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A rapid decarbonisation of power systems is underway in order to limit greenhouse gas emissions and meet carbon-reduction
targets. Renewable energy is a key ingredient to meet these targets; however, it is important that national power systems still
maintain energy security with increasing levels of renewable penetration.(e operating potential of renewable generation at times
of peak demand (a critical time for power system stress) is not well understood.(is study therefore uses a multidecadal dataset of
national demand, wind power, and solar power generation to identify the meteorological conditions when peak demand occurs
and the contribution of renewables during these events.Wintertime European peak power demand events are associated with high
atmospheric pressure over Russia and Scandinavia and are accompanied by lower than average air temperatures and average wind
speeds across Europe. When considering power demand extremes net of renewable power production, the associated meteo-
rological conditions are shown to change.(ere is considerable spatial variability in the dates of national peak demand events and
the amount of renewable generation present. Growth in renewable generation has the potential to reduce peak demands.
However, these impacts are also not uniform with much larger reductions in peak demand seen in Spain than in central Europe.
(e reanalysis-derived energy models have allowed recent peak demand events to be put into a long-term context.

1. Introduction

In order to meet the carbon-reduction targets, such as those
outlined within the Paris Agreement, a rapid decarbonisation
of national energy systems is required [1]. (ere has been a
large global uptake of renewable generation (i.e., wind power,
solar power, and hydropower) in recent years [2]. However,
renewable power generation is weather-dependent and
therefore has variability over a range of temporal scales. For
efficient operation (i.e., avoiding costly disruption and main-
taining security of supply) of a power system with high pen-
etrations of renewable generation, an understanding of the
weather-driven variability and the meteorological conditions
which result in power system stress is required. Of the con-
ditions which cause system stress, a particular challenge is peak
demand, which is the hour/day of the year when there is a
largest demand for electricity (i.e., times which lead to high
power system costs and problems with energy security).

Electricity demand is dependent on temperature and
wind chill (for heating and cooling) and illumination (for

lighting) [3–6]. In most central and northern European
countries, peak electrical loads occur in winter, at darkness
peak (e.g., the UK [6–8]; Scandinavia [9]; and Germany
[4, 9]). However, in southern European countries, peak
demand can be seen in summer (e.g., Greece [10, 11]; Spain
[9]; and Italy [9, 10, 12]) due to increased demand for air
conditioning.

(e ability of renewable generation to provide a con-
tribution to peak demand is sometimes described in the
literature as the capacity credit. (is is defined as the
contribution that a generator makes to system adequacy,
usually related to a defined reliability target [13]. In countries
with a winter peak, there is no guarantee that wind power
will be available at times of peak demand, although some
positive correlation has been shown between times of high
demand and wind power generation [14, 15]. Several studies
have investigated the potential for the availability of wind
generation at peak demand, with the term “low wind, cold
snap” being common in the literature to describe times of
potential concern for winter peaking energy systems [16]. A
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comprehensive review of the literature showed that there is a
large variation in estimations of the capacity credit of wind
power in the UK, with a range from 5–30% in the required
increase reserve requirements if 20% of energy generation is
renewable [16]. Although there are a wide range of estimates
between studies, there is a general consensus that, as the
penetration of wind and solar power increases, the capacity
credit decreases, and beyond a 20% penetration level, the
value of capacity credit declines [16].

One limiting factor in the ability to understand the
contribution of renewable generation at times of peak de-
mand is the length of consistent observational demand and
wind power records. To address this, meteorological re-
analysis data have been harnessed to create synthetic mul-
tidecadal records of demand and renewable generation (e.g.,
[7, 17–22]). Using reanalysis data, Brayshaw et al. [18] and
(ornton et al. [15] showed there are a number of possible
weather conditions present during times of UK peak de-
mand, resulting in variable levels of wind generation.

Solar power has the potential to contribute to summer
peak demands due to its favourable correlation with tem-
perature [23, 24]. (is has been demonstrated in Italy [9]
and Greece [25], but it could become increasingly important
in future years due to the increasing uptake of air condi-
tioning for summer cooling [4, 10, 26].

