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Abstract

Renewable electricity generation will need to be rapidly scaled to address
climate change and other environmental challenges. Doing so effectively
will require an understanding of resource availability. We review estimates
for renewable electricity of the global technical potential, defined as the
amount of electricity that could be producedwith current technologies when
accounting for geographical and technical limitations as well as conversion
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IEA: International
Energy Agency

efficiencies; economic potential, which also includes cost; and feasible potential, which accounts
for societal and environmental constraints. We consider utility-scale and rooftop solar photo-
voltaics, concentrated solar power, onshore and offshore wind, hydropower, geothermal electricity,
and ocean (wave, tidal, ocean thermal energy conversion, and salinity gradient energy) technolo-
gies. We find that the reported technical potential for each energy resource ranges over several
orders of magnitude across and often within technologies. Therefore, we also discuss the main
factors explaining why authors find such different results. According to this review and on the
basis of the most robust studies, we find that technical potentials for utility-scale solar photo-
voltaic, concentrated solar power, onshore wind, and offshore wind are above 100 PWh/year.
Hydropower, geothermal electricity, and ocean thermal energy conversion have technical poten-
tials above 10 PWh/year. Rooftop solar photovoltaic, wave, and tidal have technical potentials
above 1 PWh/year. Salinity gradient has a technical potential above 0.1 PWh/year. The literature
assessing the global economic potential of renewables, which considers the cost of each renew-
able resource, shows that the economic potential is higher than current and near-future electricity
demand. Fewer studies have calculated the global feasible potential, which considers societal and
environmental constraints.While these ranges are useful for assessing the magnitude of available
energy sources, they may omit challenges for large-scale renewable portfolios.
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1. INTRODUCTION

To address climate change consequences and other environmental impacts, the world will need
to reduce emissions of greenhouse gases and other air pollutants by an unprecedented amount
and at a rapid pace. In 2021, our global energy system produced 36.6 gigatons of CO2 equivalent
(GtCO2e) per year, of which the electricity sector contributed 13 GtCO2e (1). Global electricity
demand in 2021 was 24.7 petawatt-hours (PWh), with 62% of electricity generation produced by
fossil fuels and 29% by renewable energy sources (RES). The International Energy Agency (IEA)
(1) suggests that future global electricity demand could grow to between 43.7 and 62.2 PWh/
year by 2050, underscoring the importance of increasing low-carbon, sustainable, and reli-
able electricity generation. Although there is considerable uncertainty regarding projections,
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Renewables: sources
of energy that do not
deplete by use and do
not emit greenhouse
gases during the
energy generation
process

Renewable
electricity: electricity
generated from
renewable sources
such as solar, wind,
geothermal, ocean, or
hydropower

Theoretical
potential: the total
amount of renewable
energy on Earth from
a particular resource,
such as the total
amount of irradiation
hitting the surface of
the planet

Geographical
potential: the amount
of theoretical potential
that is available in
suitable areas; the
assessment may
exclude protected land
area or the built
environment

Technical potential:
the amount of
electricity that can be
produced in available
and suitable areas
given current (or
soon-to-be-developed)
technologies,
specifications, and
efficiencies

Economic potential:
the fraction of
technical potential that
can be produced at
costs competitive with
those of other
technologies or
electricity market
prices

increasing renewable electricity generation will almost certainly play a key role in addressing
climate change and helping to meet global energy demand. At the same time, renewable energy
comes with limitations, such as the distance between where the best resources are located and
where the demand needs to be met, as well as the variable nature of wind and solar.

In this article, we review global technical, economic, and feasible potential for different elec-
tricity generating technologies and sources. Specifically, we review studies that estimate the global
technical potential for the following energy sources, resources, and technologies: utility-scale and
rooftop solar photovoltaics (PV), concentrated solar power (CSP), onshore and offshore wind,
hydropower, geothermal electricity, and ocean [wave, tidal, ocean thermal energy conversion
(OTEC), and salinity gradient energy]. We aim to summarize the ranges of estimates and dis-
cuss the sources of uncertainty that exist across studies for each technology.We highlight the key
factors contributing to the wide range of reported potentials, so that future studies can focus on
reducing uncertainty. As far as we are aware, such a large review and summary of global renewable
potential has not been performed since the Special Report of the International Panel on Climate
Change (IPCC) (7), and a renewed analysis can help policy makers, the public, and researchers
inform their decision-making process. We consider only studies that estimate the potential for
these technologies at a global scale. There is, of course, considerable additional literature that esti-
mates the resource potential for a region or country, and we exclude those studies from this review
for the sake of consistency.We also utilize previous reviews focused on understanding the different
estimates of technical potential for one or more RES. While there may be competition between
different energy technologies, such as for land, we do not consider those issues here.

Authors have been loosely using the following taxonomy when assessing the potential for
renewable electricity generation:

■ Theoretical potential, the total amount of renewable energy on Earth from a particular
resource, such as the total amount of irradiation hitting the surface of the planet, the total
energy in winds in the atmosphere, or the total energy stored in waves (2–15).

■ Geographical potential, the amount of theoretical potential that is available in suitable areas.
The assessment may exclude protected land area or the built environment (3–6, 10, 16).

■ Technical potential, the amount of electricity that can be produced in available and suitable
areas given current (or soon-to-be-developed) technologies, specifications, and efficiencies.
Technical potential includes, for instance, the conversion efficiency of solar panels or wind
turbines (2–10, 12, 13, 15–19).

■ Economic potential, which represents the fraction of technical potential that can be pro-
duced at costs competitive with those of other technologies or electricity market prices (2–6,
8–10, 12, 13, 20).

■ Feasible potential, which, while less well defined,may represent a subset of economic poten-
tial that accounts for social and environmental factors thatmay limit technology deployment,
such as high up-front costs that may deter investment, policies or market distortions, and
user choices and preferences (3, 5, 6, 12, 13, 15).

In this review, we focus on the technical potential, although we cover the economic and feasi-
ble potentials to the extent possible. We compare these potentials with the IEA’s Stated Policy
Scenario (STEPS) and Net Zero Emissions (NZE) scenario (1). These scenarios are designed to
predict future energy demand. STEPS “shows the trajectory implied by today’s policy settings,”
and the NZE scenario “maps out a way to achieve a 1.5°C stabilization in the rise in global average
temperatures, alongside universal access to modern energy by 2030” (1, p. 20).

The rest of this review is organized as follows. First, we summarize our findings across all
energy sources and technologies covered in this review. Next, we discuss and classify the sources
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Feasible potential:
may represent a subset
of economic potential
that accounts for social
and environmental
factors that may limit
technology
deployment, such as
high up-front costs
that may deter
investment

PV: photovoltaic

CSP: concentrated
solar power

OTEC: ocean thermal
energy conversion

STEPS: Stated Policy
Scenario from the
International Energy
Agency

NZE: Net Zero
Emissions scenario
from the International
Energy Agency

of uncertainty. We then provide a detailed assessment by energy source and technology. Finally,
we discuss gaps in the literature and future research that could help guide future decisions on
renewable deployment.

2. GLOBAL TECHNICAL POTENTIAL OF RENEWABLE
ENERGY SOURCES

We consider studies that estimate the global technical potential for utility-scale and rooftop solar
PV, CSP, onshore and offshore wind, hydropower, geothermal electricity, and ocean (wave, tidal,
OTEC, and salinity gradient energy) technologies. The review encompasses 17 studies that had
estimates for multiple technologies, 3 papers on solar PV, 3 papers on CSP, 12 papers on onshore
wind, 12 papers on offshore wind, 4 papers on hydropower, 5 papers on geothermal energy, and
11 papers on ocean electricity production technologies. The Supplemental Appendix, in partic-
ular Supplemental Table 1, lists the studies considered and their key characteristics. We limit
our assessment to studies, both peer reviewed and produced by international agencies or national
labs, published between the years 1998 and 2021 (except for Reference 11). Given the consider-
able technological changes and efficiency improvements since then, we also show how estimates
of the technical potential for each energy source and technology have changed over time.

The units used to represent the technical potential differ across studies; 21 studies use electric-
ity generation units (e.g., terawatt-hours) (3, 4, 9, 10–13, 15, 16, 18, 19, 21–30), whereas 12 studies
use energy units (e.g., exajoules per year). Some of the latter present primary energy estimates
(2, 8, 31, 32), whereas others provide final energy estimates (5–7, 17, 20, 32–34). Furthermore,
23 studies use power units (e.g., terawatts), which sometimes represent an annual average power
output (35–53). Four studies report nameplate capacity, which we multiply by a reasonable capac-
ity factor (14, 54–56). We find that the technical potential ranges from 0.01 to 13,600 PWh/year
across technologies and energy sources. Cumulative estimates of the total technical potential for
all technologies range from 1.64 × 102 to 2.72 × 104 PWh/year if we consider the minimum and
maximum for each resource type and study and assume that these estimates are additive. One of
the goals of this review is to determine the most important reasons for the large differences in
results. For each technology, factors are discussed in our perceived order of relevance.

