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Abstract  19 

The increasing share of variable renewable energy sources in the power supply system 20 
raises questions about the reliability and the steadiness of the production. In this study, we assess 21 
the main statistical characteristics of “energy droughts” for wind, solar and run-of-the-river hydro 22 
power in Europe. We propose two concepts of energy droughts, considering either: Energy 23 
Production Droughts (EPD) as sequences of days with low power production or Energy Supply 24 
Droughts (ESD) as sequences of days with a high production/demand mismatch.  25 

Using a set of adhoc weather-to-energy conversion models, we characterize energy 26 
droughts in 12 European regions from 30-yr series of daily wind, solar, hydro power and energy 27 
demand. The characteristics of EPD are very different between sources with short but frequent 28 
wind power droughts and rare but long hydro power ones. Solar power droughts are very region-29 
dependent with much longer droughts in Northern Europe. ESD are next characterized in a 100% 30 
renewable energy scenario. The features of EPD and ESD differ significantly, highlighting the 31 
interplay with the energy demand. Moreover, both duration and frequency of energy droughts 32 
decrease when mixing energy sources or when some storage capacity balances the temporal 33 
production / demand mismatch.  34 

 35 

Keyword: Energy droughts; Variable renewable energy; Energy demand; Hydro-climatic 36 
variability; Europe; Wind, Solar; Hydropower  37 
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1. Introduction 38 

During the 21st Conference of Parties (COP21), the 2015 United Nations Climate Change 39 
Conference in Paris, , 175 countries agreed on limiting the temperature increase due to global 40 
warming to 2°C above preindustrial levels. Such an ambitious goal necessitates a deep 41 
transformation of our societies and first and foremost a reduction of the anthropogenic 42 
greenhouse gas emissions. Many countries have already started their energy transition. In Europe, 43 
increasing the share of renewables in the electricity production mix is one of the main targets for 44 
the next decade. The European Climate Foundation even set a 100% renewable mix objective to 45 
be met by 2050 [1]. In Europe, just like in most regions worldwide, this goal is at least physically 46 
realistic, since the resource in renewable energy balances the energy demand several times [2]..  47 

Variable renewable energies (VRE) and especially those driven by weather, namely wind, 48 
solar and hydro-power from river flow, are expected to play a key role in increasing the share of 49 
renewables. Indeed, the installed capacity of VRE is quickly growing worldwide [3]. Exploitable 50 
roughly everywhere, wind and solar resources are, for instance, already important contributors of 51 
the energy mix in Europe. For some countries, they largely contributed to the early achievement 52 
of the 27 % share of renewables targeted for 2030 by the European Council [4]. Hydropower 53 
from river flow, classically obtained from run-of-the river power plants (further referred to as 54 
RoR power plants), is often given less consideration, especially when compared to the key role of 55 
hydropower from large water reservoirs [5]. Even if individual RoR plants have fairly no 56 
balancing capacity and only small to very small power capacity (e.g. often smaller than a few 57 
MW), the overall RoR production is far from negligible in some regions [6][7]. It is also expected 58 
to increase significantly in the next years worldwide with the construction of new plants, the 59 
upgrade of old ones and the deployment of new technologies such as river hydrokinetic turbines 60 
[8][9]. 61 

Wind power, solar power and hydro-power from river flow are by definition very 62 
sensitive to weather conditions, and thus present high space/time variability [10]. Moreover, wind 63 
and solar power are highly intermittent. Consequently, the integration of VRE in the power 64 
system is often difficult. They also make power systems rather vulnerable to the hydro-climatic 65 
variability and hydro-meteorological extreme events. These issues become even more critical for 66 
high shares of VRE [11][12].  67 

In the last decade, many studies have focused on the intermittency of VRE production at 68 
small time scales [13][14][15]. These fluctuations result from the strong variability of weather 69 
variables and, to a lower extend, from the cut-in and cut-off thresholds of power generators that 70 
only function for a specific range of meteorological conditions (e.g. wind-speed based cut-in and 71 
cut-off thresholds for wind turbines). Covering timescales ranging from seconds to several hours, 72 
these high-frequency variations in power production lead to a number of critical operational 73 
issues (e.g. maintaining the system's stability in order to avoid the system collapse). This 74 
especially calls for the support of sufficient mechanical inertia in the system, fast responding 75 
back-up power and flexible storage facilities as well as demand-side management [16]. 76 

Low VRE production conditions can be also problematic. They result from weather or 77 
hydrometeorological configurations with low VRE resources or from situations for which a 78 
production curtailment is necessary to avoid damage on power production units (e.g. when wind 79 
speed exceeds the cut-off threshold of wind turbines). They can induce critical situations in term 80 
of reliability of the power supply potentially and require the use of large back-up sources or 81 
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energy storage facilities [17][18]. Low VRE production conditions have been the centre of 82 
attention of numerous studies. They either aim to assess the risks related to low production 83 
sequences, in terms of probability of occurrence or duration for both current and future climate 84 
conditions, or to improve their predictability, with the objective of supporting the operational 85 
management of transmission system operators and guarantee system reliability.  86 

Low river flows affect the hydropower production and a number of other water-related 87 
systems. Consequently, a large number of studies focused on the characterization of these 88 
conditions in terms of occurrence, durations and severity from local to continental scales (e.g. 89 
[19] for the European domain). A lot of effort is also made to improve their predictability from 90 
daily to seasonal scale [20][21]. The persistence of wind calms and/or the characteristics of low-91 
wind speed periods (for various thresholds) have been similarly analysed for a number of sites 92 
worldwide [22][23][24]. Recent studies also consider the occurrence of simultaneous low wind 93 
conditions across large areas in the context of modern transmission grids [25][26][27]. Similarly, 94 
low solar power periods due to overcast conditions, persistent low level clouds or dust outbreaks 95 
have been recently analysed [28][29][30].   96 

The impact of low VRE production periods is also likely to be increased if they co-occur 97 
with high energy demand [31][32][33], a situation which can result from the fluctuation of some 98 
large scale climate phenomenon such as the North Atlantic Oscillation [34].  99 