(e weather conditions present at times of peak demand
are dependent on the definition of peak demand (i.e.,
whether the renewable generation contribution is included
within the load). Bloomfield et al. [27] showed that if you
compare the weather conditions present during times of
peak demand and peak demand-net-wind (i.e., assuming all
available wind generation is dispatched), then a shift in the
weather condition causing the largest system stress (i.e., the
largest requirements for conventional generation) is seen
from the high pressure to the north of the UK (resulting in
very cold temperatures and moderate winds), to the high
pressure centred over the UK (resulting in very cold tem-
peratures and very lowwinds).(is is also seen in [28] across
Western Europe.

Although work has clearly been completed in this field,
the consequences of current- and future-installed renewable
generation at times of most critical power system stress are
not well understood. (e aim of this study is therefore to
identify the conditions which lead to peak demand across the
whole of Europe and a set of case study countries. A sec-
ondary aim is to quantify how these events are affected by the
introduction of renewables. Knowledge of these meteoro-
logical conditions is useful for future power system design
and can help transmission system operators highlight
conditions of the largest potential system risk.

Section 2 describes the methodological framework for
how the 28 countries demand, how wind and solar power
generation is created, and the method for isolating peak load
events. In Section 3, the results are presented firstly for the
European total peak demand (Section 3.1) and demand-net-
renewables (Section 3.2) followed by three case study
countries: the UK, Spain, and France (Section 3.3). Within
Sections 3.2 and 3.3, the weather conditions present at peak
demand and peak demand-net-renewables for various levels

of installed renewable generation are discussed.(ese results
are contextualised with reference to individual events in
Section 3.4 with concluding remarks in Section 4.

2. Methods

(e following subsections describe the methods of creating
daily-mean national demand, wind power generation, and
solar power generation from the ERA5 reanalysis [29].
Further details on the methods and extensive model vali-
dation are provided by Bloomfield et al. [17], and all data
used in this study can be downloaded in https://
researchdata.reading.ac.uk/227/. In this study, we have
chosen to focus on the European total peak load and a
selection of three case study countries chosen, for their
geographic diversity and range of meteorological conditions
experienced throughout Europe.

2.1. Demand Model. Electricity demand data are available
for 28 European countries from 1 January 1979–31 De-
cember 2018. Each country’s data are created using a
multiple-linear regression model where parameters corre-
spond to weather-dependent factors (i.e., heating degree
days and cooling degree days to capture the temperature
dependence of demand), as well as human behavioural
factors (day-of-week and long-term socioeconomic trends).
Each model is trained for two years of observed demand data
(2016-2017) from the ENTSOe transparency platform [30],
with validation performed on the 2018 data. (e modelling
approach is similar to that used in previous studies [6, 7] and
validates well against observations on daily timescales (see
[17], for more details). After themodel parameters have been
estimated, they are applied retrospectively to the full re-
analysis period (1979–2018). (is study makes use of a
weather-dependent model version where the parameters
representing human behavioural factors are neglected to
better highlight the weather-driven components. (e
resulting time series can be interpreted as the demand which
would have been expected on each weather-day in
1979–2018, with no day-of-week effects and the prevailing
socioeconomic conditions of 2017. Including the diurnal
cycle of demand (which is a predominantly human-driven
phenomenum) is beyond the scope of this work. (is study
has limited to daily, weather-dependent demand to highlight
the meteorological which could cause particular energy
system stress, particularly if timed with other exogenous
factors.

2.2.WindPowerModel. Wind power generation is modelled
physically using bias-adjusted 100m wind speeds, extending
the method of Lledó et al. [31] and following from previous
studies [19, 21]. (e bias-corrected ERA5 100m wind speeds
are used to estimate the wind power capacity factor at each
reanalysis grid point. One of three different classes of wind
turbine power curves (low, medium, and high wind speed
regions [32]) is installed in each grid box based on the
climatological 100m wind speed. Country-level wind power
generation is calculated by weighting each grid boxes
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generated by the amount of wind power installed in that grid
box in 2017 (using information from [33]). (e resulting
daily generation estimates capture the weather-driven var-
iability of the wind power generation well (see [17] for
further details).

