land
Article

The Potential Impact of Climate Change on the Efficiency and
Reliability of Solar, Hydro, and Wind Energy Sources
Uma S. Bhatt 1, * , Benjamin A. Carreras 2,3 , José Miguel Reynolds Barredo 2 , David E. Newman 1 , Pere Collet 3
and Damiá Gomila 3
1
2
3

*

Citation: Bhatt, U.S.; Carreras, B.A.;
Barredo, J.M.R.; Newman, D.E.;

Geophysical Institute, University of Alaska Fairbanks, Fairbanks, AK 99775, USA
Department Fisica, Universidad Carlos III, Avenida de la Universidad, 30, 28911 Madrid, Spain
IFISC, Instituto de Física Interdisciplinar y Sistemas Complejos (CSIC-UIB), Campus Universitat Illes Balears,
07122 Palma de Mallorca, Spain
Correspondence: usbhatt@alaska.edu; Tel.: +1-907-474-2662

Abstract: Climate change impacts the electric power system by affecting both the load and generation.
It is paramount to understand this impact in the context of renewable energy as their market share
has increased and will continue to grow. This study investigates the impact of climate change on the
supply of renewable energy through applying novel metrics of intermittency, power production and
storage required by the renewable energy plants as a function of historical climate data variability.
Here we focus on and compare two disparate locations, Palma de Mallorca in the Balearic Islands and
Cordova, Alaska. The main results of this analysis of wind, solar radiation and precipitation over the
1950–2020 period show that climate change impacts both the total supply available and its variability.
Importantly, this impact is found to vary significantly with location. This analysis demonstrates the
feasibility of a process to evaluate the local optimal mix of renewables, the changing needs for energy
storage as well as the ability to evaluate the impact on grid reliability regarding both penetration of
the increasing renewable resources and changes in the variability of the resource. This framework
can be used to quantify the impact on both transmission grids and microgrids and can guide possible
mitigation paths.
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1. Introduction
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The role of climate change has long been recognized for disrupting the energy sector
via impacts on energy generation and demand through episodic disturbances from extreme
weather events, increases in peak demand for cooling, and impacts due to variable water
availability [1]. Renewable energy systems that rely on the sun and water are particularly
sensitive to the vagaries of climate variability and change [2]. Vagaries such as increased
cloud cover [3] could decrease the availability of solar power, decreased precipitation could
reduce the availability of hydropower [4], increased winds (if utilizable) could increase the
availability of wind power [5]. Opposite climate variations may occur in different regions
of the world, highlighting the need for regional analyses in any framework. In addition
to secular changes in the climate, there is growing evidence that increased variability
accompanies climate change [6,7]; there are more extreme events in wind, precipitation,
storms and other variables [8–10]. Extreme events can have as large an impact on the
usability of the renewable energy [11,12] resources as the secular change in the resource
and must be considered in determining energy storage needs.
Extreme events can impact the electric power system in several ways. On the load side,
demand can change. For example, heat waves can increase demand and load variability.
On the generation (supply) side, as discussed above, changes in weather and climate can
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bility. On the generation (supply) side, as discussed above, changes in weather and cli
mate can impact the availability of solar, wind and hydropower (both positively and neg
atively). Finally, and very importantly, the increased variability in these can greatly in
crease the stress on the system [13,14] and the need for increased energy storage capabil
ities [15–17] in order to ensure that the supply can meet the demand when the
resource
is
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The “amount” of a resource available is of key importance to power production. To
investigate the potential impact of climate change on power production we first examine
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any secular change in the resource. However, because renewable energy sources are
already characterized by great variability, one of the concerns is the possible increase in this
variability from climate. To measure the variability, we use multifractal analysis of the data,
calculating the intermittency coefficient C(1) (as described in the next section) together
with the impact that this variability has on the storage needed. The fundamental goal of
this work is to allow exploration of the storage needs for various renewable electric power
sources and how they might change under climate change. Additionally, the analysis seeks
to understand the change in stress on the power transmission system and the change in risk
and reliability [23–25] inherent to that system. This paper demonstrates the preliminary
steps towards this goal.
Section 2 presents the analysis tools and meteorological data used in this study.
Section 3 contains the results for the three energy sources investigated here, solar, hydro
and wind energy. Section 4 presents the discussion and Section 5 the conclusions.
2. Materials and Methods
2.1. Methods
In order to measure the impact of the climate change on the energy production of the
renewable energies and to examine trends in the resource, we will measure the variability
of the meteorological data to quantify how that impacts the needed energy storage. Here
we describe the analysis tools that are used in this study.
2.1.1. Intermittency
To evaluate the variability of the meteorological data, we use multi-fractal analysis
and calculate the intermittency of temporal signals. The method is described in [26,27].
Given a meteorological time series X = {xi , i = 1, . . . , N} that has been sampled at a constant
sampling rate, we calculate:
ε(1, i ) =