 100 

In this study, we propose to complement and enlarge these analyses by characterizing and 101 
comparing the periods of low VRE production in Europe for the three main renewable power 102 
sources, namely wind, solar and hydro power from river flows. We consider the three sources 103 
separately and also combined in an energy mix. For the three sources, we use a same analysis 104 
framework and focus on what we call “energy droughts” whose concept rests on the analogy with 105 
the classical hydro-meteorological droughts, defined as long periods of very low river flows [22] 106 
or periods with no or fairly no precipitation [35][36]. We here propose two definitions of “energy 107 
droughts”, considering either 1) Energy Production Droughts as uninterrupted sequences of days 108 
with low power production or 2) Energy Supply Droughts as uninterrupted sequences of days 109 
with a high production/demand mismatch. We here characterize Energy Supply Droughts within 110 
a hypothetical 100% VRE system where electricity generation comes from wind, solar and/or 111 
run-of-the-river hydro-power only. We do not base our analysis on site measurements but on high 112 
resolution gridded hydrometeorological datasets obtained for a 30-year historical period from 113 
satellite observations and from outputs of weather and hydrological models. This allows us to 114 
conduct our study on different European regions (12) and thus explore how the characteristics of 115 
energy droughts also depend on the climatic spatial variability. 116 

The meteorological datasets and the different weather-to-energy conversion models are 117 
presented in section 2 together with the two definitions of energy droughts. Section 3 gathers the 118 
results of this study and a comparison of the two droughts definitions. The results are discussed in 119 
Section 5 and section 6 concludes our study. 120 

2. Datasets and models  121 
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2.1 Hydro-meteorological data 122 

We consider twelve regions homogeneously spread over Europe and Maghreb and having 123 
a surface area of about 40000km² (Fig.1). As discussed in François et al. [12], they draw a picture 124 
of the large variety of climatic conditions existing in Europe with four main influences: a North-125 
South gradient from Scandinavian to Mediterranean climate and a West-East contrast from 126 
Oceanic to continental influences.  127 

 128 

Fig.1: Locations and boundaries of the 12 test regions. The two letters are further used as regional IDs. 129 

Several meteorological variables are required to simulate electricity production and 130 
demand time series. Temperature and precipitation data are based on on-site measurements and 131 
are extracted from the European Climate Assessment & Dataset (ECAD, [37]) at a daily time step 132 
and on 0.25 degrees grid spacing. Solar radiation series comes from the Surface Solar Radiation 133 
Dataset - Heliosat (SARAH) which relies on satellite measurement [38]. It has a 0.05° grid and 134 
data are also extracted on a daily basis. Finally, we use pseudo-observations of wind speed 135 
derived from simulations of the Weather Research and Forecasting Model which has been forced 136 
by the ERA-Interim reanalysis [39]. All these data are available on a 30-yr long research period, 137 
extending from 1983 to 2012. 138 

River discharges are highly regulated in most regions of Europe. In order to free ourselves 139 
from this anthropogenic influence and only depend on the hydro-climatic variability, we use 140 
unregulated discharge estimates. They are obtained with a distributed version of the GSM-Socont 141 
hydrological model [40] on a 0.25° grid from each test region [12]. Using the previous 142 
precipitation, temperature, and wind speed series, this model simulates the main hydrological 143 
processes which drive river discharge (e.g. snowpack dynamics, evapotranspiration, infiltration, 144 
runoff transfer).  145 
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2.2 Weather-to-energy conversion models 146 

Daily time series of solar, wind and RoR power are simulated from weather and river 147 
discharge thanks to “weather to energy” conversion models. These models are based on generic 148 
production systems obtained from generic wind turbine, photovoltaic panel or RoR plant. For 149 
each energy source, we assume that all grid cells of the considered region have the same level of 150 
equipment. The overall regional production is obtained by summing the simulated production 151 
values of all grid cells.  152 

For each grid, solar power (PPV) time series is derived from global solar irradiance Ieff 153 
(Wm-2) and air temperature Ta (°C) following Perpiñan et al. [41]. The conversion of wind speed 154 
into wind power relies on a two-step process. Firstly, the 10m wind speed series are extrapolated 155 
to 80m (height of the generic turbine hub), assuming a logarithmic increase in wind speed with 156 
increase in altitude. Daily wind speed is then converted into wind power with the idealized power 157 
curve described in Francois et al. [12]. To estimate RoR hydro power from river discharge PRoR 158 
(kW), we use a classic conversion function (Eq.1) using the water head h (m) defined as the 159 
altitude difference between the current grid cell and the lowest point of the region. 160 

𝑃 (𝑡) =  𝜂 𝑔ℎ𝜌 𝑞(𝑡) (1)  

where 𝜂  the efficiency of the turbine (%), 𝑞 the flow passing through the turbine 161 
(𝑚 . 𝑠 ), g the acceleration of gravity (=9.81 𝑚. 𝑠 ), 𝜌 the water density (=1000 𝑘𝑔. 𝑚 ). The 162 
water flowing through the turbine is modelled as a non-linear function of the river discharge as 163 
described in Francois et al. [12]. The local runoff produced in any given grid is assumed to be 164 
ideally harnessed from its location of origin to the catchment’s outlet.  165 

The daily energy load required here to analyse the Energy Supply Droughts is finally 166 
estimated for each grid cell from daily temperature (Eq.2). Thus, we put aside all non-weather 167 
related influences on the demand, and only focus on the effects of temperature fluctuations. In 168 
this way, results from different regions are easily comparable whatever the population or their 169 
economic development. The daily energy load L (Wh) is estimated as:  170 

 𝐿(𝑡) = 𝑎 × [𝑇 − 𝑇(𝑡)] + 𝑏  𝑖𝑓 𝑇(𝑡) < 𝑇

𝐿(𝑡) =  1    𝑖𝑓 𝑇 < 𝑇(𝑡) < 𝑇    

𝐿(𝑡) = 𝑎 × [𝑇(𝑡) − 𝑇 ] + 𝑏  𝑖𝑓 𝑇(𝑡) > 𝑇 ,

 

(2) 

where THeat and TCool are the heating and cooling thresholds (15°C and 20°C respectively), 171 
b (Wh) is the base load for the temperature-independent range and aTheat (Wh °C-1), aTCool (Wh °C-172 
1) are the weather sensitivity coefficients for heating and cooling respectively. The parameters 173 
were estimated using observed data of electricity demand from the European Network of 174 
Transmission Systems Operators of Electricity (ENTSOE, https://www.entsoe.eu/home/) (more 175 
details in François et al. [12]).  176 

3. Definition of energy droughts 177 

3.1 Energy Production Droughts (EPD) 178 

We define a low production period as a contiguous sequence of days during every day of 179 
which the production is below a given low-production threshold. This analysis requires the 180 
calculation of a daily Deficiency Index (DI) time series for each region and energy source. The 181 
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DI time series simply reduces the power production to a binary time series equals to 0, when the 182 
daily production (P) is greater than the low-production threshold (P0), or to 1 when lower (Eq.3). 183 