2.3. Solar Power Model. (e country-level solar PV model
follows the empirical formulation of Evans and Florschuetz
[34]. However, adaptation to newer solar PV technologies is
included, as in Bett and (ornton [35]. (e meteorological
inputs are country-aggregate grid point temperature and
incoming surface solar irradiance, from which national solar
power generation is calculated assuming that each country’s
solar PV capacity is uniformly distributed over its land area.
(this limitation is necessary due to the limited knowledge of
the location of installed solar power over Europe compared
to wind power). (e model captures the overall behaviour of
the national solar power generation well. Full details of the
skill scores can be found in the work by Bloomfield et al. [17].

2.4. Peak Load Classification. For the purposes of this
analysis, a peak load event is defined as a maximum in
electricity demand or demand-net-renewables (DNR; de-
fined as demand minus wind and solar power). For an event
to be classified, there must be at least a 30-day window to the
next peak load event. (is definition allows multiple dif-
ferent synoptic situations to be captured without having
consecutive days of very similar meteorological conditions,
thus obtaining a wider range of different weather events. For
example, by simply finding only the top ten peak demand
dates in Europe, only three separate meteorological events
would be captured, which would result in significantly
different results discussed as follows. Sensitivity testing
confirmed that the results of this study are not sensitive to
the length of this window down to a window of 5 days (i.e.,
the timescale of synoptic weather events).

(rough using the definition provided above, the ten
highest peak load events were found for Europe, and a
selection of geographically diverse case study countries have
been refined to the three discussed as follows. Following this,
the corresponding mean sea level pressure (MSLP), 2m
temperature, 100m wind speed, and surface solar radiation
anomaly composites are made for each European country to
give an indication of the typical meteorological conditions
that are responsible for a peak demand event.

3. Results

3.1. European Peak Demand. (e top ten European total
peak demand events for Europe were spread out throughout
the time period, with at least two occurring every decade (see
Supplementary Table 1 for details). Meteorological anomaly
composites for these events are shown in Figure 1. At times
of peak demand, Europe is generally located under a region
of high pressure (shown by the black contours in Figure 1),
extending westwards from Russia towards Scandinavia. (is
results in an area of anomalously cold temperatures across
the whole of Europe (Figure 1(a)) caused by easterly winds

advecting cold, continental air towards central and western
Europe. Large negative near-surface wind speed anomalies
are also present in northern France, Belgium, the Nether-
lands, northern Germany, and the UK, as well as even larger
negative anomalies offshore in the North and Norwegian
Seas (Figure 1(b)). In contrast, anomalously high near-
surface wind speeds are seen over southern Europe and the
Mediterranean (Figure 1(b)). (ese areas of anomalously
high 100m wind speed are accompanied by anomalously
low incoming solar radiation and vice versa (compare
Figures 1(b) and 1(c)). (is sort of meteorological pattern
was established for over half of the peak demand events for
Europe as a whole (see Supplementary Figure 1).(ree of the
ten European peak demand events seemed to fit into a
second regime, where there was instead a northerly Arctic
influence across Europe with the positions of the low- and
high-pressure systems reversed. It is therefore likely that
these events lead to a “watering-down” of the pressure
patterns seen in the composite (Figure 1).

(e large negative wind anomalies in the North Sea
region result in below average wind power generation
throughout the UK, Netherlands, Belgium, and Germany,
which hinder the countries from providing power to
meeting peak demand. However, on days of European peak
load, there are above average surface solar radiation
anomalies in France and Germany (and to a smaller extent
over most of central and northern Europe) which means
solar power generation would be available to help meet peak
demand. We do, however, note that it is winter, so the
potential for solar generation is relatively low compared to
summer. It is interesting to note that there are very few
regions experiencing both anomalously low wind and solar
radiation anomalies, suggesting some positive covariability
of wind and solar generation at times of European peak load.
However, the precise position of the high and the low can
lead to particular wind anomalies not shown in the com-
posite (e.g., the first event in Supplementary Figure 1),
demonstrating that caution is needed in interpreting the
wind anomalies, particularly during peak demand. Despite
this, generally, the shape and magnitude of the cold anomaly
is the same through most of Europe.

3.2. European Peak Demand-Net-Renewables. (e same
processes undertaken in Section 3.1 can be repeated, only
this time defining a peak demand event as a maximum in
electricity demand-net-renewables (DNR; i.e., assuming
generation from renewables is always utilised to meet load).
(is has the potential to give different European peak load
events, given that renewable generation during regular
European peak demand events is above average for certain
countries for a given time of year (see Figure 1).