Figure 1 shows the estimates for each reviewed study, technology, and energy source, and
Table 1 shows the high and low estimates reported in the literature for each technology. Notably,
within the same RES and technology, estimates span several orders of magnitude. However, we
find that only a few studies drive these wide ranges. Jacobson et al. (54) provide estimates for
solar technologies that are more than double the estimates of the study with the second highest
estimates. These authors describe road maps for countries to use only renewable energy, but they
build on the methodology described in an earlier paper (see the supplementary information of
Reference 57) to calculate the technical potentials of renewables with updated data.That is why we
decided to include the technical potential results from Reference 54 (see the data sheets associated
with the paper). Aghahosseini & Breyer (14) obtain results that are almost four times larger than
the second highest estimate for geothermal. Pelc & Fujita (45) present high estimates for ocean
technologies, especially wave energy, where their estimate is more than three times that of the
study with the second-highest results. Eight studies represent the high end of the estimates for
the energy technologies, and 10 studies represent the low end.

3. SOLAR ENERGY

In this section, we review solar PV (often categorized as utility-scale, commercial, or residential
rooftop PV, depending on the scale and sector where the system is installed) and CSP.
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Figure 1

Global technical potential estimates for electricity in petawatt-hours (PWh) per year, in a logarithmic scale, for solar, wind, geothermal,
ocean, and hydropower. Each marker and color combination represents a study. When studies report a range, maximum and minimum
values are connected by vertical lines. The shape of the markers represents either an original estimate (circle) or a review study (triangle).
Squares represent the median potential for an energy source/technology listed on the x-axis. The black and green dashed lines
represent the electricity demand in 2050 in the STEPS and NZE scenarios from the International Energy AgencyWorld Energy Outlook
2022 (1), respectively. Abbreviations: CSP, concentrated solar power; NZE, net zero emissions; OTEC, ocean thermal energy
conversion; PV, photovoltaic; RES, renewable energy sources; STEPS, stated policies scenario.

3.1. Solar Photovoltaics

In PV panels, photons from incident solar radiation excite electrons, inducing the flow of elec-
tricity. Electricity is generated in the form of direct current (DC), thus requiring inverters for
DC-to-AC (alternate current) conversion. PV technology, first developed in the late nineteenth
century (58), now exists in multiple forms that vary in efficiency, materials, and cost, although al-
most all commercial PV panels are made from silicon. The three main PV categories today are
monocrystalline, polycrystalline, and thin film (58). Although these types of panels function differ-
ently, most authors do not specify which technology they assume, but rather consider a constant
efficiency in their models.

In 2020, the global solar PV installed capacity was 710.7 GW, producing 0.83 PWh (59). Asia
(409.3GW),Europe (160.4GW), andNorth America (82.3 GW) are the regions with the greatest
utility-scale installed capacity (59). The IEA’s STEPS estimates that in 2050 the solar PV capacity
(utility-scale and rooftop together) will be 7,464 GW, which will generate 12.12 PWh/year (1).

3.1.1. Utility-scale photovoltaics. The technical potential of utility-scale solar PV is often
estimated by multiplying the local irradiance in suitable areas (measured and/or from reanalysis
data sets) by the system efficiency. Suitable areas are based on land cover type (different land cover
types are assigned to a suitability factor), with exclusions for areas such as water bodies (though
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Table 1 Ranges of estimates for each renewable technology

Technology Low (PWh/year) High (PWh/year)
Difference (orders

of magnitude)
Solar PV: utility 1.01 × 102 (10) 1.36 × 104 (54) 2
Solar PV: rooftop 6.00 × 100 (3) 6.90 × 101 (54) 1
CSP 4.17 × 100 (32) 1.04 × 104 (54) 4
Onshore wind 1.93 × 101 (2) 7.17 × 102 (9) 1
Offshore wind 4.17 × 100 (lower bound of

References 7 and 17)
6.26 × 102 (42) 2

Hydropower 3.13 × 100 (9) 2.64 × 101 (upper bound of
Reference 20)

1

Geothermal 3.06 × 10−1 (lower bound of
Reference 20)

1.59 × 103 (14) 4

Wave 5.34 × 10−1 (lower bound of
Reference 54)

1.75 × 101 (45) 2

Tidal 1.00 × 10−2 (32) 1.00 × 100 (upper bound of
References 6, 7, 17, and 45)

2

OTEC 2.49 × 101 (8) 1.23 × 102 (52) 1
Salinity gradient 9.72 × 10−1 (8) 8.61 × 100 (48) 1
Total if considered additive 1.64 × 102 2.72 × 104 2

Abbreviations: CSP, concentrated solar power; OTEC, ocean thermal energy conversion; PV, photovoltaics.

technologies are being developed on water; 60), protected areas, urban areas, and forests (3–6,
8–10, 16, 33, 36, 54). Technological specifications, described below, include conversion efficiency,
angle, spacing factor, shading, performance ratio (which includes the efficiency of turningDC into
AC), capacity factor, and single versus dual tracking. Some studies also include transmission losses
(2, 9), scenarios of development (4, 54), and scarcity of resources (e.g., minerals) (33). Analyses
often do not specify a target year but simply use technological characteristics representative of
technology already in operation or planned at the time of the study. A few studies (4–6, 9, 10, 54)
explicitly assume technological improvements and a specific year for the analysis.

The global technical potential across studies spans two orders of magnitude (Figure 2), from
1.01 × 102 PWh/year (10) to 1.36 × 104 PWh/year (54). The median of all studies is 4.65 ×
102 PWh/year, and the average is 2.20 × 103 PWh/year. Reference 54 appears to be an outlier in
the order of magnitude reported for solar.

The estimates differ because of the following factors, presented in descending order of im-
portance based on our assessment. The first is land suitability factor or available area approaches,
meaning the area of a certain land type that can be used for solar farm deployment. Suitability
factors represent the percentage of a certain type of terrain (e.g., grassland, desert) that could be
used for installments of a specific technology. For utility-scale PV, all land suitability factor–based
studies (3–6, 8–10, 16, 33, 36, 54) exclude urban areas, bioreserves, water bodies, and most forests
but make different assumptions regarding exclusions of other types of land. Hoogwijk & Graus
(5) and Krewitt et al. (6) rely on the suitability factors from Reference 3. Other authors compute
the available area instead of land suitability factors. For example, Jacobson & Delucchi (36) con-
sider all of the world’s land, excluding Antarctica, and assume that one-third of it would need to be
used for solar panels and other solar farm components and to allow enough area between panels.
They then take 20% of that area to account for low-insolation and exclusion areas. Jacobson et al.
(54) consider the maximum area to be between (a) 5% of the total area of a country’s and (b) the
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9. Stetter (2012) [2050] *
10.  Bruckner et al. (2014)/IPCC AR5 *
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Figure 2

Global utility-scale PV technical potential estimates, in petawatt-hours (PWh) per year, based on year of
publication, in a logarithmic scale. Each data point and its color represent a study. When studies report a
range, maximum and minimum values are connected with vertical lines. Shapes represent the type of method
and approach. The gray and dark red lines represent the average and median across studies, respectively. For
papers estimating technical potential for a specific year, the time horizon is in brackets in the legend.
Asterisks in the legend mean that utility-scale and rooftop PV were not differentiated, and these papers
present a total solar PV estimate. Abbreviations: AR, Assessment Report; GEA, Global Energy Assessment;
IPCC, Intergovernmental Panel on Climate Change; PV, photovoltaic; SRREN, Special Report on
Renewable Energy Sources and Climate Change Mitigation.

sum of 60% of areas exposed to irradiation greater than 4 (kWh·m2)/day and 40% of the areas
exposed to more than 5 (kWh·m2)/day according to National Renewable Energy Laboratory data.
Overall, both strategies (suitability factor and available area approaches) rely heavily on model-
ers’ judgments. The emergence of satellite imagery and data processing will allow for much more
detailed assessments in the future.

Second, spacing between panels is necessary to reduce shading and allow for maintenance.
Several authors (5, 10, 33, 54) account for spacing and reduce the area by a factor of one-third
to one-half, but others (61) note that the suitable area could expand, since another activity (e.g.,
agriculture) could occur on the same land.

The third factor is panel angle. Depending on the latitude and local characteristics (terrain,
surrounding structures, etc.), panels must be placed at a certain angle to maximize electricity
generation. Most authors (3–6, 8, 10, 16) assume horizontal panels, whereas others (9, 54) assume
optimal angles based on latitude. The latter two studies (9, 54) have high potentials (5.53 × 103

and 1.36 × 104 PWh/year, respectively).
The fourth factor is temporal and geographical resolution of irradiation data. Early studies

(e.g., 3, 5, 6) used data from the Climate Research Unit, which has irradiance monthly averages
from 4,040 stations around the world. More recent studies (9, 10, 16, 33) use newer data sets that
have average daily profiles or hourly resolution (such as NASA’s SSE data set or the Global Solar
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Atlas). Spatial resolution is not as important as temporal, because weather conditions are similar
at distances of the same order as data set resolution.

Fifth, conversion efficiency represents how much irradiation can be converted into DC elec-
tricity.Early studies (4–6) estimated that conversion efficiencies would reach 25% in 2050,whereas
others (9, 36) use conversion efficiencies between 15% and 18%. Recent studies use a range of
values, from point estimates of 13% (10) or 20% (16, 54) to values between 17% and 24% (33).
Efficiency is directly proportional to the potential, thus affecting the estimates.

