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Advanced photovoltaic technology can
reduce land requirements and climate
impact on energy generation

M| Check for updates
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Future changes in solar radiation and rising temperatures will likely reduce global solar photovoltaic
potential, but advancing photovoltaic technologies could counteract these effects. We investigate the
potential of photovoltaic to satisfy energy demands given climate change and technological
development. We find that conventional photovoltaic will require 0.5 to 1.2% of global land area to
meet projected energy demands by 2085 without accounting for climate change effects. When
considering climate impacts, this requirement increases to 0.7-1.5% of the global land area. However,
utilising advanced photovoltaic technologies can reduce this area to 0.3-1.2%, effectively mitigating
climate impacts. Regional climate change impacts vary substantially, resulting in photovoltaic
potential decreases of up to 3% in Latin America and the Caribbean, and by up to 8% in South Asia.
Our results suggest that technology-driven increases in future global photovoltaic energy production
can more than compensate for the climate related reductions.

Solar photovoltaic (PV) is an increasingly important source of clean energy
and is currently the third-largest renewable energy source after hydropower
and wind, accounting for 3.6% of global energy production'”. PV energy
production grew by 22% (179 TWh) in the year 2020-2021, and a 25%
average annual growth rate between 2022 and 2030 would be consistent with
net-zero scenarios' by 2050. Past projections have consistently under-
estimated the rate of PV deployment’, and the required acceleration in
future growth may well be feasible.

A key factor to consider, however, is how much land area would be
required to satisfy the global energy demand under different socio-economic
and climate change futures*~ and the extent to which improvements in PV
technology will increase PV output. This is important because future changes
in solar radiation and increasing temperatures arising from climate change
will likely reduce global PV potential’. The PV capacity installed today is likely
to remain in place for the next 20-30 years, but the rate at which the devel-
opment and deployment of more efficient PV technologies that would offset
climate change impacts is uncertain.

Previous research on climate change impacts using projections from
general circulation models (GCMs) indicates varying effects on different
types of PV systems; for example, a decline in global PV potential of up to
0.4% for large-scale PV, but an increase in rooftop PV potential of 2% by
2100°. However, localized changes in the PV potential of existing PV
installations®” under climate change scenarios range from —19% to +16%".

Studies using regional climate models (RCMs) have projected PV potential
declines of up to 20% in South Asia and Latin America’ and 34% in Sweden’.
However, counteracting improvements in technology have not been
consistently explored across regions, PV technologies, or climate change
scenarios'™"".

Previous analyses have argued that the scope for large-scale PV
deployment is limited because of competition with other land uses'>"”. Some
land uses, however, are multifunctional, such as agri-voltaic systems“.
Pastures are generally well-suited to agri-voltaic systems in which solar
panels are placed above grazing livestock. Such systems produce both
electricity and food, and potentially benefit from shading for grazing ani-
mals and grass”. Other land uses with the potential for multifunctional
PV deployment include highways, car parks and irrigation canals with
PV panel shading'®, and urban roof-tops'”. In combination with technology
improvements, these could substantially reduce land requirements for
PV energy.

A few studies*’ analysed climate change impacts on global PV
potential for specific scenarios of climate change and advances in PV
technology but without consideration of how the two could affect the
global land requirement for PV installations. In this study, we analyse the
global PV land area requirements to meet future energy demands, and
how this land area changes under different climate futures and for more
efficient PV technologies.
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To explore the implications for future global PV potential, we pose the
following research questions;

1. How much land area would be required for PV deployment to meet
future energy demands under conventional and advanced PV
technologies?

2. How do these land areas vary when the direct impacts of climate
change on PV energy generation are accounted for?

3. How do PV potential and land area requirements vary when PV is
combined with other land uses?

We address these questions using climate change scenarios for four
Representative Concentration Pathways (RCPs; RCP2.6, RCP4.5, RCP6.0
and RCP8.5) from four General Circulation Models (GCMs), considering six
different PV technologies, as described in the Methods section. We also use
projections of future global energy demands for the shared socio-economic
pathways (SSPs; SSP1, SSP2, SSP3, SSP4 and SSP5)'*".

Results

How much land area would be required for PV deployment to
meet future energy demands under conventional and advanced
PV technologies?