DI(j) = 1 if P(j)  P0          (3) 184 

DI(j) = 0 if P(j) > P0 185 

In our case, the threshold is set to a given percentage of the mean daily production 186 
estimated over the whole period of analysis, i.e. 1983-2012. The duration of a low production 187 
period is defined as the number of consecutive days for which the DI index equals 1 (Fig.2a).  188 

Our definition is different from the one classically used for the analysis of hydrological 189 
droughts. In the latter case, the threshold changes periodically in time and usually corresponds to 190 
a given percentile of observed discharge data (e.g. the 90% percentile). It is usually estimated by 191 
using a moving seasonal window and all available observations falling within [42][43]. In our 192 
study, the threshold is time-invariant. Thus, droughts events are defined per-se and not as events 193 
that are unusual when compared to a calendar climatology. This definition allows the comparison 194 
of droughts regimes and severity obtained for different energy sources or different regions.  195 

We will consider in turns two thresholds which correspond respectively to 0.2 and 0.5 196 
times the mean daily production of the considered region/VRE source. We will refer to the 197 
corresponding low productions as moderate and severe “Energy Production Droughts” 198 
respectively (EPD in the following).  199 

EPD are defined with respect to the mean daily production obtained for the considered 200 
region. They are thus defined per-se and do not depend on the electricity demand. Hence, they 201 
only represent a signature of weather and hydrometeorological variability. 202 

3.2 Energy Supply Droughts (ESD) 203 

As mentioned in Section 1, the severity of “energy droughts” can be reinforced (resp. 204 
reduced) if they occur during higher (resp. lower) than usual demand periods. 205 

An impact oriented assessment of energy droughts leads to consider Energy Supply 206 
Droughts, where the production/demand (im-)balance is accounted for. For the present analysis, 207 
we account for the production/demand (im-)balance that would be obtained for each region 208 
individually. We thus consider that each region is “autonomous”, i.e. that there is no energy 209 
exchanges with the neighbouring regions. We further consider that all the regional production 210 
comes from solar, wind and/or RoR hydro power only and that the 30-yr mean regional VRE 211 
production equals the 30-yr mean regional electricity demand. This configuration corresponds to 212 
the so-called 100 % renewable scenario considered in a number of recent works (e.g. [11][12]). 213 
We finally use the “copper plate” assumption within each region and thus consider that there is 214 
no energy transmission limitation within each region.  215 

We here also define what we will refer to as low satisfaction periods, as sequences of days 216 
for which the non-satisfied demand is greater that a given fraction k of the mean electricity 217 
demand. This analysis also requires the calculation of a Supply Deficiency Index (SDI) time 218 
series for each energy source and region. This index is estimated on a daily basis as following 219 
(Eq.4):  220 

SDI(j) = 1 if (D(j)-P(j)) > k.Dm  221 

SDI(j) = 0 if otherwise    (4) 222 
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Where D(j) is the energy demand on day j, Dm is the mean daily energy demand over the 223 
whole 1983-2012 period. The main characteristics of low satisfaction periods are derived from 224 
the time series of the SDI index similarly to what has been described for Low Production Periods 225 
in Section3.1 (see Fig.2b). We consider two thresholds values, k=0.5 and k=0.8, which 226 
correspond to what we will call moderate and severe Energy Supply Droughts respectively (ESD 227 
in the following).  228 

The DI and SDI indices are very similar. Actually, the DI index corresponds to the SDI 229 
index for which the electricity demand would be constant in time and equals to the mean 230 
production Dm. In our case, it is easy to show that the thresholds considered for the definition of 231 
moderate EPD and moderate ESD refer to a same drought intensity level. The same applies to 232 
severe EPD and severe ESD. Thus, moderate (resp. the severe) droughts, can be compared for 233 
both definitions, making possible to estimate how the production/demand co-variability structure 234 
influences the characteristics of energy droughts.  235 

A visual comparison between the two definitions of energy droughts is presented for one 236 
year-long time series of simulated hydro power production and energy demand on Fig.2.  237 

 238 

 239 

Fig.2: “Energy Production Droughts” (a) and “Energy Supply Droughts” (b). Illustration for one year 240 
of hydropower power production (blue) and energy demand (black) in England. Production and demand 241 
time series have been normalized so that the annual average equals 1 for both series. Energy Droughts 242 
sequences correspond to the grey shaded bars. In (a) droughts correspond to a production smaller than 0.2 243 
times the mean annual production. In (b) droughts correspond to a difference between demand and 244 
production greater than 0.8 (in this configuration the production falls below the dotted line which is 245 
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defined from D(j)-0.8Dm). These two configurations correspond to the definition of what we call “severe” 246 
droughts. 247 

4. Results  248 

For the different energy sources, we now describe the number of days with low 249 
production and present the characteristics of EPD and ESD. Some figures only gather 250 
information for 3 regions (Norway (NO), Germany (GE), Andalucía (AN)) which draw a rather 251 
representative picture of energy droughts features for Europe.  252 

4.1 Days in drought state 253 

Fig.3 presents the cumulative distribution functions (cdfs) of daily power production 254 
simulated for wind, solar and hydro power in NO, GE and AN. To make the comparison between 255 
energy sources easier, the times series have been scaled dividing them by the mean daily 256 
production over the whole 1983-2012 period. The two dashed lines represent the 0.5 and 0.2 257 
thresholds used to identify the days in a moderate or severe drought state respectively.  258 

Wind power classically exhibits the larger range of daily production values with heavy-259 
tailed cdfs (e.g. in GE and AN). The proportion of days in a moderate drought state is rather 260 
similar between regions and of about 35%. Conversely, regional differences are much higher for 261 
days in a severe drought state with much fewer days in southern Europe (here in AN).  262 

The variability of daily solar power production and the proportion of days in drought state 263 
are much higher in Northern Europe than elsewhere. This is obviously a direct consequence of 264 
the latitude influence on the space/time daylight variations in Europe. About 25% and 40% days 265 
are for instance below the severe and moderate thresholds respectively in NO while only few 266 
days are in drought conditions in AN (about 1% for the severe droughts threshold and 10% for 267 
the moderate drought one).  268 