Finally, other factors, which likely explain differences smaller than those mentioned above,
include performance ratio (which represents inverter, mismatch, and cable losses), temperature
(9, 16), panel degradation (33), land competition between renewables (33), maximum slope where
a solar PV system can be installed (9, 16, 33), maximum altitude (6), dust or snow accumulation,
and the need for a minimum amount of solar irradiation (16, 54).

3.1.2. Rooftop solar photovoltaics. Most studies use the same approach as described in the
utility-scale PV section but consider urban/settlement areas to be suitable areas. Studies estimate
the roof and façade percentage of urban areas that is suitable for installing solar panels and do
not appear to distinguish between residential, commercial, and industrial rooftop PV. Generally,
studies do not specify a time horizon when estimating the technical potential for rooftop PV, and
they use technological characteristics representative of technology that is already in operation
or planned at the time of the study; only a few studies are explicit about the time horizon and
assumed technology improvements (6, 9, 54). Rooftop PV technical potential estimates span an
order of magnitude, from 6 × 100 PWh/year (3) to 6.9 × 101 PWh/year (54). The median value is
1.58 × 101 PWh/year, and the average is 2.11 × 101 PWh/year (Figure 3).
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1. Hoogwijk et al. (2004) [2050]
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5. Jacobson et al. (2019) [2050]
6. Dupont et al. (2020)

2005 2010 2015 2020
Publication year

Te
ch

ni
ca

l p
ot

en
ti

al
 (P

W
h/

ye
ar

)

1
2

3

4 6

6

5

Figure 3

Global rooftop photovoltaic technical potential estimates in petawatt-hours (PWh) per year, based on year of
publication, in a linear scale. Each data point and its color represent a study. When studies report a range,
maximum and minimum values are connected by vertical lines. Shapes represent the type of method and
approach. The gray and dark red lines represent the average and median across studies, respectively. For
papers estimating technical potential for a specific year, the time horizon is in brackets in the legend.
Abbreviation: GEA, Global Energy Assessment.
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Estimates differ for several reasons, which we present in descending order of importance based
on our assessment. The first is the method used. Some studies (6, 8, 9, 16) rely on the approach
developed in Reference 3, which is based on GDP per capita and population density and which,
in turn, relies on data from two earlier studies (62, 63). Jacobson et al. (54), using a method from
an earlier paper (57), take a different approach that considers floor space and several other fac-
tors (GDP, population density, urban population, construction activity, parking roofs, roof slopes,
overhangs, shading, stories per building). Recently, Dupont et al. (33) provided an updated es-
timate from Reference 64 that includes roof slopes, orientation, maximum shading (number of
hours without sunlight), and minimum roof size. Their review and meta-analysis find that 65% of
commercial building rooftops and 25% of residential ones can be used for solar panels. Methods
using GDP and population density (3, 6, 8, 9, 16) are simpler than methods that use factors such
as urban population, floor area, construction activity, parking area, and roof slope. The two stud-
ies using those factors (33, 54) present results higher than 101 PWh/year and likely provide more
robust estimates, where such data exist.

The second factor comprises technological specifications. As for utility-scale PV, conversion
efficiencies and performance ratios of solar panels play a role in explaining the range of estimates.
The third factor is the angle assumed.Again, as with utility-scale PV, the angle of panels, compared
with a flat surface and depending on the latitude, influences energy production. Hoogwijk (3)
assumes a horizontal position, and all studies using that method do so as well (6, 8, 9, 16). Jacobson
et al. (54) assume an optimal angle based on latitude.

The fourth and fifth factors are spatial and temporal data resolution, namely for irradiance
values, and spacing, namely the distance between arrays of panels to reduce shading (3, 6, 9, 33, 54).

3.2. Concentrated Solar Power

CSP plants use arrays of mirrors to concentrate direct solar radiation onto a target, where a fluid
heats up and then produces electricity in a steam cycle. CSP was first used in 1866 in parabolic
troughs to heat water (65). There are now several CSP technologies; the three main ones are
linear concentrator systems (parabolic troughs and linear Fresnel reflector systems), power tower
systems, and dish/engine systems (66). The capacities of CSP projects may exceed 500 MW. In
2020, the CSP global capacity was 6.5 GW, producing 0.01 PWh/year, with the largest capacity
in Europe (2.3 GW), North America (1.8 GW), and Africa (1.1 GW) (59). The IEA’s STEPS has
a CSP global capacity of 90 GW (0.33 PWh/year) in 2050 (1).

Global estimates of CSP’s technical potential use the total direct irradiation power that reaches
Earth and include geographical constraints (i.e., suitable areas based on land cover type, excluding
areas such as water bodies, protected areas, and urban areas as well as regions with low direct
solar radiation) and technological specifications. Some studies include transmission losses (2, 9),
scenarios of development (4, 54), and scarcity of resources (e.g., minerals) (33).

Most CSP global technical potential studies rely on solar irradiation data (measured and/or
from reanalysis data sets), generally parsed out by grid cells at the surface where mirrors would
be installed. The authors of these studies then determine the suitable areas in each grid cell by
applying exclusion layers to the globe and suitability factors to different land types, as described
above.They thenmultiply the local irradiance by technological efficiencies, or sometimesmultiply
the suitable area with a power density (in megawatts per square kilometer) to determine how
many mirrors can be placed over the suitable area. They use either hourly data or assumptions on
capacity factors to go from capacity to energy production.

We find that CSP estimates span four orders of magnitude, from 4.17 × 100 PWh/year (32)
to 1.04 × 104 PWh/year (54), showing important disagreement (Figure 4). The median of all
studies is 1.60 × 103 PWh/year, and the average is 1.93 × 103 PWh/year.
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1. Sims et al. (2007)/IPCC AR4
2. Hoogwijk & Graus (2008) [2050]
3. Krewitt et al. (2009) [2050]
4. Trieb et al. (2009)
5. Moomaw et al. (2011)/IPCC SRREN
6. Jacobson & Delucchi (2011)
7. Rogner et al. (2012)/GEA
8. Stetter (2012) [2050]
9. Bruckner et al. (2014)/IPCC AR5
10. Köberle et al. (2015) [2010]
11. Jacobson et al. (2019) [2050]
12. Dupont et al. (2020)
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Figure 4

Global CSP technical potential estimates, in petawatt-hours (PWh) per year, based on year of publication, in
a logarithmic scale. Each data point and its color represent a study. When studies report a range, maximum
and minimum values are connected by vertical lines. Shapes represent the type of method and approach. The
gray and dark red lines represent the average and median across studies, respectively. For papers estimating
technical potential for a specific year, the time horizon is in brackets in the legend. Abbreviations: AR,
Assessment Report; CSP, concentrated solar power; GEA, Global Energy Assessment; IPCC,
Intergovernmental Panel on Climate Change; SRREN, Special Report on Renewable Energy Sources and
Climate Change Mitigation.

These estimates differ in several aspects, again listed in our perceived descending order of
importance. The first is storage. CSP can be coupled with a storage system, usually one that uses
molten salt, which can retain thermal energy for hours and therefore produce electricity even
when the sun is not shining. Some studies consider systems of CSP with storage (6, 8–10, 21,
33, 54) and consider the area and investment required for storage, as well as losses related to the
storage efficiency. Estimates that have included storage result in technical potentials greater than
1,000 PWh/year (exceptions are References 10 and 33). CSP storage has different categories,
called solar multiples (SM), which represent how much of the plant’s nominal capacity can be
produced and stored under nominal irradiation conditions. For instance, SM1 means that there is
one solar field capable of producing nominal capacity under nominal irradiation conditions; SM2
has two times the solar field, one to run the plant at nominal capacity and one to produce enough
storage for nighttime (21). Studies have used widely different assumptions for SM, ranging from
SM2 (10) to SM2.5 (6), SM4 (21), SM1.5/2.5/3.5 (9), and SM3.62 (54) and optimizing SM as part
of their model (33). It is unclear whether storage is included in Reference 8.

Suitability factors are the second aspect. All studies presenting a technical potential for CSP, ex-
cept one (21), also analyze utility-scale PV and use the same suitability factors and exclusion layers.

The third factor is conversion efficiency, which ranges from 12% to 37% across studies. Most
studies assume efficiencies between 12% and 15%, although two use higher values: 35% (6) and
37% (9).
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The fourth factor is the ratio of covered area to ground area, spacing factor, or land use factor,
which accounts for shading and considers land requirements for other characteristics of the CSP
farm, such as area required for roads and buildings.

The fifth factor is power density versus irradiation. Some authors multiply the suitable area by
a power density factor. For example, Jacobson & Delucchi (36) estimate the power density based
on peak power and account for spacing required between mirrors and land requirements for a
CSP farm; the result is a power density ranging from 41.2 to 52.6 MW/km2. Rogner et al. (8) use
a density of 50 MWe/km2.

Minimum irradiation is the sixth aspect. CSP captures direct sunlight, so authors almost always
set a minimum resource limit in their models. These limits range from 1,475–1,500 (kWh·m2)/
year (5, 6, 8) to 1,095 (kWh·m2)/year (9) to 1,800–2,000 (kWh·m2)/year (9, 21, 54).

