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Although our knowledge of climate change impacts on energy systems has increased substantially over the past few decades,
there remains a lack of comprehensive overview of impacts across spatial scales. Here, we analyse results of 220 studies pro-
jecting climate impacts on energy systems globally and at the regional scale. Globally, a potential increase in cooling demand
and decrease in heating demand can be anticipated, in contrast to slight decreases in hydropower and thermal energy capacity.
Impacts at the regional scale are more mixed and relatively uncertain across regions, but strongest impacts are reported for
South Asia and Latin America. Our assessment shows that climate impacts on energy systems at regional and global scales
are uncertain due partly to the wide range of methods and non-harmonized datasets used. For a comprehensive assessment
of climate impacts on energy, we propose a consistent multi-model assessment framework to support regional-to-global-scale

energy planning.

Change (IPCC) and other studies have shown that the

energy sector not only contributes to climate change but is
also vulnerable to climate change'~. These impacts are related to
different aspects of energy systems, including energy supply and
demand, but also to cost and transport of energy.

On the supply side, renewable energy sources including bio-
energy, and hydro, solar and wind power are impacted by climate
change in varying degrees due to changes and variability in precipi-
tation, temperature, wind speed and solar irradiation®*~". Thermal
power plants (for example, fossil fuel, biomass and nuclear) face
temperature-related impacts on cooling systems and, less substan-
tial, on turbine efficiency®. With changes in climate, impacts on ther-
mal power plant may be exacerbated due to national and regional
environmental regulations on cooling water withdrawal, consump-
tion and release into natural water bodies, which may result in power
generation curtailments®’. Climate change and climate extremes
can also affect the resilience of energy systems and the reliability of
energy supply, via impacts on transmission systems or infrastructure

!! ssessments of the Intergovernmental Panel on Climate

siting®'!-". Furthermore, climate change may impact energy supply
potentials (for example, for bioenergy) although impacts on land use
and competition with other sectors such as food production'.

On the demand side, climate change influences energy demand
by affecting the duration and magnitude of diurnal and seasonal
heating and cooling requirements”. Finally, climate change may
impact energy systems indirectly by affecting cross-sectoral com-
petition for resources, such as water for producing hydropower,
for cooling thermal power plants and/or for uses such as domes-
tic supply, freshwater ecosystems, irrigation and manufacturing'e.
This could indicate additional energy demand for alternative water
sources, such as for desalinization.

Understandably, energy systems can also adapt to climate change
impacts. Adaptation mechanisms may include reducing energy
demand, reducing water demands for cooling operations through
alternative cooling technologies (that is, recirculating versus
once-through), increasing energy generation capacity and energy
storage'’. The vulnerability of the energy sector can also be reduced
by changes in the mix of electricity generation technologies’.
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Fig. 1] Conceptual framework of our assessment of climate change impacts on energy systems, based on past studies. Energy systems include supplies
for primary energy from hydropower, solar energy, wind power, bioenergy, other renewables, nuclear power and fossil fuels. It also includes the conversion to
secondary energy sources (power plants), electric power grids and transports, as well as energy demand in buildings, transport and industry. Box elements
shown in various colours in the figure show association/matching of direct drivers and energy systems. For example, hydropower is driven mainly by

runoff, and thermal power plants (thermal p-plants) are mainly driven by water temperature, and hence with respective matching colours. Box element

‘Air Temperature’ is not matched to a single other element due to its potential impact of energy systems in more than one box. Box elements in
grey-coloured boxes are not discussed here (as much less information is found in the literature). CDD, cooling degree days; HDD, heating degree days.

In the last two decades, an increasing number of studies have
quantified the potential impacts of projected climate change on the
energy sector. However, a recent systematic analysis of the literature
is lacking. Given the growing literature on climate change impacts
on the energy sector, a synthesis of climate impacts on energy sys-
tems using scenario results from the existing literature and explora-
tion of potential assessment frameworks particularly at regional and
global scales is necessary.

Here, we review the literature on projected climate change
impacts on regional and global energy systems. We synthesize the
potential climate change impacts on energy systems at regional
and global scales, and we show that climate change impacts vary
largely per region and per energy source. Overall, this study iden-
tifies regional and global-scale knowledge gaps on climate change
impacts on energy systems and provides insight that can guide
future research and assessment frameworks.