For hydropower, the cdf of daily production can have very different shapes from one 269 
region to the other. They have similar shapes in Alpine areas, Northern and southern European 270 
regions (here NO and AN) with a large proportion of days below the drought thresholds (15% 271 
below the 0.2 threshold and about 30% below the 0.5 one). In high elevation or high latitude 272 
regions, these days often occur in winter as a result of the typical snow-dominated hydrological 273 
regimes of river basins (not shown). The cdfs of hydro power production present less skewness in 274 
regions located in plains (here GE), leading to much smaller numbers of days in drought 275 
conditions. 276 



9 
 

 277 

Fig.3: Cumulative distribution functions (cdfs) of normalized power production for each VRE 278 
source in 3 European regions. Hydro – blue, Wind – orange, Solar – red. See Fig.S1 for results on all 12 279 
regions 280 

4.2 Energy Production Droughts  281 

The characteristics of EPD also depend on the energy source and on the region. Fig.4 282 
gathers, for the 12 European regions, the mean duration (x axis) and the mean annual frequency 283 
(y axis) of energy droughts. Additionally, the background colour scale gives the proportion of 284 
days under drought conditions discussed in Sec.4.1. With this representation, all points located on 285 
a descending diagonal and for a fixed background colour present the same number of drought 286 
days. The representation also makes possible to differentiate configurations with numerous but 287 
short droughts (points located in the left/upper side of the diagonal) from situations with rare but 288 
long lasting ones (points located in the right/bottom side of a given diagonal).  289 
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 290 

Fig.4: Annual frequency (y-axis) versus mean drought duration (x-axis) of Energy Production 291 
Droughts (EPD) for (top) moderate and (bottom) severe droughts. The colour shade gives the 292 
proportion of days experiencing energy drought conditions within the 30-year period (wind: orange; solar: 293 
red; hydro: blue). All points located on a descending diagonal at a chosen colour present the same number 294 
of days in drought conditions. The ID of each region is indicated within each dot. 295 

 296 

This representation gives a synthetic but partial picture of drought characteristics. The 297 
characteristics of individual drought sequences (e.g. duration and intensity) may obviously differ 298 
greatly between events. For illustration, Fig.5 presents the cdfs of the droughts durations obtained 299 
for severe and moderate EPD in the NO, GE and AN regions. In the following analysis, this 300 
variability should be kept in mind.  301 
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 302 

Fig.5: Reverse cumulative distribution of the duration of Energy Production Droughts for both 303 
moderate (top: 50% level) and severe (bottom: 20% level) droughts in NO, GE and AN. Hydro 304 
power droughts (blue); wind power droughts (orange), solar power droughts (red). All panels show the 305 
percentage of drought events of the 30-yr period that exceed a given duration in days. See Fig.S2.a and 306 
FigS2.b for results on all 12 regions. 307 

For both moderate and severe droughts, the homogeneity of wind power EPD 308 
characteristics is noteworthy: all individual droughts have very short durations (1 to 7days -309 
Fig.5). The main characteristics of moderate wind power EPD are also very similar from one 310 
region to the other (Fig.4). Indeed, whatever the region, moderate droughts are numerous (from 311 
50 to 60 events per year) and last from two to three days in average. The mean duration of severe 312 
wind droughts, smaller than 2days, is also very similar between regions. Conversely, their 313 
frequency is more variable with fewer droughts sequences in the Mediterranean regions. This 314 
result induces a much lower number of days in severe drought conditions for these regions. 315 

Hydropower droughts are rather rare (less than 5 events per year). Individual hydropower 316 
droughts also present a large diversity of duration with relatively short episodes to extremely long 317 
ones which can last several months (Fig.5). Conversely to wind EPD, short events (up to a few 318 
days) represent a small proportion of hydro-power droughts. Indeed, the hydrological processes 319 
and underground storage capacity of river basins work as powerful low-pass filters and ease most 320 
of the daily meteorological variability. The characteristics of hydropower droughts depend a lot 321 
on the region (Fig.4). The longest droughts are found in Scandinavian and Mediterranean 322 
regions. In NO and AN, hydropower droughts can last up to 5 months. However, these EPD 323 
occur in different seasons: in summer in TU, AN and GR, in winter in NO, IT and FI (not 324 
shown). They respectively result from long periods with no or few precipitation and, for high 325 
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elevation/latitude regions, from the storage in snowpack of most winter precipitation. Finally, the 326 
characteristics of hydropower droughts also significantly depend on the drought intensity level. 327 
Severe hydropower EPD are roughly twice less numerous than moderate ones. They also last 328 
30% to 50% time less. The regional specificities are roughly the same for both drought intensity 329 
levels. 330 

The characteristics of solar droughts are in-between those of wind and hydropower 331 
droughts (Fig.4). The number of solar drought events is medium in all regions. However, there 332 
are two different types of droughts with on one hand very short events, and on the other hand 2 to 333 
3 months EPDs (Fig.5). Short events correspond to cloudy weather situations, which mainly last 334 
a few days. Conversely, long lasting EPDs result from short daylight duration in winter. This 335 
effect is logically strengthened in Northern regions (here NO) where it is clearly visible for both 336 
moderate and severe EPD. In medium latitude countries, it only impacts moderate droughts 337 
whereas no effect can be found in Mediterranean regions.  338 

Whatever the energy source, severe droughts are expected to be less numerous and to 339 
present lower mean durations than moderate ones. This is roughly the case for all regions. 340 
However, solar EPD in Nordic regions do not respect this rule as a result of the bimodal 341 
distribution of drought duration mentioned previously. For these regions, when going from 342 
moderate to severe droughts, only short duration events are removed whereas long duration ones 343 
remain. It then results in an increase of the mean drought duration.  344 

4.3 Energy Supply Droughts  345 

As mentioned in Sec.1, low production periods can be more (resp. less) critical when co-346 
occurring with high (resp. low) energy demand. Fig.6 presents the differences in number of days 347 
in drought conditions, mean duration and mean annual frequency of droughts between EPD and 348 
ESD.  349 
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 350 

Fig.6: Difference in statistical characteristics from Energy Supply Droughts to Energy 351 
production Droughts (ESD-EPD). x-axis: difference in mean duration of drought sequences; y-axis: 352 
difference in annual frequency. Colour scale: difference in the number of days in drought state over the 353 
simulation period.  354 

