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1.1 Introduction

The project SEED MICAT — Support Energy Efficiency Deployment with the Multiple Impacts
Calculation Tool aims to assist the EU and its Member States at all governance levels in integrating
Multiple non-energy Impacts (MI) — encompassing economic, social, and environmental effects —
into the operationalisation and implementation of the Energy Efficiency First (EE1) principle. While
the previous MICAT project focused solely on the multiple impacts of energy efficiency, SEED MICAT
expands the scope to include the supply side, specifically renewable energy generation. One of the
additional impacts being examined and potentially added to the MICATool is the effect of renewable
energy expansion on net land use. This analysis considers both the additional land use required for
renewable energy expansion and the reduction in land use achieved through the substitution of
conventional energy sources and power plants.

The aim of this literature review is to conduct a meta-analysis to provide an overview of the average
land consumption of different energy sources. As a result, a synthesis of the values given in the
literature for the different options is compiled and typical values or ranges that can be used in SEED
MICAT will be proposed. This allows for a comprehensive assessment of the most land-efficient
energy generation technologies, facilitating the determination of whether renewable energies can
meet energy needs while considering the ecological implications of energy production on natural
habitats and the environment.

To gain an overview of existing metrics for quantifying the land use impacts of conventional and
renewable energy sources, a literature review was conducted. Relevant keywords such as ‘land use
+ renewable energy + metrics', ‘landverbrauch + erneuerbare energien’ and related terms were
used to browse Google and Google Scholar to identify relevant academic articles and grey literature.
The bibliographies of the identified papers were also searched backwards to identify further
scientific publications on land use indicators. The review includes studies published in 2013 or later.

The following questions are to be answered with the help of the literature analysis:

What land-use indicators are used in the literature and what are the pros and cons of the
different indices? Which index is most suitable for SEED-MICAT?
What is the land use for the different supply-side energy generation technologies in the EU?



Disclaimer: This report does not further discuss the land use of tidal and wave electricity generation or large-
scale heat pumps due to specific considerations:

Tidal and Wave Energy: Existing literature does not provide land use data for tidal and wave energy, as the
technology development is early stage. Moreover, land use is only indirectly relevant as they operate
offshore and do not require direct land area. However, they can impact marine ecosystems, including
the seabed and ocean currents.

Large-Scale Heat Pumps: While large-scale heat pumps represent an important future energy generation
technology, their current application remains limited in scale. Consequently, no land use data for these
systems could be identified in the reviewed literature.

Although both technologies have environmental implications, this report focuses on technologies with
guantifiable land use requirements.

The literature analysed does not provide a strict definition of land use requirements of different
energy generation technologies. The indicators presented can be roughly related to one of the two
main concepts:

1. land area (square metres, acres, hectares) per installed capacity (W or MW) (BMVI, 2015;
Cagle et al., 2023; Fthenakis & Kim, 2009) and

2. land area per energy generated over time (MWh, GWh, Wh) (these values are also often
determined on the basis of empirical examples) (Horner & Clark, 2013; Lovering et al., 2022;
Smil, 2015).

Horner & Clark consider, that indicators without a time factor — which do not include actual
performance data —, such as m:/MW, are only suitable for comparing similar technologies in similar
environments (cf. Horner & Clark, 2013). Their study also showed that the land use of different
energy technologies varies significantly. On the one hand, these differences are due to the fact that
the technologies depend on different framework conditions (e.g. geographical location, solar
radiation or wind, energy density of the energy source used, etc.). On the other hand, the
discrepancies are due to the fact that the production chains of energy sources and generation plants
such as resource extraction, infrastructure for transport of resources and generated energy,
conversion, etc., are taken into account to varying degrees.

Ritchie (2022) presents an analysis of land use for both conventional and renewable energy
technologies, drawing on data from the United Nations Economic Commission for Europe (UNECE,
2022) and her own calculations. She shows direct land use of plants alongside indirect land use
factors, including land required for material extraction, energy fuel extraction (used directly or
indirectly), connections to the grid, and waste disposal. The proposed metric is m:,,../MWh, adding
time as an annual factor. Ritchie (2022) provides a differentiated of land use across different energy
generation technologies, accounting also for variations within solar panel land use efficiency based
on material composition.

Many of the further studies/papers identified rely on the data presented by Fthenakis & Kim
(Fthenakis & Kim, 2009), who analyse the land use of different fossil, nuclear and renewable energy
generation technologies. They introduce two metrics: land transformation and land occupation.

