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PRELIMINARY STATEMENTS
This scoping report sets out a state of the art documentation of the effects of the space-time
dependence between the sources of Climate Related Energy (CRE) on the reliability of energy
production systems.
A draft version of the report has been submitted for thorough review to stakeholders associated with
the COMPLEX project – namely:
- Electricité de France, our project partner whose main role is to act as an “industrial expert
mirror”;
- SINTEF Energy, our project partner who contributed to the redaction but who has further
internal expertise that we want to mobilize through this review;
- ENEL, the Italian energy producer involved in our second case study;
- ARPAV, the Veneto Regional Environmental Protection Agency, also involved in our Italian
pilot area.
The comments made by the “industrial” reviewers together with the responses of the authors are in
Annex III.
The many illustrations included in this report are extracted from the scientific articles that we
used. Their origin is explicitly cited but no copyright authorization has been asked from the
journals concerned. This is why the diffusion level of this report is internal, reduced to the
project partners.

SHORT SUMMARY
The European Renewable Energy Directive adopted in 2009 focuses on achieving a 20% share of
renewable energy in the EU overall energy mix by 2020. A major part of renewable energy production
is related to climate, which we will call in this report “climate related energy” (CRE), and we focus
mainly on wind- solar- and hydropower. The CRE production systems are characterized by a large
degree of intermittency and variability on both short and long time scales due to the natural variability
of climate variables. The main strategies to handle the variability of CRE production include energystorage, -transport, -diversity and -information (smart grids). The three first strategies aim to smooth
the intermittency and variability of CRE production in time and space whereas the last strategy aims to
provide a more optimal interaction between energy production and demand, i.e. to smooth the residual
load (the difference between demand and production).
The working hypothesis of this report is that in order to increase the CREs share in the electricity
system, it is essential to understand the space-time co-variability between the weather variables and
CRE production under both current and future climates. Based on this working hypothesis we find
that the different studies we reviewed generally tackled sub-problems. The majority of studies dealt
with either a single CRE source or with the combination of two CREs, mostly wind and solar,
probably because the most advanced countries in terms of wind equipment have very little hydropower
potential (Denmark, Ireland or UK for instance). Hydropower is characterized by both a large storage
capacity and flexibility in electricity production, and has therefore a large potential for both balancing
and storing energy from wind- and solar-power. Several studies look at how to better connect regions
with a large share of hydropower (e.g. Scandinavia and the Alps) to regions with high shares of windand solar-power (green battery North-Sea net). Various studies consider wind and solar and their cofluctuation at small time scales. The multi-scales nature of the variability is less studied, i.e. potential
adverse or favorable co-fluctuation at intermediate time scales involving water scarcity/ abundance. It
could be especially interesting to study how the pronounced large-scale fluctuations in inflow to
hydropower (intra-annual) and smaller scale fluctuations in wind- and solar-power (daily) interact in
an energy system. There is a need to better represent the profound difference between wind-, sun- and
hydro-energy sources. On the one hand, they are all directly linked to the 2-D horizontal dynamics of
meteorology. On the other hand, the branching structure of hydrological systems transforms this
variability and governs the complex combination of natural inflows and reservoir storage. CRE
production is, in addition to weather, also influenced by the energy system and market, i.e. the energy
transport and demand across scales as well as changes in market regulation. The CRE production
system lies in this nexus between climate, energy system and market regulations.
COMPLEX Report D2.2
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1. Introduction
1.1 Motivation
Generating electricity, heat or bio-fuels from renewable energy sources has become a high priority in
energy policy strategies at national level as well as at a global scale (Resch et al., 2008). In Europe,
The Renewable Energy Directive adopted in 2009 (Directive 2009/28/EC) sets binding targets for
renewable energy, including wind, solar, hydro-electric and tidal power as well as geothermal energy
and biomass. The new directive focuses on achieving a 20% share of renewable energy in the EU
overall energy mix by 2020. Every Member State has to reach individual targets for the overall share
of renewable energy in energy consumption. A major part of renewable energy production is related to
climate, which we will call in this report “climate related energy” (CRE)1. Several CRE production
systems, especially wind and solar, but also small-scale hydro power generation systems, are
characterized by a large degree of intermittency and variability due to the natural variability of climate
variables. We use intermittency in the binary sense, i.e. the power source can be unavailable over
periods of time. Wind- and solar- are power sources that are characterized by intermittency as is
micro-hydropower though to a lesser extent. Additionally, as climate change is expected to impact the
space-time distribution and magnitude of climate variables such as temperature, precipitation, wind or
solar radiation, CRE production systems could also interact differently under future climatic
conditions. As a result, both the current and the future electricity supply systems in Europe face major
challenges related to how to make the supply system stable and reliable even when a large part of the
power production is intermittent. With an increased share of CRE production, these challenges
become even more severe. Our hypothesis is: in order to cope with such challenges it is essential to
understand the space-time co-variability between the weather variables and CRE production. This is
necessary under both current and future climates. This report reviews the main studies that touch this
topic from different angles. It concludes with an overview of current needs and future research
directions to efficiently address the complexity brought by the interactions among CRE production
sources.

1

Reviewers pointed out the fact that fuel and nuclear energies also depend on climate for cooling - see van Vliet,

M.T.H., J.R. Yearsley, F. Ludwig, S. Vogele, D.P. Lettenmaier, et P. Kabat, (2012). Vulnerability of US and
European electricity supply to climate change. Nature Clim. Change. 2(9): 676-681. They cite the heat wave of
2003 in France.
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1.2

The potential of renewable energy and the new electric utility
paradigm

The potential of renewable energy is limited by economic-, technical- and theoretical- constraints.
Resch, G. et al. (2008) make the distinction between economic-, technical- and theoretical-potential
(see the sketchy representation given in their Figure 1 below) and shows that to increase the share of
renewable energy, the technical potential is a limit on the long term potential. The transition towards
the long term potential is controlled by policy and society. In this report we will mainly focus on
topics related to the technical potential and how it might be increased.

Figure 1 Methodology for the definition of potentials of renewable energy. Extracted from Resch et al.
2008.
The move to renewable energies and to increasing the technical potential can be seen as a first step
towards what Traube et al., 2008 call the “next generation utility”. As illustrated by Figure 2 below,
Traube et al., 2008 hypothesize that “it should be possible to provide the energy services required by
our modern society using significantly less “base-load” coal and nuclear power. Doing so requires
increased reliance on variable renewable energy sources and more dynamic control of energy demand,
and consequently, more focus on short time scales.” This hypothetic next generation utility would
involve i) de-carbonizing electric supply through greatly increased penetration of renewable and
distributed supply technologies; and ii) electrifying or substituting clean, renewable fuels for loads
that would otherwise depend on fossil fuel, including vehicles.
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Figure 2 The next generation utility will turn generation infrastructure on its head, with a mix
dominated by energy efficiency and renewables with minimum coal and nuclear. Extracted from
Traube et al., 2008
The energy demand would then be met using a variety of storage means (including vehicles), a variety
of complementary generators (co- and tri-generation) in addition to a complete portfolio of more or
less continuous CREs.
The evolution of the utility paradigm is nevertheless often complicated by the reality of the terrain,
(i.e. economy, society…). In this respect, the case of Ontario is a good example. As reported by
Hoicka and Rowlands, 2011, Ontario’s jurisdiction is at the forefront of North America with respect to
an examination of the sustainability of its electricity supply system. Targets and plans to increase the
use of renewable resources in Ontario’s electricity supply have involved programs that explicitly
encourage the connection of renewable electricity production facilities to the province-wide
distribution system. In turn the Ontario power operator stated “It would be imprudent and financially
irresponsible for the Ontario Power Authority (OPA) to procure new generation that will effectively
constrain off other generators – where they are already under contract with the OPA, and in some
cases also renewable generation – and pay twice for the generation”. The operator decided to no
longer entertain renewable electricity contracts in certain regions (establishing Orange, Yellow and
Green areas), arguing that such regions were already constrained by the already-existing demands
placed on the transmission system. As the authors underline “the potential for renewable electricity
projects to add to electricity system congestion problems is clearly on the minds of system operators”.
They also note that in this type of conflicting situation the electricity price structure tends to fluctuate
too. They conclude that tools are needed to better understand the most favorable configurations to
exploit CRE, in relation to their fluctuation in time and space.

1.3

Impact of weather and climate on the electricity sector

From a general point of view and whatever the particular field of activity is, weather and climate
conditions have an important impact on the energy sector , in terms of the production means and the
timescale (Dubus, 2011).
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In particular, this is true for the electricity sector that represents 40% of the Greenhouse gas
emissions. Although climate conditions are less considered in economic studies than other governing
phenomena (like euro-dollar conversion or oil prices), they turn out to have comparable variability
(“volatility” in economic jargon) (Dubus, 2010). The weather and climate have large impacts on both
electricity production and demand as illustrated in Figure 3 below. The demand has a strong
connection to temperatures whereas the supply is impacted by the intermittency of the CRE production
and its storage capacities that may even out the effects of intermittency and variability.
Renewable energy resources such as wind, sun and small hydropower are characterized by
intermittency and a high temporal and spatial variability. The output from these energy resources
demands a greater flexibility in the power system in order to rapidly supplement periods of low
outputs and to handle peaks in the production (IEA, 2010). The challenge in the power system is to
balance supply and demand on all times scales, ranging from seconds to years.

Figure 3 Schematic views of the supply/demand balance process and its links with weather and
climate. Extracted from Dubus, 2010.
As suggested by Traube et al. 2008, “one of the primary goals of electric utilities is maintaining the
reliability of the electric system”, which implies coping with both any individual generator failure (a
mechanical/technological problem) and “fuel” availability (a climatic problem in the case of “CRE
fuel”). A reliable electricity supply system has to be designed to harvest CREs that vary in time and
space in order to supply a demand that is also controlled to a certain degree by the weather and
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climate. The conclusion of Traube et al. 2008 is that “we must evaluate variable renewable generators
for their contribution to overall system reliability, rather than the reliability of an individual
renewable generator.” There are a number of options and technologies that might be used to meet
these challenges, like increased capacity of trans-border power grids, smart grids as well as additional
electricity storage capacity in hydropower reservoirs, batteries, compressed air, hydrogen production
etc. To solve these challenges it is important to understand the space-time variation and dependence
between the renewable energy resources. Such knowledge is useful for both planning and operation of
a power system including the optimal design of a power system, the variability reduction of a regional
power production, the identification of hot spots of potential system failure or production forecasting.

1.4

Aim and content of the report

This scoping report sets out a state of the art documentation of the effects of the space-time
dependence between the sources of Climate Related Energy (CRE), like wind, sun and precipitations,
on the reliability of energy production systems with a specific focus on electricity production. Its
main aims are i) to situate the effort made in COMPLEX to define appropriate downscaling
methodologies for simulating CRE production at regional scale and, more generally, ii) to point out
subjects that might benefit from the increased attention of the scientific community to better
understand the scale intricacy between climate and energy.
We think that using marginal- and co- variability between weather variables and CRE production is
central to understand the functioning and to assess the reliability of those power systems with a large
share of CREs.
The report is structured as follows. First, it presents an overview of current knowledge on the spacetime (co)-variability of weather variables that are important for CRE production and electricity
demand (namely precipitation, temperature, wind, solar radiation in addition to river stream-flow).
Secondly, it explores the time-space characteristics of CRE production and energy demand. The third
section discusses the question of how to deal with an energy system that is characterized by a high
share of CRE production. It focuses on energy storage possibilities, the efficient design of reliable
electric power systems and the tools needed for scheduling flexible power production systems. A last
section briefly deals with the main effects of climate changes on CRE production.
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2. Space-time (co-) fluctuation of climate variables2
2.1 Time and space units and scales of CRE production
This report pays particular attention to the units and the space-time scales of the many variables
involved in CRE production. Although this type of information is not always described with enough
detail in many papers and reports in the literature, we consider that it is of particular relevance for the
planning and the management of climate-related renewable energy sources.
The balancing between electricity demand and supply coming from different CRE sources depends on
the variability of the climate variables involved (mainly wind, temperature, solar radiation and
precipitation) through a large range of time and space scales.
It is well known that climate variables fluctuate in time and space, due to many physical processes that
act on different scales (from slowly varying processes at the origin of seasonal or decadal variability to
rapidly varying processes responsible for daily and local variability). The natural climate variability
influences other climate-dependent variables (e.g., river flows) and human activities in climatesensitive sectors (e.g., navigation, CRE production, agriculture, tourism, etc.). Climate variability is
scale-dependent and the scales involved may range from daily to decadal time scales and from local
(few kilometers) to global (size of the Earth) space scales. Evidence of climate variability can be
drawn from the analysis of historic time series of observed values or depicted from regional and global
analyses of spatial patterns. Understanding and modeling climate over a wide range of scales has been
the goal of several studies in the literature. For this, climate monitoring is essential.
In-depth analyses of space-time variability of climate variables have become possible with the
increasing availability of long time series of records from ground networks. Additionally, the
increased use of remote sensing of data from meteorological radar and satellite imagery has
contributed to the detection of spatial patterns and the analysis of climate variability at larger scales.
The establishment of global databases has also been an important step to support monitoring and to
foster studies on the space-time (co-) variability of climate and climate-dependent variables: e.g., the
Global Climate Observing System, GCOS, built on the WMO Integrated Global Observing System,
WIGOS; the Global Historical Climatology Network, GHCN, of the NOAA's National Climatic Data
Center, with long-term monthly temperature, precipitation, sea level pressure, and station pressure
data; or the Global Runoff Database, GRDC, with river discharge data collected at daily or monthly
intervals from more than 8000 stations in 157 countries, and which is hosted by the German Federal
Institute of Hydrology under the auspices of WMO.

2

We could more properly speak about the climatic variability of atmospheric and hydrologic variables but for

short the wording “climate variable” is often used.
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Identifying

climate

variability

and

co-variability

among

variables

and

modeling

their

interdependencies are essential steps to understand how these variables impact human activities. On
the basis of identified space-time patterns of fluctuations and co-fluctuations, the ability of climate
models to replicate observed data (e.g., precipitation, temperature and river flows) at regional and
global levels can be quantified. Baselines from the modeling of the present climate can then be derived
and used to quantify climate change impacts under different scenarios, from which mitigation
measures can be proposed. Natural variability plays therefore an important role in helping to
determine the level of confidence associated with hydrologic and climate alterations between baseline
and future climate regimes. It is also a means to assess the separation between those observed changes
(or responses) coming from natural variability and those coming from the effects of climate change.
Figure 4 below illustrates some dynamical processes of the tropical atmosphere and their typical space
and time scales. Note that most occupy a range of scales and that smaller scale features can occur
within a larger scale circulation. For example, tropical cyclones consist of numerous thunderstorms;
tropical cyclones can be spawned within the intra-seasonal Madden-Julian Oscillation; and both are
modulated by the inter-annual El Niño/La Niña–Southern Oscillation (ENSO). The same type of
representation is used for instance by Gentine et al (2012) for surface hydrology processes.