The land area required for PV to satisfy potential global energy demand
depends strongly, among other factors, on the technology used. Conven-
tional Si PV module technology would require around 0.5-1.2% of the global
land area to fulfil the projected energy demand for different SSP scenarios'’,
if placed to maximise energy generation (Fig. 1). Different world regions
would require varying proportions of land to meet the energy demands for
different SSP scenarios (Fig. 1), with East Asia and the Pacific, and Middle
East and North Africa, requiring the most land area (see Table 1). However,
if the conventional Si technology is replaced by more efficient PV technol-
ogies such as perovskites and III-V cells multijunctions (more details in
Supplementary Table. 1), much less land would be needed to meet global
energy demands (Table 1); just 0.3-1.0 % of the land area (between about
one half and three-quarters of the area required for Si PV modules) (Fig. 1).

Similar to the conventional Si case, these requirements vary regionally
(Table 1) across the SSP scenarios (Fig. 1). They also vary according to
treatment of site-specific variables such as the ground coverage ratio (GCR);
with a standard value for this applied (more details in the Methods section),
the land requirement would be: conventional Si (1.0-2.4%), perovskites
(0.8-1.8%), and III-V cells multijunctions (0.5-1.1%) (Supplementary
Fig. 1). This makes the total PV land area requirement needed to meet future

energy demands equivalent to the current global urban area™?".

How do land areas vary when the direct impacts of climate
change on PV energy generation are accounted for?

The projected slight increase in global mean annual incident solar radiation
(+0.8% to +1.2% in 2050, and 4+0.4% to +1.0% in 2085) and the antici-
pated rise in mean temperature ( + 1.5 °Cto +2.7 °Cin 2050, and +1.5 °Cto
+5.0°C in 2085) relative to the baseline (1991-2005) led to modelled
declines in PV potential (—3.7 to —4.5% in 2050 (2031-2070), and —3.4
to —5.0% in 2085 (2071-2100)) across the climate scenarios (Fig. 2).
This is mainly because higher temperatures reduce PV panel efficiency by
between 0.4 and 0.5% for every 1°C increase above a panel temperature
of 25°C* (Fig. 3). Our univariate sensitivity analysis of climate variables
(solar radiation and temperature) provides further insights to explain these
differences. The analysis showed that when the temperature was kept
constant but the radiation varied, there was an increase in PV potential.
However, when considering the effect of temperature alone, PV potential
decreased (see Supplementary Fig. 2). Different temperature trajectories
among scenarios and regions contribute strongly to the varying regional
impacts that we find (see Table 1, Fig. 2).

We therefore present a detailed global and regional assessment of
climate change impacts on PV potential (Fig. 2, Supplementary Note 2)
and land area requirements (discussed below). The climate change
impacts show strong regional differences, with PV potential decrease of up

—3% in Latin America and the Caribbean, and by up to —8% in South
Asia. These changes are more moderate compared with previous studies’,
which analysed climate change impacts on existing PV sites globally and

Land arearequired to meet the energy demand using PV of different technologies in 2085 under SSP scenarios
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Fig. 1 | Land area required for PV energy production to meet global and regional
energy demands. The land area required to meet global and regional energy

demands using conventional silicon (Si) and more efficient PV technologies under
SSP scenarios in 2085. The top left panel shows global requirements, with successive
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SSA

panels representing regional demands. Acronyms are defined as follows: EAP — East
Asia and Pacific, ECA - Europe and Central Asia, LAC - Latin America and the
Caribbean, MENA - Middle East and North Africa, NA - North America, SA -
South Asia, and SSA - Sub-Saharan Africa.
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—3.8t0 —7.8%
—4.2t0 —6.5%

0.3-1.3%
0.4-1.3%
0.03-0.1%

0.5-1.7%
0.8-1.7%
0.06-0.13%

North America
South Asia

0.08-0.17%

Sub-Saharan Africa

found a decline of up to 19% and an increase of up to 16% in the most
affected sites.

The global mean PV potential varies between 359 and 1495 kWh/kWp
(kilowatt hours per installed kilowatt-peak of the system capacity)
depending on the losses™ considered in the estimation of PV potential®
across the climate scenarios (Supplementary Fig. 3). Using typical values for
losses, ranges are much more restricted, with a global potential of 1340-1363
kWh/kWp. The largest regional value is in Sub-Saharan Africa (1621-1661
kWh/kWp), and the smallest is in Europe and Central Asia (976-989 kWh/
kWp) (Supplementary Fig. 3, Supplementary Table. 1)".