Land transformation quantifies the directly and indirectly transformed land area and its indicator is
m:/GWh. Fthenakis & Kim (2009) differentiate between direct and indirect land use, which provides
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a more precise description of the components of the energy generation chain included in the
indicator. It includes the total land area changed during the entire life cycle of energy production,
from the extraction and production of raw materials through the construction, operation and
maintenance of power plants and generation facilities, to the extraction, disposal and, in some
cases, recultivation of the land.

The land occupation metric therefore includes the duration it takes for the area of the transformed
land to return to its original state. It is expressed in kWh/m:/year (Fthenakis & Kim, 2009). Lovering
et al. (2022) take a similar approach with their proposed Land Use Intensity of Electricity (LUIE)
indicator, which shows total direct and indirect land use in ha/TWh/year. Both concepts are not
relevant to the SEED MICAT approach as we do not consider the original state of a site and it cannot
be assumed that a site will be restored to its original state after it has been used for energy
generation.

Vaclav Smil (2015), on the other hand, takes a different approach by determining energy density on
the basis of existing power plants of different ages (Smil, 2015). However, this does not take into
account technical possibilities to increase the efficiency of energy generation and is therefore not
ideal for a prospective consideration of future land use.

Wachs & Engel (2021) attempt to provide an overview of existing studies and measurement
methods related to the land use of different energy technologies. Unfortunately, they present their
aggregated results only graphically. In the text, however, they quote the values that lead to these
results, but give little precise information about their calculations.

As the differentiation between direct and indirect land use is important for comparing conventional
and renewable energy generation technologies, although not all studies make this differentiation
(despite including direct and indirect factors), it is discussed in more detail below.

2.1 Direct land use

Fthenakis & Kim define direct land use or land transformation as the area occupied by the energy
plant and its surrounding infrastructure, such as access routes, on-site storage, and other supporting
facilities. The extent of land considered depends on the specific energy source. For example, in the
case of wind turbines and large-scale (agri-)photovoltaics, the surrounding area is typically excluded
because it is often simultaneously used for activities such as grazing, agriculture, or recreation
(Fthenakis & Kim, 2009, p. 1469).

Direct land use is particularly significant in the context of renewable energies due to the potential
for multiple land uses. Examples include rooftop PV systems, areas surrounding PV installations and
wind turbines that also serve as grazing or agricultural land. This dual-use capability reduces the net
effective land use, thereby enhancing the efficiency of renewable energies in certain scenarios.

In contrast, Smil (2015) does not account for the possibility of multiple land use in his analysis
leading to the conclusion that renewable energy systems have a low energy density per unit area.
Consequently, Smil argues that renewable energy involves significantly higher land consumption
compared to fossil fuels, presenting a challenge for the energy sector's transformation (Smil, 2015).
However, when multiple land use is considered, this perspective may underestimate the efficiency
and viability of renewable energy systems in practice.



2.2 Indirect land use

Indirect land use encompasses areas impacted by infrastructure such as pipelines, transportation
networks, and the materials and energy required to operate mines, as well as the land occupied by
mines extracting resources like coal or natural gas (Fthenakis & Kim, 2009). However, not all indirect
effects of energy generation are typically included in assessments, as methodologies vary
significantly in terms of which components are considered and how the boundaries of the facility
are defined (Turkovska et al., 2023).

For example, the areas required for the production of materials used in constructing PV modules
are often excluded from such analyses, just as the materials needed to build a fossil power plant are
typically not accounted for (Lovering et al., 2022, p. 3). Nevertheless, indirect land use becomes
particularly significant in coal-fired power generation, especially in the case of surface mining.
Opencast mining not only transforms extensive areas of land but also requires additional land for
transport infrastructure such as conveyor belts and roads, which can occupy many times more land
than the actual power plant itself.

Turkovska et al. (2023) highlight that a consistent conclusion across studies, including those by
Fthenakis & Kim, is that renewable energies generally exhibit a larger land occupation compared to
fossil fuels when viewed from a life-cycle perspective — except in the case of coal power that relies
on surface mining. Furthermore, the land-use intensity of solar PV is found to be lower than that of
wind power when considering the spacing area between infrastructural elements. However, if only
infrastructure is included, PV systems exhibit a higher land-use intensity than wind power.

2.3 Conclusion

As highlighted above, direct and indirect land use are crucial factors in evaluating the sustainability
of energy generation technologies. While direct land use often allows for dual-use scenarios, such
as grazing or agriculture, indirect land use accounts for broader lifecycle impacts, including
infrastructure, material production, and resource extraction. Notably, Ritchie's (2022) meta-
analysis, based on the extensive UNECE (2022) report, offers a thorough perspective by
incorporating lifecycle assessments that address both direct and indirect land use, providing a more
holistic evaluation of the land-use impacts of energy generation technologies.