For wind power droughts the mean duration of EPD and ESD are very similar whatever 355 
the region. The differences in droughts frequencies are also limited for most regions. However, 356 
the number of drought days and the annual frequency of drought events tend to be slightly 357 
smaller for ESD in Northern regions. It likely results from the partial synchronism between wind 358 
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power and demand which both present a seasonal pattern with higher values in winter (higher 359 
wind speed and higher demand from heating systems). However, the production / demand co-360 
variability structure can sometimes lead to opposite changes for moderate and severe droughts 361 
(e.g. NO). 362 

The characteristics of solar power droughts are strongly impacted by the energy demand. 363 
The number of days in drought situation is higher everywhere, except in the southern regions. 364 
This result is consistent with the synchronism existing between low winter production due to 365 
short day length and high winter energy consumption in northern and central Europe. It is 366 
noteworthy that for most regions, higher numbers of drought days are associated with smaller 367 
frequencies of drought events (e.g. all regions for moderate droughts and Scandinavian regions 368 
for severe droughts). Naturally, this effect is balanced with higher droughts durations. Finally, for 369 
some remaining cases (e.g. RO for severe droughts), higher number of drought days result from 370 
more droughts sequences but with no changes in mean duration.  371 

For hydro power, the differences between EPD and ESD are strongly region-dependent. 372 
The number of droughts days slightly decreases in regions where hydrological regimes present 373 
higher river discharge in winter (e.g. FR, GE, GA, GR). ESD tend to be shorter than EPD. This 374 
results from the seasonal co-variability between precipitation and electricity demand with higher 375 
precipitation, discharge and hydropower production in winter, when heating systems are 376 
operating. The opposite co-variability structure happens for the other regions (continental, 377 
mountainous and Scandinavian regions) where a higher winter energy demand co-occur with low 378 
winter discharges. This latter configuration increases the number of days in drought conditions 379 
with shorter and more frequent ESD sequences in NO or longer sequences with similar annual 380 
frequency in RO for instance.   381 

Whatever the energy source, small differences exist between EPD and ESD in southern 382 
regions. It is probably a consequence of a lower sensitivity of the demand to regional temperature 383 
changes. Indeed, the weather is relatively mild from autumn to spring, making the demand 384 
roughly weather-independent. In other countries, heating systems tend to boost the winter 385 
demand. On the other hand, the summer increase in demand from air conditioning is of relatively 386 
small magnitude in our temperature-demand model (Fig.7).  387 

 388 

 389 
 390 
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Fig.6: Temperature to energy demand function (dashed broken linear line) with seasonal and annual 391 
distributions of daily temperature (DJF-blue, MAM-green, JJA-ref, SON-orange, annual-black). See 392 
Fig.S3 for results on all 12 regions. 393 

5. Discussion 394 

In Sec.4, we showed that the characteristics of Energy Droughts depend on both energy 395 
source and regional climate. They are also expected to depend on non-climatic factors such as 396 
technical components and structural choices for power supply systems. In this section we 397 
illustrate how Energy Drought’s characteristics would be changed for power system using a mix 398 
of energy sources or including some storage facilities to balance the production/demand temporal 399 
mismatch. 400 

5.1 Energy droughts for an energy mix 401 

Mixing energy sources is known to reduce the variability of the production and classically 402 
improves the production/demand match [11]. For the 12 European regions considered here, 403 
François et al. [12] estimated energy mixes based on hydro, solar and wind power, which 404 
maximize the mean daily production/demand match (c.f. share coefficients in Tab.1). We here 405 
illustrate how this mix may also influence the statistical characteristics of Energy Droughts. 406 

Fig.8 presents the characteristics of EPD obtained with these regional mixes for both 407 
moderate and severe droughts. It should be compared to Fig.4 which presents the results of single 408 
VRE sources. In all cases, a large decrease in drought severity is obtained with the mix. The 409 
number of days under drought conditions is drastically decreased, by a factor 2 to 10 depending 410 
on the region and on the single VRE source considered initially. This decrease results in a large 411 
reduction of both duration and frequency of energy droughts. For some regions, the combination 412 
of VRE sources even leads to the complete removal of severe droughts (e.g. AN). Thus, the 413 
complementarity that exists between VRE sources can make power systems much less prone to 414 
EPD.  415 

 416 
Fig.7: Effect of a VRE mix (see Tab.1) on moderate and severe Energy Production Droughts. Figure 417 
to be compared with Fig.4 (caption details in Fig.4). 418 
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Tab.1: Regional energy mix proposed by François et al. [12]. Share coefficients are given for solar 419 
power (SPV), wind power (SW) and hydropower (SRoR) for the 12 regions. 420 

 SPV (%) SW (%) SRoR (%) 

Finland  15  35  50  

Norway  15  50  35  

Belarus  5  30  65  

England  20  15  65  

Germany  35  15  50 

France  45  15  40 

Italy  30  35  35  

Romania  25  35  40  

Greece  45  10  45  

Galicia  45  10  45  

Andalucía  50  10  40  

Tunisia  40  20  40 

5.2 Energy droughts and storage  421 

Storage systems, such as water reservoirs and batteries, can also ease the integration of 422 
VRE; balancing part of the missing production with the energy surplus stored on previous days 423 
[44][45][46].  424 

Fig.9 presents the effect of storage on ESD characteristics in NO, GE and AN. Similar 425 
results are obtained for the other regions. We consider 4 simplified and idealized storage systems 426 
with different storage capacities corresponding respectively to 1, 7, 30 and 90 days of mean 427 
energy load. The energy transfer from and toward the storage system is simulated on a daily 428 
basis. Depending on the daily production/demand balance, the storage system either fills up, 429 
storing the energy surplus, or runs out, to satisfy more demand (see [47] for details). For 430 
simplification, we assume a perfect storage (no power loss). 431 

For wind power, the frequency of drought episodes is efficiently lowered even with small 432 
storage capacity. When a large storage is involved, only few drought events remain. This result 433 
directly comes from the high frequency variations of wind power and the short durations of wind 434 
power droughts. 435 

As mentioned previously, hydro power droughts have rather long duration in most 436 
regions. Therefore, small size storage systems do not lead to a significant reduction of droughts: 437 
the number of drought days does not change much. However, small size storage leads to a 438 
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reduction of droughts frequency, which is counterbalanced with an increase in mean drought 439 
duration. A significant reduction of drought severity is obtained for storage capacities larger than 440 
30 days of mean demand. The seasonal based size (S = 90) is even more efficient but still does 441 
not lead to similar improvement as for wind power.  442 