The seventh aspect is temporal and spatial resolution for irradiation data, as explained above
for other solar technologies. The eighth and ninth are maximum slope and altitude, for which the
assumptions vary across studies, and capacity factors, which depend on storage assumptions.

Studies report very large technical potentials of CSP, likely larger than global electricity de-
mand in 2050 (1). Estimates have not increased over time, and despite its high technical potential,
the CSP installed capacity (6.5 GW) is very low compared with that of solar PV (710.7 GW) (59).

4. WIND

Wind electricity generation uses the wind’s kinetic energy to turn the blades mounted on an
elevated nacelle, which then rotates gears that convert mechanical energy into electricity in a gen-
erator. Older technologies, such as windmills that convert kinetic energy into mechanical energy,
have been used for centuries to grind grain, pump water, and so forth (67). The first wind turbines
were used in the late nineteenth century (68). In this review, we consider only horizontal-axis
turbines because they are currently the most widely used for power generation. Newly installed
turbines are “in the 3–4 MW range onshore and 8–12 MW offshore” (68). The potential wind
power flux (in watts per square meter) in a given location is estimated as

F = 1
2
ρairυ

3
wind,

where F is the power density of the wind (i.e., kinetic energy), ρair is the density of air (in kilograms
per cubic meter), and υwind is the wind speed distribution (in meters per second). The maximum
power (in watts) that can be extracted from the wind is defined by Betz’s law,

P = 1
2
CpρairAυ3

wind,

where P is the maximum power output; Cp equals 0.593, which is the maximum theoretical
efficiency; and A is the area swept by the turbine blades (in square meters).

Because the electricity generated is related to wind speed by a cubic exponent, and because
wind speed increases with height, over time the industry has moved toward wind turbines with
higher hub heights (and larger rotor diameters). Recently installed wind projects have hub heights
above 100 m and rotor diameters greater than 120 m (69).

The technical potential of wind technologies is defined as the total wind power that is ac-
cessible in a suitable area given technological specifications. For onshore wind, a suitable area is
determined on the basis of land cover type (different land cover types are assigned suitability fac-
tors), excluding areas such as water bodies, protected areas, and urban areas. For offshore wind,
suitable area is based on distance from shore and seafloor depth; protected areas are excluded. For
both onshore and offshore wind, technological specifications include turbine characteristics (hub
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height, blade size, rated power, operational limits, etc.), losses (efficiency losses, power density
and array losses, etc.), and load factor (capacity factor or minimum wind resource). Some studies
include transmission losses (2, 9), development scenarios (4, 54), or material resource scarcity (34).

4.1. Onshore Wind

In 2020, global onshore wind installed capacity was 697.3 GW, producing 1.49 PWh/year, mostly
in Asia (322.9 GW), Europe (182.9 GW), andNorth America (138.8 GW) (59). The IEA’s STEPS
assumes that 3,564 GW of installed capacity and 10.69 PWh/year will be generated from onshore
wind in the year 2050 (1).

Most studies rely on wind speed data (measured or from reanalysis data sets), generally parsed
out by grid cells and for different hub heights. Studies determine the suitable areas in each grid cell
by applying exclusion layers to the globe and suitability factors to different land types,multiply the
suitable area by a power density (in megawatts per square kilometer) to determine capacity (how
many turbines can be placed over the suitable area), and use either hourly data or assumptions
about capacity factors to estimate electricity generation (i.e., the bottom-up approach). Another
approach is to assess the theoretical limit of the kinetic energy of the wind or the total momentum
in the atmosphere and/or boundary layer, and then estimate how much could be used by onshore
wind turbines without disturbing the atmospheric circulation (i.e., the top-down approach); results
are reported in annual average power output (38–41, 43).

Estimates for onshore wind span an order of magnitude, from 1.93 × 101 PWh/year (2) to
7.17 × 102 PWh/year (9). The median of all studies is 1.52 × 102 PWh/year, and the average is
2.72 × 102 PWh/year. The estimates agree reasonably well across studies (Figure 5).

The differences among these estimates are due to the following factors, again listed in or-
der of decreasing importance, according to our assessment. The first is spatial resolution. Several
bottom-up estimates rely on data sets with low spatial resolution, such as CRUCL v.1.0 (3–6), the
GEOS-5Data Assimilation System (22), andMERRA (9).The availability of the GlobalWind At-
las (GWA), published in 2015 and improved in 2017 and 2019 (see https://globalwindatlas.info/
en/about/ReleaseNotes), and other, higher-resolution data sets have enabled more accurate es-
timates; several sets of authors (3, 18, 24, 39, 40, 55) underscore that using wind speed at higher
spatial resolution improves the estimates of power produced. This is because poor spatial res-
olution does not capture small, high-wind locations and instead averages over a grid cell. Bosch
et al. (18) combine high-resolution temporal data from theMERRA-2 reanalysis data set and high
spatial resolution from the GWA to show that, over an area of 50 × 50 km around Marseille,
France, the potential from the GWA with a resolution of 2.5 × 0.5 km increases by 50% com-
pared with the potential from the MERRA-2 data set with resolution 50 × 50 km. However, no
global study has used the same method or performed a systematic comparison across data sets.

The second factor is temporal resolution. Early studies use average monthly wind data
(3–6), with a few exceptions (8, 9, 22, 24). Recent studies use hourly data (some observed, others
simulated) (18, 19).

Third is measurement height. Early studies use wind speed data at 10 m aboveground, fol-
lowed by logarithmic/power laws and Weibull distributions to calculate wind speed at a specific
hub height (3–6, 24). Wind speed measurements around the globe at hub height would improve
estimates (70). Recent studies include wind speed measurements (or estimates) at multiple heights
(22, 35, 39, 40), some of which are close to the assumed hub height (8, 9, 18, 19, 34, 54).

Fourth is hub height. Wind speed increases with height, and since the theoretical power pro-
duced is a function of wind speed to the third power, assumptions about hub height are crucial for
technical potential estimates. Studies before 2008 tend to assume hub heights of ∼80 m or less,
while estimates from 2008 to 2019 assume turbines with hub heights of 100 m or more.
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Figure 5

Global onshore wind technical potential estimates, in petawatt-hours (PWh) per year, based on year of
publication, in a linear scale. Each data point and its color represent a study. When studies report a range,
maximum and minimum values are connected by vertical lines. Shapes represent the type of method and
approach. The gray and dark red lines represent the average and median across studies, respectively. For
papers estimating technical potential for a specific year, the time horizon is in brackets in the legend.
Abbreviations: AR, Assessment Report; GEA, Global Energy Assessment; IPCC, Intergovernmental Panel
on Climate Change; NREL, National Renewable Energy Laboratory; SRREN, Special Report on
Renewable Energy Sources and Climate Change Mitigation.

Fifth, power density represents how many turbines can be installed per unit area, depending
on the size of the turbines. A high power density means that more turbines can be placed per
unit area, thus producing more power. However, wind farm losses can become important with
increasing power density, especially over large wind farms (71). Optimizing the power density
means placing the maximum number of turbines on a given area while minimizing array losses.
Studies assume a power density ranging from 0.6 MW/km2 (34) to 11.3 MW/km2 (40), showing
wide disagreement. In their model, Dupont et al. (34) optimize the power density for each grid
cell, leading to a range of 0.6–9.26 MW/km2.

Sixth is capacity factor. Some studies (3, 5, 6) estimate the energy produced from each location
on the basis of (estimated) wind speed data and use the relationship between average annual wind
speed and full-load hours (i.e., howmany hours per year a wind turbine functions at rated capacity).
de Vries et al. (4) also assume a linear relationship between annual average wind speed and full-load
hours and use a fixed capacity factor, depending on the scenarios. Studies using data with hourly
resolution do not need to apply a capacity factor because the energy production in each hour is
determined by the wind speed value (9, 18, 19, 24). In addition, some values reported in terawatts
actually represent average annual power outputs (not nameplate capacity) and can therefore be
converted into electricity generation (i.e., by multiplying by 8,760 h/year) (38–41, 43).
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Suitability factors and minimum amount of resource are the seventh factor. Suitability factors
do not have the same impact on wind estimates as they do for solar technologies. Most studies
assume large suitability factors based on land types (3, 5, 6, 9, 19, 22, 24, 36). Some also consider
areas with a minimum amount of resource, either using capacity factor thresholds (18, 22, 54) or
estimating the technical potential per capacity factor category (19). Others consider areas with
winds above a certain value (e.g., class 3 winds or >8 m/s at hub height) (3, 4, 6, 35).

The eighth factor is method.While most studies use a bottom-up approach, a few (34, 38–41,
43) perform a top-down analysis to determine the maximum power extractable from the atmo-
sphere. These studies explain that adding more and more wind turbines slows down winds and
decreases the energy in the boundary layer. Thus, authors try to determine the tipping point at
which one additional turbine would increase total losses in the atmosphere by more than the
marginal increase in power produced. Dupont et al. (34) compare each grid cell’s bottom-up wind
production with the top-down estimate, using the top-down estimate as a cutoff. Except for those
in Reference 38, all estimates are above 102 PWh/year.

