.5–2.8% of EU territory and 0.7–1.5% of global land area (Saxena et al., 384 

2024; van de Ven et al., 2021). Yet, impacts on ecosystems and land systems will depend on location, 385 

as it is a well-established fact from land system science that some land uses with a small spatial extent 386 

can have large widespread impacts far larger than their own relatively small land footprint (Meyfroidt 387 

et al., 2022). Ground-mounted PV may account for only a small share of total land-cover change, but 388 

may still create substantial pressures in specific areas or land-cover types (Diffendorfer et al., 2024). 389 

Moreover, land requirement estimates should be interpreted cautiously, since PV development may or 390 

may not be counted as ‘land take’ depending on siting in natural or heavily modified land cover types 391 

as well as degree of ground levelling and soil sealing in PV areas, co-use with other land uses and 392 

mitigation measures applied to improve biodiversity.  393 

 394 

4.2 Siting strategies and co-use determines ecosystem and carbon emission impacts 395 

Despite PV being a flexible and scalable technology, current siting strategies show limited diversity as 396 

97 % of the current and proposed project area lies in forest and woodlands. Net emissions from solar 397 

PV in forest areas reflect both carbon released by land-use change and lost potential uptake. Since 398 

productive forests have the highest annual net CO₂ uptake across Norwegian ecosystems (de Wit et al., 399 

2015), continuing the current siting strategy will reduce the potential of solar PV as a low-carbon 400 

energy source relative to alternative land use policies for solar PV. The net climate impacts from PV-401 

projects during their lifetime, will depend on 1) carbon dynamics from land use and land cover 402 

changes, 2) PV life cycle emissions related to production, operation, maintenance and 403 



decommissioning of the PV facilities; and 3) emissions from displaced energy. Whether solar PV in 404 

Norway will contribute to a net increase or reduction of emissions will depend on the electricity it 405 

replaces. Our results indicate that, under current siting strategies, ground‑mounted solar energy in 406 

Norway will become a net source of greenhouse‑gas emissions when land‑use and land‑cover changes 407 

are accounted for, if PV displaces electricity with the same emission intensity as the current 408 

Norwegian, largely renewable energy mix. If PV displaces electricity with the same emission intensity 409 

as the European energy mix, the results will be a net reduction in greenhouse gas emissions, even 410 

when land use and land cover change is included in the calculations. In forests, lower‑impact designs 411 

that retain soil and ground vegetation (ecovoltaics) may reduce this net emission effect, but their 412 

contribution remains uncertain and needs further investigation.  413 

Redirecting ground-mounted PV from forests to agricultural and heavily modified land can 414 

reduces emissions and increases the opportunities for mitigation measures for biodiversity. Under high 415 

growth, the required areas correspond to less than 2 % of Norway’s agricultural land and less than 3 % 416 

of the developed area (Statistics Norway, 2026). However, these aggregate figures do not indicate how 417 

much land is locally available or technically suitable, particularly when project economy, grid access 418 

and competing land uses are considered.  419 

Agri‑PV generally requires larger areas and can compete with food production but also allows 420 

continued agricultural use. The feasibility of Agri-PV is dependent on crop choice, PV design choice, 421 

and climate. In Norway, the solar resource is limited, and PV designs should allow sufficient light to 422 

the ground while the choice of crops should prioritize shade-tolerant plants. If both aspects are 423 

considered, the crop yield can even increase (Honningdalsnes et al., 2025). Honningdalsnes et al. 424 

modelled the impact of vertically mounted PV on the yield of timothy (Phleum pratense L.), Norway’s 425 

most important cultivated forage grass for livestock production. They found that beneficial wind 426 

sheltering can counteract detrimental PV panel shading indicating that sustained agricultural activity is 427 

possible inside ground-mounted PV in Norway. Consequently, vertical Agri-PV can fulfil the capacity 428 

requirements under the high growth scenario by utilizing 7% of the current land where timothy is 429 

grown (area estimates based on Sturite et al., 2024). Abandoned or underused agricultural land may 430 

provide additional opportunities, but cannot automatically be considered available for solar PV, also 431 

co-use and nature restoration potential must always be considered site by site. 432 