( xi − h xi i)2
h( xi − h xi i)2 i

where



h xi i =

, i = 1, . . . , N

∑iN=1 xi

(1)



.
(2)
N
This measure can be averaged over sub-blocks of data of length n < N, as follows:
ε(n, i ) =

1
n

n −1

∑ ε(1, i + j),

(3)

j=o

We then calculate the q-moments, hε(n, i )q i. In a given range of n-values, these moments are expected to scale like [26]:

hε(n, i )q i ∝ n−K(q)

(4)

where K(1) ≡ 0. If the time series X is mono-fractal, the function K(q) is asymptotically
linear in q, otherwise the series is multi-fractal. We can now introduce the parameter C(q)
which is defined as [28]:
K (q)
C (q) =
.
(5)
q−1
The parameter C(1) is the intermittency parameter. Due to the singularity at q = 1, the
intermittency parameter must be calculated as:
C (1) =

dK
|
dq q=1.

(6)
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The value of C(1) goes from 0, for a mono-fractal (low intermittency) time series, to
1 (high intermittency) as the multi-fractal character increases. The reason one uses this
parameter is to quantify the level of multi-fractality (or intermittency) of the measured
signals. For most of the data analyzed here the sampling rate is one day.
For precipitation data we included the intermittency sampled on both an hourly and
daily basis. For example, other time scales would be of interest for wind data but that will
be presented elsewhere. We discuss the average rate of annual change obtained from the
linear fit and the corresponding uncertainty determination. This linear fit should not be
thought of as an actual functional description of the data (i.e., it need not be linear), but
simply as a measure of the average rate of change over the time period considered.
2.1.2. Calculating the Storage Needed
An important component of the reliability of the power production which is impacted
by the variability of the renewable energy is the energy storage. In this work we do not
include the details of the energy storage devices as that is beyond the scope of this work
and would detract from the main results. Here we calculate the energy storage needed
in order to be able to guarantee an average power supply in the presence of the highly
variable power production as described in reference [29]. First, we need to evaluate the
daily power flow that can be delivered to the customers in order to maximize efficiency
and minimize the cost of storage. We use P(t) as the daily averaged power produced. For
example, if P(t) is the averaged solar power (or wind power) for every day and PF (t) is the
actual power flow out of the plant, we can estimate the energy storage needed to ensure
this power flow by calculating:
R(t) =

Zt



P t0 − PF t0 dt0

(7)