The combined effects of solar radiation and temperature changes
produced declining trends in PV potential which explain the decline
in global PV potential over the 21st century across climate scenarios
(Supplementary Fig. 2)***. Speed of roll-out of new technologies, reducing
costs™, and policy support for solar panels would enable PV to overcome
these impacts, however”, suggesting that future PV energy production is
resilient to climate change. However, technological development could
enable PV deployment to overcome the negative impacts of climate change,
as discussed below.

Climate neutrality requires a fast energy transition from conventional
fossil fuels to renewable energy sources™”’, and solar PV power has immense
potential to contribute to this transition, especially if emerging technologies
fulfil their promise. However, the generation of solar PV energy will be
impacted by climate change (discussed above), leading to a decline in the
contribution of solar PV to future energy demands. As a consequence, to
achieve a similar level of energy production, the land area under PV would
need to be increased by, for example, 1.5% (or 3% when GCR is considered,
Supplementary Fig. 5) of the global land area using conventional Si in a
high- emission scenario (i.e., SSP5-RCP8.5; Fig. 4 & Supplementary Fig. 4).
However, technology can offset the negative impacts of climate change as
shown in Fig. 4. For example, only 0.7% (or 1.4% when GCR is considered
Supplementary Fig. 6) of the global land area would be needed to meet
the energy demand in the same scenario using III-V Multijunctions PV
technology (Fig. 4). The benefits of technology in compensating for negative
climate change effects will, however, depend on the rate of roll-out of new
technology™. Meeting global energy demand from PV in 2085 (2071-2100)
under the SSP-RCP scenarios would require 0.7-1.5% (conventional Si) of the
global land area (Fig. 4), which is around 0.2-0.3 percentage points more than
in the absence of climate change (Fig. 1).

The sub-global land requirements would also increase (Table 1), for
example by up to 0.2-0.5 percentage points in South Asia and East Asia
and Pacific, 0.3-0.7 percentage points in the Middle East and North Africa,
or just 0.02-0.04 percentage points in Sub-Saharan Africa (Fig. 4, Table 1).
The large scope for PV production in Sub-Saharan Africa (with 14.7% of
the current global population according to Our World in Data®) could
play a crucial role in economic development and social well-being within
the region. It could not only meet societal energy demands (potentially
generating 6 to 26 times the regional energy demand, depending on the PV
technology used and on assumed 0.5-1.0% of the global land area)
(Supplementary Table. 2) but also provide new job opportunities through
the PV sector. Likewise, the Middle East and North Africa (with 7.2% of the
current global population) could generate 0.3 to 1.3 times their regional
energy demand by 2050. This presents an alternative energy source even in
the most fossil-fuel-dependent scenario, though it would require more
land (Supplementary Table. 2). These regions include countries with a
large potential for economic development that would need to be supported
by sufficient energy. Likewise, the most populated regions of the world
(East Asia together with Europe) have 31% of the current global popula-
tion and could also meet their future energy demands from PV, since the
PV potential in these regions will not change substantially in the future.
The second most populated region, South Asia (25% of the current global
population) will likely experience some local declines in PV potential
under different climate scenarios, but will still retain huge potential (0.3 to
1.3 times the regional demand under high fossil fuel scenarios) for PV at
larger scales™.
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Fig. 2 | Change in solar radiation, temperature and PV potential relative to the =~ EAP - East Asia and Pacific, ECA - Europe and Central Asia, LAC - Latin America and
baseline (1991-2005). This figure illustrates the variations in (a) annual solar radiation,  the Caribbean, MENA - Middle East and North Africa, NA - North America, SA - South
(b) mean temperature, and (c) annual PV potential across different climate scenarios Asia, and SSA - Sub-Saharan Africa.

at both global and sub-global scales. Definitions of regional acronyms are as follows:
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How does PV potential vary when combined with other

land uses?