Grey areas are previously developed or heavily modified areas where current use is below 433 

their potential, including brownfields and low-intensity built-up land (Jacek et al., 2022). Solar PV on 434 

grey areas represents an underexplored resource for development, reuse and restoration. Such sites can 435 

contribute to more land‑efficient energy deployment, particularly where projects also improve 436 

ecological connectivity and local environmental quality. Previous work estimated a technical potential 437 

of 5.7 TWh on about 70 km² of grey areas, of which only 0.8 TWh was estimated to be economically 438 



viable under the report’s assumptions (Sunde et al., 2024). Our GIS-analyses identified 264 km² of 439 

continuous grey areas larger than 1 ha with transformation potential in Mid- and southern Norway. 440 

This represents a mapped potential land resource rather than a realistic estimate of solar PV potential, 441 

as we did not assess land tenure, redevelopment costs, solar irradiation, grid capacity or competing 442 

land uses within the identified grey areas with transformation potential. Our scenarios indicate that 443 

placing half of the installed capacity in grey areas would require 7, 28 and 134 km² by 2050 under the 444 

low growth (1 GWp), medium growth (4 GWp) and high growth (21 GWp) pathways in 2050 445 

respectively. These requirements correspond to 3%, 11% and 51% of the available mapped grey area 446 

resources. Realising this potential will require active incentives and land use policies to address site-447 

specific barriers related to land ownership, redevelopment costs and competing land uses. A detailed 448 

spatial multi-criteria inventory is therefore needed to identify available grey areas witch are also 449 

technically suitable and profitable.  450 

 451 

4.3 Design choices and mitigation measures 452 

Regardless of siting and co‑use strategy, the area requirements identified in this study underline the 453 

need to apply the mitigation hierarchy to avoid, minimise, restore and offset negative impacts on land 454 

systems and their services (Arlidge et al., 2018). Environmental impact assessments and project‑level 455 

ecosystem accounting can support this by providing consistent information on ecosystem extent, 456 

condition, carbon storage and competing ecosystem services for alternative siting options (Czúcz et 457 

al., 2025). Low‑disturbance forest installations that minimise grading, drainage and soil removal and 458 

retain ground vegetation can reduce soil disturbance and carbon losses compared with full‑conversion 459 

designs. By contrast, projects that involve substantial levelling, drainage or soil replacement can 460 

increase emissions, especially on organic soils where changes in hydrology strongly affect 461 

greenhouse‑gas fluxes. Mitigation measures designed to reduce the degree of physical alterations from 462 

PV installation are key to minimise environmental impacts in semi-natural and natural ecosystems 463 

(Lafitte et al., 2023). Measures to re-establish vegetation in disturbed areas are routinely carried in 464 

energy production projects to reduce negative impacts on biodiversity, but goals of mitigation 465 

measures in Norwegian development projects have often been unclear (Mehlhoop et al., 2022). 466 

Defining a realistic and achievable target vegetation for each solar PV project in relation to desired 467 

land use (and co-use), adjacent vegetation type and successional stage will be key for successful 468 

biodiversity measures. 469 

Design and management choices are particularly important for co‑use concepts such as 470 

Agri‑PV and low‑disturbance forest installations. Agri‑PV offers both potential and clear trade‑offs 471 

(Hobrak et al.; Honningdalsnes et al., 2025). PV installations invariably occupy part of the land, 472 

precluding harvesting directly underneath the mounting structures. They also introduce shading and 473 



wind sheltering, leading to altered soil and growth conditions, but can offer benefits by increasing 474 

biotope connectivity across the agricultural field and by protecting crops from hail, sunburn, or 475 

untimely frost. Overall, its agricultural performance depends strongly on system design, site 476 

conditions and adaptation to local farming practices (Scholten et al., 2026). Currently, projects 477 

labelled as Agri‑PV range from minor adaptations such as seasonal sheep grazing under arrays to 478 

systems specifically designed to maintain productive agriculture, with higher panel clearance, wider 479 

row spacing, different foundations and tailored management. These variants differ both in capacity 480 

density (MWp per km²), in how much of the site is effectively converted to infrastructure, and in yield 481 

or performance for the relevant co-use, including biodiversity (Trommsdorff et al., 2025). 482 