0

The power flow out PF (t) is the one that minimizes the maximum of R with the
condition R > 0 for all times. Then, maximum value of R(t) along the time interval of
interest, MaxR, gives us the storage needed.
The result of this storage calculation is strongly affected by large events. Therefore, it
conveys different information than the intermittency.
In this work we are trying to evaluate the effect of climate change, so we consider
isolated electric power production facilities assuming they have the same characteristics
in each location. If we were taking this one step further, we would include the power
production plants in the corresponding grid and then the storage needs would change as
would the optimal size of the plant. However, here we are not yet discussing the effects off
and on the grid. We are also assuming a constant power production during each month. In
a more realistic case, we would optimize the production to the conditions of the grid and
local climate. With these assumptions the needed storage is a good measure of the impact
of climate, although it must be viewed as a relative measure in time and location.
2.2. Meteorological Data
The basic historical reanalysis data that we have used is ERA5 and is obtained from the
European Centre for Medium Range Weather Forecasting (ECMWF) Copernicus Climate
Change Service [22]. Reanalysis combines observational data and gap-fills using a weather
forecast model to construct a gridded data set of the atmosphere. From this source we
have obtained hourly data from 1960 to 2020 for temperature, total surface solar radiation,
precipitation amount and wind speed. We have combined the hourly data to construct
daily data. It is on this daily time scale that we analyzed the data to model the generation
power of the renewable energy [29].
The first characteristic that the data allow us to evaluate is the local impact of climate
change on the two locations that we are considering. These results are shown in Figure 1.
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In Palma de Mallorca we complement the ERA5 data with meteorological station data
3. Results
from AEMET [31] to evaluate the consistency of the input data.
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Clearly the level of intermittency is much larger in Cordova (averaging ~0.2) than
in Palma de Mallorca (averaging ~0.1). Additionally, the variance in the intermittency
parameter is much larger in Cordova. The large fluctuations in the intermittency parameter
make it very difficult to assess the existence of a secular trend, which is perhaps a slow
increase in time. If a trend does exist, it is very small and requires longer data sets
measure reliably.
We can look in both cases at the storage needs for a plant. To do that, we group the
data in increments of five years and based on the performance needs for the plant we
calculate the storage required in each period. The results are shown in Figure 3. We see
that the storage needed for a power plant is larger in Cordova than in Palma de Mallorca;
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calculate the storage required in each period. The results are shown in Figure 3. We see
that the storage needed for a power plant is larger in Cordova than in Palma de Mallorca;
this is consistent with the high intermittency of the Cordova data. Additionally, we can
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in Cordova. This is, of course, consistent with Cordova being a much cloudier location
than Palma de Mallorca as well as the much larger intermittency in Cordova. Furthermore,
the production in Palma de Mallorca clearly increases over time while for Cordova it
remains practically flat. Looking in detail one finds in Cordova a small increase from 1970
to 2019, but the optimal production in the 1950s and 1960s was high and that distorts the
overall growth.
One possible measure of the efficiency of highly variable renewable energy power
plants is the ratio of the energy storage needed, MaxR, to the averaged energy production
in one day, <E>, that is MaxR/<E>. The lower this quantity is, the more “efficient” the
system is in the sense that less energy storage is needed per power production unit. It is
important to note that this is very different than the “efficiency” of conversion (i.e., the
efficiency of a solar cell being the fraction of the incoming radiation that is converted to
electricity), which is often used in power conversion. In Figure 5, we have plotted this
quantity for both locations. It is clear from the figure that in Palma de Mallorca that solar
energy can be a much more efficient system, as one could also conclude from the previous
results. The very low efficiency of solar for Cordova is due to the large intermittency and
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125 rainy days/year, while Palma de Mallorca averages only 402 mm of precipitation per
year. These results however do have some secular behavior with Palma de Mallorca showing an increase in the intermittency in the hourly data while Cordova has a small decrease
in the hourly data.
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large. This time the intermittency and variance in the Palma de Mallorca data is much
larger, on the order of a factor of two for both the hourly and daily data. This is the opposite of the intermittency result for solar radiation, which makes sense because Cordova is
a consistently rainy location with an average annual precipitation of 3769 mm and with
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We see a consistent increase with time of the averaged intermittency, but more importantly the peaks of the intermittency increase at an even faster rate. These results for the
Lake Oroville data are consistent with the increased drought periods and more extreme
rainfall events. We therefore have clear evidence of different impacts on the intermittency
as well as on secular trends in different regions. This validates the value of this type of
analysis for power production.
It is worth repeating that when looking at the intermittency data we discuss the
average rate of annual change obtained from the linear fit and the corresponding uncertainty
determination. The data clearly have a great deal of variability, and this linear fit should
not be thought of as an actual functional description of the data (i.e., it need not be linear),
but simply as a measure of the average rate of change over the time period considered. The
slopes and uncertainties are shown in Table 1. The main points to be gleaned from this
table are: (1) the hourly data have less uncertainty in the slope calculation; (2) the Cordova
intermittency is decreasing with time (i.e., has a negative slope) with the sign of the slope
outside the error bars, particularly for the hourly data; (3) the Palma de Mallorca data show
an increasing intermittency in the hourly data (outside the error bars), but for the daily
data both signs of the slope are inside the error bars; and (4) the Oroville data have an
increasing intermittency with once again the hourly data slope sign outside the error bars.
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Table 1. The fitted linear slopes and the uncertainty in those slopes for the precipitation intermittency
data.
Timescale

Slope

Uncertainty

Cordova Hourly
Cordova Daily
Palma de Mallorca Hourly
Palma de Mallorca Daily
Lake Oroville Hourly
Lake Oroville Daily