Figures 1(d)–1(f ) show the anomaly composites of the
top ten peak DNR events. Four events are in common from
those shown in Figures 1(a)–1(c) (see Supplementary Table 1
for details). A similar surface pressure pattern is seen for the
peak DNR events, with an area of high pressure located over
Europe. However, there is no longer a region of strong
easterly flow over central Europe (compare black MSLP
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contours in Figures 1(a)–1(f)) which results in a reduction in
the extent of the cold anomaly over Europe compared to the
European peak demand events.(is can also be seen in some
individual DNR events (see Supplementary Figure 5, event 2,
and 6–10). However, the remaining DNR events seem to
resemble the original peak demand events seen in Section
3.1. Areas of negative 100m wind speed anomalies are more
widespread, particularly in the region of the North Sea where
a large percentage of European wind power generation is
installed (Figure 1(e)). Smaller and less widespread positive
surface radiation anomalies are also seen, compared to those
seen during the European peak demand events. (is agrees
with the results in [7] for the UK and [28] for Western
Europe, which may be expected given the distribution of
wind power generation across Europe.

(is analysis has shown that the inclusion of present-day
levels of renewable generation has resulted in a change in the
synoptic situation present at times of greatest European
system stress. Rather than the conditions of largest concern

being high-pressure systems that result in cold conditions
over all European countries, the more pressing concern is
high-pressure systems located in such a way as to result in
both cold temperatures (high demand) and low wind speeds
(low wind power generation). Given this, we have investi-
gated if the synoptic conditions of interest are likely to
change again with increases in the amount of installed wind
power generation. Figure 2 shows how the mean annual
European peak DNR over years 1979–2018 will decrease as
the amount of renewable generation installed on the system
is increased relative to present-day levels (i.e., the reduction
on the y-axis represents the contribution of renewables to
peak load). Note the different definition of peak DNR used
here in order to get a sense of how interannually varying the
peak load events are, compared to the extremes.

Figure 2 shows that, as the amount of renewable gen-
eration installed across Europe is increased compared to
present-day levels, only modest reductions in peak load are
seen due to solar power generation (changes are smaller than
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Figure 1: Anomaly composites of near-surface meteorological variables experienced during the top 10 European total peak demand events
for (a) 2m temperature, (b) 100m wind speed, and (c) surface solar radiation. Contours show the mean-sea level pressure composite during
the peak demand events. (d–f) as seen in (a–c) for European total peak demand-net-renewables events.
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the interannual variability of peak load), whereas larger
reductions are seen for wind power generation. Some of
these are due to Europe’s present reliance on wind power
generation, rather than solar generation, but are mostly due
to the larger generation potential of wind power generation
compared to solar power generation in winter at times of
peak load. Another interesting point to note is that the rate
of change of the lines is steeper with renewable fractions
from 0-1 than for fractions greater than 1. (is suggests that
the largest changes have already been experienced, as was
suggested by Heptonstall et al. [16] when discussing the
capacity credit of the UK wind and solar power. A caveat to
this analysis is we have assumed the relative locations of the
wind and solar generation is the same as for the present-day
installations as for future ones, whichmay not be true if large
new offshore wind portfolios are developed.

3.3. Country-Level Peak Load. At present, Europe does not
have a fully interconnected power system, and it is therefore
important to consider the stress events of individual
countries, and also which group of countries may be ex-
periencing simultaneous system stress. (is is important in
order to maintain security of supply.

Out of the 28 European countries in the dataset, most
experienced peak demand during winter. Italy, Spain, and
Greece experienced summer-time peak load events
throughout the reanalysis study period. Croatia and Mon-
tenegro began to experience summer peaks in the later part
of the period which could be an emerging climate change
signal. However, due to the relatively small size of these

countries, this has not been investigated further. In this
section, we have selected three case study countries: the UK,
France, and Spain for more detailed analysis, which will be
presented as follows.