Especially in the context of dual use, the initial condition of the land is a highly salient factor. For
instance, the installation of a ground-mounted photovoltaic (PV) system on former waste land can
enhance its value, while the same system on arable land may result in the loss of valuable land.
These considerations vary depending on the original condition of the land area and the type of
generation, rendering them challenging to operationalise. To facilitate the integration of these
considerations into practical planning, a comprehensive discussion of the relevant factors is
essential. This discussion is presented within the framework of individual generation technologies.

A further objective of this investigation is to quantify the displacement of conventional power plants
by renewable generation plants. The land required for the installation of renewable generation
plants is not consumed in addition to the land already used for conventional power plants. Instead,
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the land is displaced as the utilisation rate of renewable generation plants increases. Therefore, the
effect on land consumption is not purely additive.

Nonetheless, given that direct and indirect land consumption is significantly impacted by regionally
disparate location factors and technology-specific differences (e.g. in some conventional
technologies, the extraction of an energy source and the generation of electricity do not necessarily
occur at the same location), only a approximate estimate of the land area required and the land
area released can be provided in this context. Detailed calculations and planning must be conducted
on site based on local conditions.



The following section summarizes the land use associated with various renewable energies.
However, this task is complicated by the differing levels of analysis available for each energy source.

Several studies analyse and compare the land use of renewable and fossil energy generation
technologies (Ritchie, 2022; UNECE, 2022; Fritsche et al., 2017; Fthenakis & Kim, 2009; Lovering et
al., 2022; Smil, 2015) or focus specifically on renewable energy sources (BMVI, 2015; Maclaurin et
al., 2021; Sebestyén, 2021). Additionally, there is a significant body of research devoted to the land
use of individual renewable technologies. For example, several publications analyze the land use of
Solar PV and concentrated solar power (CSP) systems (Cagle et al., 2023; Denholm & Margolis, 2008;
Horner & Clark, 2013; Ong et al., 2013). Others examine the land use of both solar PV and wind
turbines (Bosch & Kienmoser, 2024; Cogato et al., 2023; Risch et al., 2022; Turkovska et al., 2023).

Although hydro power, biomass and geothermal energy are not often the primary focus of individual
studies, they are included in many of the broader overview publications (Fritsche et al., 2017;
Fthenakis & Kim, 2009; Lovering et al., 2022; Ritchie, 2022; Smil, 2015; Wachs & Engel, 2021) that
assess land use across multiple energy generation technologies.

3.1 Solar, solar thermal and CSP

Cagle et al. (2023) and Turkovska at al. (2023) systematically analyze existing metrics of solar land
use, identifying the most commonly used ones. Cagle et al. (2023) reviewed 608 sources examining
solar energy-land relationships globally, while Turkovska et al. (2023) analysed over 2,000 estimates.
Turkovska at al. define land-use efficiency (W/m?) as key metric, which they differentiate into
capacity-based land-use efficiency and generation-based land-use efficiency. Cagle et al., however,
categorize metrics into capacity-based metrics (W/m?), generation-based metrics (annual and
lifetime land transformation, m2/Wh), and human population-based metrics, such as the solar
footprint (m2/capita). They highlight significant variability in land use ratio (LUR) due to
methodological inconsistencies and a lack of standardized data, such as unclear system boundaries
(cf. above).

Fthenakis and Kim (2009) quantify the land use intensity of PV at 0.3 m2/MWh. Turkovska et al.
(2023) provide a broad range, with capacity-area requirements varying from 0.6-209,2 W/m? and
power-area requirements ranging from 0.1-150 W/m? for small- and large-scale PV.

The IRENA Working paper “Energy and land use” (Fritsche et al., 2017) uses land use intensity
metrics (m%/MWh) and derives estimates based on Fthenakis & Kim (2009) and EU data from 1INAS
(2017), reporting 10 m?2/MWh for small- and large-scale PV and 15 m2/MWh for CSP.

Most authors point out that solar energy output is heavily influenced by latitude and global solar
radiation, which are affected by factors such as topography and annual sunlight hours. These
regional differences can result in substantial variability. For example, within Germany, the land
required for ground-mounted PV systems can vary by as much as 30% above or below the average
value (BMVI, 2015).

