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Abstract. The ever-increasing energy demand has led to
overexploitation of fossil fuels deposits, while renewables
offer a viable alternative. Since renewable energy resources
derive from phenomena related to either atmospheric or geo-
physical processes, unpredictability is inherent to renewable
energy systems. An innovative and simple stochastic tool, the
climacogram, was chosen to explore the degree of unpre-
dictability. By applying the climacogram across the related
timeseries and spatial-series it was feasible to identify the
degree of unpredictability in each process through the Hurst
parameter, an index that quantifies the level of uncertainty.
All examined processes display a Hurst parameter larger than
0.5, indicating increased uncertainty on the long term. This
implies that only through stochastic analysis may renewable
energy resources be reliably manageable and cost efficient.
In this context, a pilot application of a hybrid renewable en-
ergy system in the Greek island of Astypalaia is discussed,
for which we show how the uncertainty (in terms of vari-
ability) of the input hydrometeorological processes alters the
uncertainty of the output energy values.

1 Introduction

Nowadays fossil fuels cover 80 % of the energy demand
globally. However, over the past 20 years, renewable energy
resources (with the most notable being hydropower, ocean,
wind and solar energy) have gradually become widely ac-
cepted due to the need for achieving energy security and
the global increase in environmental sensitivity. Yet, the ir-
regular variability of the related geophysical processes in-
troduces a remarkable degree of uncertainty to the renew-

able energy resources systems and, thus, the predictability of
related energy production is often limited. Specifically, the
more complex the process (in terms of stochastic behavior,
Koutsoyiannis, 2017) the larger the introduced uncertainty,
even for the conventional energy sources. For example, al-
though it is expected that the energy produced by fossil fuels
is not varying significantly in time, suggesting that it should
follow a deterministic behaviour (and thus fully predictable
in all scales and time horizons) due to fixed deposits, its pro-
duction, at least in the long term, is in fact uncertain, due
to monetary, currency (e.g. petro-currency) and geopolitical
reasons (Karakatsanis et al., 2017). However, the great chal-
lenge with renewables is the lack of predictability at all tem-
poral scales, thus affecting both the design and operation of
the associated systems.

It is noted that a Hurst-Kolmogorov (HK) behaviour (in-
dicating long-term persistence across scales) is expected in
all geophysical and hydrometeorological processes (Kout-
soyiannis, 2017). Interestingly, it has been recently shown
(Dimitriadis, 2017) that processes with completely differ-
ent nature such as the different hydrometeorological pro-
cesses (or even experimental turbulence (Dimitiadis, 2017;
Chardavellas et al., 2018; references therein) exhibit cer-
tain stochastic similarities (e.g., long-term persistence), re-
vealing a common stochastic nature. Therefore, a generic
and parsimonious model such as the HK-type can unify our
view on such processes that have a completely different de-
terministic behaviour but a common stochastic one (Kout-
soyiannis, 2016). Although uncertainty rules most natural
processes, natural systems instill both randomness and de-
terminism in their processes. The prevailing understanding
that unpredictability is a component of predictability, sug-
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Figure 1. Wind speed climacogram (a) and precipitation (b).

gests that there is a “virus of randomness” infecting only spe-
cific phenomena. However recent studies indicate that this
hypothesis is inaccurate and misleading (Dimitriadis et al.,
2016); in fact, determinism and unpredictability coexist, in
which predictability dominates on short time-windows and
unpredictability on wider ones,

The term energy sources is directly related to natural re-
sources, geophysical and weather phenomena that are gov-
erned by inherent uncertainty, and therefore, unpredictability.
This uncertainty strongly affects the management and opera-
tion of energy systems as well as the cost and sustainability
of investments in the energy sector. On the other hand, energy
demand is directly correlated to financial, environmental and
societal factors (Tyralis et al., 2017b). Therefore, satisfying
energy demand, or else achieving energy security, in a re-
liable and sustainable manner is a matter of great societal,
financial and environmental importance, and it is considered
one of the main technological goals of our era.

To this end, the robust characterization of the predictability
of the natural processes related to renewable energy produc-
tion, or equivalently, of the related uncertainty, is a key first
step for the design and management of energy systems, and
it may also inform more efficient and reliable investments
in the energy sector (while as a consequence energy could
be produced in a more reliable manner). For the purpose of
quantifying multi-scale uncertainty, this study inspects the
variability of natural processes directly linked to renewable
energy management by means of a parsimonious stochastic
model able of revealing the second-order properties of time-
series (Klousakou et al., 2018).