Similar comments apply for solar power. Small storage capacity does not change the 443 
number of drought days but often leads to longer and less numerous droughts events. Different 444 
modifications occur depending on the regional location in latitude. Even with large storage 445 
systems, Northern regions still suffer from long and numerous solar power droughts. Conversely, 446 
these critical periods are almost all removed in Mediterranean regions, even with medium storage 447 
capacity (here AN). 448 

 449 

 450 

Fig.8: Effect of storage on Energy Supply Droughts characteristics. Mean number of drought episodes 451 
versus mean drought duration. Results are displayed for hydro-power (blue), solar-power (red), wind-452 
power (orange). The points associated to different storage capacities but from the same energy source 453 
have been connected in a logical order. They correspond to S = 1, 7, 30 and 90 days of mean energy load 454 
(S=1 in bold). The colour scale gives the mean annual number of days under drought conditions. See 455 
Fig.S4.a and Fig.S4.b for results on all 12 regions. 456 

6. Conclusions 457 

The similarities in stochastic nature and characteristics (occurrence, duration, intensity) 458 
between low production periods from VRE sources and low flow periods in hydrology call for 459 
the introduction of the concept of Energy Droughts.  460 
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In this study, we showed the strong variations of Energy Droughts characteristics between 461 
sources and within Europe. Wind droughts are very numerous but present very short duration, 462 
whatever the location. Solar droughts are of two types: 1) those that directly derive from the 463 
seasonal cycle of daylight which are long lasting especially in northern regions 2) those induced 464 
by the weather variability (changes in cloud cover) which usually last a few days maximum. 465 
Hydropower droughts are much more region and time dependent as a result of the combined 466 
effects of meteorological droughts (snow accumulation or lack of rainfall / snow melt) and of the 467 
low pass filtering behaviour of river basins. Whatever the region, the complementarity that exists 468 
between wind, solar and hydro would make VRE mixes much less prone to energy droughts than 469 
systems based on one single VRE source.  470 

The characterization of Energy Droughts is expected to enlighten decision makers in the 471 
design of future renewable power systems, including the provision of backup and/or storage 472 
solutions. As illustrated in this study, the analysis of Energy Droughts should take into account 473 
the electricity demand sensitivity to weather conditions. Indeed, it can potentially increase / 474 
decrease the socio-economic impact of drought events, depending on the co-variability structure 475 
between production and demand.  476 

Our work is based on a number of assumptions, data and modelling choices, which 477 
potentially lead to some uncertainty in our results. The hydro-meteorological data used here are 478 
not observations but pseudo-observations (e.g. radiation from satellite products, surface winds 479 
from WRF). Of course, such data present limitations. However, conversely to observed data, 480 
pseudo-observations are available at high space - time resolution and classically cover rather long 481 
periods of time, even in ungauged regions. They allow having a more relevant view of unusual 482 
hydro-meteorological events. The temporal and spatial organisation (and next co-variations) of 483 
these pseudo-observations is also a priori consistent with the weather conditions of the 1983-2012 484 
period. Thus, our analysis is expected to give a reasonable picture of the main features of energy 485 
droughts in different European climates for the last decades and of their specificities for the 486 
different types of VRE sources. However, further studies should consider the possibility to use 487 
the higher quality datasets (e.g. high resolution reanalyses of surface weather) that should be 488 
available in the coming years.  489 

The choice of the weather-to-energy model is also another source of concern. Generic 490 
production systems have been considered for all regions. However, a variety of technological 491 
solutions which have their own weather-to-energy conversion relationships exist to harvest 492 
VREs. These relationships are classically highly non-linear and vary from one plant to the other. 493 
For instance, this is the case for wind turbines (cut-in / cut-off thresholds in the wind speed – 494 
wind power relationship) or for hydropower-plants which present an even greater variety with 495 
site-dependent specificities. Consequently our results are expected to significantly depend on 496 
these technical features. Similarly, the weather driven part of the energy demand was estimated 497 
with a unique model for all regions. However, the sensitivity of the demand to temperature can 498 
strongly vary from one region to the other. For instance, the winter sensitivity in FR and NO is 499 
actually twice higher than the average relationship estimated for our 12 European regions; most 500 
heating systems being based on electricity in these regions. Similarly, the summer sensitivity is 501 
roughly 5 times greater in IT and GR than elsewhere as a result of a much higher proportion of 502 
households equipped with air conditioning. The weather sensitivity of the demand obviously 503 
determines the differences between Energy Production Droughts and Energy Supply Droughts. 504 
Further studies should explore how our results depend on the technical and socio-economic 505 
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configuration. However, the main conclusions of our analysis are not expected to drastically 506 
change. 507 

As mentioned previously, Energy Production Droughts are a signature of weather and 508 
hydrometeorological variability. Thus, they are defined per-se. Conversely, Energy Supply 509 
Droughts depend on a number of socio-economic and technical factors, including those 510 
pertaining to the energy mix and the power system considered. To provide some insight on 511 
Energy Supply Droughts, part of our analysis was carried out with the 100% renewable energy 512 
scenario. In this context, we assume that the resource is sufficient to provide the whole energy demand. 513 
This is likely not the case for all the configurations we considered. This would depend on the available 514 
mean resource itself which can be rather low in some regions (e.g. solar in the north) and on the mean 515 
demand which can be rather large in highly populated areas. The operational feasibility of such a 516 
100% scenario is also obviously questionable, as discussed in a number of recent publications 517 
(see for instance [48] and [49]). Whatever those possible limitations, the 100% VRE scenario offers 518 
a convenient and simple analysis framework able to give informative perspective of a 519 
configuration to which a number of countries / regions are prone to head toward [1]. In our 520 
analysis, it allows highlighting the interest of mixing of solar/hydro/wind sources, using the 521 
space/time complementarity between single sources. It also allows analysing how low resources 522 
sequences could interplay with high demand sequences as a result of the co-variability between 523 
weather variables. The analysis proposed here thus allows drawing a first but already informative 524 
picture of other energy droughts issues. Further works should consider a more realistic 525 
representation of the energy mix and power system. We here for instance focused our analysis on 526 
specific European regions assumed to be independent from each other. This is obviously not the 527 
case owing to the wide European electricity grid which connects regions and makes them less 528 
vulnerable to local weather variations. Further works should then consider Energy Droughts in a 529 
broader space-time framework to determine the characteristics of Energy Droughts over a 530 
continuum of spatial scales from local to European ones. The potential severity of European-wide 531 
events is of major interest for building a reliable pan-European power system. On the other hand, 532 
Energy droughts should also be studied at a very local scale, for a reliability analysis of mini-533 
grids and stand-alone power systems which are appropriate for remote and isolated communities 534 
and/or industries.  535 