3.3.1. Peak Demand. Figure 3 shows composites of the top
10 peak demand events from France, the UK, and Spain.(e
first point to note is that the peak demand events in France
look most like the European events, with high pressure
centred over Europe, leading to an area of cold air advection
of central and Northern Europe. (is is perhaps to be ex-
pected, given that France shares eight peak demand events
with Europe as a whole (see Supplementary Table 1) and also
makes the largest single country demand contribution in
Europe. (e only difference noticeable between the two
composites is that the negative wind speed anomaly found in
the North Sea region is reduced in size in the French
composite (compare Figures 1 and 3). As with Europe as a
whole, over half of France’s peak demand events resemble
the conditions in the composite, again with the caveat that
the precise location of the European block can alter con-
ditions on a smaller scale. For example, some of the peak
events show the high position slightly to the south and west
of the composite, leading to warmer-than-average temper-
atures in Scandinavia (see Supplementary Figure 2).

(e UK had many more isolated peak demand events
than France and the European total (see Supplementary
Table 1). (us, the anomaly composites look quite different
for the UK’s peak demand events (compare Figures 1 and 3).
(e MSLP contours show an elongated ridge of high
pressure extending from the North West towards the UK,
bringing more northerly/north-easterly winds, rather than
easterlies, during peak demand events. (is circulation
pattern means that the cold anomaly is restricted to more
central and northern Europe, meaning that Spain and Italy
have temperatures closer to normal during these events.
(ere is a noticeable high positive wind anomaly found in
southern Europe (particularly in Spain) at times of UK peak
demand. (e largest solar anomaly is found over the UK,
Northern France, Belgium, and the Netherlands, with
southern Europe (and particularly Spain) significantly
cloudier than normal. However, when examining the UK’s
individual events (Supplementary Figure 3), only three of the
ten events seem to resemble the composite, with three
looking more like the European composite with a European
block, and a further three having a northerly influence on the
UK.

(e composites of the top ten peak demand events in
Spain are strikingly different when compared to the Euro-
pean total, France, and the UK. (is is due to Spain ex-
periencing peak demands in summer, driven by
anomalously warm temperatures. Unlike with the previous
two countries explored, most of Spain’s peak demand events
did closely resemble the composite (Supplementary Fig-
ure 4). However, we note the twelfth-highest peak load did
occur in winter (January 1985). (e anomalously high
temperatures associated with Spanish peak demand are
much more isolated in their extent than for France and

Europe
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Figure 2: Mean European total peak load for various proportions
of installed renewable generation, for 1979–2018. Solid lines give
the 1979–2018 mean peak load, whereas dotted lines show 2
standard deviations from the annual-mean peak load. Line colours
show demand-net-solar (yellow), demand-net-wind (blue), and
demand-net-renewables (black).
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Figure 3: Meteorological anomaly composites of the top 10 peak demand events for (a–c) France, (d and f), the UK, and (g and h) Spain.
Columns show (left) 2m temperature, (middle) 100m wind speed, and (right) surface solar radiation. Note different scales in (i) relative to
(c) and (f).
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Figure 4: Meteorological anomaly composites of the top 10 peak demand events net of renewables (DNR) for (a–c) France, (d–f) the UK,
and (g and h) Spain. Columns show (left) 2m temperature, (middle) 100m wind speed, and (right) surface solar radiation. Note different
scales in (i) relative to (c) and (f).
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Europe. Suggesting that, at times of summer-driven peak
demand, only France and Italy are also experiencing in-
creased power system stress, rather than the majority of
Europe (Figure 3). Average 100m wind speeds and surface
solar radiation anomalies experienced at times of peak
demand in Spain, suggesting that there is renewable gen-
eration available to assist in meeting the peak demand
events.

3.3.2. Peak Demand-Net-Renewables. Figure 4 shows the top
10 peak DNR events for France, the UK, and Spain. In
France, the composites look relatively similar to those shown
in Figure 3 for the demand only patterns, with eight out of
ten events in common (see Supplementary Table 1 and
Supplementary Figure 6). (is is due to the very large
temperature dependence of demand in France (due to large
amounts in electric heating). French demand is particularly
sensitive to temperature fluctuations compared to other
countries. It therefore requires larger amounts of renewable
generation to be installed for the dominant meteorological
driver to change (see [17] for further details).

