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When considering 100% renewable scenarios, backup generation is needed for stabilizing the network
when Climate Related Energy (CRE) such as wind, solar or run-of-the river hydropower are not sufﬁcient
for supplying the load. Several studies show that, over relatively short time period (less than 10 years),
backup generation needs are reduced by dissipating power densities either in space through grids or
time through storage. This study looks at the impact of low time frequency variations of CRE with a
speciﬁc focus on the time variability induced by the North Atlantic Oscillation (NAO) teleconnection
pattern during winter season. A set of eleven regions in Europe and Tunisia is used for highlighting space
variability of the winter NAO’s impact. For each of these regions, we combine data from the Weather
Research and Forecasting Model and the European Climate Assessment & Dataset for estimating solarpower, wind-power, run-of-the-river hydro-power and the energy load over the 1980e2012 time
period. Results show that NAO’s impact on winter penetration rate depends on both the considered
energy source and the location. They also highlight a non-linear relation between the NAO’s impact on
CRE penetration rates and the level of equipment used for harvesting the CRE sources.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
The UNFCCC (United Nations Framework Convention on Climate
Change) Paris Agreement promotes the transition to low carbon
economy by replacing conventional energies by Climate-Related
Energies (hereafter called CRE) such as wind-power, solar-power
and hydro-power. Several European countries such as Norway,
Sweden, Spain and Austria have already achieved an important step
forward to the transition with already a high rate of renewable
generation [25]. The European Climate foundation now typically
dates for 2050 optimistic scenarios with close to 100% renewable
energy in Europe [4].
Following the driving weather variables (i.e. solar radiation
wind speed, precipitation, and temperature), CRE power generation
ﬂuctuates in time and space and can synchronize or desynchronize
with the load [6]. With increasing rate of CRE equipment, balancing
the energy network requires solution of challenging backup generation and energy storage issues due to the intermittent nature of
wind, solar and to a lesser extent, hydro-power [6]. Backup needs
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must cover the wide range of time scales within which CRE driving
weather variables are ﬂuctuating. The high frequency time variability (i.e. from second to hour) is well known and quite well
documented. For instance, wind and solar power generation may
experience large and rapid variations, usually called ‘ramps’, linked
with wind variability and cloud evolution and movement [5,13].
This range of time variability may be handled by using fast ramping
energy storage technologies or backup generation (see for instance
[12] for wind power balancing). The intermediate variability range
(i.e. from hourly to seasonal) results from astronomic drivers (i.e.
diurnal and seasonal cycles) and mesoscale atmospheric circulations (e.g. storms, fronts). Most of the published studies related to
this time range are based on relatively short time periods, usually
shorter than ten years. These studies highlighted for instance
different degrees of complementarity among CREs at different time
scales (e.g. Ref. [28] for solar and wind complementarity and Ref. [7]
for solar and small hydro complementarity). They also discussed
methods for optimizing these complementarities (e.g. Ref. [18] for
optimizing solar and small hydro power complementarity), the role
of the energy grid (e.g. [35,19,30]); and the role of the energy
storage (e.g. [35,29]).
Interestingly, low frequency time variability (from annual to
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decades) is less studied, although it plays a major role from the
point of view of the equilibrium between energy generation and
load. Assuming that CRE would be massively used to meet electricity consumption, what is the risk of ending up in a situation in
which the level of production of one or more CRE is exceptionally
low or exceptionally high for a long period of time and/or over a
large area? What would be the risk for an investor if the return on
investment has been calculated on a high energy production
period? What would be the carbon emissions associated with the
mobilization of conventional means of production to compensate
for CRE in production resulting from a low-production period?
Even though it might be partially explained by astronomic factors
(e.g. solar activity cycle [26]); and geological events (e.g. volcanism;
[31]), low frequency time variability results mainly from different
large-scale teleconnection patterns impacting the climate at global
~ o e Southern Oscillation (ENSO) in the tropics and
scale (e.g. El Nin
in North America; the North Atlantic Oscillation (hereafter, NAO) in
North America and Europe).
The NAO positive phase (noted as NAOþ) corresponds to a
positive anomaly of sea level pressure over the Azores and a
negative anomaly over Iceland; NAO negative phase (noted as
NAO) corresponds to the opposite pattern. Its inﬂuence on the
European climate and especially during winter season (i.e.
December, January, February and March, denoted as DJFM, Fig. 1)
was widely established during the last two decades (e.g.
Refs. [14,15]). Strong NAOþ phases are associated with negative
temperature anomalies across southern Europe and positive temperature anomalies across Northern Europe. During NAOþ phases,
precipitation is also affected with positive anomalies across
Northern Europe and Scandinavia, especially in winter, and negative anomalies across Southern and Central Europe. The opposite
pattern is observed during strong NAO phases. NAO teleconnection pattern also affects other weather variables than temperature and precipitation [3]. show that inter-annual variability of
solar radiation is linked with cloud cover variability induced by the
NAO. In winter, several studies show that NAO index is positively
correlated with the solar radiation in Northern Europe, and negatively correlated with the solar radiation in Southern Europe (e.g.
Ref. [20,21]). mapped the wind speed-NAO correlation during
winter in Europe and found high and signiﬁcant positive correlation in Northern Europe and negative correlation in the Mediterranean basin.
Few studies show that low frequency variability of weather
variables, induced by NAO pattern, inﬂuences CRE power generation. For illustration, Ref. [17] shows for the Iberian Peninsula signiﬁcant differences in hydro, solar and wind power generation
during positive and negative NAO phases. To our best knowledge,
inﬂuence of low frequency time variability on integrated indicators
of the resource-demand balance, either at regional or national
levels, does not appear in the literature, but the study by Ref. [32]