Figure 4 - “Space and time-scales of dynamical atmospheric processes” extracted from Figure 1.29 of
the second edition of the Introduction to Tropical Meteorology proposed by The COMET Program
(http://www.meted.ucar.edu/tropical/textbook_2nd_edition/print_1.htm).
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2.2 Precipitation
Physical understanding and modeling of space-time variability and intermittency of precipitation fields
over a wide range of scales has been the goal of several studies in the literature. The high variability of
precipitation particularly in space, has pointed out the limits of point data from rain-gauges and sparse
networks and prompted their combined use with radar and satellite images to improve the modeling of
the statistical characteristics of rainfall (e.g. Wheater et al. 2000).
Space-time variability of precipitation depends on various aspects, particularly on local
thermodynamics and interactions with large-scale atmospheric circulation and sea surface temperature
(e.g., Rimbu et al., 2001), as well as orographic forcing (e.g., Anquetin et al., 2003; Zängl, 2007). In a
study on the Mediterranean region, for instance, Molinié et al. (2012) have shown that the monthly
intermittency (proportion of dry days per month) and the daily intermittency (proportion of dry hours
per day) are fairly well correlated with the relief. They also highlighted the seasonal variability
encountered in the studied region with results that indicate that one-third of the cumulative rainfall
occurs during the autumn season and one-fourth during the spring season.
In addition, several studies have demonstrated that the spatial structure of precipitation fields and the
magnitude of precipitation intensities depend also on time steps: hourly to daily precipitation exhibit
shorter ranges of spatial correlation, while monthly to annual precipitations show longer correlation
lengths, with thus a more regular distribution in space. Besides, the main physical processes
underlying the spatial structure variability of precipitation may also be related to local weather (e.g.,
localized thunderstorms) or to both local weather and large-scale organization of climate patterns (e.g.,
synoptic precipitation, cold fronts). Ali et al. (2003), for instance, showed that the structure of Sahelian
rain fields for time scales larger than the event scale is dominated by two major factors: one linked to
the internal structure of Mesoscale convective complexes and the other to their privileged direction of
displacement in the region, from east to west. Regional and large-scale atmospheric patterns act here
in a combined way.
Temporal patterns of precipitation can also vary among hourly, daily, monthly and annual or decadal
precipitation totals, and be linked to local weather and/or long-term climatic variability. For instance,
De Vita et al. (2012) investigated decadal patterns of precipitation (together with other variables like
air temperature and spring discharges) in the Campania region (southern Italy) and highlighted the
relationships between the North Atlantic Oscillation (NAO) and the observed fluctuations of these
variables. Space-time patterns of severe precipitation events were also shown to depend on the type of
weather at the origin of the event and to vary from one event to another according to the event
duration and spatial extent (Ramos et al., 2005; Ceresetti et al., 2012a, b).
The variability of daily rainfall in space and in time, according to the winter and the summer seasons,
for the Mediterranean region is illustrated in the example shown in Figure 5 (reproduced from
Flaounas et al., 2012), for medium rainfall intensities (quantile 50%) and extremes (quantile 95%).
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Figure 5 - The 50th (left column) and 95th (right column) quantiles of daily rainfall from ECA&D
observations for winter (December to February) (upper row) and summer (June to August) (lower
row) over the period 1999-2008 in the Mediterranean region (from Flaounas et al., 2012)

2.3 Temperature
Air temperature is controlled by the energy balance of air masses, and temperature fluctuations are
mainly controlled by energy exchanges between the sun's (energy input) and the earth’s surfaces
(output of energy). In addition, lateral energy transport caused by advection of air masses and latent
heat exchanges caused by precipitation and evapotranspiration may also have a large influence on
local air temperature values. The strongest signals in air temperatures are the daily and the seasonal
fluctuations, with annual fluctuations of temperature between summer and winter seasons being more
relevant at high latitudes. Besides, air temperatures change also with altitude, depending on the air
moisture. On average, the decrease in temperature is around 0.6°C per 100m. Spatial variability of air
temperature is also related to the distance from the coast, with a distinct difference between costal and
continental temperature regimes. Precipitation variability also influences seasonal variations of
temperature, as well as diurnal fluctuations, which are usually stronger in dry areas. Figure 6
(reproduced from Flaounas et al., 2012) clearly illustrates the effects of latitude, altitude and
precipitation (see Figure 5) in temperature variability. The study by Flaounas et al (2012) specifically
analyzes the seasonal variability of rainfall and temperature in the Mediterranean region, where
climate is characterized by hot, long and dry summers, and mild winters during which most rainfall
occurs.
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Figure 6 - The 5th (left column), 50th (middle column) and 95th (right column) quantiles of
temperatures 2 m above land surface from ECA&D observations for winter (December to February)
(upper row) and summer (June to August) (lower row) over the period 1999-2008 in the
Mediterranean region (from Flaounas et al., 2012).
The temporal variation of temperature at larger scales (seasonal to annual fluctuations) has been
extensively reviewed in the IPCC-reports on climate change, as this is a basic aspect for understanding
natural variability of temperature and changes due to anthropogenic effects. Temporal fluctuations in
annual or seasonal temperatures might indeed be related to natural variability as well as to greenhouse
gas emissions. Time series of average land surface temperature show variability over a range of
temporal scales, from a few years to decades and centuries. An important task is thus to capture the
natural variability that might be given as periodicities and separate it from variability from external
sources. It is common to relate temperature to indices that describe the global circulation patterns, as,
for instance, the El Nino Southern Oscillation index (ENSO), the North Atlantic Oscillation (NAO),
the Atlantic Multi-decadal Oscillation (AMO). Muller et al (2013), for instance, show that the land
surface temperature is strongly correlated to the AMO, which has an important periodicity of around 9
years. Figure 7 shows the average land surface temperature anomalies for Europe for the last 160
years. This figure reveals how temperature fluctuates considering a 10-year moving average for annual
and seasonal values. It also highlights the strong deviations observed in the last decades, associated
most probably with increased greenhouse gas emissions.
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Figure 7 - European annual, winter (December, January, February) and summer (June, July, August)
mean temperature deviations, 1860-2009 (ºC) (from Muller et al. 2013)
Temperatures are also of interest for financial modeling of weather derivatives3 (Jewson, 2004). In this
context, various stochastic models reproducing the temperature time process at a point have been
developed from long term (Caballero et al., 2002) to daily scales (Benth and Benth, 2005 or Mraoua,
2009).

2.4 Stream and river flows
Streamflows are the integrated catchment’s responses to atmospheric water input (precipitation) and
loss (evapotranspiration), as well as to physical processes occurring inside the catchment’s drainage
area, which determine how atmospheric fluctuations are translated into runoff (infiltration, snowmelt,
groundwater exchanges, etc.). Space-time variability of streamflows is thus intrinsically related to
space-time variability of atmospheric driving forces as precipitation and temperature.
The (co-) variability of observed monthly river flows and climate variables (precipitation and
temperature) was investigated by Gudmundson et al. (2011) from a large number of small catchments
in Europe (358 time series of daily runoff, from the period 1963 to 2000). The authors observed a

3

‘Derivative’ is used in finance to indicate a security whose value is based on that of another security, called the

‘underlying’: an example is an ‘option’, whose value is based on an underlying stock price. In the case of
weather derivatives, the underlying is a temperature or other weather index
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pronounced similarity between streamflow on the one hand, and precipitation and temperature (Figure
8) on the other hand. The study gives strong evidence that the space-time patterns of low-frequency
runoff (variability on time-scales larger than one year, including inter-annual and decadal variations as
well as trends) follow closely its main atmospheric drivers (precipitation and temperature). The
authors also point out the fact that the influence of any climate signal may vary largely between rivers,
depending on the long-term water budget. A recent model-based study in the Colorado River (Vano et
al., 2012) indicates that annual variation in land surface model runoff with respect to precipitation
(“elasticities”) is higher in lower precipitation and/or runoff regimes. Concerning variations in respect
to temperature (“sensitivities”), it was shown that small areas, primarily at mid-elevation, have
increasing runoff with increasing temperature, while on a spatial basis, most sensitivities are negative.
Understanding streamflow variability is essential to water management and governance, including
water policies and programs for a wise and sustainable use of water resources, as well as planned
storage of water for hydroelectricity production. Monthly streamflow variability (river monthly
regime) is thus at the heart of regional hydrologic studies. Mapping streamflow regimes is an
important tool in/for an efficient use of water resources (Gottschalk et al., 2006; Stahl et al., 2012) and
to optimize hydropower production (for instance, Basso and Botter, 2012, show that strategies applied
to hydropower plant management may change depending on the hydrologic regime of a river). Figure
9 shows space and time variations of streamflows over Europe for two distinct runoff regimes: a snowdominated regime and an evaporation-dominated regime. The range of different flow regimes that can
be found when analyzing streamflow time series is also illustrated in Figure 10 together with the
seasonal variation of daily streamflow values within each flow regime.

Figure 8 - Mean annual runoff (Q), precipitation (P) and temperature (T) for the period 1962-2000
(Figure 1 extracted from Gudmundsson et al, 2011)
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Figure 9 - Map of two distinct runoff regimes observed over Europe: RC 1 is a snowdominated regime whereas RC2 is an evaporation-dominated regime. <Q> denotes
standardized streamflows (from Figure 4 in Gudmundsson et al., 2011)

Figure 10 - Map of streamflow regimes in France (from Sauquet, 2006)
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2.5 Wind
The variability of wind in both space and time has been extensively studied in relation to wind power
production. In the last decade, measured large-scale wind power production data have become
available and give insight into the variability that is relevant for power system operation (Ernst, 1999;
Focken et al., 2001; Holttinen, 2004; Wan, 2005; EWEA, 2005; IEA 2005; Giebel, 2007; Caralis,
2008). Both national and European databases are available for assessing wind power potential,
including The European Wind Atlas (Risø National Laboratory Roskilde, 1989) and the Norwegian
wind atlas (Byrkjedal et al, 2009).
At a coarse resolution, Figure 11 maps the wind power potential in the EU Regions. The Nordic
countries, the British islands, and offshore regions (not shown in the map) are superior to Southern
Europe with respect to wind resources.

Figure 11. Map of the wind power potential across the European Union regions from
http://www.espon.eu/main/ the Observation Network for Territorial Development and Cohesion of the
European Commission (Extracted from ESPON, 2013).
At smaller space-time scales, wind has large space variability and seasonal variations with less wind
during summer months, but a relatively small year-to-year variation (Korpås et al, 2006). This is
illustrated in Figure 12 below that shows the Normalized hourly wind power output for a year together
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with the evolution of bulk annual wind power and hydropower outputs. Aggregated to annual time
scales, the wind power appears less variable (+- 15%) than the inflow to hydropower reservoirs (+30%). This confirms results presented in Tande and Vogstad (1999) where the annual variation in
wind power for five different locations in Norway (+-20%) is smaller than the annual variation in
inflow to hydropower reservoirs (+-30%).

a)

b)

c)
Figure 12 a) Map of average annual winds for Norway (from Byrkjedal et al, 2009), b) Average
annual hydropower and wind production and c) 30-year average of the hourly wind power output in
the year (both extracted from Korpås et al., 2006).
The landscape has a major influence on the spatial distribution of wind as seen in Figure 12 above.
Offshore, the wind resource is found to be both larger and more homogeneous than onshore, thus
increasing the potential output and decreasing the variability compared to similarly distributed wind
power onshore. Onshore the average annual wind depends on distance from the coast and local
topography.
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For optimal design of a regional and national wind power portfolio, it is important to assess the spatial
dependence between wind power farms. It has been shown in different countries that as the distance
between wind farms widens, wind speed correlations between different wind farms decrease (Milligan
and Factor 1999, Holtinnen 2005, Giebel 2007, Sinden 2007, TradeWind 2007, Caralis, 2008). Larger
areas also decrease the number of hours of zero output - one wind power plant can have zero output
for more than 1000 hours per year, whereas the output of aggregated wind power in a very large area
is always above 0. The variability depends on time scale. The second and minute variability of largescale wind power is generally small, whereas the variability over several hours can be large even for
distributed wind power. Even if some general conclusions can be drawn from the variability of largescale wind power, it should be noted that the size of the area and the way wind power plants are
distributed is crucial. More details will be given in the subsection on wind power production.

2.6 Solar radiation
Solar radiation is mainly controlled by astronomic data - the time of the day, the season and the
latitude. The atmosphere modifies the extra-terrestrial radiation, and the amount of radiation reaching
the ground depends on the transmissivity of the atmosphere, i.e the amounts of dust and clouds4. As
with wind power, national and European maps for solar power potential are publicly available as
shown in Figure 13. The maps clearly show that photovoltaic power potential over Europe depends
mainly on latitude, implying that the annual resource of global radiation is more than double in
Southern Europe compared to Northern Europe.

4

Fog is a special category of clouds that must be taken into consideration when using solar radiation.
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Figure 13 - Photovoltaic potential for Europe (Extracted from http://re.jrc.ec.europa.eu/pvgis/).

2.7 Co-variability between weather variables
The complete range of co-variability between weather variables is, a priori, implicitly included in
numerical weather models since they describe the physical processes resulting in the observed
weather. Land surface-atmosphere feedbacks are found to play a key role in the seasonal co-variability
of rainfall and temperature over a region. The application of numerical weather models to energy
problems requires, however, estimation or predictions on a spatial scale much smaller than the one that
numerical models can provide. Another solution is to use statistical methods to analyze and model the
co-variability. It is important to understand the co-variability between weather variables for the current
climate (e.g. for application to agriculture or energy production), and for future climate when
downscaling outputs from GCM. The downscaling issue is discussed in detail in a companion report
D2.1 (see Hingray et al (2013)).
Statistical analyzes and modeling of co-variability have been done using stochastic weather
generators. Such weather generators have been developed since the 1960s and mainly applied to
agriculture. Weather generators are also used as downscaling methods for GCM's (Hingray et al,
2013). Srikanthan and McMahon (2001) give a review of weather generators subject and most of the
following references are extracted from their review. The principal weather variable in these
generators is precipitation, and the other variables (temperature, wind and solar radiation) are mostly
linked to precipitation. The first generators focused on time series and how to reproduce frequency and
length of wet and dry spells in addition to rainfall amounts – using a Markov chain ((e.g. Gabriel and
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Newmann, 1962; Caskey, 1963; Weiss, 1964; Hopkins and Robillard, 1964; Feyerherm and Bark,
1965, 1967; Lowry and Guthrie, 1968), alternating renewal processes (e.g. Williams, 1947, Green,
1964; Buishand, 1977; Roldan and Woolhiser, 1982; Small and Morgan (1986)) or Poisson cluster
processes (Rodriguez-Iturbe et al. (1987); Onof et al., 2000; Velghe et al., 1994).
Other weather variables like temperature, radiation and wind are, to the best of our best knowledge
simulated in combination with precipitation. Several strategies have been developed to account for the
spatiotemporal correlations in spatial simulations of weather variables:
a- Stochastic modeling of rain cells – Burton et al (2008, 2010) present a spatial-‐temporal NSAR
(i.e. Neyman-Scott and Markov) model capitalizing on a long family of rain-field models initiated by
Amorocho and Wu, 1977. It has the following steps.
1) Storm events are modeled as storm origins, instants at which spatially large-scale triggers of rain
cell events occur. Storm origins occur following a stationary Poisson process in time with rate l (1/h).
2) Each storm origin generates a set of immobile circular rain cells whose centers follow a non
homogeneous spatial Poisson process, with density r(x) (1/km2) over an infinite planar simulation
region x2R2, and whose radii are exponentially distributed, with parameter g (1/km).
3) Each rain cell begins producing rainfall at its origin time, which follows the storm origin after an
interval of waiting time. Waiting time is exponentially distributed with parameter b (1/h).
4) Each rain cell produces a uniform rainfall rate across its disc and throughout its lifetime. The
duration and the intensity of the rain cell are exponentially distributed with parameters h (1/h) and x
(h/mm), respectively.
5) The rainfall intensity field at any instant is the sum of the intensities of all active rain cells scaled by
a spatially non uniform intensity scaling field, y(x). This field models geographically varying rain
intensities.
b- Correlation between points – A typical example of simulation of networks is the model presented
in Wilks (1999). There the idea is to retain the conventional single-station stochastic models at the
locations for which precipitation series are to be simulated and to provide them with random number
streams exhibiting the spatial correlations that result in the synthetic series having realistic spatial
correlations. In addition to being conceptually straightforward and comparatively simple, this method
also has the advantage that the conventional single-station models are retained. The correlation is
modeled separately in the binary (rain/no rain) and amount data as a function of horizontal and vertical
distance. The correlation depends on the month. This model has been applied in Wilks, 1998, 1999a,
2002; Mehrotra et al., 2006; Brissette et al., 2007; Thompson et al., 2007.
c- Meta-Gaussian random fields – For continuous spatiotemporal simulations a class of simulators is
based on transferring the weather variable of interest into the Gaussian space (e.g. Mendes et al., 2006;
Tøfte, 2007; Ailliot, 2009; Leblois and Creutin, 2013; Solvang-Johansen, 2011). Then several tools
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are available for continuous spatiotemporal modeling based on semi-variogram models describing the
spatial and temporal correlations. An additional level, where the semi-variogram model parameters are
related to weather types, is used to account for seasonal variations in weather. The challenge in this
approach is how to include spatial and temporal non-stationarity.
d- Re-sampling – Beersma and Buishand (2003) present a re-sampling procedure based on the
nearest-neighbor method. Weather variables such as precipitation and temperature are sampled
simultaneously with replacements from the historical data. To incorporate autocorrelation, re-sampling
is conditioned on the days in the historical record that have similar characteristics to those of the
previously simulated day.
As an example of how a weather simulator includes the cross-correlation between weather variables
we discuss in more detail the model presented in Ivanov et al., 2007. This is a weather generator for
applications in hydrology, ecology and agriculture that couples the generation of total cloud cover,
shortwave radiation, air temperature, atmospheric humidity, and wind speed to a “renewal” model of
the rainfall process – this model gives a “rainfall centered” vision of the climate. The structure of this
model is worth detailing since it gives a good idea of the correlations linking the different variables
and corresponding literature references:
-‐