The global land area is limited and there is competition for land between
multiple uses (including food, fibre and timber production). Identifying where
PV could be deployed that would least affect other land-use is, therefore,

critical. As an (hypothetical) example, the unpopulated area of the Sahara
Desert is around 9 million k m2 (around 7% of the global land area). If this area
were to be used for conventional Si PV deployment, around 5-11 times the
global energy demand in 2085 across the SSP-RCP scenarios could be pro-
duced (Fig. 5). An alternative, arguably more realistic perspective is to consider
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Land area required to meet the energy demand in 2085 using different PV technologies under SSP-RCP scenarios
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Fig. 4 | Land area required for PV energy production in 2085. This land area needed to meet global and regional energy demands using different PV module technologies
under various SSP-RCP scenarios for the year 2085. Additional details on module efficiencies can be found in Supplementary Table. 1.
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Fig. 5 | Projected PV energy production from different land-use sectors. The
figure visualizes projected PV energy production across various land-use sectors.
The left y-axis and orange bars depict surpluses and deficits (where negative values

0.4% of global land 0.8% of global land 1% of global land 2% of global land

Grassland

O Proportion of energy demand satisfied by PV

indicate an undersupply of PV energy relative to energy demand). The right y-axis
and red dots represent the proportion of global energy demand satisfied in 2085
under various SSP-RCP scenarios.

the energy production arising from deploying PV on the 0.7% of global land
area covered by highways as a shaded infrastructure, which could generate
around 1.2 times more energy than demanded in 2085 under SSP1-RCP2.6
(though slightly less than demanded in other SSP-RCP scenarios). Moreover,
replacing conventional urban infrastructure with PV-based infrastructure
could be a substantial step toward energy sector transformation. Projections

suggest that urban areas could range from about 1.1 million to 3.6 million k
m2 across the SSP scenarios (around 0.8%-2.6% of the global land area)” by
2100. Considering the high energy demands in urban areas, utilising building
facades, rooftops, footpaths, parking lots and other urban infrastructure for
PV deployment could provide 14 to 4.2 times the energy demanded in 2085
across scenarios (Fig. 5). Alternatively, pastures could be used for large scale
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PV deployment as a multifunctional land-use. Depending on how grasslands
are defined, they account for between 20% and 40% of the global land area®,
with 2% of these (ie., 0.4-0.8% of the global land area) being intensive
pasture”. If parts of these areas were used for PV energy production, they
could generate 0.3-1.3 times the global energy demand while still retaining
potential for livestock production (Fig. 5), depending on location, and with
small additional negative impacts on biodiversity.

Deploying solar panels in deserts and grasslands has implications for
other environmental, ecosystem services and biodiversity sectors and so
would need careful reflection. For example, PV in the Sahara could, in
principle, prompt increased regional vegetation and rainfall”, while
producing enough electricity to satisfy global energy demands along with
increased regional vegetation and rainfall. These local benefits could
however be offset by atmospheric teleconnections leading to rises in
surface temperature, forest degradation, droughts in the Amazon and sea-
ice loss™. Grasslands globally are threatened by conversion to agriculture
and forestry, and industrial PV deployment could have similar negative
effects™. Conversely, some recent evidence suggests that solar panels can
improve grassland biodiversity by retaining soil moisture and creating
microhabitats'*".

The future energy demand is highly uncertain and depends on both
socio-economic projections and economic modelling methods. In contrast
with the integrated assessment model (IAM) projections of total energy
demand used here, which were calculated from fundamental socio-
economic drivers such as population development, economic growth,
technological change and lifestyles'’, the PV capacity of 75 TW*’ (roughly
equivalent to 2365 EJ) in 2050 considering climate, cost, and development
goals (Supplementary Fig. 7) was projected. This is about twice the demand
calculated by IAM". When converting the 75 TW installed capacity into PV
energy demand, we assumed the highest possible energy generation, which
is, however, subject to on-site PV system characteristics and local climatic
impacts including storms, floods, heatwaves, and so on. To satisfy this
demand, PV deployment would be required on about 1% of the global land
area, producing 1181-2690 EJ across the SSP-RCP scenarios and technol-
ogies (Supplementary Fig. 7 & Supplementary Table. 1) (less than 1% of the
cropland area would meet the current electricity demand if transformed to
agri-voltaics"’). Increasing future demand for renewable energy could in
principle, therefore, be met by global PV deployment” on an area of land that
is about the same as the current global urban area™".

Discussion

We find strong regional impacts of climate change on PV potential, largely
attributable to temperature change, but which are lower in magnitude
than the positive impact of new PV technologies. Our estimates
slightly differ from the previous study’ which estimated a decline in the
large-scale PV of up to 0.4%. The use of different climate projections is one
reason for this difference, as is the inclusion of different modelling
assumptions and PV technologies. Our study considered the modelled
historic climate of 1991-2005 from the ISIMIP2b dataset'' in contrast
with the former study” which used the SSP2-RCP6.0 modelled data with
and without climate impacts for 1971-2001 as the baseline. The historic
period of 1991-2005 corresponds to a ‘recent climate’ baseline relevant to
existing PV installations, which would have been installed over the last one
to three decades.