603

who show a sharp energy price increase in Scandinavia during
years with low NAO index (i.e. cold and dry years in this area). Such
a result motivated this study.
This study investigates the effects of the NAO on the penetration
rate of wind, solar and run-of-the river (hereafter noted as RoR)
power over a 33 year period and for a benchmark set of 12 regions
covering a large range of climates in Europe. It especially focuses on
winter season, the season most inﬂuenced by the NAO teleconnection pattern. Neither energy storage nor energy transport
among regions is considered.
The paper is organized as follows: The different regions and the
data bases are presented in Section 2. The analysis framework is
detailed in Section 3. This framework extends the one described by
Ref. [8] to the analysis of low frequency variability due to NAO.
Section 4 presents the results and Section 5 concludes and gives
perspectives for future research.
2. Study areas and dataset used
The different areas selected are mapped in Fig. 2. Although the
areas do not match country borders, they will be referred for convenience with country or region names. Surface area of each
domain roughly equals 40,000 km2 (Table 1). It is then assumed
that all areas are climatologically homogeneous, both in terms of
average and time variability. Their location was chosen for representing a range of climates in Europe along two climatic gradients:
the north-south gradient explores changes from Scandinavian to
Mediterranean hydro-climatic regime; the west-east gradient explores changes from oceanic to continental climate. Furthermore, it
allows investigating the wide range of impacts that can be induced
by the NAO on CRE generation and energy load.
The NAO is deﬁned by a large-scale meridional oscillation of sea
level pressure between the Azores and Iceland [15]. In this study,
monthly NAO index time series is provided by Ref. [16] from 1865 to
2015. This index is based on the difference of normalized sea level
pressure between Ponta Delgada (Azores) and Stykkisholmur/
Reykjavik (Iceland).
Hydro-meteorological data used to assess CRE production and
energy load for the 1980e2012 time period are the ones used in the
study by Ref. [8]. Daily temperature and precipitation data come
from the European Climate Assessment & Dataset (ECAD [11]), with
a 0.25 space resolution. Solid precipitation is determined based on
a simple temperature threshold [23]. Wind speed and solar radiation data are pseudo-observations obtained from climate simulations with the Weather Research and Forecasting Model when
forced with large scale atmospheric ﬁelds from the ERA-Interim
atmospheric reanalysis [27]. Potential evapotranspiration is calculated based on the Penman-Monteith version given by Ref. [2].
Unregulated runoffs are obtained via simulation, for each grid cell
of each region with a distributed version of the GSM-Socont

Fig. 1. Average sea level pressure during NAOþ and NAO phases. Positive and negative phases are arbitrarily deﬁned by NAO indexes values higher and lower than 1, respectively.
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Fig. 2. Map of the 12 regions selected across Europe and North Africa with their name used in this study. This selection explores two climate transects, the ﬁrst one going from the
Northern regions (Norway, Finland) to the Southern ones (Greece, Andalucía, Tunisia) and the second one going from the oceanic climate (England, France, Galicia) to the continental one (Romania, Belarus).
Source: [8].