Current understanding of energy sector vulnerabilities
Several papers have reviewed the literature on specific segments of
energy systems (we use the term ‘energy systems’ to refer to all com-
ponents related to the production, conversion, transport and use
of energy", see Fig. 1). These include reviews of climate impact on
hydropower, solar'’, wind®, bioenergy*, thermal power, cooling
and heating®, costs and electricity markets”~**, critical infrastruc-
ture’® and multi-segment impacts>*,

In this study, climate change impacts on energy systems are ana-
lysed using results from a total of 220 papers published between the
years 2002-2019 (see Supplementary Table 1). Impacts on energy
systems are analysed here in terms of impacts on the supply, demand
and integrating systems. The supply side concerns renewable energy
potentials from solar, wind and bioenergy, as well as thermal power
plants in general. The demand side concerns heating and cooling
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demands. Integrating systems include costs and transport/transmis-
sion systems.

Our review shows that the number of publications has strongly
increased in the last eight years, from only a few papers per year
to more than 30 in 2019, indicating a notable increase in interest
on the topic (Fig. 2b). The topic studied most in relation to climate
change impacts on energy is hydropower, accounting for about
one-third of the reviewed publications (Fig. 2a). The second largest
topic discussed in the literature on climate change impacts relates to
impacts on energy systems in general. The third largest topic covers
papers examining climate impacts on demand for heating and cool-
ing. About one-third of all papers are well cited (>25 times, Fig. 2a).

In the following sections, we summarize the state of knowledge
on the impacts of climate change on energy systems on the basis of
findings from our analysis.

Impacts on energy systems

On the supply side, the impacts of climate change on hydropower
result from changes in precipitation, evaporation and resulting
runoff patterns that affect the variability and volumes of stream-
flow”*. Most studies investigating climate change impacts on
hydropower focus on regional (that is, river basin or country)
scales and find differentiated impacts of climate change across
regions, with a prevalence of projected decrease in hydropower
potential’** (Fig. 3). Studies of hydropower on a global scale typi-
cally show both positive and negative climate change impacts in
different regions, leading to a small aggregated decrease in poten-
tial”~. With many of these studies, notable seasonal variability
and uncertainty in climate change impacts on hydropower gen-
eration have been reported on various regions and magnitudes
of impacts on individual plants level relative to the regional and
global level**.

795


http://www.nature.com/natureenergy

ANALYSIS NATURE ENERGY

a
> 50
]
>
2 40
®©
o
2 30
<
& 20
© .
Q
S 10 *
e}
s e o]

0 B T T T T T T T T

Hydro Solar Wind Bioenergy Thermal HD&CD Cost Others

b 40
5 30 Category
% 25 Combined
[ == Hydro
% 20 == Solar
5 Wind
S 15 == Bioenergy
Q == Thermal
5 10 - HD&CD
(] == Cost
Zz 57 == Others

O -

T T T T T
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Year

Fig. 2 | Number of papers published from 2002 to 2019 about climate change impacts on renewable energy supply, energy demand and integrating
energy systems. a,b, Sorted by energy sources and/or relevant topics (a) and by year (b). ‘CD’ denotes cooling demand, ‘HD' denotes heating demand,
‘Others’ covers transmission, investments and generic assessments. The blue dot on each bar represents the number of publications with more than 25
citations. The choice of 25 as a threshold was taken somehow arbitrarily and irrespective of year of publication to provide a simplified indication of what
proportion of the papers were well cited. However, please note that more recent but potentially high impact papers may have citations fewer than the

stated threshold and may have been undervalued in the graph.

Studies typically report unremarkable or small positive effects of
climate change on regional solar power potentials as a net result of
changes in irradiation and temperature*'~*, with conflicting changes
across simulation ensembles in some cases*’. The findings of climate
impacts on wind power potential are mixed (Fig. 3), with diverging
results across regions as well as between studies. For Europe, for
instance, both increases and decreases are reported*>*°~>°. More spe-
cifically, wind power decreases are reported particularly for south-
ern Europe'*, while slight increases in wind power are projected
for central and northern Europe®. Some regional studies found a
low probability of wind power changes for South Africa*, whereas
others reported favourable future wind power conditions for parts
of the United States and Brazil*'~**. However, a recent global study
showed increasing wind energy potential in the Southern hemi-
sphere in general’.

Results of climate change impacts on bioenergy potential are
typically mixed*®”’”. A key element refers to the effect of CO, fer-
tilization (which could lead to an increase in potential), associated
with temperature and precipitation impacts (decrease) and compe-
tition with other land uses as a result of climate change®®. Thus, the
quantification of climate impacts on bioenergy remains complex
due to uncertainties associated with regional variation, and future
land and water availability?'.