Large-scale PV deployment is likely to be affected by several additional
factors. Challenges include those associated with the increased demand for
energy storage and grid stabilisation to deal with intermittency due to
seasonal cycles”*. Lithium-ion battery-based methods are ideal for short-
duration storage (a few hours)*, whereas thermal, hydrogen and pumped
hydro storage methods*"** can store energy for up to several days. Floating
PV systems that are installed on the surface of water bodies instead of on
land have been discussed as an alternative to large-scale, ground-mounted
solar panels, with the additional benefit of increased PV energy production
due to the cooling effect provided by water bodies*. Floating PV also helps
to reduce evaporation, especially in arid regions. However, there are

concerns about the environmental impacts of these systems, such as the risk
of chemical pollution during PV installation and threats to water mixing,
ecology and biodiversity”.

Booming global demand for PV deployment may instigate a shortage of
PV raw materials in some countries or may encourage new PV markets®.
Technological development is driven by economic growth, which varies
between regions, allowing a rough estimation of the differential rates of PV
uptake across the world. According to gross domestic product based on
purchasing power parity (GDP(PPP)) projections, different world regions,
especially South Asia, Middle East and North Africa, and Sub-Saharan Africa
show huge GDP(PPP) per capita growth in 2085 across the SSP scenarios™*’
which may help boost the energy transition and combat the adverse impacts
of climate change. However, these regions will face higher challenges in
energy transitioning under SSP3 and SSP4 scenarios due to low GDP(PPP)
per capita. The overall scope for PV to satisfy energy demand, possibly while
producing co-benefits via agri-voltaics and/or multifunctional PV land uses,
therefore remains highly context-dependent.

Even given technological development, the adoption rate of emerging
PV technologies may be contingent upon factors such as GDP, educational
attainment, and wider technological advancements within individual
countries, necessitating further investigation. Furthermore, PV technologies
demonstrate spatial dependencies with regard to temperature, underscoring
the importance of meticulous technology selection, accounting for asso-
ciated factors, as a valuable enhancement to PV infrastructure deployment
and further research. Exploring recent climate models with bias-adjusted
datasets is one important element of better understanding patterns of
temperature effects.

Conclusion

Large-scale deployment of photovoltaic (PV) systems is essential to meet
increasing global energy demands and to limit emissions contributing to
climate change. However, such deployment must account for future climate
impacts on PV potential as well as competition for land itself. Some of these
issues could be reduced by PV deployment coupled with multifunctional
land use, such as agrivoltaics, though further investigation of these is needed.
In any case, new technologies are likely to be more efficient, producing
more energy while using less land compared to conventional technologies.
By integrating new PV technologies and carefully planning their imple-
mentation, it appears possible to create a sustainable energy future that
addresses both environmental and energy needs.

Methods

Here, we use the four Representative Concentration Pathways, including
low-, mid-, and high-emission scenarios derived from four General
Circulation Models, and combine them with future global energy demands
data to investigate the potential of different photovoltaic technologies in
mitigating climate impacts. We assessed the potential land area required
to satisfy global energy demand under future Shared Socio-economic
Pathways (SSP)* and more efficient PV technologies (more details in
Supplementary Table. 1). We explored the sensitivity of global and regional
PV potential to climatic variables, technology, and competition for land.
We then determined how much more land would be needed when climate
change comes into play in different Representative Concentration Pathways
(RCP)’", and to what extent technology could offset the negative impacts of
climate change. As theland is limited by the need to provide other ecosystem
services, we also explored the potential land alternatives for PV deployment.
This included a range of global land fractions that might be used for PV
deployment by 2050, for which we computed the total PV energy produc-
tion for different combinations of PV technology and PV land-use fractions.
We compared this potential energy production to future energy demands
under SSP-RCP scenarios from different sources.