 483 

4.4 Limitations and further research needs 484 

Key uncertainties in this study arise because Norwegian ground-mounted PV is still an emerging land 485 

use, meaning that many inputs are derived from concession applications and generic assumptions 486 

rather than post-construction measurements. Mapped project polygons represent the perimeter of 487 

planned facilities, whereas direct physical conversion depends on detailed layout and construction 488 

practices (e.g., road density, degree of ground levelling, foundation type, drainage interventions, and 489 

whether vegetation and soils are maintained under and between arrays). Net carbon outcomes depend 490 

on both land-use change and the electricity assumed to be displaced. This displacement is uncertain in 491 

an interconnected and decarbonising European power system. Comparison with the low-carbon 492 

Norwegian mix may understate the decarbonisation potential of PV, whereas applying the European 493 

average might overstate its potential. These estimates should therefore be interpreted as contrasting 494 

scenarios rather than precise predictions of net project emissions. All scenarios and results should 495 

therefore be interpreted as plausible, exploratory planning-relevant futures rather than predictions. 496 

In 2026, empirical evidence on the land-system effects of PV in cool temperate and northern 497 

boreal environments remains limited. To support evidence-based planning and reduce reliance on 498 

findings and evidence from dissimilar ecosystems, PV expansion should be accompanied by 499 

systematic research on land use and ecosystem impacts under boreal conditions. From landscape-500 

ecology and land-system science perspectives, priorities are to: (1) establish empirical baselines for 501 

realised capacity and energy-yield densities and effects on land use, ecosystem structure and 502 

functioning, including carbon storage and sequestration; (2) quantify how site design affects co-use 503 

performance and biodiversity; and (3) develop spatial planning tools that reveal landscape-scale trade-504 

offs among deployment strategies, including the suitability and transformation potential of grey areas. 505 

Such evidence would support spatially explicit and empirically grounded scenarios. 506 

 507 



5. Conclusion 508 

Ground-mounted PV is emerging as a new type of land-use in cool-temperate and boreal land systems. 509 

Solar PV is a flexible and scalable energy production technology, with a range of potential siting 510 

options, allowing different land use policies for upscaling. This study provides an early empirical basis 511 

for assessing its land requirements and alternative siting strategies in Norway. We find that current and 512 

planned projects are strongly concentrated in forests and woodlands. Continuing this pattern can 513 

diminish the climate benefits of solar PV, since forest conversion releases stored carbon and reduces 514 

future sequestration. Climate outcomes therefore depend on both siting strategies and the electricity 515 

displaced. Our simplified comparison including PV life-cycle emissions indicated a net emissions 516 

increase relative to displacement of electricity with the emission intensity of the current Norwegian 517 

mix, but a reduction relative to the EU-27 mix.  518 

We recommend a more diverse siting strategy, with an increasing share of ground-mounted PV on 519 

heavily modified land (grey areas) and within agricultural areas suitable for co-use, alongside suitable 520 

forest sites. A shift towards agricultural and grey areas would require slightly larger total area but 521 

could reduce emissions from land-use and land-cover change, reduce biodiversity impacts enable co-522 

use and create opportunities for biodiversity mitigation measures.  523 

Further deployment of solar PV should be accompanied by monitoring of energy production, land-524 

cover change, carbon dynamics, co-use performance and ecosystem condition. Regularly updating 525 

land-use policies with evidence from monitoring, experiments and supported by refined scenarios 526 

would enable knowledge-based land use planning for solar PV development as the sector develops in 527 

northern regions. 528 
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Supplementary material 691 

Potential impacts of Ground-mounted photovoltaic panels on ecosystems and carbon storage in 692 

Norway - a scenario analysis 693 

 694 

 695 

 696 

Figure S1. A sample of planned solar facilities proposed solar facilities downloaded from The 697 

Norwegian Water Resources and Energy Directorate (NVE), January 2026.  698 

 699 

  700 



Table S1. Carbon emissions in 5, 20 and 75 years given the current land cover as calculated with the 701 

tool Klimagasskalkulator. 702 

Land cover Emission after 
5 years 

Emission after 
20 years 

Emission after 
75 years 

Forest and woodlands -106,935 -427,736 -1,604,014 

Settlements and other artificial areas 287 1,161 4,350 

Inland wetlands 131 528 1,980 

Heathland and shrub 0 0 0 

Cropland 27 101 377 

Sparsely vegetated ecosystems 0 0 0 

Grassland -1 -8 -38 

Lakes and reservoirs, rivers and canals 0 0 -1 

Sum -106,491 -425,954 -1,597,346 

 703 

 704 

  705 



Table S2. Assumptions, intermediate calculations and outputs of a simplified carbon calculator used 706 

to estimate annual and lifetime net carbon emissions from the ground-mounted photovoltaic projects. 707 