Climate change is expected to reduce cooling-based thermal
power capacity through reduced streamflow, warming ambient and
streamflow temperatures (Fig. 3). Global assessments of the vulnera-
bility of the current freshwater-cooled thermoelectric plants project
that more than 80% of plants world-wide will show some reduction
in usable capacity’. A number of studies have shown increasingly
negative effects of climate change on thermoelectric power plants
in Europe and the United States®**'. However, the effect of reduced
available capacity of thermal power plants on the power system, in
terms of emissions, cost and reliability, may become less impor-
tant as we go towards more renewables, and is thus dependent on
future capacity expansion and market scenarios®. Few studies have
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explicitly included the impacts on thermal power plants with car-
bon capture and storage®, which are expected to have increased
cooling water requirements.

On the demand side, a large body of literature has studied cli-
mate change impacts on energy demands for heating and cooling
at regional or global scales, with a major focus on the residen-
tial sector'>?**>. Applying either econometric approaches or
process-based approaches, these papers generally report decreases
in heating demand in cold regions and increases in cooling demand
in warm regions'>*>°>¢”73747¢_ Furthermore, the seasonal impact of
climate change on energy demand is anticipated to result in reduced
demand for electricity during the cold season and a higher demand
during the warm season®’’-%. The net effect of global energy use is
reportedly small, especially in earlier studies’, due to compensation
of decreases in heating demand by increases in cooling demand.
However, more recent work point at larger net impacts once impacts
on non-residential sectors, such as industry and commercial, as
well as the amplification effect of air conditioning penetration are
considered®’. The most substantial impact on energy demand, par-
ticularly in the built environment, is anticipated to occur in the hot
summer and warm winter climates™. Increases in cooling demand
also depend strongly on socio-economic development such as the
affordability of space cooling, energy prices, building stock and
adaptation practices’*>*. Furthermore, climate extremes are antic-
ipated to escalate energy demands**. Extreme weather events,
both heatwaves and cold spells, can test system reliability by driv-
ing energy demand to its limits, for example, for cooling or heat-
ing, respectively”. It is indicated that future energy peak demand
may increase more than energy consumption®. However, energy
demand projections involve a number of uncertainties, particularly
in relation to user behaviour’-* and large-scale retrofitting projects
in the built environment, which can all affect the design and perfor-
mance of future energy systems””.

On integrating systems, climate change can affect the future per-
formance, price and availability of existing plants through impacts
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Fig. 3 | Climate change impacts on energy systems. a,b, Impacts per future warming levels (a) and by scenario years/period (b), as reported by studies on
global and regional spatial scales. The box plots display a five-number statistical summary of the data set: minimum (end of line, left), first quartile (end

of box, left), median (midline in the box), third quartile (right from midline in the box) and maximum (end of line, right). Dots represent individual studies,
and boxes represent interquartile ranges. Dots outside the lines are statistical ‘outliers’. ‘Others’ denotes generic assessments and transport/transmission.

on demand and supply’>”. At the same time, climate change could
also lead to a more synchronized load profile (for example, cool-
ing demand increasing when photovoltaic supply peaks). In the
literature, some studies have looked at the impacts on energy
systems as a whole in terms of total costs’**. Furthermore, stud-
ies’* have reported that hydropower plants in Latin America, as
well as in Europe and the Middle East, are likely to need additional
investments to mitigate climate change impacts on electricity infra-
structures. There are also reports suggesting that countries such as
Bhutan, Canada and Norway will require less power sector invest-
ment as a result of increased runoff for hydropower generation,
whereas others found about 5% increased costs in the cost-optimal
system design for Europe when climate impacts on hydro, solar and
wind power capacity factors are taken into account.

The climate change impacts discussed so far may have notable
implications on the reliability of energy systems as a whole. The
increasing impacts of extremes on supply and demand will have
consequences for system reliability. Climate change affects expen-
ditures such as for adaptation, storage and/or generation of energy.
Expenditure on heating and cooling has been indicated to vary
regionally: net expenditure will decrease in regions where heat-
ing demands currently dominate and will increase in areas where
greater demand for space cooling is currently required’**"%. The
expected change of the frequency and strength of climate extremes
as well as changes in variability can affect costs of energy in general
(investment or consumption) and associated critical infrastructures
in particular?#4#>97-101,