Table 1
Location (Latitude, Longitude limits), size and elevation (average [min, max]) of the 12 regions.
Region

Lat min ( )

Lat max ( )

Lon min ( )

Lon max ( )

Area (km2)

Elevation (m a.s.l.)

Finland
Norway
England
Belarus
Germany
Italy
Romania
France
Galicia
Greece
Andalucia
Tunisia

61.625
61.125
52.875
52.625
49.375
45.625
45.625
45.375
41.375
38.625
37.125
34.875

63.375
62.875
54.625
54.375
51.125
47.375
47.375
47.125
43.125
40.375
38.875
36.875

23.625
7.375
3.125
25.625
9.375
10.375
23.125
0.375
8.625
20.625
4.625
8.875

27.375
11.125
0.125
28.625
12.125
12.875
25.875
2.125
6.125
22.875
2.375
10.875

37,465
38,091
38,381
38,610
38,047
37,234
40,957
37,405
40,039
37,564
38,362
40,073

137 [84e207]
952 [171e1660]
133 [0e450]
176 [116e287]
379 [174e619]
1348 [2e2701]
675 [253e1410]
217 [44e784]
683 [79e1496]
666 [74e1411]
813 [228e1964]
306 [19e880]

hydrological model [23]. It uses daily precipitation, temperature,
and wind speed from aforementioned databases.
Observed electricity demand data are obtained from the European Network of Transmission Systems Operators of Electricity
(ENTSOE, https://www.entsoe.eu/home/). Data are however only
available from 2006. Tunisia and Belarus are not members of the
ENTSOE network; and, to our knowledge, there is no auxiliary
database available for these two countries. François et al. [8]

reconstructed electricity load time series (L) for all regions and
for the whole analysis period (back to 1980) with a climate-driven
demand model developed from regions and periods with observations (using the air temperature only, it simulates an increase in
consumption when activating either heating or cooling system as
soon as air temperature reaches heating or cooling thresholds). The
same model is used for all regions. Note that using a temperaturedriven model for simulating electricity load might lead to errors in
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some regions, especially where heating is mainly based on gas or
biomass burning. In such as case, the energy consumption seasonality should be weak and should result to an almost constant
consumption during the whole year. However, as pointed by
Ref. [8]; such a misestimate should not alter the interpretations
made in this study since CRE generation time variability is much
higher than load time variability.
Solar, wind and RoR power generation are computed for each
grid cell of ECAD reanalysis data set and are then summed for each
region [8]. The data bases used for modeling power generation
from each energy source are the aforementioned weather variables
after being re-meshed to ECAD grid. For the sake of simplicity, all
grid cells have the same power capacity. Solar power generation
from a photovoltaic generator (PPV) depends on global solar irradiance and air temperature. Daily wind power generation (PW) is
obtained from mean daily wind speed at 70 m altitude. The wind
power curve used for converting wind speed to wind-power output
was obtained by taking into account wind speed variability at 3 h
time step [8]. RoR power (PRoR) is derived from the energy of falling
water along the river network.
3. Study framework
The study framework used in this study extends the one
established by Ref. [8] to the analysis of low frequency variability
related to the NAO pattern. Each region is considered as autonomous in a sense that the regional demand can be only satisﬁed (or
not) with the production obtained within the region from these
three energy sources: there is no energy import/export with
neighboring regions. Furthermore, each region is considered as
being a ‘copper plate’ grid, meaning that the energy can circulate
within the regions without loses. For each energy source and each
region, we explore equipment scenarios covering from 0 to 300% of
the average energy load. For a given equipment level, power generation time series are obtained following the equation:

pðt; gÞ ¼ g

PðtÞ
〈LðtÞ〉;
〈PðtÞ〉

(1)

with P the energy generation from one energy source in a given
region (Wh), L the in situ energy load (Wh) and p the scaled energy
production (Wh). 〈〉 is the temporal mean operator. The factor g (no
dimension), further referred to as the average CRE production
factor, corresponds to the level of CRE equipment. This coefﬁcient
allows exploring scenarios of under- (respectively over-) production by deﬁning the ratio between generation and load over the
considered period:

〈pðt; gÞ〉 ¼ g 〈LðtÞ〉:

(2)

It equals 1 when the mean energy production ﬁts the mean
energy load over the 1980e2012 time period. It is greater than 1
when the mean inter-annual production exceeds the mean interannual load and conversely.
The penetration rate over the 1980e2012 time period is deﬁned
as the percentage of the energy load that is instantaneously supplied without any storage or backup facilities. For a given value of
the average CRE generation factor g, the penetration rate PE (%) is
estimated from daily time series by:

P


 pðt; gÞ; 0Þ
t ðmax½LðtÞ
P
 100;
PEðgÞ ¼ 1 
t LðtÞ

(3)

where max [ ] is the maximum operator. In the following, the
penetration function will refer to the function PE (g). It is deﬁned
with penetration rates obtained for average CRE generation factor g
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ranging from 0 to 3. For illustration, Fig. 3 gives penetration functions of solar, wind and RoR power for England, Belarus, Germany
and Andalucía regions over 1980e2012 period. Increasing average
CRE generation factor along the x-axis may be seen as increasing
level of CRE equipment throughout energy transition process, i.e.
moving from 0% of CRE power generation to a generation equal to
300% of the energy load, on average and over the studied period.
For a given level of equipment g, the penetration rate indicator may
integrate interactions between generation and load which cannot
be highlighted when focusing only on generation. For the four
illustrated regions, for instance, Fig. 3 shows that penetration rates
do not differ from one energy source to another up to g ¼ 0.4
meaning that, i) whatever the chosen CRE for supplying the energy
load, the penetration is the same, and that ii) linear relation between penetration and load exists at these equipment levels (see
Fig. 4). This linear relation exists as long as the power generation
does not exceed the load at any time [29]. Above this threshold,
François et al. [8] show that for a given energy source (and even a
given energy mix), the higher the energy balance variability
(deﬁned as the energy load e energy generation deviations), the
lower the penetration rate; in some cases, signiﬁcant correlation
(or anti-correlation) between load and generation can slightly
modulate this relation. This turns into non-linear relation between
penetration rate and generation. For illustration Fig. 4 shows, for
Finland region, that annual penetration rates obtained for different
years with similar annual power generation can be signiﬁcantly
distinct. This means that energy abundancy does not necessarily
translate into high penetration rate. In that sense, focusing on an
integrated indicator of the energy balance such as the penetration
rate, rather than only a power generation indicator, is a step forward to better understanding how CRE might be used for supplying
electricity needs.
In this study, we focus on the inter-annual variability of the
penetration rates during the DJFM season and its connection with
the NAO pattern. Note that the DJFM season is deﬁned as December
during the year k-1 and January, February and March during the
year k. In the following, penetration functions are estimated during
the DJFM season for each year of the studied period. It thus gives
the percentage of satisﬁed load during the DJFM season for a given
year k, hereafter noted as PEDJFM,k:

"
PEDJFM;k ðgÞ ¼ 1 

P

t2DJFM;k ðmax½LðtÞ

P

 pðt; gÞ; 0Þ

t2DJFM;k ðLðtÞÞ

#
 100;
(4)

with year k ranging from 1981 to 2012. Further, the average
DJFM penetration function, referred as PEDJFM(g), is simply deﬁned
as the mean of the PEDJFM,k(g) functions. Annual differences between DJFM penetration rates are further discussed in terms of
anomalies, hereafter noted as DPEDJFM,k. They are obtained by
subtracting the average DJFM penetration function PEDJFM(g) from
the DJFM penetration functions PEDJFM,k(g):