The calculator uses a predefined yield density, while the emission intensity associated with land-use 708 

change is the one pbtained by using the klimagasskalkulator tool, with site-specific values. Lifetime 709 

net carbon emissions are reported based on both the EU-27 and Norwegian electricity mixes. 710 

Assumptions Value unit 

Total area of considered concessions 49.2 km2 
Total emissions from landuse over 30 years* 2,878,960 tons 
Emission per kWh from land use change* 22.9 g CO2e/kWh 

Emission per kWh from component production, 
installation, operation and decommissioning 

35.8 g CO2e/kWh 

Energy yield density 85,100,000 kWh/km2/yr 

Emission factor EU-27 187.1 g CO2e/kWh 

Emission factor NOR 11.9 g CO2e/kWh 

PV project lifetime 30 yr 

   

Annual emissions (carbon footprint) per km2   

Land use change 1,951  tons CO2e/km2/yr 

Materials 3,047 tons CO2e/km2/yr 

Total emission 4,997  tons CO2e/km2/yr 

   

Lifetime emissions (carbon footprint) per km2   

Land use change * 58,515  tons CO2e/km2 

Materials 91,397 tons CO2e/km2 

Total emission 149,913  tons CO2e/km2 

   

Annual displaced electricity emission per km2   

European electricity mix 15,922 tons CO2e/km2/yr 

Norwegian electricity mix 1,013 tons CO2e/km2/yr 

   

Lifetime displaced electricity emission per km2   

European electricity mix 477,666 tons CO2e/km2 

Norwegian electricity mix 30,381 tons CO2e/km2 

   

Annual net carbon emissions   

European electricity mix -10,925 tons CO2e/km2/yr 

Norwegian electricity mix 3,984 tons CO2e/km2/yr 

   

Lifetime net carbon emissions in tons   

European electricity mix -327,753 tons CO2e/km2 

Norwegian electricity mix 119,532 tons CO2e/km2 

*: these values are site specific, and therefore base on the considered concessions. 711 

Detailed method grey areas  712 



The analysis was based on Kartverket’s GraastrukturFlate dataset, representing land substantially 713 

altered by human activity. Areas considered to be in active or intensive use were removed based on 714 

land-use classes (including residential, agricultural, public services, green areas and transport 715 

infrastructure) and a building share threshold of maximum 25%. The resulting dataset represents 716 

potentially underutilised grey areas, and potential sites for solar energy development. 717 

To improve the geometric quality, polygons smaller than 0.5 decares were removed and a small 718 

negative buffer (−2 m) was applied to eliminate sliver geometries. The filtered polygons were then 719 

aggregated into contiguous areas using a buffer-based approach: polygons were merged and expanded 720 

by 10 m to connect features separated by less than approximately 20 m, dissolved into clusters, and 721 

subsequently buffered inward by 10 m to restore the outer extent. Cluster area was calculated in 722 

decares. 723 

To remove narrow extensions and improve shape stability, clusters were further refined using an 724 

asymmetric buffering operation consisting of a −5 m inward buffer followed by a +7 m outward 725 

buffer. The resulting geometry was clipped against the original cluster footprint to prevent artificial 726 

expansion, and cluster areas were recalculated. Clusters smaller than 10 decares were excluded. The 727 

refined clusters were then intersected with the filtered grey area dataset to recover detailed geometry 728 

and assign each polygon to a cluster. Small residual polygons (<1 decare) generated by the intersection 729 

were removed. The final dataset represents contiguous grey land resources, parameterised by size, 730 

spatial structure, and building coverage, and can be further evaluated using purpose-specific criteria. 731 

 732 

 733 



Figure S2. Part of the map of grey area resources, i.e. potentially underutilised grey areas, and 734 

potential sites for solar energy development.  735 

 736 

Table S3. Projected total land demand (km²) in 2030 and 2050 under BAU and Agri-PV + grey 737 

allocation (50/50 split). Values are medians with 90% intervals (5th–95th percentiles) from Monte 738 