Storm and inter-storm durations are at the heart of the simulation, alternating periods with rain and
thus high cloudiness, humidity, low radiation and temperature. These durations are considered as
independent exponentially distributed variables (in hours), the rainfall depth is related to the storm
duration, and the rainfall intensity is assumed to be uniform throughout the storm (“rectangular
pulses”). This succession gives the general pace of the different variables.

-‐

Cloudiness (occulted fraction of the celestial dome) is assumed to be an auto correlated process
close to 1.0 during storms, stationary during a “fair weather” period centered on the storm, and
smoothly decaying to 0.0 outside of this period, ensuring a transition to the inter-storm period.

-‐

In term of shortwave radiation, the model considers two wide bands of solar spectrum: the
ultraviolet (UV)/visible (VIS) band, BL1 [0.29 mm-0.70 mm], where ozone absorption and
molecular scattering are concentrated, and the infrared in near- and short-wave-length range
(NIR), BL2, [0.70 mm-4.0 mm] where water and mixed gases absorptions are concentrated. Direct
beam and diffuse irradiance are distinguished under clear and cloudy skies. The notion of vertical
liquid water path (LWP in [g m-2]) is used to determine the optical thickness of clouds.

-‐

Air temperature is assumed to be the sum of a deterministic component T(t) and a variate δT(t)
expressing the difference between the measured temperature and T(t). The hourly increments of
the deterministic component dT(t)/dt are correlated to the position of the sun, the radiation
attenuation and the incoming radiation. The deviation δT(t) is approximated by a first order
Markov process.
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-‐

Air humidity is represented by the dew point temperature, which is assumed to be relatively stable
during the day, in equilibrium with the minimum daily temperature and dependent on the daily
temperature amplitude and the evaporative factor.

-‐

The wind speed is simulated as an independent positively skewed variable assumed to follow an
Autoregressive Moving Average Model AR1 model where the random term forces skewness on
the results, leading to an approximately Gamma distribution of wind speed.

Figure 14 - Histogram of hourly wind speed from the observed and simulated data (Albuquerque, New
Mexico). Symbols m and s are the mean and standard deviation value, correspondingly, for the
observed (sub-index "o") and simulated (sub-index "s") data (Extracted from Ivanov et al., 2007).
This simulator is extensively tested using data from three meteorological stations: Albuquerque
International Airport (New Mexico), Tucson International Airport, (Arizona), and Tulsa International
Airport, (Oklahoma). Beyond the verification (actually at Albuquerque) of the fair restitution of the
basic model variables according to observation (see for instance the histogram of the hourly winds in
the Figure 14 extracted from the paper), the paper interestingly addresses the question of their
covariation that is not explicitly introduced in the simulator. Figure 15 extracted from this paper
illustrates such interdependencies in a qualitative manner. Simulations start in August and extend
through half of September. As can be seen, the cloudiness dynamics respond to precipitation events
and the incoming shortwave radiation is correspondingly affected by the presence of clouds. The air
temperature series exhibit both lower magnitude and diurnal variability during the days with
precipitation. The dew point temperatures become less differentiated from the air temperatures during
wet periods and show a substantial deviation from the minimum daily temperatures during drier hot
days.
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Figure 15 - Simulated hourly hydrometeorological variables based on parameters derived from the
location of Albuquerque (New Mexico) (start on 1 August): a) rainfall, b) cloud cover, c) incoming
shortwave radiation and (d) air temperature and dew point (Figure extracted from Ivanov et al.,
2007).
Figure 16, taken from Ivanov et al., 2007, shows sample cross-correlation functions between the mean
daily cloud cover and air temperature amplitude for observed and simulated data. As can be seen, the
highest cross correlation between the two variables is at zero lag, which is well reproduced by the
model. The observed data also show that cloud cover somewhat leads temperature amplitude, i.e., a
nonzero cross correlation exists at the lead-time of 1 day (the asymmetry observed in Figure 16). The
discussed model does not reproduce this effect.
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Figure 16 Sample cross-correlation function derived between mean daily cloud cover (variable 1) and
air temperature (variable 2) derived from the observed and simulated data (Albuquerque, New
Mexico) (Figure extracted from Ivanov et al., 2007).
The limitations of this generator are i) to be a point simulator and, as far as we can judge, ii) to lack
realism in terms of wind description. The latter is of course linked to the low correlation between the
wind speed and other hydrometeorological variables, including rainfall – the master process of this
simulation method. For example, using hourly weather data for Massachusetts and Kansas, Curtis
and Eagleson [1982] estimated the cross-correlation to have a maximum value of 0.35, but to be
usually around 0.1 (for air and dew point temperature and cloud cover).

3. Space-time characteristics of CRE production and demand
3.1 Time-space scales for CRE production
In Figure 17 we show on the one hand the typical space and time scales of variability in CRE
production resulting from the intermittency of wind and solar radiation and their typical cyclic
variations and, on the other hand on the hydrologic/hydraulics space time characteristics. For windand solar-power we have included the effect of moving from one single turbine/panel to a farm and to
a national network. For hydropower we choose to show the difference between small and large
hydropower facilities/plants where reservoir capacity is the most important criterion of differentiation
compared to the annual outflow of the watershed. We see that hydropower has temporal scales that are
very different from wind- and solar-power and will therefore be extremely useful in a future energy
system. The spatial scale is the integrating size of typical utilities – i.e. the size of harnessed
watersheds for hydropower versus the size of the solar panels and wind turbines.
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Figure 17 – Space and time scales for CRE production

3.2 Wind power
Wind power is one of the fastest growing generating resources being incorporated into electric power
systems. Wind power is variable, not schedulable and uncertain compared to traditional generating
resources. A major challenge for short term scheduling (1-2 days ahead) is the large forecast errors
for wind power production since the power production is a non-linear function of wind speed (see
Figure 18(a)). New system operation models and planning tools to handle variable wind production
resources are therefore required to maintain the reliability of power systems. Predicting for windproduction resources is becoming important in order to integrate high wind power production into
electricity networks; it contributes to reliable system planning and operation (Botterud et al., 2010; Xie
et al., 2011). Regarding system planning, power output prediction of future wind farms helps with/in
evaluating system reserves and transmission development over large geographic areas. In addition, it
provides practical information for finding optimal wind farm sites for increasing wind power
production.
3.2.1

Wind energy potential

The production of energy from wind depends primarily on the wind energy density that can potentially
be harnessed:
(1)
where E is the energy density in (Wm-2), ρ is the air density (kgm-3) and U the wind velocity at the
height of the hub (ms-1).
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Considering solely this equation we can see that from a climatic point of view wind energy production
depends on both the distribution of wind velocity with a non-linear influence from the highest wind
velocities (“extreme values”) and on the temperature that modulates the air density.
The power output from a single windmill depends on the wind speed in a non-linear way as shown in
Figure 18(a) below. The windmill needs a certain amount of wind to start operating and has a
maximum production for wind speeds between 15 and 25 m/s approximately. The maximum power of
the windmill depends on the turbine. For larger wind speeds the windmill needs to be shut down. This
extreme non-linear transformation from wind speed to power output makes the operation of windmills
in an integrated power system challenging. Figure 18(b) shows how the probability distribution of
wind speed is transformed in a probability distribution of power output through the speed-power
relationship expressed above.

Figure 18(a). The power output from a single windmill rated at
1MW as a function for wind speed. (Extracted from Pryor and
Barthelmie, 2010)

Fig. 18 (b) Frequency distribution of wind speeds with the filled bars showing observations from a
Danish coastal site for the period 1997–2003. The mean wind speed at 50 m height at the site is 8.1 m
s-1. The line shows the fitted Weibull distribution where the Weibull scale factor A (related to the
central tendency) is 9.1 m s-1 and the shape factor is k (related to the variability). Figure 18 (c) The
power output as a function of wind speed for the wind climate and wind turbine shown above.
(Extracted from Pryor and Barthelmie, 2010)
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Figure 19 shows the average wind speed for 50 onshore and 33 offshore regions in Europe.

Figure 19. Average wind speed (m/s) in Europe (years 2000-2007). (Extracted from von Bremen,
2010)
The Northern countries and offshore regions of Europe are superior to Southern Europe with respect to
wind resources. The projected future wind power capacity for each region is determined from the
national wind power targets for the year 2020. In countries with more than one region the national
target is divided into regional capacities with respect to regional wind resources. The anticipated wind
power capacity for Europe is 227 GW. With an average efficiency of 0.3, wind power would generate
19% of Europe’s power consumption assuming that the European consumption remains constant at
357.4 GW (average of 2000-2007) (von Bremen 2010). This estimate is, however, optimistic since an
efficiency of 0.3 is only expected for offshore and costal WPP assets.
The local wind properties depend on the surrounding land-use which may evolve with time. More
technological considerations lead us to identify that wind conditions as well as air temperature and air
water content have an impact on the operation and maintenance of wind farms and turbine design (see
Pryor and Barthelmie, 2010 p. 434-435):
-‐

Extreme winds and gusts, air turbulence.? Different extreme values such as the ten-minute
sustained extreme wind speeds, the extreme 3-second average wind speed and extreme wind
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direction changes are used to compute extreme loads for turbine design. More generally, air
turbulence and low-level wind shear have a governing role on wind turbine loading and integrity.5
-‐

Icing and extreme low/high temperatures. Accumulation of ice on wind turbines substantially
reduces power production (accretion of ice modifies the shape of the blades) and may create
danger (ice blocks may detach from the blades). The icing mechanism (rime or glaze) is an incloud process resulting either from super-cooled droplets impacting the blades or from snow
accretion.

Extreme temperatures are known to alter the physical properties of component

materials and need to be taken into account in turbine design and maintenance.
-‐

Sea ice, sea waves, sea level and permafrost. Sea ice and sea waves may pose problems for
offshore installations, sea level change may create problems for coastal installations and
permafrost melting (related to warming) may result in stability problems for the turbine towers.

-‐

Dust. Dust transported by winds is a source of erosion.

Landberg et al., 2003, give an elegant overview of the different methodologies available for assessing
the wind energy potential at a site. Eight separate methodologies have been identified as shown in
Table II of the paper reported below:

Landberg et al? refer in particular to the wind atlas methodology (WASP) proposed by Troen and
Petersen in The European Wind Atlas (Risø National Laboratory Roskilde, 1989).
Archer and Jacobson, 2007, analyze some counter-intuitive statistical properties of the relationship
between wind velocity and wind power production. They show that wind power (or speed) standard
deviation increases as wind power (or speed) increases (Figs. 20 a,b), which is for them not indicative
of increased intermittency. But they also remark that this is not true when substituting the coefficient

5

Boettcher et al. 2002 devote a statistical analysis to wind gusts comparing sea border wind measurements to

laboratory flow behind a cylinder.
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of variation (COV) to the standard deviation. For wind speed (Fig. 20 c), the COV is approximately
independent of wind speed, which suggests that wind speed standard deviation is approximately a
constant percent of mean wind speed; consequently, intermittency is not increased at higher average
wind speed sites but it is almost constant. COV of wind power, on the other hand, linearly decreases
for increasing array-average wind power (Fig. 20 d), with a high correlation coefficient (0.97) (see
Figure 20 below).

Figure 20. Standard deviation and variation of wind speed and wind power at the 19 sites selected.
This last negative correlation is not expected. (Extracted from Archer and Jacobson, 2007)
3.2.2

Interconnecting wind farms

It has been shown in different countries that as the distance between wind farms widens, wind speed
correlations between different wind farms falls (Milligan and Factor 1999, Holtinnen 2005, Giebel
2007, Sinden 2007, TradeWind 2007, Caralis, 2008). Combining weakly correlated wind outputs from
different locations can reduce aggregated wind production variability; the size of the area and the way
wind power plants are distributed is crucial. Thus interconnecting wind farms through the
transmission grid is recognized, as a simple and effective way of reducing deliverable wind power
swings caused by wind intermittency (Archer and Jacobson, 2007). Figure 21 shows this effect when
wind power is calculated from a single windmill, a wind farm and for the whole of Germany. In their
study, Archer and Jacobson, 2007 evaluate the benefit of connecting wind farms for 19 sites, located
in the Midwestern United States, with annual average wind speeds at 80 m above ground, and the hub
height of modern wind turbines greater than 6.9 m s-1. For the year 2000 they used hourly and daily
averaged wind speed measurements available from surface stations at a standard elevation of 10 m
above the ground as well as observed vertical profiles at sounding stations (least squares (LS) method
used to obtain relevant statistics of wind speed at 80 m). They used five levels of aggregation (see
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their map in Figure 22 below) and computed the corresponding generation duration curves (see Figure
23 below) that clearly show the smoothing effect of using a larger array.

Fig. 21. Example of time series of normalized power output from a single WT, a group of wind power
plants and all WTs in Germany (21-31.12.2004) (extracted from Holttinen et al., 2009 – page 21).