DPEDJFM;k ðgÞ ¼ PEDJFM;k ðgÞ  PEDJFM ðgÞ;

(5)

For a given year k, high positive or negative penetration
anomalies indicate important energy transport operations and
backup generation (i.e. in case of negative anomalies) or storage
operations and generation curtailment by disconnecting power
plants from the grid (i.e. in case of positive anomalies). Both options
may induce important extra management costs. Further, large
DPEDJFM,k(g) values, either positive or negative, will be considered a
proxy for system vulnerability to low-frequency variability induced
by the NAO teleconnection pattern.
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Fig. 3. Evolution of the penetration rate PE with the average CRE generation factor g for England, Belarus, Germany and Andalucía regions and for solar PV (red), wind (black) and
RoR (blue) power over the full period 1980e2012. Black dashed lines represent theoretical penetration functions that could be obtained if the generation equals the load all the time.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 4. Scatter plot between annual penetration rate and normalized annual generation for three levels of equipment and for each year of the period 1980e2012 in Finland region;
cross: g ¼ 0.5, dot: g ¼ 1 and plus sign: g ¼ 1.5. Annual generation is normalized by average annual generation obtained for the 1980e2012 time period and for a level of equipment
g ¼ 1.
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Fig. 5. Scatter plot representing the wind (left), solar PV (middle) and RoR (right) DJFM penetration versus the DJFM NAO for England (top), Belarus (middle top), Germany (middle
bottom) and Andalucía (bottom) regions during the period 1980e2012. Values in the bracket give Pearson correlation coefﬁcient r.
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Table 2
Pearson correlation coefﬁcients between penetration rates and NAO indexes during
the DJFM season; values in bracket give the percentage of explained variance,
computed as the squared value of the correlation coefﬁcient.
Region

Wind power

PV power

RoR power

Finland
Norway
England
Belarus
Germany
Italy
Romania
France
Galicia
Greece
Andalucía
Tunisia

0.62 (38%)
0.73 (53%)
0.73 (53%)
0.6 (36%)
0.51 (26%)
0.3 (12%)
0.24 (6%)
0.09 (<1%)
0.53 (28%)
0.06 (<1%)
0.62 (38%)
0.5 (25%)

0.37 (14%)
0.1 (1%)
0.44 (19%)
0.55 (30%)
0.42 (18%)
0.4 (16%)
0.33 (11%)
0.01 (<1%)
0.41 (17%)
0.51 (26%)
0.63 (40%)
0.12 (1%)

0.34 (12%)
0.24 (6%)
0.51 (26%)
0.52 (27%)
0.5 (20%)
0.09 (<1%)
0.27 (7%)
0.22 (5%)
0.16 (3%)
0.4 (16%)
0.1 (1%)
0.33 (11%)

Finland, Norway, Belarus, England and Germany) while negative
correlations are obtained in the southern regions (i.e. Galicia,
Andalucía and Tunisia). An opposite pattern is observed for solar PV
power penetration; signiﬁcant negative correlations are obtained
in the northern regions and positive correlations are obtained in
the southern regions. Table 2 also shows that NAO does not seem to
have signiﬁcant inﬂuence in European mid-latitude regions (correlations are not signiﬁcant in France, Romania and Italy).
The relation between DJFM NAO and DJFM RoR penetration rate
is less straightforward. This might be explained by the fact that RoR
power generation, in addition to weather variability, also depends
on several surface mechanisms, such as snowpack dynamic, for
instance. Such mechanisms might reduce DJFM correlation between NAO and RoR penetration. Signiﬁcant positive correlations
were found for Germany and Belarus regions only.

Fig. 6. Penetration rates of wind (black), solar PV (red) and RoR (blue) during negative (left) and positive (right) NAO phases. Large positive and negative DJFM seasons are deﬁned
by NAO index values higher than the 90th or lower than the 10th percentile values obtained from the 1865e2015 period. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

4. Results

4.2. Opposition between negative and positive NAO phases

This section focuses on the relation between NAO and penetration rates. All the results are for the DJFM season. We ﬁrst focus
on the 100% generation scenario (i.e. considering an average CRE
generation factor g equal to 1).