It is also worth noting that rooftop PV systems can produce energy without additional land
requirements in terms of direct land use. Similarly, PV systems can be installed on degraded or
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contaminated land that would otherwise remain uncultivated, minimising competition for arable
land. Fthenakis & Kim (2009) further demonstrate that “the PV life cycle of power plants in the U.S.
Southwest involves less disturbance of land than do conventional and other renewable-fuel cycles.
Even under average U.S. solar irradiation, the land requirement of PV is not greater than that of
coal-based fuel cycles. In contrast to the fossil- and nuclear-fuel cycles, PV will not disturb land by
extracting and transporting fuel to the power plants.” (BMVI, 2015).

No studies could be identified that specifically address the land use requirements of solar thermal
energy.

Ritchie (2022) and UNECE (2022) provide the most differentiated data on PV systems, incorporating
the type of materials used in solar panels. Their findings indicate that cadmium-based solar panels
with a median land use of 12.6 m?/MWh are less land-intensive than silicon-based panels, whose
land use amounts to 19 m?/MWh according to Ritchie (Ritchie, 2022). With regard to rooftop PV,
they also point out that although a rooftop system does not require any land at the installation site,
the total assumed land consumption is not zero due to the materials required for the production of
PV systems. Given their use of land-use intensity measured in m%/MWh — a metric well-suited for
application in the SEED MICAT tool —we recommend adopting the values proposed by Ritchie (2022)
and UNECE for use in the SEED MICAT framework.

3.2 Wind - onshore and offshore

None of the reviewed papers exclusively focuses on the land use of onshore or offshore wind power
generation. As previously discussed in the context of PV systems, the extent of land-use impact
depends significantly on which areas are included in the analysis and whether dual land use (e.g.,
for grazing, agriculture) is taken into account. Additionally, the condition of the land prior to wind
turbine installation is a crucial factor, as highlighted for PV systems.

Some studies analyse both onshore and offshore wind energy generation (Fritsche et al., 2017;
Fthenakis & Kim, 2009; Lovering et al., 2022; Stevens, 2017), while others focus exclusively on
onshore wind turbines (BMVI, 2015; Cogato et al., 2023; Ritchie, 2022; Smil, 2015; Turkovska et al.,
2023). For instance, Fthenakis and Kim (2009) and IRENA (Fritsche et al., 2017) estimate land-use
intensity for both onshore and offshore wind power at approximately 1 m:/MWh, with IRENA
specifically estimating 0.7 m:/MWh for the EU, based on data from IINAS (2017).

Ritchie (2022), building on data from UNECE (2022), points out that the land use of onshore wind
energy generation can be assessed in several ways. The estimated land use varies significantly
depending on the scope of analysis. Key factors include the spacing between the turbines and the
extent to which surrounding land can be used for other purposes such as farming or recreation
activities. These variables make land-use estimates for wind energy highly context-dependent and
regionally specific. For example, the terrain on which a wind turbine is to be installed must be
considered. Depending on regional conditions, such as wind speed and topography, turbines may
vary in size, resulting in differing requirements for spacing. This, in turn, affects the area required
for a wind farm and its potential dual use.

Ritchie (2022) calculates the typical land use of (onshore) wind energy generation based on the land
use of 23 of the world’s largest onshore wind farms, resulting in a median land use of 99 m2/MWh
(and a range of 8.4 m2/MWh to 246.6 m2/MWh). Including only the area directly affected by the



excavation and installation of the wind turbines, she assumes a land use of 0.4 m2/MWHh. This does
not include the land area between the turbines, which can be used for other activities (farming,
grazing, recreation, etc.). Offshore wind energy is excluded in her calculations, as the area used is
sea, not land.

3.3 Hydropower

Hydropower represents a major renewable energy source, but quantifying its standardized land use
is particularly challenging due to site-specific variations (Fritsche et al., 2017, p. 13; Fthenakis & Kim,
2009). The land requirements for hydroelectric power generation depend heavily on the type of
plant and its location. Reservoir-based hydroelectric power plants require substantial land for the
construction of water reservoirs, which can lead to significant land-use impacts. In contrast, run-of-
river hydroelectric power plants occupy considerably smaller areas, as they do not require large
reservoirs (Fthenakis & Kim, 2009).

Among the studies reviewed, only a limited number provide specific quantifications of hydropower
land use, and these primarily focus on reservoir-based hydropower. Ritchie (2022) and UNECE
(2022) offer detailed analyses, distinguishing between small-to-medium-sized plants (less than 360
MW) and large-scale plants (greater than 660 MW), only including non-storage reservoir (without
pumped storage) dams (as the IPCC states that “pumped storage plants are not energy sources”
(Kumar et al., 2012)). This differentiation underscores the variability in land use based on plant size
and capacity, reflecting the importance of context-specific assessments when evaluating
hydropower's land-use impact. According to calculations by Ritchie (2022), small to medium
hydropower plants have a median land use of 33 m2/MWh (with a range of 24 to 42m?2/MWh), while
large hydropower plants have a median land use of 14 m2/MWh (with a range of 10 to 18 m2/MWh).