Figure 22 - Location of the 19 sites used in arrays. Sites included the 3-, 7-, 11-, and 19-sites array
(Extracted from Archer and Jacobson, 2007).
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Figure 23 Generation duration curves for base-case array configurations: single-, 7- and 19- site
arrays. The area below the generation curve represents the total energy (kWh) produced in a year by
the array. The hatched areas are the energy lost (9.8% and 1.6%) if the size of transmission lines is
reduced from 1500 to 1200 kW for the 1- and 19- site arrays, respectively (Extracted from Archer and
Jacobson, 2007).
An important characteristic of the space-time variability of wind power output is represented by the
ramp rate phenomena. This is defined as the power changes from minute to minute, so its unit is
[MW/minute] (Walling, 2008). Some ramp events result in severe ramp rates of power generation that
exceed a “ramp rate limit” (RRL), which represents the capability of the remaining power system to
compensate for wind ramps. Those ramp events, such as sudden die-off and rise, not only disturb the
balance of demand and supply, but also hamper the participation of wind power in the electricity
market (Tanaka, 2011).
General findings on large-scale variability can be summarized as follows:
-‐

Very fast variations of distributed wind power are low (second-minute level). This is illustrated
with data for a single wind power plant in Table 1, where the standard deviation of 1 sec variations
is only 0.1 % for a large wind power plant. Smoothing can also be seen in the 1-minute time step
changes where the standard deviation decreases from 2.1 % to 0.6 % of nominal capacity moving
from 14 turbines to 250 turbines. There is an increase in variability from the 10 minute to the
hourly time scale. The hourly variations do not smooth out very much inside one wind power
plant.

-‐

The largest hourly step changes recorded from regional distributed wind power are summarised in
Table 2 and range from ± 10 % to ± 35 % depending on region size and how dispersed the wind
power plants are. The values reported in Table 2 are extreme values. Most of the time the hourly
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variations will be within ± 5 % of installed capacity (Fig 24, Fig 25, Fig 26). The German example
illustrates this aspect well: wind power changes are inside ±1 % of the installed power 84 % of
time for 15 minute intervals and 70 % of the time for 1 hour time intervals (Fig 25).

Fig 24. Distribution of hourly, 4-hourly and 12-hourly step changes from aggregation of large wind
power plants in the U.S. Midwest and Oklahoma (Extracted from Wan, 2005).

Fig 25 - Frequency of relative power changes in ¼, 1 and 4 hour intervals, Germany, 01/0131/12/2004 (Extracted from ISET, 2005). A positive value reflects an increase in power and a negative
value a decrease.
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Fig 26. Frequency of relative power changes in 1 hour intervals (15 min mean values) from a single
WT, a group of wind power plants and all the WTs in Germany, 01/01-31/12/2004 (ISET, 2005). A
positive value reflects an increase in power and a negative value a decrease.
Wind power production can vary a lot over longer time scales, like 4-12 hours. In extreme storm
situations turbines stop producing full power. Storm fronts take 4-6 hours to pass over an area of
several hundreds of kilometres. Extreme ramp rates recorded during storms:
-

Denmark: 2 000 MW (83 % of capacity) decrease in 6 hours or 12 MW (0.5 % of capacity) in
1 minute on 8th January 2005 (Eriksen et al., 2005).

-

North Germany: over 4 000 MW (58 % of capacity) decrease within 10 hours, extreme
negative ramp rate of 16 MW/min (0.2 % of capacity) on 24th of December 2004 (Fig 1Where
is this figure 1?).

-

Ireland: 63 MW in 15 minutes (approx 12 % of capacity at the time), 144 MW in 1 hour
(approx 29 % of capacity) and 338 MW in 12 hours (approx 68 % of capacity) (from TSO
Eirgrid data).

-

Portugal: 700 MW (60 % of capacity) decrease in 8 hours on 1st June 2006.

-

Spain: Large ramp rates recorded for about 11 GW of wind power: 800 MW (7 %) increase in
45 minutes (ramp rate of 1 067 MW/h, 9 % of capacity), and 1 000 MW (9 %) decrease in 1
hour and 45 minutes (ramp rate -570 MW/h, 5 % of capacity) (from TSO REE). Generated
wind powers between 25 MW and 8 375 MW have occurred (0.2 %. 72 % of capacity).

-

Texas, USA: loss of 1 550 MW of wind capacity at the rate of approximately 600 MW/hr over
a 2 ½ hour period on February 24, 2007 (ERCOT, 2007).
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For large offshore wind power plants ramp rates can be more dramatic and this should be taken into
account if most of the wind power capacity in a region is concentrated on one offshore site. To handle
the ramp rate and variability in wind power production, sufficient backup capacity from conventional
power plants is crucial.
Wind power variability shows increased space autocorrelation with time aggregation (Figure 27). The
smoothing effect due to geo-spread wind power plants can be quantified for example by looking at the
standard deviation of time series. There are differences in how the variations smooth out in different
regions, as can be seen from Figure 28. Part of the differences can be due to fewer wind power plant
sites in the data from the US and Ireland, and because the white dots for Norway and Sweden consist
of less than 20 sites. The data from Denmark and Germany represent a well-dispersed wind power
production. However, in some power systems the wind power plants will not be built as dispersed but
in more concentrated large wind power plants. The data from 3 years in Denmark and the US suggests
that a single year gives rather stable estimates for the variability. The differences in the standard
deviation values for different years are smaller than the variations in wind resource.

Fig. 27. Correlograms of wind power variations of production in Germany (From Ernst, 1999).
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Fig. 28. Reduction of the block-standard-deviation of hourly wind power production data or
simulations (in the case of Sweden- simulation of 4 000 MW from 56 sites) as a function of the covered
area (Holttinen, 2004; ISET; Estanqueiro, 2006; Wan, 2005; Axelsson et al., 2005; Ilex et al., 2004;
Martin et al., 2009). The line is an estimate of the maximum smoothing effect for the size of the area
(This figure is extracted from the report Holttinen et al., 2009).

Table 1. Wind power step change average magnitude and standard deviation (Std) values as a
function of an increasing number of aggregated wind turbines in a large wind plant in the Midwest of
the USA (Wan, 2005).
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Table 2. Extreme variations of large scale regional wind power, as % of installed capacity. (Denmark,
data years 2000-2002 from http://www.energinet.dk; Ireland, Eirgrid data, years 2004-2005.
Germany, ISET, 2005; Finland, years 2005-2007 (Holmgren, 2008); Sweden, simulated data for 56
wind sites 1992-2001 (Axelsson et al., 2005); US, NREL years 2003-2005; Portugal, INETI.
When looking at longer time scales (month and years) wind power production has a seasonal variation
that in Northern Europe matches the demand (e.g. Korpås 2006) and has a smaller variability between
years than hydropower.

3.3 Solar power
Solar radiation controls the two main technologies for solar power generation: photovoltaic electricity
(PV) and Concentrating Solar Power (CSP).

Many more solar applications exist that are not

considered in this report like solar architecture, solar hot water, or high temperature process heat for
industrial purposes.
PV power plants convert solar radiation directly to electricity. Many plants use ground-mounted array
that has either a fixed tilt or tracking, either single axis or dual axis. Tracking increases the output as
well as the cost of installation and maintenance. CSP systems use mirrors or lenses to concentrate
solar thermal energy onto a small area driving a heat engine (usually a steam turbine connected to an
electrical power generator). Another solution is to mount the solar panels on roofs. This is the most
common solution in Germany at the moment, where in 2011 only 12.5% were ground mounted and the
rest were roof mounted.
The output from solar power plants is sensitive to cloud shading as well as to snow and dust deposits.
In dry areas especially the need to clean the solar panels is a challenge.
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3.3.1

Photovoltaic (PV) energy potential

Radiation can be transmitted, absorbed, or scattered by an intervening medium in varying amounts
depending on the wavelength. Complex interactions of the Earth’s atmosphere with solar radiation
result in three fundamental broadband components of interest to solar energy conversion technologies:
-‐

Direct normal irradiance (DNI, W m-2) – Solar (beam) radiation available from the solar disk (of
particular interest to CSP technologies)

-‐

Diffuse horizontal irradiance (DHI, W m-2) – Scattered solar radiation from the sky dome (not
including DNI)

-‐

Global horizontal irradiance (GHI, W m-2) – Geometric sum of the DNI and DHI (total
hemispheric irradiance).

Craggs et al. 2000 notice that for the operation of PV panels at high latitudes the vertical irradiance is
of significant interest and that as anticipated, in such areas the importance of vertical irradiance is
greater than the horizontal contribution in winter. Interestingly they found that irradiance on the two
orientations exhibits very similar patterns, and that the strong positive relationship was quantified by
large positive correlation coefficients for all periods considered (see extracts from their Figure 1
below).

In order to understand the basics of the computation of the potential PV energy from a given climate,
it is necessary to briefly review how this energy production depends on solar irradiation.
According to the developments presented in Perpinan et al., 2007, the Direct Current power delivered
by a PV generator is given by:
(2)
where PDC is the delivered power, Geff the effective incident irradiance, ηg the efficiency of the
generator and Ag the active surface of the generator. This expression is generally normalized using a
rated peak power production P* obtained with a reference irradiance, for instance G*=1000 W, and a
nominal temperature, for instance TC*=25°C:

(3)
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The ratio of the efficiencies η represents thermal losses due to the operation temperature of the cells.
It impacts the performance of the cell. It is expected to linearly decrease when the temperature of the
cell exceeds TC*:

(4)
The cell temperature TC is linearly related to the ambient temperature Ta and to the irradiance Geff
through a technical parameter CT specific to the cell:
(5)
Linking equations (3), (4) and (5) shows that the delivered power is a quadratic expression in the
effective incident irradiance. The photovoltaic DC power is transformed into alternative current (AC)
power by inverters coupled to the PV panel that transforms DC into AC that can be fed to the electric
grid. The PV inverter is a critical component in a photovoltaic system, allowing the use of ordinary
commercial appliances. Solar inverters have special functions adapted for use with photovoltaic
arrays, including maximum power point tracking (to find the best Intensity-Voltage operating
compromise for a given irradiance6) and anti-islanding protection (to shut down automatically upon
loss of utility supply, for safety reasons). The inverters can also have islanding modes, where they
function as the sole power supply in cases of system outages.
PDC can be referred to the nominal power of the inverter Pinv, becoming pi= PDC/Pinv. Then using
equation (3) we obtain:
(6)
This equation develops into the following quadratic form:
(7)
The calculation is further elaborated to include the inverter characteristics following the same
reasoning as for the PV cell. The inverter efficiency ηinv is related to the normalized inverter losses
PL=(PDC – PAC)/ Pinv through:

6

Schematic illustration of the Current-Voltage relationship of a PV cell for given

irradiation (extracted from http://en.wikipedia.org/wiki/Solar_inverter)
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(8)
PL being a quadratic function of pi the full development of the produced power appears as an order 4
polynomial expression of the irradiation.
When the time series of the irradiance Geff (t) is known, the energy EDC produced over a period of time
T is computed through time domain integration:
(9)
When the irradiance is only known in statistical distribution, it probability density function f is
integrated in the irradiance domain:
(10)
According to (7) EDC depends on the moments of order 1 and 2 of the irradiance distribution. The
addition of the inverter characteristics further complicates the estimation introducing moments of
order 3 and 4. According to Perpinan et al., 2007 the computation of the AC energy is not really
sensitive to these highest order moments. They conclude that there is a quasi-linear relation between
AC energy and effective radiation and they merely justify the notion of “average efficiency” used in
some studies cited below (von Bremen et al. 2010 for instance). They nevertheless recognize that this
assertion is not shared by other studies (like for instance Craggs et al., 2000), indicating that at that
time more studies needed to be developed along this line.
3.3.2

Spatial and Temporal Variability of Solar Resource

A basic aspect of solar resources temporal variability is related to the variation of the extraterrestrial
radiation as a function of the 11-year sunspot cycle (less than ± –0.2%), and the annual variation of the
Earth-sun distance (± –3%). These are minor variations compared with the influences of the
atmosphere, weather, climate, and geography on the variation of solar resources at the Earth’s surface.
Variations in solar radiation from month to month, especially in the latitudes outside the tropics,
follow an annual pattern with lower values during the hemispheric winter. The year-to-year variation
in these patterns is called the interannual variability. The coefficient of variation (COV), or ratio of the
standard deviation to the mean of a set of given averages, can be used to quantify this variability.
Studies for GHI and DNI distributions show that the range of GHI interannual variability is typically
8%–10%. This is generally about half, or less, of the variability of DNI, which can be 15% or more at
the 66% confidence interval (Wilcox and Gueymard, 2010).
Studies show that the COV for annual averages of DNI can approach 10%. Interannual COV for
annual averages GHI is typically 5%. Variations in weather and natural events such as forest fires,
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volcanic eruptions, dust clouds from drought regions, and agricultural activity can all contribute to
interannual variations.
Mountainous terrain or highly variable urban, agricultural, or other microclimate influences may
contribute to high spatial variability of the solar resource. An analysis of measured and modeled data
correlations with distances between stations has generally shown that correlations decrease with
increasing station spacing and higher time resolution data integration periods (e.g., 15 minute versus
hourly). One study of 17 sites in Wisconsin showed that correlations for hourly data fall from 0.995 to
0.97 as spacing increases from 5 km to 60 km. For 15-minute data, the correlations fall from 0.98 to
less than 0.75 at more than 100 km (Gueymard et al., 2009; Wilcox and Gueymard, 2010).
According to von Bremen (2010) the annual resource of global radiation is more than double in
Southern Europe compared to Northern Europe (Figure 29). In this study the average efficiency of PV
is 0.21, which means that a PV converter with 1 MW peak production will generate on average 0.21
MW. The total installed capacity in Europe is anticipated to reach 68 GW in 2020. Thus, PV would
generate 4% of Europe’s power consumption.

Figure 29. Annual resource of global radiation (kWh/m2/year) that can be used by PV converters
(years 2000–2007) (Extracted from von Bremen 2010)
Although they are certainly reliable in the above resource assessment, the use of hourly data over large
areas (50x50 km2) to compute PV generation such as in von Bremen 2010 (see details in the next
section) is disputed by some authors. Craggs et al., 2000 recall that the detailed performance of
photovoltaic systems has an almost instantaneous response to incident solar irradiance and thus for a
climate subject to short-term meteorological variations, such as that of the UK, averages provide a
particularly poor basis for modeling the short-term variation associated with solar irradiance. They
conclude that the 10-min averaging times retain more of the smaller scale features, which are of
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practical importance when designing control systems for PV cladding. In other words, bearing in
mind Equation (10), the instantaneous distribution of irradiance introduces a strong non-linearity
between the average irradiance and the average PV energy when? averaging time durations over 10
minutes. On a more visual basis, the following irradiance series extracted from the Figure 3 of Craggs
et al. 2010 show how the peaks are smoothed out upon averaging 10-min data over 1 hour.

[Fig. 2. Vertical solar irradiance (W m22) for June 1994, for (a) 10-min and (d) 1-h averaging times]
This vision is disputed by Perpinan et al. 2008 who confirm their view by using different series of
measurements made in Spain and stating “the complexity of a solar radiation model needed for yearly
energy calculations, is very low. Twelve values of monthly mean of solar radiation are enough to
estimate energy with errors below 3%. Time resolutions better than hourly samples do not improve
significantly the result of energy estimations”. This controversy is probably useless. As the fluctuation
of the output power of large PV systems can negatively impact the performance of the electric
networks, utilities are expected to impose additional regulations and restrictions. To solve this
problem, Omran et al. 2010 focus on three methods: 1) the use of battery storage systems; 2) the use of
dump loads; and 3) curtailment of the generated power by operating the power-conditioning unit of
the PV system below the maximum power point. Thus the estimations of PV production do not need to
represent high frequency variations since they will be smoothed by the PV plants themselves.