In the UK, there are five events in common between the
composites in Figures 3 and 4 (see Supplementary Table 1,
Supplementary Figure 7). A similar large-scale pressure
pattern exists between the two scenarios; however, the re-
gion of anomalously cold temperatures is less widespread,
and there is a substantial increase in the magnitude of the
low wind speed anomaly in the North Sea (i.e., the region
where the majority of the UK’s wind generation is installed).
(is shows that, in countries with a substantial amount of
installed renewable generation, the meteorological condi-
tions presenting at times of peak load are very sensitive to the
amount of renewables installed on the system, as seen for the
European total.

(e most striking difference between Figures 3 and 4 is
the meteorological anomaly composites for Spain. (ere is
only one event in common in the composites (the August
2012 heatwave; Supplementary Table 1) with the rest of the
peak load events swapping from summer to winter.(e peak
DNW events’ composites consist of a localised region of cold
air centred over south-west Europe (present in 9 out of 10
composite members). A very strong pressure gradient is
present over northern Europe during times of Spanish peak
DNR (Figure 4) with large positive wind speed anomalies in
the North Atlantic associated with the cyclonic feature in the
composites. Moderate positive surface solar anomalies are
present at times of Spanish peak DNR, but the rest of Europe
experiences average surface solar anomalies.

Similar to the analysis of the European total, we have
investigated if the synoptic conditions shown in Figure 4 are
likely to change again with increases in the amount of in-
stalled wind power generation for the three case study
countries. Figure 5 shows the mean peak load for various
levels of installed renewable generation for France, Spain,
and the UK.(e first point to note is the similarities with the
European total (Figure 2) that, for all countries, a dimin-
ishing return is seen (in terms of the contribution to peak
load) as the amount of installed renewable capacity is

increased. In France and the UK, the contribution of re-
newables to peak load is modest with a 4% reduction of peak
load when they are included. However, in Spain, a much
larger reduction in peak load is seen with the inclusion of
renewables (11.5%). (is shows the geographical variability
of how renewables can contribute at times of peak load.

3.4. Peak Demand Events Context. Sections 3.1–3.3 have
shown meteorological composites which can be indicative of
times of high power system stress. It is, however, important
to acknowledge that not a composite is not indicative of how
individual events may look, and these plots form guidelines
of potential critical conditions.

Some notable events from the recent period appear within
the composites of country-level peak demand. (e first event
of note is 28th February 2018 which was a peak demand event
in Europe, France, and the UK, where it was known as “the
Beast from the East.” (see Figure 6).(is was a phrase used by
much of the British media to describe an unseasonably cold
outbreak in the UK and much of Europe in February 2018.
Despite being extremely cold, it was not the largest peak
demand event in any of the sampled countries—for Europe as
a whole it was the seventh largest, for the UK, sixth largest,
and for France, the eighth largest (see Supplementary Table 1).
(e event did not make the top ten in any of the other
countries analysed, showing that, from a meteorological
standpoint, there were much more severe events present
within the last 40 years. (e meteorological conditions on 28
February 2018 are shown in Figure 6. (e conditions on this
day were an “extreme” version of those found in the European
composite. In this case, a very large and strong anticyclone
(1052 hPa) was situated over Scandinavia, along with a rel-
atively deep cyclone (984 hPa) off the west coast of Portugal,
called Storm Emma. (is created a 68 hPa pressure gradient
over the continent, resulting in unusually strong easterly
winds throughout Central andWestern Europe.(e resulting
cold anomaly is similar in appearance to that in the European
composite. However, the wind anomaly is very different.
Instead of a large negative wind anomaly over the North Sea,
the UK, France etc., there is a large positive wind speed
anomaly. Furthermore, the radiation anomaly is larger and
much more widespread on 28 February 2018 than in the
composite. (us, despite the composites being an intuitive
representation of meteorological conditions that bring about
peak demand events, each event is different and “the Beast
from the East” clearly shows this.

A second event of note is the August 2003 heatwave which
features as a peak demand event for Spain and Italy (Sup-
plementary Table 1). (is event is another often associated
with times of extreme power system stress and can be used as
a benchmark of the return period of “extreme heat events.”
However, it was only the 3rd and 4th peak demand event for
Spain and Italy, respectively. Figure 7 shows that during this
event there was a large area of anomalously high temperatures
across central and southern Europe which leads to the peak
demand. (is is, however, accompanied by near to 100m
average wind speed anomalies and above average solar ir-
radiation anomalies, suggesting that if a similar event was to
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occur again, there is the potential for renewable generation to
be present to help meet the system peak.