Data used
We used data from the Coupled Model Intercomparison Project (CMIP)
version 5, noting that many of the CMIP6 models exhibit higher climate
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sensitivity’>” and estimate more rapid rates of temperature rise, potentially
influencing estimates of PV potential. The CMIP5 and CMIP6 projections
are broadly similar regarding irradiation™. The temperature biases could be
scaled” but would then lead to uncertainty and complexity in our PV
estimation, while not altering results greatly.

We selected an averaging period of 1991-2005 to calculate the recent
climate from ISIMIP2b as the baseline, as this timeframe aligns with the
definition of ‘climate’ recommended by the World Meteorological Orga-
nisation (WMO)™. This time-period allows exploration of future changes in
PV potential compared to the baseline (and implicitly also to existing PV
installations, which would have been installed over the last 1-2 decades).

The solar radiation and temperature data were taken from four GCMs:
the Hadley Centre Global Environment Model version 2-Earth System
(HadGEM2-ES), Model for Interdisciplinary Research on Climate Version
Five (MIROC5), Geophysical Fluid Dynamics Laboratory Earth System
Model version 2 M (GFDL-ESM2M) and Institut Pierre Simon Laplace
Climate Model Version 5- Low Resolution (IPSL-CM5A-LR), which are
frequently used in global studies’. Data were bias-adjusted in the Inter-
Sectoral Impact Model Intercomparison Project (ISIMIP2b*") which pro-
vides cross-sectoral modelling outcomes consistent with different climate
change scenarios (RCP2.6, RCP4.5, RCP6.0 and RCP8.5) that were used to
analyse the variations in PV potential.

Global gridded estimates of PV potential across the scenarios"” were
used for the climate change analysis at global and regional scales. IAM pro-
jections of global and regional demands for the Shared Socio-economic
Pathways (SSPs) (SSP1, SSP2, SSP3, SSP4, SSP5) from the IIASA database'”™
were processed and compared with the solar PV energy generation in 2050
(2031-2070) and 2085 (2071-2100) across the SSP-RCP scenarios. We also
derived future energy demand calculations™ as an additional and more recent
projection. The downscaled total energy projections'” were used to derive the
demands at a regional scale in different scenarios.

PV energy generation

PV potential was estimated’ which considered climatic variables such as solar
radiation and air temperature. The effect of these on PV module efficiency
was calculated using common standard values for all technologies™. Wind
speed is also important in solar PV energy systems for its cooling properties,
which can increase energy generation, and for increasing or decreasing soiling
on the PV panels™. However, the accuracy of wind speed data and projections
in the lowest layer of the atmosphere depends on the spatial distribution
and quality of measurements from meteorological observation networks".
Climate models only provide projections of regional patterns rather than local
microclimate, and extremely low or high wind speed values will not be well
represented™. Thus, including wind speed would greatly increase uncertainty
without adding reliably to the results, so was not considered in the previous
study” or here. However, various other losses including soil or dust accu-
mulation which partially depend on wind were considered in the method
described above.

We covered a range of minimum and maximum achievable efficiencies
tested for different conditions worldwide™ for different technologies
(Supplementary Table. 1, Supplementary Note 1). These PV technologies
have varying levels of efficiency™. Crystalline Si has been used conventionally
to date, but more efficient technologies such as perovskites” and III-V
multijunctions®*** have proven to be effective in some applications. We also
used a single figure (i.e., mean efficiency) for individual technologies™ to give
an estimate of the final PV land area for energy generation that provides a
clear basis for interpreting the results and associated uncertainty.

For calculating the total energy generation, we used the PV energetic
outputs (as discussed above), ground coverage ratio (GCR) of 0.51 as a
standard value®, efficiencies of various PV module technologies and the
global and regional land areas as described in Table 1.

The mean PV potential was calculated for the globe and different
world regions. This was used to calculate the total PV energy generation
corresponding to different PV technologies (Supplementary Table. 2,
Supplementary Note 2), and the required land area (proportion of total

Table 2 | Land area* and mean PV potential (baseline
1991-2005) considered globally and in different world regions

S.no  World regions Land area (Km? Mean PV potential
(kWh/kWp)
1 Gilobal 135228000 1645
2 East Asia and Pacific 24634700 1752
3 Europe and Central Asia 30006700 1144
4 Latin America and the 20428400 1828
Caribbean
5 Middle East and North 10949500 2090
Africa
6 North America 19332200 1280
South Asia 5073990 1855
8 Sub-Saharan Africa 24326700 2081

global/regional land area). The land area was computed from the World
Bank regions’ geographical boundaries for different regions. More details on
land area and mean PV potential considered for different world regions can
be found in Table 2.