3.4 Co-variability between wind and solar power
This section is focused on the review of results from spatiotemporal variability of wind and solar (here
photovoltaic) energy generation. Wind and solar energy are fluctuating resources and cannot be
scheduled like conventional power plants. However, the variability of wind and solar power decreases
with increasing spatial scale in the power supply system as spatial smoothing effects balance local
fluctuations. In the future temporal smoothing of fluctuating wind and solar power might be achieved
with new storage technologies that incorporate very high storage capacities, high efficiency and high
discharging power. The combination of wind and solar has the potential to further reduce temporal
variability on longer time scales (e.g. seasons). Any future power supply system with high integration
of renewable energies requires sustainable reinforcement of the transmission system and the usage of
all existing storage capacities including the construction of new units.
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The analysis of the variability at different time scales is essential to evaluate the opportunities of PanEuropean power flows and centralized or decentralized energy storage in a full-supply scenario using
renewable energies. In a full supply scenario wind and PV supply 100% of Europe’s annual energy
consumption. A very important question is “What is the optimal mix between wind and PV?”. The
discussion about the optimal mix between wind and solar generation is needed to develop the best
possible (political) incentives for the deployment of different types of RES.

Figure 30 Variability and correlations between national-scale solar and wind power at different time
scales (a) annul totals, (b) monthly totals; (c) daily totals (d) hourly totals. (Extracted from Widén,
2010)
Widén, 2010 and 2011 draws attention to the fact that previous studies have mainly focused on wind
power, but there is a need to study more types of renewable energies in combination. Analyzing largescale solar and wind power in a future scenario for Sweden, using climatic data covering eight years
with an hourly resolution, Widén, 2011 shows that solar and wind power are negatively correlated on
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all time scales, from hourly to annual, but that the correlation is strongest for monthly totals (see
Figure 30 extracted from Widén, 2010). He concludes that combining solar and wind power reduces
total variations in terms of standard deviation, but hour-to-hour variability is always higher with a
larger share of solar power.
Von Bremen (2010) analyzed data concerning wind and PV power over Europe over the period 20022007. This author used gridded data from a mesoscale atmospheric model to generate time series of
wind and PV power production. The model downscales 0.5 degrees NCEP analyses to 0.45 × 0.45
degrees of horizontal resolution, operating at hourly resolution. A model level wind speed close to a
height of 100 m was used to compute wind power production at each grid point using standard wind
turbine power curves. The power curve describes the cubic increase of wind power with wind speed. A
distinction was made for onshore and offshore grid points in respect of the choice of the power curves.
Von Bremen (2010) also reports a spectral analysis of wind and PV generation. This shows three
dominant time scales:
-‐

Daily: Both wind and PV power exhibits a strong peak in the power spectrum (Figure 31) at the
period of 1 day. Wind power (Figure 31a) has a very sharp peak, while the peak for PV (Figure
31b) has also increased power in the wings of the peak at 1 day. This results from the varying
length of the day during the year. Note, that the strong peaks at the period of half a day and less
are artifacts caused by representing the cycle of diurnal irradiation using sine and cosine functions.
The reason for the strong diurnal cycle in wind speed is that during the day the thermal
stratification of the atmosphere gets less stable (due to an induced sensible heat flux from the
surface into the atmosphere) and consequently the wind speed at hub height decreases. Wind
power generation is about 2.7% lower during the day (6-18 UTC). On the other hand the wind
speed increases during the night when the thermal stratification is becoming more stable due to
radiative cooling of the surface.

-‐

Synoptic: The synoptic time scale (2–10 days) is connected to passing weather systems. This is
most pronounced in Northern Europe when cyclones with large kinetic energy are crossing. It can
be seen that in the synoptic range the spectral power of wind power is much higher than that of
PV.

-‐

Seasonal: The seasonal cycle is very pronounced for PV and wind power generation and
consumption. In the winter months (DJF) the consumption is increased by 11% and wind power is
increased by 32.2% while PV is reduced by 34.1%. During summer (JJA) the consumption is
9.1% below the average, wind power is decreased by 33.6% and PV generation is 28.2% higher
than the average (Figure 32).
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Figure 31. Power spectrum of (a) normalized wind power and (b) PV power generation in Europe
(Extracted from von Bremen, 2010)

Figure 32 - Monthly production of PV (triangles) and wind power (bullets) in Europe. The generation
is normalized with the installed capacity. The anomaly of consumption is plotted with diamonds and
refers to the right axis (GW). The average consumption is 357 GW (Extracted from von Bremen,
2010).
Much complementary to the analysis of Widen, 2011, Heide et al. 2010 and 2011 use weather model
outputs over Europe to study the optimal mix of wind and solar power for the global European
production. For this purpose three model selection criteria have been important: (i) In order to resolve
the passing of synoptic systems related to high winds and opaque clouds a spatial resolution of at least
50x50 km2 is required. (ii) The correct modeling of intra-day solar and wind power ramps requires a
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good time resolution of at least 1 h. (iii) In order to gain representative and significant statistics
covering all possible seasonal and extreme weather situations a rather long time window is required,
ranging over a couple of years.
Heide et al. 2010 are reasoning at the seasonal level. They notice that besides the short-term time
scales ranging from a minute to a few days, the weather follows a distinct seasonal time scale and that
for instance winds across Europe are stronger during winter than in summer, the contrary being true
for insolation. Comparing directly aggregated data of wind and solar power generation and load over
Europe, they display their seasonal oscillations (see Figure 33-A reported below). Heide et al. 2011
are interested in the definition of an optimal mix and of storage capacity. They conclude that
depending on whether the objective is to minimize the storage energy capacity, annual balancing
energy or balancing power… the differences in the optimal mixes for storage energy capacity, annual
balancing energy and balancing power are mainly caused by the intra-day mismatch dynamics. Once
the intra-day time scales are neglected by considering daily instead of hourly power mismatches, the
three optimal mixes collapse onto each other and become identical with 60% wind and 40% solar
power generation.

A)

B)

Figure 33- Normalized wind power generation (blue) solar power generation (orange) and load (red)
time series aggregated over Europe. A) Each time series is shown in one-month resolution and is
normalized to its 8 years average (Extracted from Heide et al., 2010) and B) Each time series is shown
in one-day (a) and one-hour (b) resolution and is normalized over respectively one year and one
month.
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3.5 Hydropower
Hydropower is a concern for energy, environmental, and water management policies (Eurelectrics,
2011) and therefore needs to balance different objectives. In addition to providing electricity it has to
respect environmental flow requirements to give a minimum of environmental services, and provide
water to other users (e.g. agriculture, flood protection, navigation, water supply). These concerns
imply constraints on power production and have an influence on how reservoirs are operated,
providing both less flexibility to production and probably smoother temporal variations.
Unlike wind and solar production only produced when wind and sun are available, hydro resources
can be stored in reservoirs for later use. Each hydropower plant is unique, being adapted to local
conditions. We might classify them into three groups. Run-of-the-river power plants use the
streamflow without any substantial storage. The streamflow might follow natural variation or be
controlled by other reservoirs further upstream. Run-of-the-river plants produce when water is
available and the time scale of variability depends on the catchment size and eventual upstream
regulations. Reservoir-type hydropower plants control the power production to meet the demand.
These plants allow base load plants to be optimally scheduled and provide a range of beneficial
possibilities to the electricity system. Pump-storage hydropower plants7 have large flexibility and
might store excess energy.
3.5.1

Single purpose reservoirs

When the dams are used only for energy production, dam management deals with three terms: climate
forcing, water inflow and electricity demand. The size of the reservoir compared to the annual inflow
decides how much water / energy can be stored; for example, Norway's largest reservoir Blåsjø stores
approximately 3 times the mean annual inflow, which is 7.8 TWh or 6 % of the annual electricity
production in Norway. Like wind and sun, the inflow of water is free of charge, and the direct
variable cost of hydro is very low, varying between 2-5 øre/kWh (in Norway). Since a hydropower
producer has the possibility to store water, one has to consider the opportunity cost related to the
production of hydropower, i.e. should the water be used today or later for producing energy. The
hydropower producer has the possibility to schedule the power production to maximize profit.
Scheduling of hydropower brings a number of challenges:
•

The first challenge is the calculation of the so-called water values (opportunity costs) for the
reservoirs. They describe the future value of the stored water (respective to the cost of
utilizing it now). Water values are calculated based on stochastic programming.

•

There is the challenge of bad alignment between inflow and demand. Inflow may be low in
periods with high demand, and vice versa. In the Nordic countries, where a large amount of

7

According to EAC, 2006 “The first application of large-scale energy storage (31 megawatts [MW]) in the

United States occurred in 1929, when the first pumped hydroelectric power plant was placed into service”.
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the energy is used for heating, the demand for electricity is at its largest when the water inflow
is at its minimum. During winter most of the precipitation arrives at the reservoir catchments
as snow, and is not available for electricity production until it melts in spring. This is
illustrated in Fig. 34, which shows the average, minimum and maximum inflow as well as the
demand for Norway [Doorman, 2009]. As is clearly shown in this figure, the demand is high
during winter when the inflow is generally very low. This is particularly dominant in regions
where precipitation comes as snow during the winter, and where peak demand is dominated
by spatial heating. In these regions demand will typically also be low during spring through
autumn. There may also be a brief period of very high inflow when the snow melts. In other
regions the alignment of demand and inflow may be different, for example in areas where
peak demand may be dominated by cooling during hot seasons. But in these regions the inflow
will perhaps be lowest during these hot seasons.

Figure 34 - The average, minimum and maximum inflow as well as demand for Norway (weekly values
in GWh) (Extracted from Doorman, 2009)
In systems where the share of hydro is large, the inflow variations are the dominating cause of
uncertainty. This is illustrated by the Norwegian system where the expected average inflow is around
120 TWh, while the actual inflow may vary between 95 and 140 TWh. Figure 35 shows the inflow in
the Norwegian system for the period between 1931 and 2005 .
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Figure 35 - Annual inflows to Norwegian hydropower reservoirs.
The ability to move hydro resources between seasons will depend on the degree of regulation in the
hydropower system. This is roughly defined by the ratio between the size of the reservoirs and the
annual inflow. With a large degree of regulation the system is capable of ‘moving’ larger amounts of
hydro resources to seasons with lower inflow and high demand. In the Norwegian system? this ratio is
about 120 TWh annual inflow to 90 TWh storage capacity.
In the Norwegian system there is a mix of run-of-the-river hydropower and hydropower with large
reservoirs. The amount of small-scale hydropower is expected to increase. This will typically be of the
run-of-the-river type with very little or no regulation. It is therefore expected that the share of
production of intermittent electricity supply will increase for this type of hydropower.
3.5.2

Multipurpose reservoirs

When the dams are used not only for energy production but also to satisfy other water usages like
agriculture, navigation, domestic water supply, flood protection or recreation, dam management has to
integrate these additional constraints imposed by other reservoir users and is constrained therefore by
more than the three terms mentioned before. These constraints have to be included in the computations
of the water value and of the alignment between net inflow and demand.

3.6 Demand
The demand for electricity depends on consumption in households and industrial use. It depends on
climatic factors (atmospheric temperature, cloudiness), economic factors (level of activity, markets)
and social factors (choice of equipment, mode of consumption). It thus exhibits seasonal, weekly and
diurnal profiles and low frequency trends.
In a perfect market (where all market participants have perfect knowledge and none have a distinct
power), the demand would in principle be based on willingness to pay and the cost of supply.
Availability and peak capacity should thus not be a problem. With a reduction in capacity, prices will
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increase, and consequently the demand will have to reduce until there is a balance between the supply
curve and demand curve. There are, however, reasons why this mechanism does not guarantee an
optimal solution (equilibrium between supply and demand).
-‐

Electricity cannot be stored, and therefore there has to be a continuous balance between demand
and supply. Supply embraces the capacity to produce enough electricity but also the capacity to
transport it at demand points.

-‐

The requirements for reliability are extremely high.

-‐

The power system is one large interconnected system where problems under high-load conditions
will cause system-wide problems. The final consequence of a component outage may be a total
system blackout.

-‐

Traditionally end customer prices have protected the consumers from short-term variations of
spot-market price, i.e. there is a lack of price signal and hence limited elasticity of the demand.
This is slowly changing, but the short-term demand response is still rather limited.

-‐

Another important factor for peaking capacity is energy price caps, which limit the income to
peaking capacity units significantly, hence questioning their profitability. This is referred as a
"missing money" problem and consequently suitable new investment will not be stimulated where
it is needed, when it is needed.

Therefore the availability of peaking capacity can be a potential problem in restructured electricity
markets.
The demand will in general be price elastic, but the price elasticity may be rather limited. The
response to changes in prices may also be delayed, partially due to the pricing systems.
Regarding weather/climate conditions, atmospheric temperature is known to be a main driver of the
consumption once the primary effect of the weekly profile linked to the level of activity/consumption
is removed. Figure 36-a shows the example of a country where the so-called thermal gradient exhibits
a U shape showing equal use of heating and cooling symmetric to a minimum around 15°C. Figure
36-b shows a more classical gradient shape for Europe where, up to now, the cooling demand is low.
Figure 36-c shows that the thermal gradient below 15°C is increasing over time in France. Over the
last two decades one can distinguish in the first decade a moderate increase (less than 1% per year)
and over the last decade, a steeper slope (3% per year) leading to the highest gradient observed of
2300 MWh/°C in 2012 (actually not plotted on Figure 36-c but displayed in 36-d).
The evolution of the French gradient is in relation with the equipment policy for heating systems in
private and business buildings. Taking the example of Norway, heating of air temperature in buildings
makes more than 50 % of the total energy use in buildings (55-60 % in private households). This
means that the outdoor temperature is a main factor for energy use, and probably explains why the
energy use of buildings in Norway has been reduced with 2-4 TWh every year since 1997, as average
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temperatures have risen. The extremely cold winter of 2010 is an exception, as the energy use this year
was much larger again (Magnussen et al., 2011).
In many studies, the demand is over-schematized and thus probably considerably smoothed and
perhaps distorted in the conducted optimization (see for instance the sensitive dispersion shown in
Figure 3 of Huva et al. 2012 reported Figure 36).

a

b

c

d

Figure 36 –The two first graphs show the demand model examples for a) the region of Victoria, in
Australia and b) for France. For clarity, data are colored according respectively to the time of day
and to the day of the week. Units for temperature are degrees Celsius (Figure extracted from Huva et
al., 2012 and from François, 2013). The third graph c) shows the evolution of the thermal gradient
over the last two decades in France leading to the highest value observed in 2012 shown in d)
(Figures produced by the Centre d’études et de recherches économiques sur l’énergie
http://www.ceren.fr and collected on http://conseils.xpair.com/actualite_experts/pointe-electriquefrancaise.htm ).

4. CRE integration in energy systems - balancing and storage
4.1 Generalities on energy systems
In standard electric power systems the load can be divided into three categories, base load,
intermediate load and peak load (Eurelectric, 2011), which reflects the different levels of temporal
variability at which they are delivered. Base load is relatively constant in time and delivered by power
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plants that generate electricity at a constant rate. They are typically nuclear, run-of-the-river and
thermal power plants (Eurelectric, 2011). Peak loads are surges in electricity demand that might occur
for relatively short periods, i.e. minutes and hours (e.g. evening loads when people get home from
work and start heating and cooking). Peak loads need to be delivered by power plants that are easy to
start and stop and are typically hydro- and gas-fired power plants (Eurelectric, 2011). Intermediate
load refers to variations in demand over daily cycles. Immediate power plants can run for several more
hours than peak load plants. See the synthetic Table 3 in which the three above categories are
complemented by the so-called “dentelle” or “lace” that represents the unexpected load fluctuations.