−0.000166
−0.000830
0.001013
−0.001137
0.000771
0.000971

0.00009013
0.000746
0.000588
0.001377
0.000551
0.001524

Returning to the study locations of Cordoba and Palma de Mallorca, we examine the
storage needs for hydro plants. Again, we bin the data in five-year periods and based
on the optimal performance needs for the plant we calculate the storage required in each
period. The results are shown in Figure 9, where we can see that neither Palma de Mallorca
Land 2022, 11, x FOR PEER REVIEW nor Cordova show any significant change in their storage needs over the time period.
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Particularly, we can see that in both places there is no significant increase in the storage
needs in time, in the case of Palma de Mallorca, there a slight decrease.
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It is these slight trends in the overall optimal production combined with the opposite
trends in the intermittency, which keep the storage needs fairly constant.
Finally, we compare the efficiency in both locations as we did in the previous section.
The results are in Figure 11. Clearly the efficiency is considerably better in Cordova, a
smaller number in our metric. As with the solar power, this is due to a combination of the
increased amount of hydro available (more precipitation) and the decreased intermittency
in Cordova when compared to Palma de Mallorca.
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This different impact in the two locations is also reflected in the averaged power production. The power production is shown in Figure 10. As expected, due to the differences
in total precipitations the optimal power production in Palma de Mallorca is much lower
than in Cordova. In Palma de Mallorca that power shows a slight decrease over time while
of 18
Cordova shows a small increase. Again, Pout is the surrogate for the amount of 11
resource,
hydro in this case, available.
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wind power is available) and the variability of the wind energy is changing as the climate
is changing. We use the ERA5 wind speed data, which constructed by combining the U
and V speeds in quadrature. Once again, the ERA5 dataset has hourly data for the winds
for both locations that can be used to evaluate the power production. As before, we are
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is changing. We use the ERA5 wind speed data, which constructed by combining the U
and V speeds in quadrature. Once again, the ERA5 dataset has hourly data for the winds
for both locations that can be used to evaluate the power production. As before, we are
not using a specific generation model for the wind plants. Rather, we are simply using the
available wind speed cubed for the available power. First, we measure the intermittency
of these data on both hourly and daily time scales. In Figure 12 (hourly) and Figure 13
(daily) we show the intermittency in the wind power for the two locations. At both the
hourly and daily time scales the intermittency is much larger for Palma de Mallorca than
it is for Cordova. On the hourly time scale, Palma de Mallorca had an average value for
C(1) of ~0.08 while Cordova’s was a factor of ~1.5 smaller with an average value of ~0.055
for the intermittency. The daily intermittency data show an even larger difference, with
a factor >2 separating Palma de Mallorca, with an average of ~0.6, from Cordova with
an average value of ~0.25. The variance in the intermittency data is large, so without a
longer
series it is difficult to make definitive statements about the secular trends;
Land 2022, 11, x FOR
PEERtime
REVIEW
however, there seems to be a consistent positive trend in all the data showing an increase
in intermittency over the time period studied.
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As before we now look at the storage needed for a plant for both locations, MaxR.
To do that we again group the data in increments of five years; based on the optimal
performance needs for the plant described earlier we calculate the storage required in each
period. The results are shown in Figure 14. We see that the storage needed for a power plant
is much larger in Cordova than in Palma de Mallorca (more than two orders of magnitude
larger!) and there is a large amount of scatter in the storage data. The much larger storage
needs for Cordova seem inconsistent with the smaller values for the intermittency shown
before. The data also show that both locations exhibit a weak increase in the storage needed
that is consistent with the secular trend in the intermittency but with much more scatter.
Both the much larger storage needs for Cordova and the weaker trends in both can be
understood by looking next at the available power.

Figure 13. Intermittency parameter for the wind in Palma de Mallorca and Cordova for daily
The intermittency parameter is unitless.

As before we now look at the storage needed for a plant for both locations, Max
do that we again group the data in increments of five years; based on the optimal p
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Figure 12. Intermittency parameter for the wind in Palma de Mallorca and Cordova for hourly data.
The intermittency parameter is unitless.
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As before we now look at the storage needed for a plant for both locations, MaxR. To
do that we again group the data in increments of five years; based on the optimal performance needs for the plant described earlier we calculate the storage required in each period. The results are shown in Figure 14. We see that the storage needed for a power plant
is much larger in Cordova than in Palma de Mallorca (more than two orders of magnitude
larger!) and there is a large amount of scatter in the storage data. The much larger storage
needs for Cordova seem inconsistent with the smaller values for the intermittency shown
before. The data also show that both locations exhibit a weak increase in the storage
needed that is consistent with the secular trend in the intermittency but with much more
scatter. Both the much larger storage needs for Cordova and the weaker trends in both
can be understood by looking next at the available power.
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power at both locations. These two characteristics can explain the larger storage needs for
Cordova and the weak trends in the storage. With greatly increased (orders of magnitude)
power capacity, comes increased storage needs even with moderately smaller (factor of
two) intermittency. Likewise, the trend of increasing variability (the intermittency) is
14 of
masked by the trend in decreasing available power in the storage needs leading
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weak and highly variable increase in storage needs.
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Finally, using our measure of the efficiency for renewable energy power plants
Finally, using our measure of the efficiency for renewable energy power plants
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4. Discussion
Resilience and reliability [23–25] of the power systems are critical to the operation of
modern society. As renewable energy sources increase their penetration in the power sys-