3.5. .e Potential for Interconnection. (e nature of the
results presented in Sections 3.1–3.3 suggests that appro-
priate interconnection across Europe could be a mechanism
to cope with times of high system stress. (e country-level
normalised wind power and solar power anomalies in six
geographically diverse countries have been calculated for the
top 10 peak demand events for France, Spain, and the UK to
investigate this (see Supplementary Figure 9). Negative
anomalies imply that the country is also potentially expe-
riencing a period of system stress and is therefore not
available to provide support. (ese occur frequently across
the whole of Europe and across all events.

(e renewable generation responses are highly varying
across the top 10 peak demand events, suggesting that
relatively subtle changes in large-scale meteorology can
result in quite different renewable generation anomalies.
Some points of note are that Spain has positive wind gen-
eration anomalies (suggesting the ability to provide aid) in
all UK peak demand events (although we note Spain also has
negative solar generation anomalies in all these events). (e
UK does not, however, always have the positive wind energy
anomalies during the Spanish peak demand events (some-
times with large negative anomalies seen). (is analysis
highlights the complexity of the relationships between
neighbouring countries’ generation at times of system peak,
and that just increasing the level of interconnection across
Europe does not provide a solution to managing system
stress.
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Figure 5: Mean peak load for various fractions of installed renewable generation, for 1979–2018, for (a) France, (b) the United Kingdom,
and (c) Spain. Solid lines show the 1979–2018 mean peak load, whereas dotted lines show 2 standard deviations from the mean peak load.
Line colours show demand-net-solar (yellow), demand-net-wind (blue), and demand-net-wind-and-solar (black).
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Figure 6: Meteorological anomaly of “the Beast from the East” event, 28th February 2018. (a) 2m temperature, (b) 100mwind speed, and (c)
surface solar radiation.
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4. Discussion and Conclusions

(is study has used a modelled 39-year dataset of country-
level demand and wind power and solar power generation to
investigate the weather conditions which are present at times
of peak loa,d and how this may change with increases in
installed renewable generation. (e focus of this work is
both the European total demand and a set of representative
case study countries.

At a European scale, peak demand events are found to be
driven by large high-pressure systems, extending westwards
from Russia towards Scandinavia. (ese meteorological
conditions result in cold and relatively clear conditions over
Europe, with the cold temperatures resulting in peak de-
mands. A change in the synoptic conditions is seen if peak
demand-net-renewables (i.e., assuming all renewable gen-
eration is contributing to meet system peak) rather than
peak demand. A relocation of the area of high pressure
results in cold and still conditions over Europe, resulting in
very low wind power production. (e largest changes are
seen between no renewables, and the present day installed
levels suggesting that although future weather conditions at
times of peak load may still change, the changes are likely to
be less substantial to those presented here.

At present, Europe does not have a fully interconnected
power system, and it is therefore important to consider the
times of largest power system stress at an individual country
level. (e meteorological drivers of peak demand are found
to vary from country to country, with different events
contribution to times of extreme system stress. (ese results
emphasise the differing nature of responses across Europe at
times of peak demand. Some large events are found to be in
common between central European countries and the Eu-
ropean total, but localised regions of cold/warm air can
result in peak demand events which do not impact the whole
of Europe simultaneously. Detailed analysis into the wind
and solar energy anomalies at times of peak demand
highlights that the renewable response is complex, with a

wide range of possible generation across neighbouring
countries. (is has shown that diversifying the level of in-
terconnection across Europe is not a solution to managing
system stress.

(e use of the 39-year dataset allows for individual
events to be placed in a long-term context.(is study has put
events which have caused significant stress on the power
systems of multiple European countries into a long-term
context. (is information can allow for more robust power
system planning.
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Figure 7: Meteorological anomaly of the 2003 heatwave event: (a) 2m temperature, (b) 100m wind speed, and (c) surface solar radiation.
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and demand-net-renewables events discussed in this study.
It also includes an assessment of the normalised power
anomalies during the top 10 peak demand-net-renewables
events for France, the UK, and Spain. (Supplementary
Materials)
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