Figure 38 – Typical daily load evolution and its break down into different production means - the
hydropower from dams (dark blue) provides flexibility (from Eurelectric, 2011).
Load type

Description

Work Duration

Production means (France)

Base

Generate electricity at a constant rate

> 6000 h/year

Nuclear,

(except during maintenance).
Intermediate
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thermal

Complements the base load, follows

>3000 h/year and

Schedulable hydropower, coal-

the seasonal and day/night variations,

<5000 h/year

and gas power plants
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Peak

For responding to morning and

< 2000 h/year

evenings peaks of consumption
‘Dentelle’ or

Schedulable hydropower
Gas power

For responding to unexpected events

Few h/year

Needlepoint

Reactive means if available or
short term purchase on markets

Table 3 : Description of four levels of load and associated production means (Extracted from the
French on-going ANR project R2D2 – see https://r2d2-2050.cemagref.fr)

The supply and demand needs to be balanced on a time scale from seconds to years. The intermittency
of wind and sun energy sources is recognized as a limitation to their inclusion in existing electricity
energy grids - this limitation can be cited as an excuse to not use it (Sovacool, 2009). The main
challenge is how to include intermittent CRE sources like wind- and solar-power to meet demand that
is more continuous in time. Many solutions are presented in literature and the aim is in general to
solve the intermittency either by balancing possibilities (turn on and off other electricity production
power plants) or by energy storage to distribute the energy more evenly in time, or by improving the
grid connection to profit from the spatial smoothing of intermittency described in the chapters above.
Of the proposed solutions the most crucial to be solved is the energy storage problem (Anderson and
Leach, 2004).
Most literature focuses on integration of wind power. According to Archer and Jacobson, 2007 the
issue of wind integration in the power system has been receiving more attention since 2000-2005
specially since a few countries in Europe have high (20% or more) wind penetrations: Denmark
(49%), Germany (22%), and Spain (22%). They added that high penetrations of wind power without
reductions in system stability can only be achieved with turbines equipped with fault ride-through
capability (Eriksen et al. 2005) Based on a case study over a domain of 850x850 km2 in central USA
they conclude that Contrary to common knowledge, an average of 33% and a maximum of 47% of
yearly averaged wind power from interconnected farms can be used as reliable, base load electric
power.
Adding wind power brings a variable and only partly predictable source of power generation to a
power system that has to balance generation and varying demand at all times. Under the umbrella of
its Wind R&D Task 25 (www.ieawind.org), the International Energy Agency (IEA) promotes
exchange of information about how wind power production impacts large electricity production and
distribution systems (the Task is extended till 2014). Summarizing this Task work over the period
2007-2009, Holttinen et al. 2011 interestingly draws attention to:
-‐

The abundance of technical studies (made and ongoing) related to wind integration but the
difficulty in comparing them,
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-‐

The benefit of the aggregation over large balancing areas and of electricity markets functioning at
less than day- ahead time scales to reduce the variability and forecast errors of wind power,

-‐

The key role of transmission.

The case studies for the system wide impacts have been divided into three focus areas: Balancing,
adequacy of power, and the transmission grid (their Figure 1 reproduced below as Figure 39 shows the
perimeter of Task 25 as well as the time and space characteristic scales of the above mentioned focus
areas).

Figure 39. Impact of wind power on power systems, divided into different space and time scales
(Figure 1 extracted from Holttinen et al., 2011)

The paper introduces key notions like flexibility, which is the sum of the scheduled production and the
energy reserves that are needed to balance the load. Distinguishing primary (seconds) and secondary
(activated maximum 30 minutes) reserves, the paper examines how conventional production and
transmission of energy through potentially evolving grids are combined and at what cost:

the

increases in reserve requirement, balancing costs and grid reinforcement are shown to be less than
proportional to the penetration of wind power (Figures 4, 5 and 6) for lower penetration levels.
The paper shows the high dimensionality of this question of CRE integration in power systems and the
need to consider multiple variables and processes having various paces and characteristic size, even in
the case where a single CRE type is considered (see Figure 39). The mentioned consequence is the
difficulty in comparing empirical “operational studies” having different frameworks of analysis. A
possible conclusion is that there is room for studies using simplified systems – idealized case studies,
in which comparable systems are exposed to realistic climate and demand constraints across different
European regions.
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4.2 Balancing and energy storage possibilities
One solution to the intermittency of CREs is to ramp up and down other power plants. For this
purpose hydropower is the most flexible since there are low costs related to turning it on and off and it
can change the production level rather quickly. Base load power plants do not have this flexibility.
Another option for balancing is to reduce the demand when there is energy shortage. Such possibilities
are often included in contracts with major industrial electricity users, i.e. they can turn off their plants
and sell the energy on the market.
In a very comprehensive study, Rasmussen et al. (2012) use parametric time-series analysis of 8 years
of hourly data over Europe (25x25 km2 resolution), in order to quantify the storage size and balancing
energy needs for highly and fully renewable European power systems for different levels and mixes of
wind and solar energy. They quantify the interplay between storage and balancing by applying a
dispatch strategy that minimizes the balancing energy needs for a given storage size. They show that a
relatively small storage reduces balancing energy needs significantly due to its influence on intra-day
mismatches. This storage, combined with low-efficiency hydrogen storage and a level of balancing
equal to what is today provided by storage lakes, is shown to be sufficient to meet the European
electricity demand in a fully renewable power system where the average power generation from
combined wind and solar exceeds the demand by only a few percent.
The figures below show i) the type of equilibrium that is looked for and ii) an example of strategy to
match load (energy demand) and production.

Figure 40 - Top panel shows excerpts of the load (red), wind- (blue) and solar power time series.
Lower panel shows mismatch time series D for the same days. The blue areas indicate excess
generation while red areas indicate residual load. The excerpt covers the time period 10-15 March
2000 (Figure extracted from Rasmussen et al., 2012).
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Figure 41 – The top panel shows an excerpt of a storage filling level time series resulting from
applying the simple dispatch strategy. The lower panel shows an excerpt of mismatch (outer black
line) for the time series leading to the storage filling level time series in the top panel as well as
charge (dark green), discharge (light green) and balancing power (red). The excerpt of the time series
shown is the time period 10-15 March 2000 (Figure extracted from Rasmussen et al., 2012).
The profit of storing energy is balanced by the storing efficiency on the one hand and by the increased
electricity price when time-shifting its delivery to the network (Barton and Infield, 2004). Different
storage modes can be promoted like hydrogen (Anderson and Leach, 2004) or pumping.

Table 4 - Different types of storage and their corresponding nominal storage duration (extracted from
Barton and Infield, 2004)
Barton and Infield, 2004 developed a probabilistic method to predict the ability of energy storage to
include more of what they call “embedded renewable generation” (ERG) on electricity grids. Their
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paper focuses on the connection of wind generators at locations where the level of ERG is limited by
the voltage rise8. They consider that short-term storage, covering less than 1 h, offers only a small
increase in the amount of electricity that can be absorbed by the network. Storage over periods of up to
one day delivers greater energy benefits, but is significantly more expensive. Different feasible
electricity storage technologies are compared for their operational suitability over different time
scales. The value of storage in relation to power rating and energy capacity has been investigated so as
to facilitate appropriate sizing.
4.2.1

The concept of Virtual Renewable Power Plant (VRPP)

According to Rodrigues and Estanqueiro, 2011, the concept of “Virtual Renewable Power Plants –
VRPP” designs the simultaneous use of several RES in combination. This integration enables (a) the
smoothing of time based fluctuation of the power delivered by the RES, (b) the use of the natural
complementarity of renewable resources availability (c) the establishment of synergies between
different RES as well as the combination of their production. They show that the daily profile
complementarity between wind and photovoltaic (PV) plants results in an increase of 5.3% in the
capacity factor when 2 MWp of PV is added to an 8 MW wind farm, considering all infrastructural
capacity limits.
4.2.2

Hydropower for balancing and storage

Hydropower has a great flexibility. It can be a back up (storage) capacity for CREs and balance
fluctuations in demand. It is especially useful for meeting peak demand situations. It might be used as
base load as well. According to Eurelectric (2011), the majority of hydropower installations are in
Scandinavia, the Alpine region and to a lesser degree in the Pyrenees. To fully benefit from this on a
European scale a new grid is needed.
The potential for hydropower to balance CRE production has been particularly studied in the Nordic
region over a long period of time (Sorensen, 1981). There are local studies, e.g. Korpås, 2006, where
the feasibility of wind power is investigated in a region with a limited transmission capacity, no pump
storage, a limited local use of power and thus a need for transferring the electricity out of the region.
Then the capacity of the transmission grid is a limitation on how much wind power can be installed.
By coordinating the power system operation, a much larger share wind capacity might be installed.
There is a large focus on how to integrate offshore wind power in an electricity system with a large
share of hydropower. One special case is the North Sea where the effects of large wind farms and
better grid connections across the North Sea are studied. Völler and Doorman (2011) investigate the
influence of different capacities of grid connections with regards to the Norwegian hydropower
system. The simulations showed that "the hydro power system is capable of managing the increased
8

Then there probably is also some discussion about reactive power compensation, which is then more important

(comment of S. Jaehnert, Sintef Energy).
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use of the hydro system. Nevertheless, this will have an impact on the production pattern and on the
reservoir levels in Norway, as well as in their neighboring countries because of the strong
interconnections. Such an impact may cause problems with Norwegian authorities, power producers,
environmental organizations and the Norwegian people as well if the energy price increases."
A large-scale ambition is to integrate the European power system and use hydropower regions in
Scandinavia, the Alps and the Pyrenees as batteries.
4.2.3

The concept of pump storage hydroelectric power plants (PSH)

An easy way to store energy is to pump water to a higher elevation reservoir for later producing the
energy through a hydropower plant. Pump storage might either be a standard reservoir with local river
inflow or a pure pump storage, which mainly receives water from the pumps. Depending on the
storage capacity, the pumped water can be stored on time scales from a few hours to years. Promoting
a vision of total renewable electricity scenario (TRES), Glasnovic and Margeta, 2011 centre their work
on the so-called Concept-H of storing the intermittent energy from RES (sun and wind) by pumping
water into existing or specific reservoirs. Concept-H uses simultaneously the energy of local RES (sun
and wind) and local precipitation (natural water-flows) and provides continuous supply of electric
power and energy to consumers. In a related paper, Margeta and Glasnovic, 2010 test in more detail
the feasibility of the green energy production by the hybrid solar plus hydropower systems in Europe
and similar climate areas. They apply a “design formula” computing the size of the PV generator
needed to fit a given load with a given hydropower system to average monthly climate variables
(rainfall, radiation) (Figure 42).

Figure 42 - The principle of the “hybrid solar + hydro power system (Figure extracted from Margeta
and Glasnovic, 2010)
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4.2.4

Time space scales of energy storage and balancing

Based on the literature cited above we produced the following plot of space-time scales for energy
storage and balancing possibilities. We see that different technologies have different scales, and that
hydropower and balancing possibilities are essential for time scales larger than one week.

Figure 43 - Time-space scale plot of energy storage and balancing

4.3 System operation and planning with high shares of CRE
Taken individually, the different CRE production sources have little credit for their contribution to
energy systems stability because of their variability and unpredictability. CRE production systems are
more reliable when they combine different climate variables and when they cover geographic areas
over which these variables are uncorrelated. This is nicely advocated in Traube et al. 2008:
“Modern financial portfolio theory offers a different way of looking at the world. A financial portfolio
consists of a combination of individual stocks. Developed by Harry Markowitz in 1952, modern
portfolio theory enables the creation of minimum-variance portfolios for a given level of expected
return. This theory is based on diversification—the lower the correlation between the individual assets
that make up the portfolio, the lower the portfolio variance, or risk. (Alexander 1996). Portfolio theory
can be easily applied to energy resources. In this context, a renewable portfolio can comprise a
geographically dispersed set of wind farms and solar electric systems.”
Different studies are described below that analyze the capacity value of a set of wind and solar
generators dispersed at scales that are large enough to reach the decorrelation of the processes. It is
from the continental scale (more than 1000 km in the largest dimension) like the U.S. Midwest and
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Texas or Eastern Canada down to very large regions (more than several 100 km) like for the region of
Melbourne in the South of Australia.
Some studies use optimization techniques to balance production and demand (Huva et al. 2012,
Traube et al. 2008) some studies merely use production indexes (Tsuchiya et al. 2012)
Some studies are using DDM/SDM to produce climate variables (Huva), some studies use historical
data (Traube et al. 2008, Hoicka and Rowlands, 2011).
Analyzing the literature on CREs, Hoicka and Rawlands, 2011 state that one key difference in
methodology is that non-grid-connected studies tend to focus on cost minimization, while, for
whatever reason, approaches to assess complementarity of renewable resources that are gridconnected tend to avoid the economic element of cost minimization; they add that finally, those that
compare geographic locations tend to favor dimensionless parameters which avoids choice of
technology or economic elements (such as cost) altogether.
4.3.1

Optimization of energy systems including CRE – wind and solar

Optimization using observed energy production data
In areas where CRE are exploited over a long enough period, optimization studies can simply aim at
finding blends of CREs according to recorded series of CRE production data. For instance Lund H.,
2006 uses series of wind and solar production data collected in 2001 and complements these series
with wave production data derived from a wave measurement series (see Figure 44).
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Figure 44 - Distribution of electricity production from wind, PV and wave power in Denmark, 2001
(Extracted from Lund, 2006 Figure 3)
With this type of approach, the co-fluctuation between the CRE production series in time and space is
implicitly guaranteed by the commonality of study period. About the space dimension we must realize
that the co-fluctuation included in such data is related to the location of the wind farms that produced
the dataset. The results are directly shown in the form of curves of excess electricity production for
increasing RES inputs that express the rate of integration of the RES into the electricity supply. As
shown in the Figure 45, the results generated for each of the different RES and for relevant
combinations show the interest of using an optimal mixture.

Figure 45 - The integration of individual renewable sources compared to the optimal mixture
(Extracted from Lund, 2006 Figure 4)
From a general point of view we note the importance of the excess production when the penetration
increases and when using “mal adapted” energies like apparently the solar and wave energy for
Denmark. According to the author, the optimal mixture (expressed in terms of the ability to avoid
excess electricity production) seems to be when onshore wind power produces approximately 50% of
the total electricity production from RES and the mixture between PV and wave power seems to
depend on the total amount of electricity production from RES. When the total RES input is below 20%
of demand, PV should cover 40% and wave power only 10%. When the total input is above 80% of
demand, PV should cover 20% and wave power 30%.
Optimization using historical weather and load data
By design these studies cannot be used for climate projection, nevertheless they can study load
projections assuming the climate remains unchanged (Tsuchiya deals with a load projection in 2050
assuming the climate change is negligible). When the load variability is not available the optimization
can merely target a given level of total production (Traube et al. 2008).
In their study of “the spatial and temporal interactions of solar and wind resources in the next
generation utility”, Traube et al. 2008 used 3 years of wind and solar hourly data covering broadly the
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main electricity organizations of the Mississippi basin (Midwest Reliability Organization, Southwest
Power Pool, and Electric Reliability Council of Texas) – 63 wind- and 8 solar-sites. They converted
these data into electricity production through simple wind- and solar-power models and then merged
these “multiple individual generation sites to create portfolios of geographically and resource (wind
vs. solar) diverse generation. To facilitate comparisons of results for different scenarios, all individual
wind and solar site data was scaled to a nameplate power rating of 100 megawatts (MW) AC.”
Observing that the variance of the total generation depends on the covariance of the different
individual generation sites, they easily showed the effect of using “optimized portfolios” both in term
of reduction of the output variance and of minimum output safety. We reproduce their Figure 3 below
where the variance of the portfolio output is almost half the individual site variances and where the
portfolio output provides a better compromise in term of reliability.
The load (output) duration curve is calculated for a specific “bin” along the output vs. variability
curve. In this paper, all load (output) duration curves are calculated for the “bin of greatest return”,
which is the bin with the highest power output before the curve bends sharply to the right, introducing
significantly more variability. In this case, the “bin of greatest return” is bin 17.