2 Methodology: Uncertainty quantification based on
the second-order dependence structure

A robust measure of the inherent uncertainty of the intro-
duced data is the Hurst parameter (Dimitriadis and Kout-
soyiannis, 2015). There are various methods to estimate the
Hurst parameter, based on the climacogram, the power spec-
trum, the autocovariance, etc. (Dimitriadis and Koutsoyian-
nis, 2015); the climacogram is defined as the log-log plot of
variance of the averaged process versus averaging time scale,
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whereas the power spectrum of a random process describes
the distribution of its variance over the frequency.

Scientific studies (Dimitriadis, 2017) have shown that the
climacogram is a more valid method (Dimitriadis and Kout-
soyiannis, 2015), among the three, for estimating the Hurst
parameter and so, it is very useful in detecting long term
change or in general the dependence across scale. As far
as the power spectrum or autocovariance is concerned, their
estimation from data may distort the true behaviour of the
processes and thus, may lead to false interpretation. Fur-
thermore, the climacogram has the smallest estimation error
compared to the other two methods (with the power spec-
trum presenting the largest one) and a simple expression for
statistical bias. The autocovariance and power spectrum are
also prone to discretization errors as their values can never
be equal with the true value in continuous time. Finally,
the power spectrum has a complicated definition (based on
the Fourier transformation of the autocovariance), which in-
volves computational cost. Therefore, the climacogram can
calculate the Hurst parameter more reliably.

In order to conduct the current research, the methodology
described below was used to calculate the degree of uncer-
tainty in the examined processes. After the collection of long-
timeseries from different global regions in order to com-
pile timeseries in various time-scales (monthly, daily, hourly
and semi-hourly time scale), a flexible climacogram-based
stochastic model was applied in each sample in order to es-
timate the degree of the induced uncertainty of the parent
processes:

y k) =y ) (1 +1/q) /(1 +k/q))* 2D (1

where y is the standardized climacogram, k the time scale
(here represented as an integral multiple of the finest avail-
able time scale), H is the Hurst parameter, and ¢ is a scale-
parameter.

3 Uncertainty in processes related to renewable energy
resources (solar, wind, marine energy and
hydropower)

Due to the effect of the statistical bias, for a robust estimation
of the Hurst parameter, we require either a single long-length
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Figure 2. Climacograms for temperature borehole data at two different times.
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Figure 3. Climacogram for tides (a) and currents (b).

timeseries or multiple shorter timeseries in case where the
former is limited.

In terms of the solar energy, renewable energy can be
produced from solar radiation using solar panels. Related
timeseries were collected from multiple stations located
in the United States of America. It is noted that the cli-
macogram of solar radiation timeseries depicts double pe-
riodicity (caused by the diurnal and seasonal cycles), which
can be dealt with double cyclo-stationary models (Koudouris
et al., 2017). For this process, the Hurst parameter was esti-
mated at 0.81. Additionally, for an illustration of the uncer-
tainty in the wind speed process (related to the wind energy),
the climacogram was estimated for an hourly wind station
(Gkolemis et al., 2018; where the related data were obtained
from), with a Hurst parameter equal to 0.61 (Fig. 1). Finally,
the climacogram was applied to precipitation (related to hy-
dropower; the oldest form of renewable energy) (Chalakate-
vaki et al., 2018; where the related data were obtained from),
and the Hurst parameter was estimated at 0.54 (Fig. 1).

The exploitation of geothermal energy began in the early
20th century. Up to now, its use has been extended because
of the increase of the energy demand. In order to investigate
the uncertainty for this process, temperature data were col-
lected from a borehole in Idaho, USA (https://openei.org/
doe-opendata/, last access: 19 August 2018). Two different
measurements (one in 17 January 2012 and the other on
21 January 2012) provided spatial-series in order to define
the Hurst parameter related to geothermal power. In both
measurements (Fig. 2) the Hurst parameter was estimated
0.75.
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An alternative but not extensively applied form of renew-
able energy is the ocean (or else marine) energy. Its com-
ponents can be classified into two categories (Edenhofer et
al., 2012). The first category includes tides, waves and cur-
rents which are generated by gravitational forces. As far as
tides are concerned, 22 stations across the state of Florida
in the USA (https://tidesandcurrents.noaa.gov/products.html,
last access: 19 August 2018) provided an adequate number of
timeseries to define the Hurst parameter, which varied from
0.50 to 0.87 among the different stations and was 0.60 on av-
erage (Fig. 3). Data related to currents, were gathered once
again from the state of Florida, and the Hurst parameter was
found 0.80 (Fig. 3).