Carlo simulations (n = 5,000). Agri-PV + grey totals are scaled by the fixed Agri-PV co-use factor 739 

(1.5) with a 50/50 Agri/Grey split.  740 

Scenario Year Business as usual,    
Total area (km²) 

median (p05–p95) 

AgriPV + Grey areas, 
Total area (km²) 

median (p05–p95) 

Low growth 2030 3.3 (2.2–6.0) 4.1 (2.8–7.5) 

Low growth 2050 14.6 (10.0–26.7) 18.3 (12.5–33.3) 

Medium growth 2030 3.9 (2.7–7.1) 4.9 (3.3–8.9) 

Medium growth 2050 56.3 (38.6–103.0) 70.3 (48.3–128.3) 

High growth 2030 4.7 (3.2–8.5) 5.8 (4.0–10.6) 

High growth 2050 268.4 (184.0–490.0) 335.5 (230.2–612.2) 

 741 

  742 



Table S4. Land-cover group requirements in 2050 under BAU and Agri-PV + grey allocation (50/50 743 

split). Values are medians with 90% intervals (5th–95th percentiles) from Monte Carlo simulations (n 744 

= 5,000). Grey areas are defined as ‘settlements and other artificial areas’. Agriculture includes 745 

cropland and grassland. In BAU, rare classes in the 2026 footprint (wetlands, heathland, water) 746 

contribute little and are not shown separately in the table. 747 

Scenario Land-cover group BAU area in 2050 (km²) 
median (p05–p95) 

Agri+Grey (50/50) area 
in 2050 (km²) 

median (p05–p95) 

Low growth Forest & woodlands 12.7 (8.5–22.8) 0.0 (0.0–0.0) 

Low growth Agriculture 0.1 (0.1–0.3) 11.0 (7.5–20.0) 

Low growth Grey/modified 1.1 (0.7–2.0) 7.3 (5.0–13.3) 

Low growth Other semi-natural 0.5 (0.3–1.1) 0.0 (0.0–0.0) 

Low growth Water 0.1 (0.0–0.2) 0.0 (0.0–0.0) 

Medium growth Forest & woodlands 48.7 (32.8–87.6) 0.0 (0.0–0.0) 

Medium growth Agriculture 0.6 (0.2–1.3) 42.2 (29.0–77.0) 

Medium growth Grey/modified 4.3 (2.5–7.9) 28.1 (19.3–51.3) 

Medium growth Other semi-natural 2.1 (1.1–4.1) 0.0 (0.0–0.0) 

Medium growth Water 0.2 (0.0–0.6) 0.0 (0.0–0.0) 

High growth Forest & woodlands 232.3 (156.6–418.1) 0.0 (0.0–0.0) 

High growth Agriculture 2.6 (1.0–6.3) 201.3 (138.1–367.3) 

High growth Grey/modified 20.5 (12.1–37.5) 134.2 (92.1–244.9) 

High growth Other semi-natural 10.0 (5.4–19.6) 0.0 (0.0–0.0) 

High growth Water 0.9 (0.2–3.0) 0.0 (0.0–0.0) 

 748 
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Table S5. Agricultural and grey-area land requirements in 2050 under the Agri-PV + grey allocation 750 

strategy for different assumed shares of Agri-PV (30%, 50%, 70%). Values are medians with 90% 751 

uncertainty intervals (5th–95th percentiles) derived from Monte Carlo simulations (n = 5,000). Grey 752 

areas are defined as settlements and other artificial areas.  753 

Scenario Land-use type 30% Agri 50% Agri 70% Agri 

Low growth Agriculture 6.6 (4.5–12.0) 11.0 (7.5–20.0) 15.4 (10.5–28.0) 
 Grey areas 10.2 (7.0–18.7) 7.3 (5.0–13.3) 4.4 (3.0–8.0) 
Medium growth Agriculture 25.3 (17.4–46.2) 42.2 (29.0–77.0) 59.1 (40.5–107.8) 
 Grey areas 39.4 (27.0–71.9) 28.1 (19.3–51.3) 16.9 (11.6–30.8) 
High growth Agriculture 120.8 (82.9–220.4) 201.3 (138.1–367.3) 281.8 (193.4–514.2) 
 Grey areas 187.9 (128.9–342.8) 134.2 (92.1–244.9) 80.5 (55.9–146.9) 

 754 

 755 