The NAO pattern is well known for having signiﬁcant impact on
the European climate during the DJFM season especially when NAO
index values are either strongly negative or strongly positive. In the
following, we used thresholds equal to 10th and 90th NAO index
percentiles to deﬁne strong NAO and strong NAOþ winter seasons.
For assessing robust estimates of 10th and 90th NAO index percentiles, the NAO time series from 1865 to 2015 was used. By this
deﬁnition low and high NAO threshold values equal 1.3 and þ 1.5,
respectively. Average penetration rates during strongly high and
low NAO winters are mapped on Fig. 6. During the 1980e2012
period, the years 1996 and 2010 are deﬁned as strong NAO winters, and the years 1983, 1989, 1994, 1995 and 2007 are deﬁned as
strong NAOþ winters; corresponding DJFM penetration rates are
presented in Table 3.
Fig. 6 and Table 3 highlight that DJFM NAO’s inﬂuence on
penetration rates is correlated in space with a signiﬁcant north to
south gradient. It also varies from one energy source to another.
Average solar power penetration rates do not signiﬁcantly differ

4.1. Correlation between NAO and DJFM penetration rates
As described in the introduction and in the aforementioned
references, the NAO pattern has a signiﬁcant inﬂuence on weather
variable ﬂuctuations at regional, annual and seasonal scales in
Europe. Those ﬂuctuations correspond to various penetration rates
during DJFM season. In Fig. 5, the scatter plots illustrate for England,
Belarus, Germany and Andalucía regions that, for a given energy
source, NAO’s effect differs from one region to another. Table 2
summarizes this effect by highlighting a north-south gradient in
the correlation between NAO and penetration rates, especially for
wind and solar power. Positive correlations are observed between
NAO index and wind power penetration in northern Europe (i.e.

Fig. 7. Evolution of DJFM penetration rate anomalies DPEDJFM (%) with the average CRE generation factor g (gray curves). Gray curves are obtained by subtracting average DJFM
function from the DJFM penetration functions (see equation (5)). Large positive and negative DJFM seasons are deﬁned by NAO indexes values higher than the 90th or lower than
the 10th percentile values obtained from the 1865e2015 period. They are highlighted with red and black colors, respectively. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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Table 3
Penetration rates of solar wind/solar PV/RoR power during strong NAOþ and strong NAO DJFM season. The right column gives the average penetration rate for the period
1980e2012. Bold and red values indicate penetration rates higher than the average by 5%. Underline and blue values indicate penetration rates lower than the average by 5%.
Regions are ordered by decreasing latitude.

from one region to another during strong NAO and NAOþ phases.
Highest differences are obtained for Andalucía and Greece regions
where average penetration rates increase, respectively, by 7% and
8% when moving from NAO to NAOþ phases. In Northern Europe
(e.g. Norway, Finland, England, Belarus and Germany), wind power
penetration rates are higher during strong NAOþ than during NAO
winters (Fig. 6). Meanwhile in Southern Europe, average wind
penetration rates decrease from NAO to NAOþ. A similar pattern is
obtained for RoR power; penetration rates are higher during NAOþ
in Northern Europe and lower in Southern Europe. Resulting from
high inter-annual precipitation variability in Europe, differences in
average RoR penetration rates between NAO and NAOþ are much
more important than for wind and solar power (Fig. 6). One could
for instance note an increase by 31 and 46% of RoR average penetration rates when comparing NAO and NAOþ DJFM season in
Finland and Belarus, respectively. At the same time, average RoR
penetration rate collapses in Romania by 24%.

minimum value for negative anomalies) for g factor ranging from
0.4 to 0.8. Once this equipment threshold is reached, penetration
rates during strong NAO and NAOþ are getting closer the DJFM
average penetration rates with increasing g factor. For solar PV
penetration rates, results are slightly different. For several regions,
penetration rates do not reach a maximum value (e.g. for Germany
and Belarus regions, Fig. 7) meaning that system vulnerability, i.e.
the deviations from the average penetration, keep growing along
with CRE equipment level g at least up to g ¼ 3. For other regions
such as Andalucía, the maximum daily penetration rate occurs for
equipment levels greater than 1, i.e. beyond the 100% scenario.
This shows ﬁrst that results obtained from classical penetration
analyses, i.e. by using an average CRE generation factor g equal to 1,
would under-estimate NAO impact on CRE penetration rates. Second, this indicates that during the transition period of increasingg,
system vulnerability to the NAO maximizes for wind and RoR far
before reaching a state of 100% renewable supply.