Turbine size is the ninth factor. Turbines had a rated power between 1 and 1.5 MW before
2008 and between 2.5 and 5 MW between 2008 and 2019, with a few exceptions (8, 24, 41, 43).
The year for the analysis is often not specified. Still, some studies include a time horizon, with
technological improvements changing with time (4–6, 9, 54).

Finally, other aspects that differ across studies but may have less impact on differences are
the availability factor (accounting for maintenance and breakdowns), array efficiency losses,
transmission losses, maximum altitude, and maximum terrain slope.

4.2. Offshore Wind

Offshore wind has the same principles as onshore wind except that the turbines are placed over
large water bodies. The first offshore wind turbines started operating in 1991 in Denmark and
had a total installed capacity of 5 MW (72). The two main strategies for siting offshore wind are
fixed-bottom and floating. Fixed-bottom turbines are attached to underwater pillars fixed on the
seafloor. This strategy represents most of the current installed capacity but is limited to seafloor
depths under ∼50 m (73). Floating offshore wind turbine prototypes have recently been devel-
oped and installed to tap wind resources offshore for locations with greater seafloor depths (up to
∼1,000 m) (25). Other differences between fixed-bottom and floating offshore turbines include
capacity, hub height, and rotor diameter. At present, the largest fixed-bottom offshore wind farm,
Hornsea 2, which is located in the North Sea off the coast of Yorkshire, United Kingdom, has
a total capacity of 1.3 GW (74). Its 8 MW turbines have hub heights around ∼120 m and rotor
diameters around ∼167 m (73, 75). One of the few floating offshore wind farms, and the largest,
is located in Kincardine, Scotland. It has a capacity of 50 MW and includes five 9.5 MW turbines,
with hub heights around ∼110 m and rotor diameters around ∼164 m (76, 77).

Offshore wind turbines are getting larger, and planned projects worldwide will use 13–15MW
turbines (78). In 2020, offshore global wind capacity was 34.4GW,producing 0.10 PWh/year,with
most of the capacity in Europe (24.9 GW) and Asia (9.4 GW) (59). In 2021, global capacity was
54.3 GW (27.8 GW in Asia and 26.4 GW in Europe), highlighting the rapid growth of offshore
wind (59).

Most global offshore wind technical potential studies use a bottom-up approach, as explained
in the onshore wind section. The only difference is that suitability factors depend on the distance
from shore and seafloor depth instead of land type. Some studies use a top-down approach, as
explained in the onshore wind section (34, 38, 40, 41, 43); here, the only difference is that the
energy considered is located close to shore rather than over landmasses. Most studies use tech-
nological characteristics representative of technology already in operation or planned at the time
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Figure 6

Global offshore wind technical potential estimates, in petawatt-hours (PWh) per year, based on year of
publication, in a linear scale. Each data point and its color represent a study. When studies report a range,
maximum and minimum values are connected by vertical lines. Shapes represent the type of method and
approach. The gray and dark red lines represent the average and median across studies, respectively. For
papers estimating technical potential for a specific year, the time horizon is in brackets in the legend.
Abbreviations: AR, Assessment Report; IPCC, Intergovernmental Panel on Climate Change; NREL,
National Renewable Energy Laboratory; SRREN, Special Report on Renewable Energy Sources and
Climate Change Mitigation.

of the study. A few studies (5, 6, 9, 54) include a time horizon, with technological improvements
changing over time.

Estimates for offshore wind span two orders of magnitude, from 4.17 × 100 PWh/year (lower
bound of References 7 and 17) to 6.26 × 102 PWh/year (42). The median of all studies is
1.93× 102 PWh/year, and the average is 1.82× 102 PWh/year.Compared with other technologies
and energy sources, for offshore wind there is more agreement between studies (Figure 6).

The estimates differ because of the following factors. The first is fixed-bottom versus floating
technologies. Early estimates assumed only fixed-bottom technologies (i.e., they were applica-
ble only for depths <50 m) (5–7, 9, 17), whereas more recent estimates consider depths up to
200 m (22, 23, 37, 40) or even 1,000 m (19, 23, 25, 34, 42). This increases the potential area for
offshore wind deployment considerably and is a key reason for the resulting differences across
estimates.

The second factor is distance from shore. Early studies consider distances shorter than 50 km
(5–7, 17, 37), while recent studies consider longer distances (<370 km) (9, 19, 22, 23, 25, 42, 54).
Seafloor depth constraints have a larger influence on the estimates for offshore wind potential
than does distance from shore.

The third factor, power density, is described above in the onshore wind section. For off-
shore wind, it ranges from 3.14 MW/km2 (25) to 16 MW/km2 (6), with most studies using
7–10 MW/km2.
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Fourth is capacity factor. Some studies estimate the energy produced from each location on
the basis of wind speed data (or estimates) and use a relationship between average annual wind
speed and full-load hours (5, 6). Other studies use hourly data (9, 19, 23, 25) and, thus, do not rely
on capacity factors.

Minimum resource is the fifth factor. Some studies consider only locations with a capacity
factor greater than 15–20% (22, 23, 25), provide estimates per capacity factor category (19), or
consider only winds above a certain class (9, 23, 37, 42, 54).

For the sixth factor, method, the same description in the onshore wind section applies here.
Seventh is turbine size, which tends to be smaller for earlier studies (5, 6, 19, 22, 23) at approx-

imately 1.5–3.5 MW, compared with 5 MW for more recent studies (9, 25, 34, 37, 40, 42, 54).
Data sets are the eighth factor: offshore wind is more uniform temporally and spatially than

onshore. Thus, the use of measured and/or reanalysis data or satellite data does not appear to lead
to very different estimates.

For measurement height, the ninth factor, the same issues as those described in the onshore
wind section apply. However, because of the relatively smooth surface of water bodies, the use of
a logarithmic extrapolation from 10 m to hub height using a constant of 1/7 will overestimate the
hub height wind speed (70).

The last factors are hub height and losses. Hub height is almost always assumed to be ∼100 m.
For losses, availability factors vary from 0.925 to 0.97 and array efficiencies range from 0.8855 to
0.9; earlier studies do not account for these factors.

5. HYDROPOWER

Hydropower uses the potential energy of water moving from high to low elevation, coupled with
a turbine that produces electricity by rotating a generator. The potential energy in a unit volume
of water is the product of its specific weight due to gravity and its elevation. Used for centuries
to process grains and cloth, hydropower has been employed for electricity production since the
nineteenth century (79) and is a mature technology. Impoundment hydropower consists of a dam
on a river and water stored in a reservoir, and diversion hydropower uses only a portion of a river’s
flow (80).

Hydropower represents approximately one-fifth of the world’s electricity generation and
more than half of global renewable electricity generation (1). In 2020, hydropower global ca-
pacity was 1,335.5 GW, producing 4.48 PWh/year; the largest hydropower capacities were in
Asia (569.8 GW), Europe (222.8 GW), and North America (200.6 GW) (59). Under the IEA’s
STEPS, by the year 2050, hydropower global capacity could be 2,027 GW and could generate
6.81 PWh/year (1).

Studies that focus on the technical potential of hydropower generally define it as the total
amount of power that could be created by runoff and stream flow on the basis of elevation. Most
studies use a grid cell and bottom-up approach.They use stream flow and runoff data to determine
the amount of water flowing in each grid cell and look at the elevation difference, or head, in each
grid cell. The most detailed temporal resolution uses the monthly average of the water flow in
each grid cell. The technical capacity potential is

P = Q1hρwatergη,

whereP is power extracted (in watts),Q is flow (in cubicmeters per second),1h is head elevation (in
meters), ρwater is the density of water (in kilograms per cubic meter), g is gravitational acceleration
(in meters per second squared), and η is efficiency (in percent).

Hydropower estimates span an order of magnitude, from 3.13 × 100 PWh/year (9) to 2.64 ×
101 PWh/year (upper bound of Reference 20). The median of all studies is 1.39 × 101 PWh/year,
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Figure 7

Global hydropower technical potential estimates, in petawatt-hours (PWh) per year, based on year of
publication, in a linear scale. Each data point and its color represent a study. When studies report a range,
maximum and minimum values are connected by vertical lines. Shapes represent the type of method and
approach. The gray and dark red lines represent the average and median across studies, respectively. For
papers estimating technical potential for a specific year, the time horizon is in brackets in the legend.
Abbreviations: AR, Assessment Report; GEA, Global Energy Assessment; IPCC, Intergovernmental Panel
on Climate Change; SRREN, Special Report on Renewable Energy Sources and Climate Change Mitigation.

and the average is 1.37 × 101 PWh/year. Therefore, there is strong agreement across studies for
this energy source (Figure 7).

Since hydropower is a very well established technology and many of the best, largest, and
inexpensive sites are already producing electricity, results across studies are in strong agreement.
Therefore, factors explaining the differences are not discussed in descending order of importance
as for other technologies. Instead, methods are described separately, with an emphasis on a few of
the more robust papers.