Figure 46 – (Left) the standard deviation of the generation of individual sites (isolated dots) compared
to the SD of the set of sites (curves). This comparison is made at increasing average power outputs
that are “portfolio” dependent. It is noticeable that for the highest average outputs the difference in
SD decreases as the portfolios select the few most productive sites that are not scattered enough in
space to benefit from anti-correlation effects. (Right) the percent of time exceeding a prescribed
output looks steadier for the optimized portfolios. The analysis looks quite insensitive to the number of
years considered (Extracted from Traube et al. 2008: Figure 3)
This study illustrates well the “grid” effect that transforms rather chaotic individual generation sites
into a more stable network generation in which the natural fluctuations of the “climatic sources” are
smoothed. It opens the way to more detailed analyses stating more explicitly the role of the equipment
size, the demand fluctuation and the management rules of the storage capacity.
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Figure 47 - Average of years 2003, 2004 and 2005 percentile ranking of all combinations of resources
and locations (Extracted from Hoicka and Rowlands, 2011)
Using a series of three years (2003-2005) of synchronous, hourly measurements of solar irradiance
and wind speeds Hoicka and Rowlands, 2011 derive dimensionless indexes for four locations in
Ontario (Toronto, Wiarton, Sault Ste. Marie and Ottawa). The study aims at defining “dimensionless
indexes” showing the so-called biophysical complementarity between wind and solar resources as a
proxy for power production. Figure 47 shows one of the three indexes used – the percentiles of the
potential available solar and wind energy at individual sites and at combinations of sites.
The study confirms the results of the previous paper by Traube et al. 2011 about the “smoothing”
effect of associating several locations and several CREs. In addition it states that neither further
benefit, nor drawback, is associated with the geographic dispersion of complementarity between solar
in one location and wind in another, when compared to both resources in one location.
Optimization using weather (and load) parameters downscaled from GCM
Huva et al. 2012 use a pure modeling approach (DDM, instantaneous” CRE production, optimization)
to estimate the potential power output for various combinations of wind and solar farms across a
large domain of several hundred kilometers and calculate the required back-up power capacity
needed to meet demand. The model finds the network configuration that minimizes the cost of the
system. Figure 48 reported below shows the installation points preselected according to a maximum
energy availability (a - mean) or stability (b - coefficient of variation) are very similar to those
optimized from the full basic grid (c).
The distinction between simple and complex simply refers respectively to a pure wind and solar
production not being constrained to meet the demand versus a mix with a back-up production where
the optimization includes a constraint to meet the demand. The two back-up technologies simulated in
the electricity system model are pumped hydro and gas-fired electricity.
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Figure 48 - Comparison of suggested installed capacities for all scenarios. "Mean-simple" indicates
that the distribution represents the simple case using sites chosen by mean output, with likewise
labeling for all other distributions. All symbols are proportional to installed capacity where the large
square represents a 5.8 GW of wind (from Mean-complex) and the largest triangle represents 625 GW
of solar (from Mean-simple) (Extracted from Figure 5 in Huva et al. 2012)
The model also shows that considerably less installed capacity of both renewables and back-up is
required if the choice of locations for wind and solar farms takes into account the covariance in the
wind and solar fields. The demonstration relies on the comparison between the results obtained after
optimization of the choice of sites (see Figure 49) and a simulation of the case ‘business as usual’
whereby all of the solar power capacity is located in the observed sunniest area and all of the wind
power capacity is placed in the observed windiest areas. The “business as usual” case (not shown
here) tends to be much more variable than in the other, while there is also a much greater dependence
on the back-up resources in order to meet demand.
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Figure 49 - Output from optimum combination of all resources for the complex case using sites chosen
by lowest CoV, also plotted as a 2-h running mean. Hydro above demand indicates 'pumping' uphill
while hydro below demand indicates release of pump storage (Extracted from Figure 7 in Huva et al.
2012)
4.3.2

Scheduling of power production with a large share of CRE

The planning and operation of a system with a large share of CRE and large amounts of energy storage
possibilities needs to be done on several time scales.
Optimal design of a system with several CRE
From a hydropower company's point of view, optimizing hydrothermal systems means maximizing
their profit. Important mathematical tools for solving these optimization problems are linear and
dynamic programming as well as stochastic optimization. The degree of detail in the system
specification for the models increases as the scheduling horizon decreases. The long- and mediumterm models are stochastic to take into account the uncertainty in future inflow. In a future market with
an increased share of wind and other intermittent energy sources, taking into account uncertainty in
wind, radiation and inflow forecasts in short-term models, and accounting for the long-term variability
of solar and wind power in long- and medium-term models will become increasingly important.
Scheduling and operation of a system with several CRE
In this section we consider different time horizons: Frequency control (time scales from seconds to
one hour), Short-term scheduling (intra-day, up to one week), Long-term planning (3 to 5 years or
longer) and Medium-term or seasonal planning (with an horizon of 1-2 years)
Frequency control (the shortest time scales)
The real time power system operation is up to the System Operators (SO). Their responsibility is to
continuously maintain the frequency to its nominal value as well as keeping the voltage in its limits.
For this SOs have various types of system services at their disposal (primary, secondary, tertiary
reserves, reactive power sources, etc.)According to Eurelectric (Pirker et al. 2011) "Keeping an
electric transmission network in balance requires permanent monitoring and controlling. The key
parameters for this task are frequency and voltage control as well as the provision of spinning
reserve. These are the major driving forces providing the right balance between variable sources of
electricity on the one hand and sources of electricity that can be dispatched at the request of power
grid operators on the other. Dispatchable generation can be turned on or off upon demand, either to
stabilize variations on the supply side, or to follow fluctuations on the demand side".
For example, Ahangar et al. 2012 deal with the case of Iran where the deterioration of the quality of utility power
supply due to wind power penetration has become an important issue after The Ministry of Energy published a
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target to install 5GW Renewable energy resources to be connected to grids by 2015. We can also refer9 to the
frequency quality trends in the Nordic system, as described in:
http://www.sintef.no/project/Balance%20Management/Gardermoen/8%20-%20Gjerde,%20Statnett%20%20LFC%20and%20AGC%20-%20Nordic%20perspective.pdf

Short-term scheduling
Short-term scheduling refers to the daily physical operation of the power system at an hourly
resolution. The short-term scheduling tasks include day-ahead bidding on the spot market, planning
the production according to the day-ahead commitments, and the potential provision of balancing
reserves. A decision support model for short-term scheduling used by many Norwegian hydropower
companies is the SHOP model (Fosso and Belsnes, 2004). The model is deterministic, and based on
deterministic forecasts for spot prices as well as inflow. A physical hydrological model like the HBVmodel can generate inflow forecasts.
The extension of stochastic models for scheduling and bidding problems is a current topic of research
(e.g. Fleten and Kristoffersen, 2008; De Ladurantaye et al., 2007; De Ladurantaye et al., 2009). The
problem can be solved by stochastic optimization. In such models, uncertainty in input variables, most
notably inflows and prices, is modeled as a scenario tree, which is a discrete approximation to the
predictive distribution for the uncertain variables. The tree structure reflects the sequence of decisions
normally taken when operating the hydro systems. Operation schedules are updated based on the most
recent information e.g. every 24 hours or intra-day (up to one hour before operation). Several methods
are available for generating scenario trees. Reviews of scenario generation methods are found for
example in. Dupačová et al. (2000) and Kaut and Wallace (2003). The trees can for example be based
on scenarios from Monte Carlo simulations from a statistical model, or post-processed ensemble
forecasts from a hydrological model in the case of inflow.
In areas with a large share of wind power and limited distribution capacity, hydropower scheduling
should be coordinated with wind power. In Matevosyan et al. (2009) a stochastic model for
hydropower planning coordinated with wind power in areas with congestion problems is presented.
Here, uncertainty in the wind power forecasts is represented as a scenario tree. In Olson (2009) wind
power forecast errors are used to adjust demand, and adjusted prices on the spot and real-time markets
are computed accordingly from price models. Uncertainty in wind power forecasts is thus taken into
account by the impact on the price forecasts.
Long- and medium-term scheduling
Long- and medium-term models are often implemented using some variant of the water value method
(Stage and Larsson, 1961) which is based on Stochastic Dynamic Programming (SDP). Another

9

Suggestion from Stefan Jaehnert (Sintef Energy)
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approach is to use Stochastic Dual Dynamic Programming (SDDP), first presented in Pereira (1989)
and Pereira and Pinto (1991). Both models solve a sequential decision problem, where the decision at
each point in time is a trade-off between discharging water for power generation and storing the water
in the reservoirs for future use. In addition they account for the uncertainty in future inflows and
energy prices. In a combined system an optimal planning requires a good representation of temporal
and spatial co-variation between the most important weather variables (wind, temperature, radiation,
and inflow). In the existing models this is mainly achieved by using resampling approaches, i.e. to use
historical data records and draw random samples for a sequence of years (typically 5years).
The EMPS model is a power market simulator for long-term planning and used operationally by
energy producers and transmission system operators (TSOs)for modeling the Nordic energy market.
The planning horizon is 1-10 years. The time resolution is a week or price segments within a week,
and the model can be used with a daily or weekly time resolution for inflow. A description of the
EMPS method can be found in Wolfgang et al (2009).
The model has two parts:
-‐

A strategy evaluation part that computes decision tables in the form of incremental water values as
a function of reservoir level and the week of the planning period. The water value is the expected
marginal value of the stored water.

-‐

A simulation part that simulates the system operation for a set of inflow scenarios using the water
values from the strategy part.

The strategy evaluation is a stochastic optimization problem solved using a variant of the water value
method (Stage and Larsson, 1961), which is an application of SDP. To reduce computational cost, a
simplified description of the hydropower system is used. The system is aggregated to one equivalent
reservoir and one power plant for each price area. The aggregated inflow for the equivalent system is
calculated from an initial simulation with a detailed system model, and given in energy units. The
inflow distribution for each price area is specified as a discrete distribution calculated from the inflow
energy scenarios. For each time step (week) the sample distribution of inflows from all scenarios is
represented by a limited number of values, and each value is assigned a weight. The time correlation
in inflow is not explicitly taken into account, but the weights are made dependent on season. As the
inflow distribution is generated based on historical inflow scenarios, spatial correlation between the
aggregated inflows for the different price areas is inherent in the inflow distribution.
In addition to inflow, temperature, wind series and solar series for the same historical years as for
inflow can be included, and treated in a similar way. The temperature series are used for temperature
correction of demand. Wind and solar power can be included as a correction to demand resulting in a
residual load, or specified as a hydropower area with no storage capacity. Wind and solar power can
be specified using an hourly time resolution.
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In the simulation part, the operation of the system according to the calculated water values is
simulated for the inflow energy scenarios for each price area, generated from the historical data. The
scenarios are assumed to have equal weight. First, generation schedules for each price area are
simulated. Next, a rule-based strategy is used to manage the hydro and thermal resources within each
area.
4.3.3

Effects of market system

There has been a shift in how an electric power producer should optimize his production from an
obligation to meet a demand to an obligation to maximize profit.
In a very didactic paper on the hourly fluctuation of electricity prices on the spot market, Simonsen,
2008 explains the functioning of this market as follows: “The next-day electricity market, i.e., where
contracts for 24h delivery are traded, is known as the spot market. This market, administrated by
Nord-Pool, is open 24 hours a day 7 days a week all year around, and the (spot) price is fixed for each
hour separately. In this market, participants (i.e. the buyers and sellers) tell the market administrator
(NordPool) how much, and at what price and at what time they want to sell or buy a given amount of
electric power. From these bid and ask data the administrator creates a market cross which sets the
spot price for that particular hour. The market cross is obtained by forming the cumulative volume
histograms, Vs(p) and Vb(p), that give respectively the total amount of electric energy that sellers
(buyers) want to sell (buy) at a price higher (lower) then p. The spot price, S, is then defined as the
price at which Vs(S) = Vb(S) (if such a point exists). Thus, the spot price is set such that the total
volume of sold and bought electric power is balanced. All sellers asking a price p ≤ S, as well as all
buyers willing to pay p ≥ S will get a transaction at the spot price for that particular hour. In all other
cases no transactions will take place. If no market cross can be defined from the bid and ask data, no
transactions will take place and the spot price for that particular hour remains unset”. Simonsen,
2008 shows the hourly price process since the beginning of the market in 1992 (Figure 1 of the paper
reproduced below). He concludes from a wavelet analysis and a Fourier analysis that the process is an
anti-persistent or anti-correlated self-affine process over the range of 1 day to several years (antipersistency is also called mean-reversion) meaning that the increments in the spot price process are
anti-correlated over the same time scales. He also concludes: “at smaller scales, it seems more
reasonable to assume that the price increments are correlated” (see the Figure 2 reproduced below).
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Wolfgang et al. (2009) investigate the reservoir handling before and after the Norwegian Energy Act
that came into force in 1992. This act removed the former obligation power companies had to supply
electricity to the geographical area they were responsible for. Hence producers can supply electricity
on the basis of profitability. Public statistics show that since 1991 the average hydro reservoir levels
measured in percent of reservoir capacity have been reduced. This could be either due to natural
variations in climate or structural changes in the power system or the new market system. The results
presented in Wolfgang (2009) indicate that this change can be partly explained by structural changes
and partly by the new energy act.
4.3.4

Effects of Smart Grid

Smart grids (see EAC, 2008(2)) aims to introduce a layer of digital processing and communication in
the power grid that improves the information flow between power producers, consumers and storage
devices. This increased flow of information will make the power grid more reliable and flexible. One
branch in a smart grid is more flexible use of energy storage devices, including batteries in electrical
cars. Another branch is to increase demand response and let the current meters report consumption
every hour so that it is possible to choose the time of day for electricity consumption (i.e. when it is
cheaper). But also power producers might benefit from Smart Grids by adjusting power production to
demand.
4.3.5

Local merging of different CRE sources

In the first instance the local merging of different CRE sources reduces the compensation effect to its
pure temporal dimension. As examples of “RES harvesting” systems merging at a very local scale
different types of sources we can cite are: Sathiyamoorthy and Bharathi, 2012 making use of road
traffic to produce electricity from piezoelectric material in the road as well as automatic rotational PV
panels and vertical wind turbines, Morais et al., 2008 that uses micro-devices for sun, wind and water
flow as energy supply for small stationary data acquisition platforms in vineyards, Chong et al., 2011
that promotes equipping sky scraper roofs with wind-solar-rainwater hybrid renewable energy (see
Figure 50 reported below). All these devices integrate climate variables at the micro-scale of the road,
the building or the cultivated field.
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Figure 50 Artist's impression of the wind-solar hybrid
renewable energy and rainwater harvester on top of
some buildings in Kuala Lumpur, Malaysia. Figure 2
extracted from Chong et al., 2011