3.4 Geothermal

Relatively few studies focus on the land use of geothermal energy generation technologies. While
geothermal wells extend deep into the earth, occupying a substantial subterranean volume, the
surface infrastructure required for these systems is relatively modest. Key contributions in this field
include works by Lovering et al. (2022), Smil (2015) and Wachs & Engel (2021). However, Wachs &
Engel highlight that much of the existing data on geothermal land use, such as those cited by Smil
(2015), is based on studies that are almost 40 years old (e.g., DiPippo, 1991). Consequently, these
findings may not adequately reflect advances in geothermal technology and should be interpreted
cautiously.

Wachs & Engel (2021) estimate land use for geothermal power generation based on a capacity
factor of approximately 0.7, suggesting a land use intensity of 0.42 W./m: or 2.4 m:/W.. These values
are notably lower than the estimates they reviewed in the literature. Smil (2015) provides an
alternative perspective, estimating a power density of approximately 40W/m: for geothermal
household heating and 55 W/m: for large-scale energy generation in areas with geysers.

Lovering et al. (2022) define geothermal land use in terms of the area covered by power plants,
infrastructure, and injection wells. They estimate a median Land Use Intensity of Electricity
Generation (LUIE) of 45 ha/TWh/y.
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Overall, the energy density —and consequently the land use — of geothermal power plants is highly
dependent on the geothermal activity and usability of the specific area. Fritsche et al. (2017)
emphasize that these factors make land use estimates for geothermal energy generation highly site-
specific and difficult to generalize. Therefore, they exclude geothermal energy from their report,
but still estimate the land use for geothermal energy generation in Europe at 2.5 m2/MWh based
on data from GEMIS (IINAS, 2017). This also influences the possibilities of assessing the loss of land
for alternative uses.

3.5 Biomass and Waste

Biomass, e.g. in the form of energy crops (grain, willow, poplar), is currently still rarely used for
electricity generation. Conversion into liquid fuels is currently more common (Fthenakis & Kim,
2009, p. 1469). However, both are important in the context of biodiversity, as the cultivation of
energy crops, especially in monocultures, threatens biodiversity and can also compete with the
cultivation of food crops.

Determining the land use of biomass and waste is challenging, as most studies analyse diverse
energy sources rather than focusing specifically on biomass. They also include different energy crops
and energy production technologies (e.g. biofuels) in their analyses. Notable exceptions include
Fthenakis & Kim (2009), Lovering et al. (2022) and Wachs & Engel (2021), who explore biomass
energy in detail. Smil (2015) focuses on phytomass, while IINAS (2017) provides insights into
bioenergy and biofuels (Fritsche et al., 2017), relying on data from the GEMIS model.

As Fthenakis & Kim point out, the land area required for biomass energy generation depends heavily
on the growth rate of biomass, which varies with soil, climate, and species (Fthenakis & Kim, 2009).
This variability underscores that generalised values can only provide preliminary guidance.

The land use of biomass ranges from close to zero in cases where residues and waste are utilized to
very high levels when dedicated feedstock are cultivated (Fritsche et al., 2017, S. 9). For Europe,
Fritsche et al. (2017) based on IINAS (2017) suggest a land use value of 450 m?/MWh. Ritchie (2022)
does not provide a land use value for biomass energy generation.



When assessing the net land use associated with the expansion of renewable energy, it is essential
to account for the potentially reduced or avoided land use resulting from the displacement of
conventional energy sources and power plants. Similarly, improvements in energy efficiency that
decrease electricity demand can have a comparable effect by reducing the need for conventional
electricity generation capacities. In this context, the decommissioning of fossil fuel power plants,
alongside facilities for fossil fuel extraction and production, plays a pivotal role.

Notably, fossil fuel extraction sites typically require significantly larger spatial footprints than the
power plants themselves, which typically have lower direct land use impacts. This makes the
consideration of direct and indirect land use critical when evaluating fossil and nuclear energy
generation. Indirect land use for these generation technologies includes activities such as resource
extraction, transport, storage, nuclear waste management and the potential long-term impacts on
the affected land areas (Fthenakis & Kim, 2009).