In order to investigate the stochastic behaviour of
waves, four different variables were examined from a sta-
tion in Hilo (Hawaii; http://www.pacioos.hawaii.edu/waves/
buoy-hilo/, last access: 19 August 2018): height, direction,
mean period and peak period. The Hurst parameter was cal-
culated 0.75 for height, 0.87 for direction, 0.84 for peak pe-
riod and 0.66 for mean period (Fig. 4).

The second category of marine energy is expressed
through sources related to thermal processes. Specifically,
energy can be produced from temperature differences ei-
ther from warm surface water (22-27 °C) or very cold wa-
ter (4-7°C) at a depth of approximately 1 km; this form
of energy is called ocean thermal energy (Eternadi et al.,
2011). All the necessary data were acquired from two
different stations located in Florida (SSW28”, DSW40”;
https://catalog.data.gov/dataset/temperature-salinity, last ac-
cess: 19 August 2018). Respectively, in both stations the
Hurst parameter was estimated close to 0.55 (Fig. 5).
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Figure 4. Climacogram for waves’ height (a), direction (b), peak period (c¢) and mean period (d) in Hilo, Hawaii.
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Figure 5. Climacogram for water temperature in two different stations in Florida (SSW28” and DSW40” respectively).

Moreover, salinity differences can also generate renewable
energy. Salinity Gradient Energy (SGE) (Schaetzle and Buis-
man, 2015), often known as the blue energy, relies on the en-
ergy that is released when two solutions with different salin-
ities come in contact and mix. The same database used for
temperature timeseries was also used in the case of salinity.
In both climacograms (each one referring to the respective
stations like the temperature data in Fig. 5) the Hurst param-
eter was found again 0.55 (Fig. 6).

Although marine energy is a very promising energy
source, it has limited application; this also justifies the lim-
ited research made so far on the uncertainty of the related
processes. Nevertheless, the marine energy is expected to
have a significant contribution in the near future, with a theo-
retical potential energy production estimated at 7500 EJ yr~!
(Edenhofer et al., 2012).
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4 The significance of uncertainty for the green energy
autonomy in non-connected islands

Many islands around the world, are not connected to the
electricity network of the mainland and depend only on oil-
fueled power plants, which have a high oil import cost and a
high environmental impact. The continuous advances in re-
newable energy technology along with the gradual reduction
of installation costs, pave the way towards a wider utiliza-
tion of renewable energy. Effective planning of a renewable
energy resource system requires the investigation of renew-
able resources and energy demand. Such a case study was
implemented in a small non-connected Greek island located
in the Aegean Sea, named Astypalaia, where several renew-
able resources were examined, focusing on hydropower, so-
lar, marine and wind energy. The hydrometeorological vari-
ables were treated as stochastic processes. In the absence of
meteorological stations at the exact location, the diurnal and
seasonal periodicity of temperature and dew point were es-
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Figure 6. Climacogram for salinities in two different stations in Florida (SSW28” and DSW40” respectively).
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Figure 7. Climacograms demonstrating the uncertainty among hydrometeorological processes (a) and the various renewable energy tech-

nologies (b) investigated in the case study of Astypalaia Island.

timated from nearby stations (similar has been done in the
analysis by Hadjimitsis et al., 2017), as well as the energy
demand and the cross-correlations among all processes (sim-
ilar to what has been done in the analysis by Koskinas et
al., 2017). Moreover, the energy demand data were produced
through synthetic timeseries due to limited data. Each syn-
thetic timeseries was simulated from specific stochastic mod-
els aiming to maintain the structure and the characteristics of
the real timeseries from which they were derived.

By applying the climacogram among all the related time-
series referring to Astypalaia, it is now obvious that uncer-
tainty exists not only in the relevant natural processes but
in the whole energy system as well. A significant degree
of uncertainty is introduced in the energy system through
means of energy production due to technical failures of the
machines (which can delay or modify the energy production
time schedule). Thus, in order to define the degree of unpre-
dictability in each part of the energy system, it is necessary
to include all sources of uncertainty. Furthermore, there are
noticeable differences in the degree of uncertainty (differ-
ent slope in the climacogram) among the various processes
and energy systems. Consequently, optimization plans, based
on stochastic analysis, are of great importance for the en-
ergy system in order to render it manageable, despite unpre-
dictability.