4.3. Relation between NAO’s impacts on CRE penetration and level
of equipment

5. Conclusion

We now explore the impact of DJFM NAO regarding the level of
equipment, i.e. by considering average CRE generation factor g
moving from 0 to 3. Fig. 7 shows DJFM penetration anomaly functions DPEDJFM,k for England, Belarus, Germany and Andalucía regions and for wind, solar PV and RoR power. Without any surprise,
it reveals inter-annual variability of DJFM penetration rates which
may vary from one region to another and from one energy source to
another. Signiﬁcant penetration rate anomalies are often observed
during strong NAO and NAOþ phases (Table 3).
DJFM penetration anomalies vary with the level of equipment
(Fig. 7). During strong NAO and NAOþ winters, a sharp increase in
the magnitude of penetration anomalies (respectively decrease for
negative anomalies) is often observed for low g values. Then,
penetration rates roughly reach a maximum value (respectively a

Several studies looked at regional or national CRE abundancy
and at potential beneﬁts of combining different CRE for supplying
the load from regional to continental scales. The literature shows
that studies were mainly based on short records which results in
disregarding low frequency variability of weather variables driving
power generation.
This study focuses on the inter-annual variability in winter
season due to the NAO teleconnection pattern and its impact on
CRE penetration rates. A set of 12 different regions was used in
order to take into account a wide range of climatic conditions in
Europe. The penetration rates, deﬁned as the percent of energy load
directly supplied by the CRE power generation (i.e. without any
storage requirement for balancing) is computed for wind, solar PV
and RoR power during winter season over a 33 year time period.
Results show that, depending on the climate conditions, NAO
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Fig. 8. DJFM penetration rate function of both NAO and SCAND indexes for Finland and Andalucía regions. Coefﬁcients of determination r2 are given in units of percent of explained
variance. Gray surfaces show the best surface ﬁts of DJFM penetration from NAO and SCAND indexes.

Table 4
Coefﬁcients of determination r2 giving the explained variance (%) of the penetration
rates by NAO and SCAND indexes during the DJFM season; values in bracket give the
increase in explained variance after including the SCAND pattern; Bold values
highlight high penetration increase, i.e. higher than an arbitrarily threshold set to
10%.
Region

Wind power

PV power

RoR power

Finland
Norway
England
Belarus
Germany
Italy
Romania
France
Galicia
Greece
Andalucía
Tunisia

56 (þ18)
67 (þ14)
56 (þ2)
54 (þ22)
27 (þ1)
12 (þ3)
8 (þ2)
1 ()
29 (þ1)
1 (þ1)
39 (þ1)
37 (þ13)

15 (þ1)
3 (þ2)
19 ()
30 ()
18 ()
22 (þ6)
13 (þ2)
9 (þ9)
33 (þ16)
58 (þ32)
52 (þ12)
10 (þ9)

26 (þ15)
9 (þ3)
30 (þ4)
45 (þ18)
39 (þ14)
13 (þ12)
7 ()
10 (þ5)
12 (þ9)
19 (þ3)
17 (þ16)
12 (þ1)

teleconnection pattern may or may not have signiﬁcant impacts on
CRE penetration rates. Depending on the location, CRE penetration
rates exhibit different correlation degrees with winter NAO roughly
organized following the latitude (Table 2).
In some regions, correlations between NAO and the three
considered CRE have different signs. For instance in Andalucía
(Spain), wind penetrates signiﬁcantly more during strong NAO
phases while solar PV penetrates less; RoR penetration rate is not
correlated with winter NAO. In such a location and for a system
with a high share of CRE generation, combining these three energy
sources might limit the risk of not meeting the load during strong
NAO phases. How to combine different CRE sources in order to limit
system vulnerability regarding climate low frequency variability
would be worth studying. On the other hand, for other regions,