Land area required for PV deployment to meet future energy
demands under conventional and advanced PV technologies
The area of land needed to satisfy the energy demand'’ globally/regionally
under climate change (RCP) and shared-socio-economic change (SSP)
scenarios was quantified in terms of the percentage of global/regional land.
The required PV land area was computed by dividing the energy demand by
the total PV energetic output on global/regional land for different tech-
nologies and under different SSP-RCP scenarios. We excluded permanent
water bodies and ice cover. However, we did not consider other PV land
suitability factors as this would require extensive further analysis. The PV
land area varied greatly depending on the type of PV technology considered
in the calculations.

Climate change impacts on PV potential and land area
requirements

To understand the climate change impacts on PV potential, we first explored
the variability in the PV potential due to solar radiation and temperature
change through a sensitivity analysis. In doing so, we averaged over all four
GCMs (discussed above) for individual climatic variables, year and RCP
scenarios. However, to understand this variability, we account for both the
influence of the individual GCM model as well as the combined influence in
terms of the mean of all four GCMs in all four RCP scenarios. We then
analysed climate change impacts on the global/regional PV potential from the
baseline PV energetic outputs generated from the observational climate
dataset and the PV outputs for future climate projections (discussed below).
We also analysed the PV land requirement to satisfy energy demands under
the influence of climate change, followed by an analysis of alternative land
uses for deploying PV as discussed below.

Sensitivity analysis of the climatology in generating the PV
potential under different climate change scenarios

To understand the influence of individual climatic variables on PV potential
under climate change projections, a univariate sensitivity analysis was
performed. The sensitivity analysis included recording the decadal PV
potential for the time series 2030-2100 in three different cases; first, varying
solar radiation but keeping the temperature constant, second, varying the
temperature but keeping the solar radiation constant, and third, variations
in both variables. A routine was programmed in the PV potential modelling
to undertake the sensitivity analysis.

Climate change impacts at global and regional scale
The PV potential was calculated against the mean climate data of the four
models (GCM), and the impacts were analysed from the baseline (1991-2005)
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to 2050 (2031-2070) and 2085 (2071-2100) across the SSP-RCP scenarios at
the global scale. We then investigated the climate change impacts on seven
World Bank regions: South Asia, Sub-Saharan Africa, North America, Latin
America and the Caribbean, Middle East and North Africa, East Asia and
Pacific, and Europe and Central Asia.

Comparison of the generated PV energy with the total energy
demand projections

To calculate the amount of solar PV energy, global gridded estimates were
applied over different PV land-use fractions” (0.5 to 3%) using different
efficiency ranges of the PV module technologies (Supplementary Table. 1) to
assess the potential effects of emerging PV technologies to offset climate
impacts. The energy demand projections from the IAM dataset'”™ were
translated into SSP-RCP scenarios; SSP1-RCP2.6, SSP2-baseline (1991-2005),
SSP3-RCP4.5 and SSP4-RCP6.0 and SSP5-RCP8.5'*. The amount of solar PV
energy generated in different PV settings was then compared with the pro-
jected energy demands'>”, globally. The regional demand projections were
derived from gridded total energy projections', which were then compared
with the solar PV energy generated for different world regions in varying PV
settings (PV land-use fractions and the module technology used).

Exploring PV deployment in different land-use sectors

To explore the possibility of PV deployment in different land-use sectors, we
considered the Sahara Desert (around 7% of the global land area), Highways
(0.7% of the global land), Urban land (0.8%-2.6% of the global land area) by
2100", and a proportion (2.0-5.0%) of the global Grassland area (about
20-40%, depending on how grasslands are defined) across different scenarios.

Data availability

We provide global gridded Photovoltaic (PV) potential dataset (https://osf.
io/8uv2s/), and other input data sources such as climate data (https://www.
isimip.org/outputdata/isimip-repository/), World regions boundaries
(https://datacatalog.worldbank.org/) and ITASA SSP database (https:/
tntcat.iiasa.ac.at/SspDb) are publicly available. Any other data that sup-
port the findings of this study are included within the article, online methods
and supplementary materials.

Code availability

The model code used is publicly available at https://osf.io/8uv2s/. All maps
were generated using ArcGIS 10.7.1 and Microsoft Office Professional
Plus 2019.
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