In 2020, global electricity generation via hydropower was 4.48 × 100 PWh, which is ap-
proximately one-third of the median and mean of hydropower technical potential estimates (59).
Hydropower development opportunities still exist in Asia, South America, and Africa (26). The
two most robust studies (12, 26), which focus only on hydropower, present methods similar to
those used for solar PV or wind estimates. These climate-driven analyses use variables like tem-
perature and precipitation along with runoff and stream flow data sets. Gernaat et al. (26) also
optimize the balance between impoundment and diversion canal power plants at each location.
Most other studies (2, 5–8, 13, 17, 27, 32, 36, 81) use data from the International Hydropower As-
sociation (IHA) and the International Hydropower and Dams World Atlas from the International
Journal onHydropower andDams (IJHD). IJHDdata are “based on a disparate range of national gov-
ernment surveys rather than a consistent global methodology” (26, p. 821). Some authors simply
use IJHD or IHA numbers, while others add aspects such as a realistic use factor (8).
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Throughout the last two decades, the technical potential estimated by the IJHD has remained
relatively constant at around 15 to 16 PWh/year. Stetter (9) and Jacobson et al. (54) use differ-
ent methods. Specifically, Jacobson et al. assume that the currently installed hydropower capacity
remains constant but has increased capacity factors in the future, and Stetter uses a top-down
method with a river runoff data set that includes both water resources and water uses for industry,
irrigation, households, and livestock.

Studies also differ in their data set resolution. Data sets used include WaterGAP 2.1g (9), the
Global Water Availability Model (12), GATOR-GCMOM (54), and HydroSHEDS17 (26).

Another factor that differs across studies is efficiency, or the inclusion of an improvement or
modernizing factor for existing plants. In fact, older studies often use existing plants as a proxy
for the local potential, while climate-driven analyses look at the potential of a water flow without
considering already constructed plants. In addition, considering small hydropower, which is what
almost all papers do, or considering the effects of dams on the flow regime (the flow exceedance
quantile above which hydropower can no longer be exploited) also partly explains the differences
between estimates.

6. GEOTHERMAL ELECTRICITY

Geothermal energy uses the heat in Earth’s crust, from the deep interior of the planet, to produce
electricity or heat (56).We do not review geothermal heat potential here—we limit our assessment
to electricity.The use of geothermal energy for electricity production started with the first electric
geothermal power plant, built in 1913 in Italy (56).Heat is recovered at greater and greater depths,
and different steam cycles (e.g., flash steam, dry steam, or binary cycle in newer plants) are used
to produce electricity. Two types of geothermal energy systems exist: conventional geothermal
systems (hydrothermal) and enhanced (engineered) geothermal systems (EGS) (14).Conventional
systems use heat in specific locations where it can be reached in reservoirs with high fluid and rock
permeability, relatively close to the surface (0–3 km deep). EGS are a more recent technological
development that use heat stored at much greater depths (down to 10 km) by fracturing reservoirs
to increase permeability.

In 2020, global geothermal electric capacity was 14.4 GW, producing 0.10 PWh/year, mostly
in Asia (4.5 GW),North America (3.6 GW), and Eurasia (1.7 GW) (59). STEPS has a geothermal
electric capacity of 66 GW, with a projected production of 0.46 PWh/year in 2050 (1).

Electric geothermal technical potential is generally defined as the total heat that can be ex-
tracted from the earth and turned into electricity in a power plant through a steam cycle. Earlier
studies use proxies such as volcanic activity to determine the global geothermal potential (13, 28,
44), whereas more recent ones use assumptions such as efficiency based on the temperature of the
resource or the improvement in capacity factor over time (8, 54). The study by Aghahosseini &
Breyer (14) is the only one that uses a bottom-up approach similar to those used for other renew-
ables. These authors use a grid cell approach and global data on heat flow, thermal conductivity of
rocks, radiogenic heat production, and surface temperature to derive temperature profiles in the
first 10 km of the crust all around the globe. To obtain the technical potential, they remove the
potential in protected areas, densely populated areas, large lakes and reservoirs, and areas of high
water stress.

Geothermal estimates span four orders of magnitude, from 3.06 × 10−1 PWh/year (lower
bound of Reference 20) to 1.59 × 103 PWh/year (14), showing significant disagreement
(Figure 8). The median of all studies is 1.25 × 101 PWh/year, and the average is 1.38 ×
101 PWh/year. The study by Aghahosseini & Breyer (14) seems to be an outlier in the order
of magnitude reported for geothermal.
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Figure 8

Global electric geothermal technical potential estimates, in petawatt-hours (PWh) per year, based on year of
publication, in a logarithmic scale. Each data point and its color represent a study. When studies report a
range, maximum and minimum values are connected by vertical lines. Shapes represent the type of method
and approach. The gray and dark red lines represent the average and median across studies, respectively. For
papers estimating technical potential for a specific year, the time horizon is in brackets in the legend.
Abbreviations: AR, Assessment Report; GEA, Global Energy Assessment; IPCC, Intergovernmental Panel
on Climate Change; SRREN, Special Report on Renewable Energy Sources and Climate Change Mitigation.

The estimates differ because of the following factors, in our perceived descending order of
importance. First, the maximum depth/EGS assumed is the most important factor. If the geother-
mal resource can be extracted at significant depth, geothermal electricity production could be
done virtually anywhere. Older estimates (13, 28, 44) consider only conventional/hydrothermal
resources, since at the time EGS were only experimental (56), which explains why their results
are lower than those of more recent studies. The UN Development Programme (2; cited in 31,
32) presents a ballpark estimate of geothermal resources that would become economical in 40–
50 years, assuming that deeper resources can be reached. Moomaw et al. (7; cited in 17) and
Rogner et al. (8) also consider EGS and geothermal heat at significant depths. Aghahosseini &
Breyer (14) considers energy at depths up to 10 km. Estimates for resources deeper than 2–3 km
are all greater than 101 PWh/year.

The second factor is the dynamic component. Stefánsson (44) explains that the “subsurface
heat appears in two forms, a) as continuous energy current from the mantle to surface (dynamic)
and b) the heat stored in the crust (static).” Since the static component is large, extracting heat at
a rate higher than that of the replenishing heat flow would still allow geothermal energy produc-
tion, but it would need to be treated as a finite resource (44). Björnsson et al. (13) and Stefánsson
(28) consider only the static component. Other authors (14) partly account for the dynamic com-
ponent by applying reservoir temperature drop limits, even though they explicitly apply dynamic
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component constraints only to their sustainable potential, which is much lower.This is most likely
why Aghahosseini & Breyer (14) have much higher results for their technical potential.

The third factor is minimum temperature. Binary turbines enable the production of electricity
from rocks at temperatures as low as 100°C. Stefánsson (44) estimates that the total energy stored
in rocks at temperatures between 100°C and 150°C is equal to the total energy in rocks at temper-
atures above 150°C. However, current technologies present very low efficiencies at temperatures
around 100–120°C, and this resource is often disregarded. Stefánsson (28, 44) considers temper-
atures starting at 100°C, while Rogner et al. (8) use temperatures above 120°C and Aghahosseini
& Breyer (14) do not consider cases below 150°C.

Fourth, the efficiency of turning heat in the reservoir into electricity also affects results. Older
studies assume a constant value (e.g., 44), while more recent ones consider rock temperature–
dependent values (8, 14). Finally, other factors, such as the year of the estimate and capacity factors,
also explain differences to a small extent.

7. ELECTRICITY FROM THE OCEAN

Oceans and seas can offer large amounts of energy in different forms.The four kinds reviewed here
are wave, tidal,OTEC, and salinity gradient (osmotic) energy.The first of these uses a wave energy
converter to produce electricity from waves’ potential and kinetic energies. Tidal energy takes
advantage of water tides going back and forth through a turbine to produce electricity. OTEC
uses the temperature difference between deep (∼1,000 m) oceans and the surface in a heat engine.
Salinity gradient uses the difference in salinity where rivers flow into oceans. The first ocean
energy technologies were developed in the twentieth century, thoughwaterwheels have been using
tidal energy for centuries (82).

In 2020, the combined capacity of all ocean energy technologies amounted to 0.53 GW, pro-
ducing 0.001 PWh/year,mostly in Asia (0.26 GW) and Europe (0.24 GW) (59). Tidal represented
more than 80% of installed capacity, though no new project has been developed for more than
10 years (83). These technologies are at much earlier stages of development than other renewable
electricity–producing technologies. STEPS has an ocean energy capacity of 37 GW, forecasting
production of 0.10 PWh/year in 2050 (1).

The technical potential for electricity produced with ocean technologies is generally defined
as the amount of theoretical energy that could be captured by current or future technologies.
Fewer bottom-up approaches using global data have been developed in comparison to those for
other renewables. Most of the studies covered in this article refer to previous papers and reviews.
Older studies often use theoretical methods to determine theoretical and sometimes technical
potentials for different ocean resources (2, 5, 6, 45, 84–86). More recent studies use global data
and bottom-up approaches (5, 15, 30, 32, 46–54, 87).