The energy sector is, therefore, potentially highly impacted
(alongside industry and transport), with thermal electricity genera-
tion bearing most of the risk from heatwaves and droughts, while
transmission and renewable technologies are more risk-sensitive to
cold waves, wildfires, flooding, heavy snow, ice storms and wind-
storms. Peak energy demands in summer coinciding with reduced
transmission and distribution capacity at higher temperatures
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are also expected to bring challenges to operation of electric-
ity grids'™ Cascading effects during extreme events, such as
flooding and other environmental hazards (for example, tropical
cyclones), may result in power grid and transmission line disrup-
tions'*'””. This can lead to cross-border effects, as was recently
the case when the damages of cyclone Idai to the Mozambique’s
power grid resulted in blackouts in South Africa (https://www.cf
r.org/blog/south-africas-blackouts-demonstrate-need-distributed-
energy-resources).

Regional impacts

Our analysis of results from the reviewed papers shows large
regional differences in climate change impacts across almost all
energy technologies. While this sometimes reveals real geographic
differences in the manifestation of future climate change, in other
cases methodological differences between studies may also play a
role (see Methods for details).

Changes in hydropower potential are mixed in most regions and
mostly depend on the projected climate change patterns across dif-
ferent studies. In general, substantial reduction of potential is pro-
jected for Latin America and South Asia, and a smaller reduction for
Western Europe, the Middle East and North Africa. Hydropower is
the only renewable energy source for which the current literature
provides a more complete picture for all global regions, whereas
studies on the other renewables have large gaps in regional coverage
(Fig. 4). Further details on the number of studies per region and per
topic are presented in Supplementary Table 2, and Supplementary
Fig. 1 shows regions of the spatial aggregation used here.

The results are mixed for bioenergy, solar and wind power poten-
tials, and often information is still lacking. On the basis of studies
on existing plants, thermoelectric potential on a global scale and
in Europe shows a reduction in capacity mainly due to rising water
temperatures. However, this prospect may change with the poten-
tial retirement of less efficient steam plants and the introduction of
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Fig. 4 | Climate change impacts on energy systems averaged across studies, presented per region from results of the reviewed studies. Cells with a red
background represent large decreases. Cell colours transitioning from yellow to orange indicate slight decreases. Cells with a blue background represent
large increases, and colours transitioning from yellow to blue indicate slight increases. Blank spaces in cells represent 'no studies’ in the associated regions
and energy systems, indicating that some regions are in clear need of more studies relative to others.

newer, more efficient plants in the future. For heating and cooling
demand, the Latin America, South Asia and Pacific Organisation
for Economic Co-operation and Development regions stand out for
having a clear increase in cooling demand.

Results of climate impacts on costs show mixed results at the
global level, but mostly increased costs at the regional level. This
counterintuitive result is most likely a result of the limited number
of studies. This highlights the need for more comprehensive regional
studies, which could better inform global-scale assessments.

Furthermore, large differences exist between the results of
individual studies, leading to opposing signals of climate impacts
on energy systems that cancel each other out while being aggre-
gated (see Methods). As a result, the degree of uncertainty of the
long-term modelling outcomes of climate change impacts on energy
has not been well investigated®, and thus high uncertainties remain
in our understanding, even regarding the available model results.

Key gaps and the way forwards

This analysis shows that despite the fact that more than 200 papers
looked at climate impacts on energy systems: until now, relatively
few comprehensive papers have been published on the impacts of
climate change on energy systems as a whole. This is in contrast
to the number of papers on climate change impacts in other sec-
tors, such as in agriculture and water. The use of diverse method-
ologies in the energy sector studies also limits the comparability
of climate change effects across different studies. We briefly dis-
cuss these systematic shortcomings next and recommend possible
steps forwards.

The analysis shows that a wide variety of temporal and spatial
scales, climate scenarios and warming levels were used in the litera-
ture. This makes the comparison and/or synthesis of results from
different studies difficult. Moreover, very little inter-method or
inter-model comparisons have been done to understand the under-
lying uncertainties. As studies are typically done using a single
energy model and climate change scenario—it means that often for
individual technologies and regions different models and scenarios
are used, making it difficult to provide a comparable assessment.
Furthermore, the role of spatial scale and resolution in climate
change impact assessment has hardly been investigated'*’. Proper
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accounting of climate impacts on energy systems would require a
harmonized effort using consistent inputs and methods across all
scales and looking into the relevant uncertainties. As such, the energy
sector can learn from the systematic model inter-comparison and
multi-model assessments on climate impacts on the agriculture and
the water sectors'®~'"". Such inter-comparisons allow for exchange
of sectoral knowledge, improvement of the quality and consistency
of input and output datasets, and critical examinations to reduce
epistemic uncertainties that arise from different structural and para-
metric configurations of the involved models. While model com-
parison for energy scenarios (from energy models and integrated
assessment models) also has a long-standing tradition (for example,
in the context of the Energy Modelling Forum, https://emf.stanford.
edu/), this is still absent for climate change impacts analysis. Model
inter-comparison studies of climate impacts are particularly impor-
tant in view of the anticipated increase in the adoption of renewable
energy, which is highly sensitive to climate change.