A pilot application in the island of Astypalaia indicates
that by creating an energy mix through stochastic investi-
gation, including all the aforementioned renewable energy
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sources, in combination with the fuel oil could cover effi-
ciently the energy demand of the island (Chalakatevaki et al.,
2017). However, taking into consideration that none of the
aforementioned energy sources has a constant and adequate
reservoir, another alternative solution could be applied. The
addition of a geothermal and biomass system to the energy
balance could cover all energy requirements effectively. The
latter energy source would be easily controlled by operators
and provide energy at all timescales.

The possibility of hydropower production in the island
was also studied and a simulation framework for small-scale
reservoir systems was modelled Papoulakos et al., 2017), in
association with high solar (Koudouris et al., 2017), wind and
wave energy (Moschos et al., 2017). The potential of deploy-
ing agricultural residues, as well as cultivating energy crops
with low irrigation demands for biomass energy production,
was investigated. Taking into account that Astypalaia is lo-
cated at the Volcanic Arc of southern Aegean Sea the po-
tential of implementing measurements in order to verify the
possibility of geothermal energy was also considered (Cha-
lakatevaki et al., 2017).

It is noted that when designing an energy system based
only on weather-related renewable energy resources, i.e. so-
lar, wind, marine and hydroelectric energy, the peak hourly
demand is not satisfied and a great amount of energy sur-
plus, uncontrollable and unsynchronized with the demand,
is produced. Therefore, biomass and geothermal resources
were added to the energy mix in order to cover the remain-
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ing deficit and a pumped-storage system was used to store
electric energy surplus and satisfy the peak deficits (Cha-
lakatevaki et al., 2017). The implementation of the renew-
able energy mix resulted in a high installed capacity (since
the installed power of each renewable does not always syn-
chronize with the demand) and a rather high installation cost.
The examined solutions still had a high implementation and
maintenance cost, and therefore, it was reasonable to con-
sider further development of thermal stations. In the future,
it is expected that the cost of renewable resources will be
further reduced and the proposed solutions could be more at-
tractive from a financial, societal as well as environmental
point of view.

5 Discussion

The primary purpose of this research is to define the degree
of uncertainty in geosciences and human systems with con-
tribution to sociohydrology. By applying the climacogram,
the Hurst exponent was calculated, allowing us to quantify
the degree of unpredictability. The Hurst parameter varies
across different time scales, which is also supported by re-
cent research results (Dimitriadis, 2017) and it is estimated
greater than 0.5 (even using a downward biased estimator
through the climacogram) for all examined processes. Conse-
quently, several natural processes (marine, precipitation, sun
and wind) exhibit the Hurst-Kolmogorov behaviour and not a
Markovian or a white noise one. Through the climacogram-
based analysis it is revealed that in long time scales, the
larger the Hurst parameter the shorter the predictability win-
dow while in small time-scales the larger the correlation pa-
rameter the lower the degree of uncertainty. Since the Hurst
parameter is greater than 0.5, the examined processes associ-
ated with renewable energy resources systems are governed
by a great degree of uncertainty. Yet the degree of uncertainty
significantly varies across the examined processes. Specifi-
cally, we find solar radiation and wave height to exhibit large
Hurst parameters, while others such as precipitation exhibit
relatively lower ones, the latter being consistent with findings
in (Iliopoulou et al., 2016; Tyralis et al., 2017a). The degree
of variability of the different processes at the time-scales of
interest are crucial for the design and operation of a renew-
able energy system, where the operation rules of each energy
source should be specified in a way that ensures reliability
and optimal performance of the whole system. For example,
a general operational rule of such systems is that energy from
the least reliable sources, e.g. wind energy, is consumed in
priority.

Recent analyses concerning the renewable energy design
and management for the non-connected island of Astypalaia
have illustrated how the uncertainty of several renewable en-
ergy sources can be efficiently managed through stochastic
analysis (Chalakatevaki et al., 2017; Papoulakos et al., 2017).
Therefore, stochastic analysis is essential in the renewable
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energy management both for the analysis of predictability
of the related natural processes and for the analysis of the
system dynamics and optimal design and operation under in-
creased uncertainty. Yet the stochastic aspect of renewable
energy systems still remains a relatively underexplored field.
Further research will focus on the exploration of the un-
certainty of the related processes based on more extended
datasets as well as on the quantification of the propagation
of uncertainty from the natural processes to the final energy
production.
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