The technical potentials for ocean technologies are as follows.Wave energy technical potential
estimates span two orders of magnitude, from 5.34 × 10−1 PWh/year (lower bound of Reference
54) to 1.75 × 101 PWh/year (45). The median of the studies is 4.04 × 100 PWh/year, and the
average is 4.48 × 100 PWh/year. Tidal energy technical potential estimates span two orders of
magnitude, from 1.00× 10−2 PWh/year (32) to 1.00× 100 PWh/year (upper bound of References
6, 7, 17, and 45). The median of all studies is 5.00 × 10−1 PWh/year, and the average is 4.89 ×
10−1 PWh/year. OTEC technical potential estimates span one order of magnitude, from 2.49 ×
101 PWh/year (8) to 1.23× 102 PWh/year (52).Themedian of all studies is 8.33× 101 PWh/year,
and the average is 7.87 × 101 PWh/year. Salinity gradient technical potential estimates also span
one order of magnitude, from 9.72 × 10−1 PWh/year (8) to 8.61 × 100 PWh/year (48). The
median of all studies is 1.97 × 100 PWh/year, and the average is 3.04 × 100 PWh/year (Figure 9).
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Figure 9 (Figure appears on preceding page)

Global wave (a), tidal (b), OTEC (c), and salinity gradient (d) technical potential estimates, in petawatt-hours (PWh) per year, based on
year of publication, in a linear scale. Each data point and its color represent a study. When studies report a range, maximum and
minimum values are connected by vertical lines. Shapes represent the type of method and approach. The gray and dark red lines
represent the average and median across studies, respectively. For papers estimating technical potential for a specific year, the time
horizon is in brackets in the legend. Abbreviations: AR, Assessment Report; GEA, Global Energy Assessment; IPCC,
Intergovernmental Panel on Climate Change; OTEC, ocean thermal energy conversion; SRREN, Special Report on Renewable
Energy Sources and Climate Change Mitigation.

Due to the small number of studies, the order of importance of factors explaining differences
cannot be accurately determined. Instead, we discuss papers and methods, and the main factors of
differences for each technology in no specific order.

For wave energy, an often-cited value is 2 TW or 1–10 TW, which “come[s] from deriva-
tion pioneered by Kinsman [88, pp. 150–54], who comments openly on the lack of rigour in his
methods, which are essentially inspired guesswork” (49, p. 296). In addition, most results found
in the literature are for theoretical and not technical potentials (2, 45, 84, 87). The only studies
that estimate technical potentials for wave energy (32, 49, 54) use wave power data from various
sources, exclude icy and protected areas, consider areas above a minimum amount of resource,
apply technological efficiencies, and consider the device capture front (comparable to the spacing
factor for solar technologies). The lack of original estimates precludes a clear understanding of
the sources of differences. The main inputs and factors explaining differences are data sets, the
capture front/width considered, methods of calculating coastline length, the minimum amount of
resource considered, capacity factors, and efficiencies.

For tidal energy, two early studies by Marchuk & Kagan (85) and Munk & Wunsch (86) de-
termined theoretical potentials. The literature often mentions 0.50–1.00 × 100 PWh/year as
the technical potential of tidal energy, and the source cited (45) is a review. This review cites
Hammons (89), who in turn cites Baker (90). These values cannot be found in Baker’s paper (90),
which focuses on specific sites located mainly in Europe. Hammons (89) might have extrapolated
Baker’s method to determine the global potential, but it is not explained or described in detail.The
study by Jacobson et al. (54) is the only recent study that uses its own methodology, based on an
earlier paper by the same authors (57). They use data that “provide[] estimates of the technical po-
tential for tidal power in 28 countries with relatively favorable conditions” (p. 93 of supplemental
information from 57). They then estimate the technical potential for other countries on the basis
of coastline length and use a nonlinear function with experimentally determined parameters that
seem to create “reasonable results” (54). Jacobson et al. find a technical potential of 0.1 PWh/year.
The lack of original estimates precludes a clear understanding of the sources of differences. Data
sets and methods are the main differences between studies.

For OTEC, older studies (91, 92) either estimate potential with limited description of their
methods and assumptions or cite earlier literature. Nihous (46, 47), Rajagopalan & Nihous (50–
52), and Jia et al. (53) perform original estimates by considering regions where the temperature
difference between the surface and 1,000 m depth was more than 18°C or 20°C and by taking the
technology’s efficiency into account. Building on an earlier study (46), Nihous (47) assumes a 1D
water column from surface to seafloor and ignores horizontal transport into and out of the water
column. Nihous (47) also considers temperature disruptions in the vertical water column to make
sure that the resource is truly renewable (analogous to the static versus dynamic component of the
geothermal resource) and assumes that the deep cold water is the limiting flow in the system (in
Reference 46 it was assumed to be the warm surface water). The two studies by Nihous (46, 47)
find a technical potential of ∼3 TW and ∼7 TW, respectively.
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Rajagopalan & Nihous (50–52) reviewed this method and used an oceanic general circula-
tion model for the first time to estimate the technical potential of OTEC. They accounted for
horizontal transport and realized that it slows down the “local erosion of the water column’s
thermal stratification as OTEC flow intensity increases” (51). The difference between their three
studies is that the third (52) accounts for higher spatial resolution and geographical constraints,
such as distance from shore. Their second study (51) does not consider geographical limits, and
the first (50) uses a low spatial resolution. These authors find 30 TW (50), 14 TW (51), and 12–
14 TW (52). The first two results differ significantly because the maximum potential depends on
temperature difference and flow intensity. Higher resolution allows for more accurate tempera-
ture feedback (how accurately the temperature difference changes, depending on flow intensity).
Temperature difference changes are minimized at lower flow intensity with higher resolution, so
even though temperature differences remain more constant in the 1° × 1° model, flow intensity
decreases more, leading to a smaller technical potential (51).

Two of the studies by Nihous (47) and Rajagopalan &Nihous (52) built on and were published
soon after Reference 46 and References 50 and 51, respectively; therefore, we do not represent
the latter three references (46, 50, 51) in the figures. Jia et al. (53) add to the method proposed
earlier (52) by adding ocean–atmospheric interactions, such as long-wave radiation and horizontal
atmospheric transport. This study obtained values of 7.2–9.3 TW. The small number of original
estimates makes it difficult to determine an accurate technical potential. The dynamic component
and how it is considered (e.g., 1D model, horizontal transport, ocean–atmospheric exchanges),
geographical constraints, and limiting flow primarily explain the differences in results.

Regarding salinity gradient, only a few studies (5, 8, 15, 30, 48) obtain a technical potential.
Skilhagen et al. (30) do not explain their method; they simply state that the exploitation potential
as 1.66 PWh/year.Both Stenzel&Wagner (15) andKuleszo et al. (48, summarizing 93) perform an
analysis based on global data using a bottom-up approach. They look at seawater and freshwater
temperature and salinity, river discharge, and other parameters, and they account for technical
specifications such as efficiencies. Both Hoogwijk & Graus (5, p. 32) and Rogner et al. (8, p. 503)
use similar, simple methods, stating that “the global discharge of fresh water to seas is about 44.500
km3 per year,” and then use simple assumptions. Hoogwijk & Graus (5, p. 32) assume that “20%
of this discharge can be used for osmotic power.” Rogner et al. (8) explain that there is a potential
energy of 2.35 MJ/(m3·s) in this discharge and, therefore, that 105 EJ/year (∼29.2 PWh/year)
could theoretically be extracted. They assume that 10% of this theoretical potential is technically
feasible. Again, there are too few original estimates, and it is difficult to determine the sources of
the differences. Methods and efficiencies are currently the main assumed sources of differences.

8. ECONOMIC AND FEASIBLE POTENTIAL

Economic potential is defined consistently across the literature (2–5, 8–10, 12–14, 16, 24, 26, 28) as
the amount of the technical potential that can be produced below a certain cost. The cost thresh-
olds vary across studies. Costs are typically represented by the levelized cost of electricity (LCOE)
of a grid cell, which is calculated by dividing annualized costs by the electricity produced. Annual-
ized costs include the capital costs of installed capacity (i.e., the initial cost of building, installing,
and financing) as well as operation and maintenance costs. The capital costs are annualized using
an annuity factor or capital recovery factor (CRF),

LCOE = CRF × I +O
E

,

where LCOE is in dollars per kilowatt hour, I is the investment cost (in US dollars or euros,
depending on the study), O refers to operation and maintenance costs (in dollars or euros per
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year), and E is the electricity produced (in kilowatt-hours per year). CRF is defined as follows:

CRF = i(1 + i)n

(1 + i)n − 1
,

where i is the discount rate and n is the number of years for which the technology will be operating.
Other similar metrics, such as dividing the net present value of the costs by the discounted

electricity generation, are also used. This approach and the one described in the equation above
will lead to slightly different results.

The discount/interest rates used in these studies range between 6% and 12.5%. While the
lifetime varies among technologies, studies tend to agree within each respective technology. The
dollar values reported pertain to different years, and the capital cost assumptions are highly
dependent on the year of analysis. Investment costs of renewables have drastically decreased over
the last two decades, especially for solar PV (69), so earlier estimates are quite outdated.

Some differences between economic potentials come from the numbers used for specific in-
vestment costs, operation andmaintenance costs, discount/interest rates, and technology lifetimes.
However, these tend to be relatively similar between studies. Most differences in economic po-
tential arise from the original differences in technical potential, since studies use the technical
potential as the energy produced in the cost of energy calculations. Because most of these costs
and technical potentials are fairly outdated, we do not include figures showing these results here
but rather summarize the findings and figures in Supplemental Table 10 and Supplemental
Figures 1–3. The Sixth Assessment Report of the IPCC does provide some estimates of potential
for different electricity generation technologies and sources at different price points (see figure
TS.23 of Reference 94).