Energy Droughts are a key security issue of the energy supply challenge in a context 536 
where the share of VRE is continuously increasing worldwide. This call for a detailed 537 
characterization of their main statistical properties and extreme return levels similarly to what is 538 
classically done for meteorological and/or hydrological extremes. This characterization should 539 
account for the likely intensification of the hydrological cycle and of hydro-meteorological 540 
extremes expected from the ongoing climate change. Energy droughts will likely also challenge 541 
the operational management of the energy systems. To support their real-time management for 542 
instance, further works should also explore / understand the large-scale meteorological and/or 543 
atmospheric configurations prone to Energy Droughts and assess the possibility to forecast such 544 
events. We can likely expect that these different issues will gain increasing attention in the 545 
coming years. 546 

 547 

7. Acknowledgement 548 



20 
 

 549 
This work is part of the FP7 project COMPLEX (Knowledge based climate mitigation systems 550 
for a low carbon economy; Project FP7- ENV-2012 number: 308601; 551 
http://www.complex.ac.uk/).  552 
 553 

8. References 554 

[1] European Climate Foundation (2010). Roadmap 2050: a practical guide to a 555 
prosperous, low carbon Europe. Brussels. Available online: http://www.roadmap2050.eu/ 556 

[2] Hoogwijk, M., & Graus, W. (2008). Global potential of renewable energy sources: a 557 
literature assessment. Background report prepared by order of REN21. Ecofys, PECSNL072975. 558 

 [3] International Energy Agency, 2016. World Energy Outlook 2016. Paris. 559 

[4] Šturc, M. (2012). Renewable Energy: Analysis of the Latest Data on Energy from 560 
Renewable. Eurostat, European Union: Luxembourg. Available 561 
online: http://ec.europa.eu/eurostat/web/products-statistics-in-focus/-/KS-SF-12-044. 562 

[5] Piria, R., Junge, J. (2013). Norway’s Key Role in the European Energy Transition. 563 
Smart Energy for Europe Platform: Berlin, Germany. Available online : 564 
http://jointdeclaration.org/wp-content/uploads/2013/06/Norway-key-role-energy-565 
transition_web.pdf  566 

[6] BFE, Bundesamt für Energie. (2013). Statistique suisse de l'Electricité 2013, Bern, 567 
Switzerland, Technical report, 56pp. Available online at: http://www.bfe.admin.ch/. 568 

[7] GSE, (2011). Statistical Report: Renewable Energy Power Plants in Italy, Technical 569 
report Gestore Servizi Energetici; 2010e2011, 64pp. available online at: 570 
http://www.gse.it/it/Dati%20e%20Bilanci/GSE_Documenti/ENG/Italy%20RES%20Stastistical%571 
20Report%202011%20WEB%20def%2015-11-2012%20%20tag. pdf. Last access November 572 
2014 573 

[8] Khan, M. J., Bhuyan, G., Iqbal, M. T., & Quaicoe, J. E. (2009). Hydrokinetic energy 574 
conversion systems and assessment of horizontal and vertical axis turbines for river and tidal 575 
applications: A technology status review. Applied Energy, 86(10), 1823-1835. 576 

[9] Sample, J. E., Duncan, N., Ferguson, M., & Cooksley, S. (2015). Scotland׳ s 577 
hydropower: Current capacity, future potential and the possible impacts of climate change. 578 
Renewable and Sustainable Energy Reviews, 52, 111-122. 579 

 [10] Engeland, K., Borga, M., Creutin, J.D., François, B., Ramos M.H., Vidal, J. (2017) 580 
Space-time variability of climate and hydro-meteorology and intermittent renewable energy 581 
production – a review. Renewable & Sustainable Energy Reviews, 79, pp.600-617 582 

[11] Von Bremen, L. (2010). Large-scale variability of weather dependent renewable 583 
energy sources. In Management of weather and climate risk in the energy industry (pp. 189-206). 584 
Springer Netherlands. 585 



21 
 

[12] François, B., Hingray, B., Raynaud, D., Borga, M., & Creutin, J. D. (2016). 586 
Increasing climate-related-energy penetration by integrating run-of-the river hydropower to 587 
wind/solar mix. Renewable Energy, 87, 686-696. 588 

[13] Lave M, Kleissl J, Arias-Castro E. (2012). High-frequency irradiance fluctuations 589 
and geographic smoothing. Sol Energy;86:2190–9. http://dx.doi.org/10.1016/ 590 
j.solener.2011.06.031. 591 

[14] Sørensen P, Cutululis NA, Vigueras-Rodríguez A, Jensen LE, Hjerrild J, Donovan 592 
MH, et al. (2007). Power fluctuations from large wind farms. IEEE Trans Power Syst; 22:958–593 
65. http://dx.doi.org/10.1109/TPWRS.2007.901615. 594 

[15] Sevlian R, Rajagopal R. (2013). Detection and statistics of wind power ramps. IEEE 595 
Trans Power Syst; 28:3610–20. http://dx.doi.org/10.1109/TPWRS.2013.2266378. 596 

[16] IEA-ETSAP and IRENA. (2015). Renewable Energy Integration in Power Grids. 597 
Technology Brief. Available from : www.irena.org/Publications.  598 

[17] Van Vliet M. et al. (2016). "Impacts of recent drought and warm years on water 599 
resources and electricity supply worldwide." Environmental Research Letters 11.12. 600 

[18] Gleick P. (2015) "Impacts of California’s ongoing drought: hydroelectricity 601 
generation." Oakland, CA.  602 

[19] Hannaford, J., Lloyd‐Hughes, B., Keef, C., Parry, S., & Prudhomme, C. (2011). 603 
Examining the large‐scale spatial coherence of European drought using regional indicators of 604 
precipitation and streamflow deficit. Hydrological Processes, 25(7), 1146-1162. 605 

[20] Lima C and Upmanu L. (2010) Climate informed long term seasonal forecasts of 606 
hydroenergy inflow for the Brazilian hydropower system. Journal of hydrology 381.1: 65-75. 607 

[21] Haro-Monteagudo D, Abel S and Joaquín A. (2017). Drought early warning based on 608 
optimal risk forecasts in regulated river systems: Application to the Jucar River Basin (Spain). 609 
Journal of Hydrology 544: 36-45. 610 