Furthermore, some authors highlight the growing global energy demand as a factor driving the
exploitation of lower-quality coal (with lower energy-density) and the expansion of open-pit coal
mining. Additionally, the increased use of secondary and tertiary recovery methods, such as shale
gas and tight oil extraction, could further amplify the land footprint of non-renewable energy
sources over time (Fritsche et al., 2017). It is therefore essential to enhance and scale up renewable
energy generation technologies to mitigate these impacts.

The following section discusses the land use requirements of conventional power plants, with a
focus on both fossil fuel-based and nuclear electricity generation.

4.1 Coal power

The coal-fuel-cycle encompasses not only the direct land use impacts of power plant sites but also
indirect effects, including land use associated with mining, the materials and energy required for
mine operation, and supporting infrastructure. Additionally, secondary land disturbances arise from
pollutants such as wastewater, which can cause water contamination, soil acidification, and forest
degradation. While these impacts are not quantified in most studies (Fthenakis & Kim, 2009), they
are critically important when considering land occupation (i.e., the duration required for
transformed land to return to its original state) and biodiversity loss.

The extent of land use for coal is influenced by factors such as the mining method (surface or
underground), coal seam thickness, and the coal’s heating value. Ritchie (2022) points out that the
majority of land use for coal energy generation originates from raw coal mining.

Among the studies reviewed, five conducted detailed analysis of coal utilization, providing relevant
insights into its land-use impacts.

Ritchie (2022), based on UNECE (2022), suggests a land use value of 15 m?/MWh for coal-fired power
generation, pointing out that most of the land is used for mining and excavating the sites for the
raw coal fuel.

10
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4.2 Nuclear power

Nuclear power generation is generally regarded as having relatively low direct land use. However,
beyond the land required for nuclear power plants and associated infrastructure, the unresolved
issue of the final disposal of radioactive waste remains a significant consideration. Furthermore, the
risk of catastrophic land and population consequences in the event of a nuclear accident
underscores the long-term challenges associated with this energy source. Due to these concerns,
several countries have already opted to phase out nuclear energy generation.

Ritchie (2022), based on UNECE (2022), identifies nuclear as the most land efficient energy source
with a land use of 0.3 m2/MWh.

4.3 Natural gas

Onshore and offshore gas extraction, including fracking, is associated with relatively small direct
land use impacts. However, indirect effects, such as the construction and maintenance of pipeline
systems for gas transport, must also be considered, along with the potential environmental harm
caused by leakages (Fritsche et al., 2017, p. 16—17). Fthenakis & Kim (2009, p. 1468) further highlight
that onshore gas extraction often relies on diesel fuel for drilling operations, which increases the
land use.

Additionally, UNECE (2022) and Ritchie (2022) distinguish between gas plants with and without
carbon capture and storage (CCS), noting that the inclusion of CCS can significantly influence the
land-use footprint of natural gas-based energy systems. The median land use for a gas plant with
CCS is estimated to be 1.3 m2/MWh, while the median land use without CCS is 1 m2/MWh.
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The concept of land use encompasses both direct and indirect factors, with specific variables and
energy generation technologies varying across publications. The scope of included technologies —
such as rooftop and ground-mounted photovoltaics (PV), onshore and offshore wind — differs
between studies, leading to variations in reported values.

A tabular summary of the referenced studies' land use values is provided in the Annex (cf. Table 3).
However, comparability is significantly limited due to variations in indicators and measurement
units across studies. Based on the reviewed literature, we conclude that land use intensity
(m?/MWh) is the most suitable indicator for application in the SEED MICATool, as it reflects the
actual energy yield of a generation plant and provides a more accurate representation of actual
conditions. However, given that different studies incorporate varying assumptions — such as
capacity factors of electricity generation technologies, which are often unspecified — converting data
to a common land use intensity metric (m?/MWHh) introduces potential inaccuracies.

The dataset provided by Ritchie (2022) based on UNECE (2022) offers a well-founded overview of
land use values in m?)/MWh for major electricity generation technologies. Ritchie (2022), in
particular, builds upon UNECE’s (2022) database while also performing own calculations for wind
power generation, where reliable data was previously lacking. Importantly, the land use values
provided by Ritchie (2022) include both direct land use, as well as the land used to extract materials
for the construction, the extraction of energy fuels (used directly or indirectly), connections to the
grid and land used for waste disposal across all considered technologies. Additionally, Ritchie (2022)
presents ranges of land use values rather than single-point estimates, illustrating how site-specific
factors significantly impact different technologies. For PV systems, the analysis also accounts for
variations in land requirements based on the materials used for solar panels, offering a more
detailed perspective on solar land use demands.