The Sixth Assessment Report chapter on energy systems (69) provides recent estimates of
current LCOEs for different technologies: 1.94–16.30 ¢/kWh for utility-scale solar PV, 4.14–
23.60 ¢/kWh for rooftop PV, 4.62–15.60 ¢/kWh for CSP, 2.60–7.08 ¢/kWh for onshore wind,
5.04–19.10 ¢/kWh for offshore wind, 2.01–33.1 ¢/kWh for hydropower, and 4.53–38.18 ¢/kWh
for geothermal electricity (all amounts are in 2020 US dollars). Another recent study (83) shows
that for ocean-based electricity generation the LCOEs are 30–55 ¢/kWh for wave electricity (83)
and 20–45 ¢/kWh for tidal (83).The same study also finds that OTEC and salinity gradient energy
are not yet mature enough and do not yet have representative LCOEs (83).

While some studies do not calculate the economic potential, they provide results that are a good
proxy for this potential. For example, Zhou et al. (24) state that for onshore wind, a capacity factor
of 30% represents a cost of 11 ¢/kWh, establishing a relationship between resource quality and
cost. Eurek et al. (19), Arent et al. (23), and Jacobson et al. (54) provide capacity factor categories
but do not convert them into equivalent economic potentials. In addition, Bosch et al. (18, 25)
provide the technical potential for the best 25% of the resource area. In another approach,Dupont
et al. (33, 34) analyze the energy return on investment (EROI); these authors look at the energy
required to produce, install, and retire solar or wind technologies and compare it with the energy
produced by these technologies over their lifetimes. This procedure results in technical potential
per EROI threshold; an EROI of 3 means that the technology produces twice as much energy as
it requires. A certain EROI could also represent an economic threshold.

Finally, some studies venture to estimate a feasible potential. Feasible potential is often
defined differently across studies, for example, as “realistic or constrained technical,” “realizable,”
“market,” “ecological,” “practical,” “exploitable,” “implementation,” “remaining economic po-
tential,” or “sustainable” potential. The definitions of this potential usually incorporates features
such as social and institutional dynamics, policies, ecological constraints, land competition, fuel

442 Angliviel de La Beaumelle et al.

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

02
3.

48
:4

19
-4

49
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

20
01

:6
10

:4
50

:a
0:

:5
:7

2 
on

 1
2/

22
/2

3.
 S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 

https://www.annualreviews.org/doi/suppl/10.1146/annurev-environ-112321-091140


EG48CH16_deLaBeaumelle ARjats.cls November 1, 2023 12:1

competition, and a time frame. Other studies use scenarios, and the contribution of each renew-
able to the results could also be considered a feasible potential. The only two studies that perform
this analysis on a global scale for utility-scale PV are those by de Castro et al. (95) and Deng et al.
(96); the latter is the only one for rooftop PV, CSP, onshore wind, and offshore wind. Studies by
Zhou et al. (12), Björnsson et al. (13), Gernaat et al. (26), and Deng et al. (96) estimate a potential
similar to feasible for hydropower. Aghahosseini & Breyer (14) and Deng et al. (96) do the same
for geothermal, as do Stenzel & Wagner (15) for salinity gradient (see Supplemental Figure 4
and Supplemental Table 11).

Deng et al. (96) are the only authors to perform this analysis across different technologies.
However, they qualify their results as a “realistic or constrained technical potential” that includes
“acceptance, cost, competition with other uses or remoteness.” Other studies (e.g., 15, 95) do not
consider the economic aspect of the resource.

9. CONCLUSION

Table 2 shows the technical potential for each of the energy sources and technologies based on
this review. Technical potentials for utility-scale solar PV, CSP, onshore wind, offshore wind, and
potentially geothermal and OTEC are larger than the projected electricity demand in 2050 of
43.7 PWh/year according to STEPS or 62.2 PWh/year according to the NZE scenario (1).

The differences between results for each technology are due mostly to the following factors:

■ Utility-scale solar PV: land type suitability factors or available area, spacing, panel angles,
data set temporal and spatial resolution, and conversion efficiencies.

■ Rooftop solar PV: methods, conversion efficiencies, panel angles, data set temporal and
spatial resolution, and spacing.

■ CSP: storage, suitability factors, conversion efficiencies, ratios of covered area to ground
area, power density versus irradiance data, minimum irradiation, and data set temporal and
spatial resolution.

■ Onshore wind: spatial and temporal resolution of wind speed data,measurement height, hub
height, power density, capacity factors,minimum amount of resource,methods, turbine size,
and time horizon.

Table 2 Technical potential for each technology based on this review

Technology Technical potential (PWh/year)
Utility-scale solar PV >100
Rooftop solar PV >10
CSP >100
Onshore wind >100
Offshore wind >100
Hydropower >10
Geothermal >10 (or more if EGS is considered)
Wave >1
Tidal >1
OTEC >10
Salinity gradient >0.1

Abbreviations: CSP, concentrated solar power; EGS, enhanced (engineered) geothermal systems; OTEC, ocean thermal
energy conversion; PV, photovoltaics.

www.annualreviews.org • Potential of Renewable Electricity 443

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

02
3.

48
:4

19
-4

49
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

20
01

:6
10

:4
50

:a
0:

:5
:7

2 
on

 1
2/

22
/2

3.
 S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 

https://www.annualreviews.org/doi/suppl/10.1146/annurev-environ-112321-091140


EG48CH16_deLaBeaumelle ARjats.cls November 1, 2023 12:1

■ Offshore wind: maximum depth (fixed-bottom only versus fixed-bottom and floating), dis-
tance from shore, power density, capacity factors, minimum amount of resource, methods,
turbine size, data sets, measurement height, hub height, and losses.

■ Hydropower: data sets and spatial resolution.
■ Geothermal: maximum depth (EGS included or not), dynamic components, minimum

temperature, and efficiencies.
■ Wave: data sets, capture front/width, coastline length, minimum amount of resource,

capacity factors, and efficiencies.
■ Tidal: data sets and methods.
■ OTEC: dynamic component, energy transport (1D models, horizontal transport, ocean–

atmospheric exchanges, etc.), geographical constraints, and limiting flow.
■ Salinity gradient: methods and efficiencies.

In the future, estimates of potential for renewable electricity can make use of new andmore de-
tailed data on localized and temporally specific resources and exclusion factors, as well as updated
technology specifications and costs. In addition to this more traditional approach, researchers
should consider novel challenges associated with large-scale integration of renewable resources.
These include how to cope with variability and intermittency, investments in long-distance
transmission,mineral scarcity, the need for flexible generation or storage that has fast ramping ca-
pability, the need for other services such as frequency and inertia, and how electricity-generating
technologies will need to operate under specific market designs. Although these parameters are
complicated to account for on a global scale, researchers have moved toward such modeling ap-
proaches under the net-zero and low-carbon electricity scenarios. Such literature is only now
emerging.

SUMMARY POINTS

1. The technical and economic potential of renewable energies is much larger than the
predicted 2050 electricity demand (both STEPS and NZE scenarios).

2. The range of estimates for each renewable’s technical potential is very large and comes
from differences of assumptions and data used from one study to another.Understanding
where exactly most of the differences come from is quite challenging.

3. Individually, each of utility-scale solar PV, CSP, onshore wind, and offshore wind have
larger technical potentials than the STEPS or NZE 2050 electricity demand.

4. Hydropower is the renewable technology that has proportionally tapped the most of
its technical potential (approximately 1/3). More potential exists in certain regions, but
its technical potential could not power the whole world in 2050. In addition, this re-
source is expected to be more impacted by climate change than others due to the rise
in temperature and the increase in frequency of extreme events such as droughts or
floods.

5. Geothermal technical potential could be larger than the electricity demand in 2050 (both
STEPS andNZE scenarios) if EGS became viable. If not, it still has a technical potential
on the same order of magnitude as hydropower.

6. Wave, tidal, and salinity gradient have smaller technical potentials, but each could play a
role locally.OTEChas a large technical potential but is notmature enough to understand
its economic or feasible potential.
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7. Economic potential analyses on a global scale are complicated and usually do not capture
all aspects of renewable deployment, such as coping with variability and intermittency,
transmission constraints, and mineral scarcity.

8. There are few feasible potential studies, and incorporating social and environmental con-
straints is quite challenging. It seems that such studies have been replaced by modeling
under certain scenarios of development.

FUTURE ISSUES

1. Most technical potential estimates are based on outdated data, and future studies could
make use of newer, more accurate data sets.

2. Economic potential studies might try to incorporate more aspects of renewable energy
use, such as transmission or storage.

3. Feasible potential estimations are extremely hard to perform on a global scale, where
societal and environmental specifications vary from one region to another. Performing
such analyses on a more granular scale and then aggregating over the whole world could
produce more accurate results, though this would be complicated to accomplish.

4. Researchers have moved toward modeling under scenarios of development that might
represent a new definition of feasible potential.

5. The amount of resource and technical potential is much larger than what human-
ity needs. Future research needs to focus on how to access this potential in a just,
environmentally friendly, equitable, and economically viable way.
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