[22] Lavagnini, A., & Martorelli, S. (1987). Wind persistence in 135 Italian localities. Il 611 
Nuovo Cimento C, 10(6), 651-667.  612 

[23] Poje, D. (1992). Wind persistence in Croatia. International journal of climatology, 613 
12(6), 569-586. 614 

[24] Deaves, D. M., & Lines, I. G. (1998). The nature and frequency of low wind speed 615 
conditions. Journal of Wind Engineering and Industrial Aerodynamics, 73(1), 1-29. 616 

[25]  Leahy P and Eamon J (2013). Persistence of low wind speed conditions and 617 
implications for wind power variability. Wind Energy  16.4: 575-586. 618 

[26] Fisher S et al. (2013). The effects of geographical distribution on the reliability of 619 
wind energy. Applied Geography 40: 83-89. 620 

[27] Handschy, M. A., Rose, S., & Apt, J. (2017). Is it always windy somewhere? 621 
Occurrence of low-wind-power events over large areas. Renewable Energy, 101, 1124-1130. 622 

[28] Pelland S, et al. (2013). Photovoltaic and solar forecasting: state of the art. IEA 623 
PVPS, Task 14: 1-36. 624 



22 
 

[29] Köhler C, et al. (2017). Critical weather situations for renewable energies–Part B: 625 
Low stratus risk for solar power. Renewable Energy 101: 794-803.  626 

[30] Rieger, D., Steiner, A., Bachmann, V., Gasch, P., Förstner, J., Deetz, K, Vogel, H. 627 
(2017). Impact of the 4 April 2014 Saharan dust outbreak on the photovoltaic power generation 628 
in Germany. Atmospheric Chemistry and Physics, 17(21), 13391. 629 

[31] Sinden, G. (2007). Characteristics of the UK wind resource: Long-term patterns and 630 
relationship to electricity demand. Energy Policy, 35(1), 112-127. 631 

[32] Leahy, P. G., & Foley, A. M. (2012). Wind generation output during cold weather-632 
driven electricity demand peaks in Ireland. Energy, 39(1), 48-53. 633 

[33] Steiner, A., et al. (2017). "Critical weather situations for renewable energies–Part A: 634 
Cyclone detection for wind power." Renewable Energy 101: 41-50. 635 

[34] François, B. (2016). Influence of winter North-Atlantic Oscillation on Climate-636 
Related-Energy penetration in Europe. Renewable Energy, 99, 602-613. 637 

 638 

[35] McKee, T. B., Doesken, N. J., & Kleist, J. (1993, January). The relationship of 639 
drought frequency and duration to time scales. In Proceedings of the 8th Conference on Applied 640 
Climatology (Vol. 17, No. 22, pp. 179-183). Boston, MA: American Meteorological Society. 641 

[36] Hayes, M., Svoboda, M., Wall, N., & Widhalm, M. (2011). The Lincoln declaration 642 
on drought indices: universal meteorological drought index recommended. Bulletin of the 643 
American Meteorological Society, 92(4), 485-488. 644 

[37] Haylock, M. R., Hofstra, N., Klein Tank, A. M. G., Klok, E. J., Jones, P. D., & New, 645 
M. (2008). A European daily high‐resolution gridded data set of surface temperature and 646 
precipitation for 1950–2006. Journal of Geophysical Research: Atmospheres, 113(D20). 647 

[38] Müller, R., Pfeifroth, U., Träger-Chatterjee, C., Cremer, R., Trentmann, J., and 648 
Hollmann, R. (2015). Surface Solar Radiation Data Set - Heliosat (SARAH) - Edition 1". 649 
Satellite Application Facility on Climate Monitoring. 650 

[39] Vautard, R., Thais, F., Tobin, I., et al. (2014). Regional climate model simulations 651 
indicate limited climatic impacts by operational and planned European wind farms. Nature 652 
Communications, 5:3196. 653 

[40] Schaefli, B., Hingray, B., Niggli, M., & Musy, A. (2005). A conceptual glacio-654 
hydrological model for high mountainous catchments. Hydrology and Earth System Sciences, 655 
995-109. 656 

[41] Perpinan, O., Lorenzo, E., & Castro, M. A. (2007). On the calculation of energy 657 
produced by a PV grid‐connected system. Progress in Photovoltaics: research and applications, 658 
15(3), 265-274. 659 

[42] Hisdal, H., Stahl, K., Tallaksen, L. M., & Demuth, S. (2001). Have streamflow 660 
droughts in Europe become more severe or frequent?. International Journal of Climatology, 661 
21(3), 317-333. 662 

[43] Tallaksen, L. M., & Van Lanen, H. A. (2004). Hydrological drought: processes and 663 
estimation methods for streamflow and groundwater. 579pp. Amsterdam ; Boston, Elsevier. 664 



23 
 

[44] Rasmussen, M. G., Andresen, G. B., & Greiner, M. (2012). Storage and balancing 665 
synergies in a fully or highly renewable pan-European power system. Energy Policy, 51, 642-666 
651. 667 

[45] Steinke, F., Wolfrum, P., & Hoffmann, C. (2013). Grid vs. storage in a 100% 668 
renewable Europe. Renewable Energy, 50, 826-832. 669 

[46] François, B., Martino, S., Tøfte, L. S., Hingray, B., Mo, B., & Creutin, J. D. (2017). 670 
Effects of Increased Wind Power Generation on Mid-Norway’s Energy Balance under Climate 671 
Change: A Market Based Approach. Energies, 10(2), 227. 672 

[47] Francois, B., Borga, M., Creutin, J. D., Hingray, B., Raynaud, D., & Sauterleute, J. F. 673 
(2016). Complementarity between solar and hydro power: sensitivity study to climate 674 
characteristics in Northern-Italy. Renewable Energy, 86, 543-553. 675 

[48] Clack, C. T., Qvist, S. A., Apt, J., Bazilian, M., Brandt, A. R., Caldeira, K., & 676 
Jaramillo, P. (2017). Evaluation of a proposal for reliable low-cost grid power with 100% wind, 677 
water, and solar. Proceedings of the National Academy of Sciences, 201610381. 678 

[49] Jacobson, M. Z., Delucchi, M. A., Cameron, M. A., & Frew, B. A. (2017). The 679 
United States can keep the grid stable at low cost with 100% clean, renewable energy in all 680 
sectors despite inaccurate claims. Proceedings of the National Academy of Sciences, 114(26), 681 
E5021-E5023.  682 