Furthermore, energy systems are connected to the consump-
tion and production of food and water, that is, water-energy-food
nexus. Climate change impacts can influence this nexus. There are
also relevant links to biodiversity (for example, regarding large-scale
ramp-up of bioenergy or hydropower), sea-level rise and its effect on
coastal energy infrastructure, and the impact of permafrost thawing
on oil and gas resource availability. This implies that it important
to study the energy sector in an inter-sectoral approach, which will
require modelling energy sector impacts at the same spatial scale as
other impacts.

The previous paragraphs discussed the importance of assessing
climate impacts by comparing energy system models using consis-
tent climate inputs and consistent spatial and temporal scales. This
would require a systematic and harmonized assessment based on
the results of multiple global climate models, hydrological mod-
els, land-use models or regionally downscaled versions of these, in
combination with different socio-economic scenario pathways.

One way to do this would be using a global integrated scenario
framework similar to the RCP (representative concentration path-
way), the SSP (shared socio-economic pathways) framework!®.
The advantage of such a framework in the context of climate
change impacts on energy is that it facilitates comparability across
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studies and provides a consistent framework to quantify climate and
socio-economic uncertainty'®''°. The wide use of these scenarios
for other issues and regional studies also allows the use of similar
assumptions at the regional and/or global scale. Finally, using such
a framework enables a systematic evaluation of the socio-economic
implications of climate change impacts on energy'''. Harmonized
studies from such frameworks are crucial not only to present a com-
prehensive overview of the potential impacts of climate change on
the supply, demand or integrating energy systems, but also to distin-
guish between structural (arising from different model structures)
and statistical (arising from different assumptions) uncertainties
prevalent in current assessment results.

The RCP/SSP matrix can be combined with a set of consistent
data from different climate models for climate variables such as
solar radiation, temperature, wind speed and other derived prod-
ucts such as biomass yield, land-use suitability and runoff from har-
monized input sources. This can be done using data and protocols
developed for earlier assessments, in particular the Inter-Sectoral
Impact Model Inter-Comparison Project (ISIMIP)'”. As a poten-
tial framework for assessing climate change impact on energy at a
macro-regional and global scales, we propose the ‘ISIpedia-energy
protocol” approach. The protocol, which is currently implemented
by several regional and global energy models to simulate energy
scenarios (see Supplementary Table 3), harmonizes climatic and
socio-economic inputs for energy modelling in line with the speci-
fications of ISIMIP.

In the proposed assessment, a distinction is made on the climate
impacts on renewable energy sources, that is, hydropower, solar,
wind and bioenergy, and the subsequent impacts for energy systems
as a whole (requiring to look at all impacts together). The first step
could identify hotspot for various renewable energy supply in terms
of aggregated climate change impacts on technical and economic
potential at regional as well as global scales. Energy models and
integrated assessment models can subsequently be used to assess the
implications for future energy system development by using harmo-
nized, consistently bias-corrected climate change input data, shared
socio-economic scenarios including consistent land-use input, har-
monized CO, emission scenarios and harmonized temporal and
spatial resolutions. The involved models report results in an ensem-
ble manner so that the uncertainty bounds of climate change impact
on energy from the different multi-model inter-comparisons results
can be represented and visualized clearly. Note that although we
focused on impacts of gradual changes in aggregated climate param-
eters in this proposed framework, multi-model inter-comparison
experiments on climate extremes can be important as well, and can
create a more comprehensive picture of climate impacts on energy
systems. However, such analysis may require different models and
model specifications'.