such as England for instance, all the considered CRE show either
low or high penetration rates during strong NAO or NAOþ phases
respectively. For such regions, there is either a high risk of not
meeting the load or a high risk of curtailment during strong NAO
phases. These risks are all the more important that NAO effects on
CRE penetrations are correlated in space (Table 3 and Fig. 6). Either
backup generation or storage facilities would be required for
limiting the aforementioned risks.
Results also show that CRE penetration sensitivity to strong NAO
phases is neither constant nor linear with the level of equipment g.
For wind and RoR power, system vulnerability sharply increase at
the early transition stage with the most critical part of the transition management occurring between 40 and 80% of equipment (i.e.
when penetration rate anomalies experiences a peak; Fig. 7). For
solar PV power, these thresholds are less obvious. In Andalucía for
instance, the peaks roughly locate between 100 and 160%, meaning
an over equipment of solar PV is required for decreasing system
vulnerability to NAO pattern. For other regions such as Belarus and
Germany, penetration-rate anomaly growth with the level of
equipment highlights the needs for strategies other than simply
greater emphasis on one CRE for limiting system vulnerability to
low frequency climate variability. All these results put a whole new
perspective on the energy transition issue; things are not going to
happen slightly and abrupt vulnerability changes related to low
frequency climate variability are more than likely. Although many
studies focus on 100% renewable scenario (i.e. an average CRE
generation factor g equal to 1), the most critical stage seems to
appear much sooner, i.e. between 40 and 80% of CRE equipment
level. This prompts to a better consideration of this early stage.
This study focuses only on winter NAO which is only a component of the whole climate low frequency variability. Other components would explain signiﬁcant anomalies which are not NAO
related (see the gray curves with signiﬁcant anomalies in Fig. 7). In
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Europe, several other teleconnection patterns were identiﬁed
during the last decades, and some of them would deserve attention,
such as the Scandinavia pattern (noted as SCAND, it was previously
referred as Eurasia-1 pattern; [1]). Its positive phase is associated
with positive height anomalies over Scandinavia and western
Russia, while the negative phase is associated with negative height
anomalies in these regions. For illustration only, Fig. 8 shows preliminary results highlighting multivariate linear regressions of CRE
penetration rates from NAO and SCAND indexes. Depending on
climate context, considering SCAND pattern in addition to NAO
pattern allows better explanation of the penetration rates. Increases in explained variances are reported on Table 4. Future
works should extend this analysis to other climate patterns in order
to better understand the relation between CRE penetration and
climate variability.
Presented results and discussed interpretations therefore need
to be validated over a longer time period. Indeed, as discussed by
Ref. [9]; taking into account the long payback periods of CRE generation and storage technologies, a long term perspective is
necessary. A succession of either strong NAOþ or NAO and their
impact on CRE penetration must be investigated in future works
(see for instance consecutive 1994 and 1995 years with strong
winter NAO phases). Such a study could for instance beneﬁts of
the new large-scale reanalysis data [33,34]. Such large scale studies
should motivate to prospective analyses related to seasonal to
decadal predictions of the winter NAO [22,24]. These studies could
eventually help stakeholders for planning energy transport, storage
and backup generation operations for reducing vulnerability
related to low-frequency weather variability.
Finally, by considering that all the grid cells have the same power capacity, this study only focuses on the weather component of
the system vulnerability. Taking into account land-use and orography constraints might lead to a more realistic assessment of
system vulnerability related to low-frequency induced by teleconnections patterns. For instance Hansen and Thorn [10] mapped
the share of land area available for solar PV-panel installations in
Europe. They show that some of the considered regions are not
suitable for solar PV installations (e.g. Finland and Greece). For such
regions, this implies that high CRE equipment levels g are not
realistic. Future researches should take into account this point for
the vulnerability assessment.
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