Land 2022, 11, 1275

15 of 18

4. Discussion
Resilience and reliability [23–25] of the power systems are critical to the operation
of modern society. As renewable energy sources increase their penetration in the power
system the impact of their variability grows. As the magnitude and effects of climate change
increase, many of the renewable resources (such as solar, hydro, and wind generation)
will also be impacted both through the availability of the resources and the variability of
those resources. In this paper we have done a preliminary analysis of the effects from
climate change observed over the last 60 years for two locations. As mentioned in previous
sections, this work is not meant to be a detailed analysis of the actual power conversion or
storage which we do not include. Rather, it is an analysis of the available power and needed
storage and the impact of climate change on those. We show the impact on precipitation
(hydropower), surface solar radiation (solar power) and wind (wind power). The two
locations we investigated, Cordova and Palma de Mallorca, were chosen because they are
well separated in both distance and climate regions (polar versus subtropical). It was found
that even over this limited time the effects of climate change can be seen in some of the
characteristics we measured (but not in others) and there were fundamental differences in
the impacts at the two locations. At both locations the storage needs increased with time
for solar and weakly for wind but changed little for hydro. The efficiency (using storage
needed per production unit as our measure of efficiency) of the hydropower and wind was
much higher in Cordova than Palma de Mallorca but was reversed for solar power with
Palma de Mallorca much higher efficiency than Cordova. The solar and hydro results are
to be expected due to the nature of the weather at the two locations; however, the wind
results were not as obvious a priori. This shows that this measure (or one like it) can be
used to investigate the appropriate mix of renewable generation that makes the most sense
at various locations. It is worth pointing out that currently there are no hydro plants on the
Balearic Island though there was one that operated from 1908 until 1962.
In each of these measures the variability of the resource is an important component
of the measure. However, the variability, which we characterized with the intermittency
parameter, also has a large impact directly on grid reliability [13,14] as does the degree of
distribution of the renewable resource. The intermittency parameter for the precipitation
showed a small increase for Palma de Mallorca, a larger increase for Lake Oroville, and
little change for Cordova. It showed little change for the solar radiation data but more
of a secular increase for the wind data. Both the change over time of the intermittency
parameter and the differences with location are very important for understanding risk
(failure risk) for both transmission grids and microgrids, as the penetration of the high
variability renewable electric power generation sources increases. The novel part of this
work is threefold: first, it is the development of new metrics for impact based on both the
intermittency of the variable of interest and following from that the storage needs; next
is the application of these to two locations (plus partly to a third) as proof of the idea;
then finally the results showing that climate change impacts on renewable resources vary
significantly with location. This perhaps should be obvious but is often lost in the global
impact discussion. These metrics form the structure for a framework that can quantify the
impacts of climate and climate change on both transmission systems and microgrids. It
importantly also points toward how one can mitigate the impacts with energy storage.
5. Conclusions
The work presented here is aimed at understanding the interaction between climate
change and sustainable electrical energy production and transmission. This work describes
a framework for understanding the local impacts of climate change on the different sources
of renewable energy such as solar, wind and hydro. Three locations, spanning very
different regions both spatially and climatologically, are used as examples of applying
this framework. The locations studied here are: Cordova (Alaska), a northern coastal
town; Oroville (California), an inland midlatitude town/reservoir impacted by its relative
proximity to the Pacific coast; and finally, Palma de Mallorca, a community on an island in
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the Mediterranean with a hot Mediterranean climate. The most important two take-away
messages from this work are as follows. First, climate change can have a significant impact
on both the availability of different renewables and the variability of the resource. This
can have a major influence on the needed local energy storage as well as the reliability
of the transmission grid that utilizes the resource. Second, the world of climate impact
is complicated. That trite statement is very important to keep in mind when trying to
generalize from a particular case because the climate impacts are very location dependent.
In some locations the resource can become both more available and less variable, for
example hydro in Cordova and solar in Palma de Mallorca. In other locations it can be more
available but more variable such as hydro in Lake Oroville. In yet other cases there can
be less of the resource available and more variable for example perhaps solar in Cordova
and wind in both locations. The availability of a given resource and the variability of
that resource determine the storage needs, and the utility of a particular energy resource.
Additionally, and importantly, the variability and amount of renewable penetration in the
generation mix helps determine the transmission grid reliability. This new framework will
allow for optimization of the renewable resource used and the storage supplied to the
specific location including the impact of climate change in the planning. The next step in
this work is to apply these methods to longer time series, more locations and future climate
scenarios to quantify the impacts and risk in various locations as we move into the new
climate conditions.
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