The results of the proposed analysis framework could provide
important inputs for the Sixth Assessment Report of the IPCC
(AR6) and the processes surrounding the implementation of the
Paris Agreement. Furthermore, the results can be used for stud-
ies relating to the implementation of the Sustainable Development
Goals (SDGs), in particular synergies and trade-offs between
SDG?7 (affordable and clean energy) and SDG13 (climate action).
Our review and the ISIMIP-based energy modelling protocol
proposed here for inter-comparison of energy systems model-
ling projections will not replace more detailed and local-scale
studies, which continue to push the state-of-the-art analysis of
risks, benefits and adaptation measures in relation to climate
change impacts at operational/local scales. However, a consistent
multi-model analysis of energy sector’s vulnerability using harmo-
nized input is of utmost importance to obtain a more comprehen-
sive understanding and to develop effective strategies to reduce the
energy sector’s vulnerability to climate change at the regional and
global levels.
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Methods

We conducted a literature search in in Scopus, Web of Science, Science Direct and
Google Scholar. The search terms returned a total of more than 4,000 articles.
After reviewing the broad range of articles based on their titles and abstracts,

we narrowed our search criteria to select studies focusing only on the impacts of
climate change on energy systems.

Literature selection. The literature filtering criteria was based broadly on
representation of: (1) the near (2,050), medium (2,080) and/or far (2,100) future
scenarios; (2) clearly stated emission scenarios and/or warming levels and

(3) national/regional and/or global analysis. Generic studies with no explicit
mention of impact period, emission scenarios and/or warming levels were chiefly
excluded from the review, while those with relevant statistics were included on
‘Others’ section of this review. Furthermore, micro-level and plant-based studies
were not included in this review in favour of those with more national/regional
and global coverages.

The search terms used for this are: ‘climate impact energy’, ‘climate impact
electricity, ‘climate impact transmission, ‘climate impact power generation, ‘climate
impact electricity generation, ‘climate impact power production; ‘climate impact
power supply; ‘climate impact renewable energy), ‘climate impact solar energy,
‘climate impact hydropower energy, ‘climate impact wind energy, ‘climate impact
heating cooling energy;, ‘climate impact energy expenditure, ‘climate impact energy
cost), ‘climate impact economy, ‘climate impact energy consumption, ‘climate
impact energy supply), ‘climate impact energy demand, ‘climate impact bioenergy,
‘climate impact biomass energy), ‘climate impact energy transport, ‘climate impact
energy transmission, ‘climate impact energy grid, ‘climate change energy price’ and
‘climate impact energy performance’ The papers included in this review are listed
in Supplementary Table 1.

Regional aggregation. We classified the identified articles according to their
focus into energy supply (that is, bioenergy, hydropower, solar, wind and thermal
power sources), energy demand (impact on cooling and heating demand) or
integrating systems including costs, and transport/transmission of energy (Fig. 2).
Note that climate change impact on traditional primary extractive industries
(for example, coal, oil and gas) were not included and no assessments at the
regional or global scale in the academic literature was available in this topic,
although they do exist in the industry.

Further, we classified the identified articles into aggregated global regions
(see Supplementary Note I for the list of countries aggregated in each region).
It is understandable that regional definitions and aggregations could present the
risk of lumping opposing climate impact signals in different countries in similar
regions (which could lead to a cancelling out of climate impacts). We applied
an 11 global regions definition in this study to provide a reasonable overview of
trends and potential climate change impacts on energy systems in global and
larger world regions.

Analysis. After selecting and classifying the identified papers, we conducted a
meta-analysis and generated the number of papers published per year and per
region, including associated numbers of citations. Further, we went through each
article to pick results of climate change impact on energy systems, in terms of
percentage changes, and categorized these results per technology, per region, per
warming level (<2°C or >2°C) and per scenario years (rounded to 2050, 2080
or 2100). In the classification of the scenario years, we applied 2050 for result
scenarios of 2030-2070; 2080 for result scenarios of 2071-2085 and 2100 for result
scenarios of 2086-2100.

We generated Figs. 2-4 on the basis of the results gathered from this
literature. Accordingly, Fig. 2 illustrates number of papers published per year
or per category of energy systems. Figure 3 combines several data types, inducing
the energy system categories, climate impacts in terms of percentage changes,
regional versus global aggregations, warming levels with a threshold of 2°C
and scenario years. A box plot is used to illustrate these data types displaying
a five-number statistical summary of the data set: minimum (end of line, left),
first quartile (end of box, left), median (midline in the box), third quartile
(right from midline in the box) and maximum (end of line, right). While dots
are used to represent individual studies and boxes to represent interquartile
ranges in the figure, dots outside the lines are statistical ‘outliers’ Figure 4 was
generated by averaging climate change impact percentage results of articles
per region. The number of articles behind this averaging is presented in
Supplementary Table 2.

Data availability

All data that support the findings of this study presented in the figures are provided
in the Source Data section associated with this manuscript. Source data are
provided with this paper.
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