Given these strengths, we recommend adopting Ritchie’s (2022) land use values for integration into
the SEED MICATool. For geothermal and biomass/waste technologies, we propose using the values
from the IINAS publication, which are derived from GEMIS 4.95.

TABLE 1: SYNTHESIS OF LAND USE VALUES SUGGESTED FOR THE USE IN SEED MICAT

Solar | cadmium- ground | 12.6 m?)/MWh 7.2 m3/MWh 24.6 m?/MWh (Ritchie, 2022)
based 3 3 3 based
roofto | 1.2 m?/MWh 0.7 m?/MWh 2.1 m?/MWh (Gibon,  2022;
P UNECE, 2022)
silicon-based | ground | 19 m?/MWh 12.1 m?*/MWh 37 m%/MWh
roofto | 3 m2/MWh 1.6 mZ/MWh 5 m2/MWh
p
CSP (tower) 22 m%/MWh 12 m%/MWh 50.6 m%/MWh (Ritchie, 2022)
based
(Gibon, 2022;
UNECE, 2022)
Wind (onshore) 99 m%/MWh 8.4 m?*/MWh 246.6 m*/MWh (Ritchie, 2022)
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Wind (onshore) (direct impact | 0.4 m?/MWh 0.3 m?/MWh 0.7 m?/MWh (Ritchie, 2022)
area of the wind turbines) based on
(Gibon, 2022;
UNECE, 2022)
Wind (offshore) 0.7 m3/MWh 0.4 m2/MWh 1 m?/MWh (Gibon, 2022)
Hydropower | less 360 MW 33 m%/MWh 24.15 m?/MWh 42.08 m?/MWh (Ritchie, 2022)
greater 660 | 14 m2/MWh 10.2 m¥/MWh 17.7 m¥MWh based on
MW (Gibon, 2022;
UNECE, 2022)
Geothermal (EU data) 2.5 m?2/MWh Fritsche et al.
(2017) based on
IINAS (2017)
Biomass from crops (EU data) | 450 m?/MWh Fritsche et al.
(2017) based on
IINAS (2017)
Coal with CCS 21 m?*/MWh 11 m?/MWh 30,9 m?/MWh (Ritchie, 2022)
based on
without CCS 15 m%/MWh 7,9 m?/MWh 22,23 m?/MWh (Gibon,  2022;
UNECE, 2022)
Nuclear 0.3 m?/MWh 0.25 m?/MWh 0.75 m?/MWh (Ritchie, 2022)
based on
(Gibon, 2022;
UNECE, 2022)
Natural Gas With CCS 1.3 m?/MWh 0.7 m%/MWh 3.9 m%/MWh (Ritchie, 2022)
based on
; 2 2 2
Without CCS 1 m?2/MWh 0.6 m?/MWh 3.3 m?/MWh (Gibon,  2022;
UNECE, 2022)

Source: Own compilation based on Ritchie (2022), UNECE (2022), Gibon (2022) and IINAS (2017)

While this paper provides insights into the land use associated with various energy generation
technologies, several limitations must be acknowledged.

First, the suggested metrics represent generalized values for land use and power plant output, which
cannot fully consider regional variations in energy generation with renewable technologies. For
example, solar PV output depends on solar radiation levels, which vary significantly by region, as
well as the efficiency of PV modules, which depends on the installation location. Similarly, wind
turbine energy output is highly dependent on local wind speeds, which are affected by factors such
as landscape and geographic conditions.

A second limitation concerns the inclusion of upstream supply chains. While some studies
incorporate aspects of indirect land use in their frameworks, there is no consensus in the literature
on how to define, quantify and determine the relevant factors to consider across different energy
generation technologies. For example, in the case of conventional energy production, the land
required for resource extraction, such as coal mining, is typically considered. For renewable
technologies such as wind or solar energy, land use for the energy source itself is not relevant.
However, the land used for extracting and transporting the resources needed for their production
is relevant and considered in the studies to varying degrees. The land required for manufacturing
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facilities that produce energy generation equipment, such as PV modules or lignite excavators, is
typically excluded in studies.

Third, the valuation and quantification of land that is no longer available for alternative uses is a
complex matter. The extent of land lost is contingent on the selected energy generation technology,
with many renewable energies enabling dual use, at least within the area of the generation plant.
However, the specific size of the dual-use area of a given project is significantly influenced by
location factors (topography, wind access, solar radiation, etc.) as well as the quality and previous
or competing use of the land. Additionally, certain technologies, such as rooftop solar systems and
offshore wind turbines, do usually not compete for land that could be used for other economic
purposes. However, their potential is constrained by the availability of suitable sites.

Finally, it is important to emphasize that the values presented in this study are intended to provide
a general overview of land use associated with different energy generation technologies. These
values should therefore be regarded as indicative estimates rather than definitive figures.
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7 ANNEX

TABLE 1: LAND USE OF ENERGY SOURCES PER UNIT OF ELECTRICITY

Land use of energy sources per unit of electricity

Land use is based on life-cycle assessment; this means it does not only account for the land of the energy plant itself but also land

used for the mining of materials used for its construction, fuel inputs, decommissioning, and the handling of waste.

Hydropower
small-to-medium plants (<360MW)

Concentrating solar
tower

Coal power
carbon capture & storage (CCS)

Solar photovoltaic (PV), silicon
installed on-ground

Coal power

Hydropower
large plants (>660MW)

Solar photovoltaic (PV), cadmium
installed on-ground

Solar photovoltaic (PV), silicon
installed on roofs

Gas plant
carbon capture & storage (CCS)

Solar photovoltaic (PV), cadmium
installed on roofs

Gas plant

Minimum Median Maximum
o} o o)
33m? per MWh

22m? per MWh

o @ o]

O
21m? per MWh

On-ground solar has a relatively high land use,

19m? per MWh but varies a lot based on location and density.

Most land use for coal comes from the mining and excavation of sites

15m? per MWh for the raw coal fuel.

O
14m? per MWh

O
o
O
c®o
3m? per MWh

@ o

1.3m? per MWh

@0

1.2m? per MWh

@ O

1m? per MWh

Nuclear power @

0

0.3m? per MWh

10 m?

O
12.6m? per MWh

Land use for solar is smaller if it's installed on roofs. This figure is not zero because
some land is still needed for the mining of materials used to produce these panels.

By utilizing roofs, total additional land use for solar can be small.
This figure is not zero because some land is still needed for the mining of materials used to produce these panels.

Nuclear energy uses the least amount of land.

20 m? 30 m? 40 m? 50 m? 60 m?

Land use per megawatt-hour of electricity (m?-annum per MWh)

The land use of onshore wind can be measured in several ways, and is distinctly different from land use of other energy technologies. Land between wind turbines can be
used for other purposes (such as farming), which is not the case for other energy sources. The spacing of turbines, and the context of the site means land use is highly variable.

Onshore wind
project site area

Onshore wind
direct impact area of the turbines

Maximum = 247 m’ ”.

Minimum = 8.4 m?

.0.4m? per MWh

99 m? >

This only includes the area directly impacted by the excavation and insertion of wind turbines.
It does not include the area between turbines - this is captured in the ‘project site area’ measure above.

Het2 Capacity factors are taken into account for each technology which adjusts for intermittency. Land use of energy slorage is not included since the quantity of storage depends on the compaosition of the electricity mix.
Source: UNECE (2021). Lifecycle Assessment of Electricity Generation Options. United Nations Econoemic Commission for Europe for all data except wind. Wind land use calculcated by the author.

See OurWorldinData.org/land-use-per-energy-source for more research on this topic

Source: Ritchie (2022)

Licensed under CC-BY by the author Hannah Ritchie.
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TABLE 2: SYNTHESIS OF LAND USE VALUES PROVIDED IN LITERATURE

1 (without CCS)

PV Small-scale 0.3 8.7 10 Rooftop: 3 (silicon) Rooftop: 0.75 8.7-13.1 capacity-area:
. 0.6 - 209.2
1.2 (cadmium) .
power-area:
large-scale Ground: 19 (silicon) | Ground-mounted: | 3-9 0.1-150
2.2
12.6 (cadmium)
Csp 7.8 15 22 40 - 50 (large | capacity-area:
heliostat fields) 45 - 172
A power-area:
10 (entire site) 0.8—62.1
Wind onshore 1 0.7 1 99 23 capacity-area:
. . 04 - 4950
0.4 (direct impact .
f the turbines) power-area:
areao 0.1-93.5
Hydropower reservoir 4.1 3.5 10 14 06-7.1
Geo-thermal Electricity 2.5 2.5
Large-scale 283
heat
Biomass (crops) 13 450 500
Coal 2 0.2 (underground) 0.4 | 0.2 (underground) 0.4 | 21 (with CCS) 1000 (entire
surface surface sequence
( ) ( ) 15 (without CCS) quence)
Nuclear 0.1 1 0.1 0,3
Natural gas 0.3 0.1 0.2 1.3 (with CCS)

Source: Own compilation
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