4.4 Reliability
Reliability is linked to the probability that a system will correctly deliver services as expected by users
(or, complementarily, to the probability of failure). Users expectation is related to their confidence that
the system will operate as they (users) expect and it will not fail (system dependability). It is thus
linked to the users’ degree of trust in the system. System failures may have widespread effects: users
may reject unreliable systems and recovering confidence may be a costly operation.
Several countries around the world are affected by failures of energy power systems, raising major
energy challenges to economic and social development: for instance, the India blackout of July 2012
was reported as remarkable for its duration (15h) and the geographic extent of the outages, with more
than 600 million people across India losing electricity. In South America, in the first shutdown of the
Itaipu hydropower dam in its history, the November 2009 power outage affected 18 states (out of 26)
in Brazil and the whole country of Paraguay. On August 14-17th 2003, large portions of the Midwest
and Northeast United States and Ontario, Canada, experienced an electric power blackout that left
some 50 million Americans without power and had important socio-economic impacts (eg., Anderson
and Bell, 2012).
In addition to failures of technology and collapses in operations of interconnected systems, the
performance of energy systems may also be affected by weather variables. Local weather directly
affects energy demand and production: e.g., the amount of sunlight hitting panels of PV solar systems,
wind speed at wind farms, air temperature and humidity affecting energy consumption during extreme
hot summer periods or cold waves in winter, deficits of rain amounts affecting inflows to hydropower
reservoirs, etc. This, of course, impacts energy prices in the market. For instance, the hourly spot
prices of energy of the EPEX European power exchange market for the year 2003 show a clear peak
on the 11th of August. Indeed, in August 2003, Western Europe was affected by an unprecedented heat
wave that struck especially hard during the first half of the month, with observed daily air
temperatures records above 35°C in several countries and rising to 48°C.
Reliability is an attribute that can be expressed quantitatively, with the help of a probability
distribution describing probabilities of success and failure. When considering solely the impact of
weather variables on the system (governance aspects are not taken into account), the vulnerability of
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CRE systems to failure will be intrinsically related to the system’s response to changes in these
variables that are unexpected (occurrence of rare, extreme weather events or shifts in their frequency
and average expectations due to climate change). Resilient systems will then be those that are more
able to cope with system vulnerability to weather variables and be less impacted by these external
climate factors.
In the context of climate change adaptation and mitigation, the need to estimate the effects of climate
change on the overall reliability of energy power systems is acknowledged. Combining climate
predictions of extreme weather with blackout risk assessment, for instance, is one of the key technical
challenges for the industrial sector pointed out by Beard et al. (2010). As pointed out by Fowler et al.
(2003) in a study concerning water resource systems, establishing the likely effect of climate changes
upon the reliability, resilience and vulnerability of such systems has become a priority for successful
management. In CRE systems, not only water-related systems need to be considered, but also other
climate-related systems (wind, solar radiation), as well as their interactions in an integrated
production-distribution energy power system. Combined events, reflecting the co-variability of climate
variables, may indeed offer additional challenges to the sector: cold and dry periods with little wind
and solar radiation during winter are likely to happen in combination with low water level in
reservoirs, which may put energy power systems under pressure.
Performance indicators of systems’ attributes such as reliability, resilience and vulnerability need to be
established and their indices need to be able to integrate the inherent uncertainties in climate change
projections. In the literature, indicators were proposed by Hashimoto et al. (1982a, 1982b) and applied
by Fowler et al. (2003) to evaluate the performance of water resource systems when considering their
capacity to satisfy, or not, prescribed conditions based on reservoir management rules, supply needs
and limits of water abstraction. Measures of the frequency of failures (reliability), the speed of
recovery (resilience) and the extent of failures (vulnerability) were defined and computed considering
present climate variability (baseline) and future climate changes. In general, results show that while
reliability may under some assumptions show an overall improvement under climate change scenarios,
resilience is reduced and vulnerability, notably to severe drought events, is increased.
Fowler et al. (2003) point out the fact that uncertainties in climate change scenarios, not considered in
their study, need to be addressed and that probabilistic methods could be useful for this. With the
increasing availability of global and regional climate model outputs this aspect has been more
frequently addressed by the scientific community, although it remains a challenge for several reasons:
e.g., the many non-stationary processes involved, the inter-variability of different global climate
models and their scenarios, as well as the need to take into account the co-variability of different
variables and their likelihood.
The quantification of modeling uncertainties from several climate change scenarios is studied based on
Monte Carlo simulations by Schaefli et al. (2007) for a case-study of a hydropower plant in the Swiss
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Alps. The indicators proposed by Hashimoto et al. (1982b) are applied together with the quantification
of total annual electricity production and its seasonal distribution under different climate change
scenarios. Results show the negative impacts of global mean warming on hydropower production and
highlight the importance of quantifying uncertainties at global and regional levels. The authors
highlight the need for carrying out studies able to further consider changes in electricity demand due to
population growth or technological developments in the management of power systems.
The use of collective information from an ensemble of coupled atmosphere-ocean general circulation
models is also the basis of the study proposed by Giorgi and Mearns (2002). The authors separate the
assessment of the uncertainty into two steps: the evaluation of the performance of each model under
present climate and the evaluation of the convergence of the simulated changes across models. The
aim is to extract only the most reliable information from each model. Model performance and model
convergence criteria were applied to assess the climate variables of precipitation and temperature.
Results show that model biases under present climate exist and need to be reduced, while changes
from future scenarios showed consistency across models. The authors indicate the conduct of such a
study under a regional modeling framework as a further step in the analysis of the statistical robustness
of the proposed criteria.

5. Effects of climatic changes
5.1 Effects on hydro power
Climate change will have impacts on electricity demand and on hydropower production.

The

projected climate changes in Europe show an increase in annual precipitation, and consequently river
flows, in Northern Europe and a decrease in Southern Europe. In addition the streamflow will have a
seasonal shift due to increased temperatures. For regions with a pronounced snow cover this will
increase the winter flows, whereas in regions with a pronounced summer low flow, the summers will
become even dryer. In consequence, the hydropower potential in Southern Europe will decrease. In
Northern Europe the major impact will be a seasonal shift in the inflow to the reservoirs, and an
overall increased production. Figure 52 (Figure 9.2 page 185 from Thorsteinsson and Björnsson, 2011)
shows averages for simulated inflow, reservoir level and production for each week of the year. Under
the climate scenarios Echam and Hadam, greater winter inflow and smaller spring floods are
observed. Together with higher winter temperatures, which result in less winter demand and a slightly
earlier spring flood, this contributes to diminished seasonal variation in reservoir level. The increase
in hydropower production is more or less evenly distributed over the year.
Climate change has at least two impacts which influence hydropower production and electricity
demand: warmer winters mean that a larger share of the precipitation is rain that is stored as water in
the reservoirs instead of snow in the catchments, and is therefore directly available for electricity
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production. At the same time the demand for electricity will be reduced due to higher outdoor winter
temperatures. This development is already seen in Norway.

Figure 52 – Effect of climate change on Nordic hydro-production (Extracted from Thorsteinsson and
Björnsson, 2011)

5.2 Climate change impact on wind energy
Pryor and Barthelmie, 2010 provide a complete and recent review of the different impacts the change
in climate may have on the production of energy from wind. They indicate moderate modification of
the wind regime in the future climates of Europe (northern Europe– Pryor et al., 2006 and southern
Europe–Bloom et al., 2008) and North America (Breslow and Sailor, 2002) and apparently a more
important decline of winds in Brazil (up to 60% of the national resource).
They question the simplifying assumptions made by downscaling the results from Brazil, which seems
to be confirmed by a more recent study indicating more gradated results – indeed Pereira et al., 2010
state that the wind power potential in Brazil would not be jeopardized in the future due to possible new
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climate conditions; on the contrary, improved wind conditions are expected, particularly in the
Northeast coast of the country. Pereira et al., 2013 states even more positively that findings indicate a
favorable scenario for wind power exploitation in Brazil in the long run (see report D2.1 for more
details about the downscaling methodology used – we found no indication of the averaging time for
wind velocities).
The detailed results about Northern Europe are derived from previous papers (Pryor et al., 2006).
Stochastic downscaling applied to 43 stations across northern Europe (mixing 1h, 3h and 12GMT
wind speeds) indicate moderate modifications of the average energy density (between -10 and +5%)
and of the extreme winds (around 5% for the 50-year return period wind speed) for the period 20812100 (see Figure 52).

Figure 52: Wind energy density across northern Europe. Extracted from Pryor et al., 2006 Figure 6
The results for Southern Europe are derived from Bloom et al., 2008 and use “physically based”
downscaling of GCM outputs. Using PRECIS, a regional model based on the atmospheric component
of the GCM Had3CM, over the East Mediterranean they show: i) relatively large mean differences
comparing the wind field from ERA40 re-analysis to that from the PRECIS current climate simulation
(see Figure 53 below) and ii) a general increase over land and a decrease over the sea, with the
exception of a noticeable increase over the Aegean Sea, of the wind speeds for the 2071–2100 period.
The downscaling is made at 25x25 km2 and 6h resolution.
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Figure 53 – Wind energy across southern Europe (Extracted from Figure 2 page 1251 in Bloom et al.,
2008)
Using statistically downscaled output from four IPCC GCM simulations, Sailor et al., 2008 have
investigated scenarios of climate change impacts on wind power generation potential in a five-state
region within the Northwest United States (Idaho, Montana, Oregon, Washington, and Wyoming).
They show that for a GCM run with greenhouse gasses increasing as observed through the 20th century
(this scenario is known as 20c3m), the direct GCM output of wind statistics is of relatively poor
quality compared with observations at airport weather stations within each state. When the GCM
output was statistically downscaled, the resulting estimates of current climate wind statistics are
substantially better. The same statement applies for future scenarios - When statistical downscaling is
applied, the likely impact of climate change on the region's wind power resource appears to be more
consistent than when raw outputs are considered. Specifically, the results suggest that summertime
wind speeds in the Northwest may decrease by 5–10%, while wintertime wind speeds may be stable.
When these wind statistics are projected at typical turbine hub heights and nominal wind turbine
power curves are applied, the impact of the climate change scenarios on wind power may be as high
as a 40% reduction in summertime generation potential.
Many other studies deal with this question of climate change impact on wind in other regions of the
world. In these wind energy is often only indirectly addressed through some statistical characteristics
of the wind velocity that are examined like mean or rare quantile values. Few studies project these
statistics on nominal wind turbine power rates in order to quantify more specific indicators like the
generation potential. To the best of our knowledge, none of them addresses considerations about the
equilibrium with the energy demand or about the interaction with other RES.
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6. Conclusions
This state of the art report reviewed studies on the time-space (co-) variability of weather variables and
associated CRE production. The CREs considered here are related to electricity production. – Indirect
energy production via biomass production as well as heat production, that both depend on climate, are
not considered although many conclusions could be shared. The reported literature shows that the
transition towards an increased share of CRE production will make electric power systems more
sensitive to variation and co-variation in weather variables.

6.1 “Intermittency” challenge – an underdetermined problem
The introduction of CRE in the power system will introduce new challenges related to the
intermittency of this power production. The word “intermittency” is often used beyond its binary sense
of something occurring at irregular intervals like in turbulence. We could also talk about “variability”
or “un-scheduled”.
Several methodologies/technologies are available to meet this challenge by smoothing energy
availability in time and/or space, and in regard to the diversity of sources and to the demand behaviors:
Energy storage
The energy storage helps with smoothing the available energy for consumption more evenly in time.
Storage is sometimes called the “Game changer” in the question of CRE (Mitra and Singh, 2009).
“Bottling electricity” is also a nice image to describe the notion (EAC, 2008). Energy storage is useful
at time scales from a few seconds (capacitors – electricity quality) to over several years (large
hydropower reservoirs – electricity quantity).
Energy transport
Improved transmission capacity accounts for the non-coherence in CRE production at different
locations. The transmission grid helps to smooth the available energy more evenly in space.
Energy diversity
Choosing a portfolio of various CRE sources when designing energy production systems gives the
most stable energy supply. The decorrelation between energy sources helps to smooth available
energy in space and time from local to continental (system-) scales.
Energy information
Smart Grids where information flows in the power grid between producers, consumers and storage
devices so that supply and demand are matched in an “informed” (even not optimal) way.
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With so many potential solutions for space and time integration, sources associations and demand
modulation, the “intermittency” challenge appears as a largely underdetermined problem where the
number of solutions is more likely to be reduced by human decisions than by climatic constraints.

6.2 Lack of an integrating framework
In regard to the integration of CRE in power systems, the different reviewed studies generally tackle
sub-problems. The studies focusing on the space integration from grids favor dimensionless
parameters that avoid choices of technologies or economic elements while those focusing on cost
minimization or technology choices are generally non-grid-connected (Hoicka and Rawlands, 2011).
The vast majority of studies deal with either a single CRE source or with the combination of two
CREs, mostly wind and solar, probably because the most advanced countries in term of wind
equipment have very little hydropower potential (Denmark, Ireland or UK for instance). Fewer studies
examine the combination of large storage capacity and flexibility of hydropower that probably has
large potential for both balancing and storing energy. Several studies look at how to connect regions
with a large share of hydropower (e.g. Scandinavia and the Alps) better to regions with high shares of
wind- and solar-power (green battery North-Sea net).
A framework is lacking for integrating more elements of the “intermittency” challenge.
For instance, there is a need to better represent the profound difference between wind-, sun- and
hydro-energy sources. On the one hand, they are all directly linked to the 2-D horizontal dynamics of
meteorology. On the other hand, the branching structure of hydrological systems transforms this
variability and governs the complex combination of natural inflows and reservoir storage.
In the same way there is also a need to better represent the intricacy of energy transport and demand
across scales, besides the fact that this question is further complicated by those market issues that have
appeared during the last two decades. The recent movement towards deregulation in the electricity
industry introduces new competitive and market-based mechanisms and their effect on the reliability
of power supply needs to be investigated under current and future climate change conditions.
Moreover the multi-scales nature of the challenge invites exploration of what we could call “blind
scales” in the sense that these are not explored by previous studies in spite of their interest.
Various studies consider wind and solar and their co-fluctuation at a small time scale. There should be
potential adverse or favorable co-fluctuation at intermediate time scales involving water scarcity/
abundance that are not considered. It could be especially interesting to study how the pronounced
large-scale fluctuations in inflow to hydropower (intra-annual) and smaller scale fluctuations in windand solar power (daily) interact in an energy system. The same way, it seems that the debated interest
of infra-daily fluctuations for analyzing CRE production varies depending on the desired goal which
can be resource assessment or operation reliability.
Climate change issues are an additional invitation to develop the integrating framework in question.
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6.3 From grey literature to scientific developments
Many results dealing specifically with the topic of this report have been found in conference
proceedings (like for instance Traube et al. 2008 or Holttinen et al. 2011) and many of these studies
are rooted in very well documented technical reports (for instance more than 50% of the cited
literature in Holttinen et al. 2011 consists of technical reports available on the Internet). This leads to
syntheses where the data are compiled from very different sources and are thus difficult to interpret –
see for instance Figure 4 of Holttinen et al. 2011 where the increase in reserve requirement in response
to wind energy penetration appears to vary in a factor 4 across a series of case studies.

Figure 54 extracted from Holttinen et al. 2011.
This must be more positively taken as a sign of the novelty of the question posed and an invitation to
scientific developments.

6.4 Description of the demand is important.
The target is clearly stated in IEA, 2009: “In the future, new technologies but also increased use of
demand-side response measures could furthermore add to a more reliable grid operation, and reduce
costs of integrating higher proportions of renewable technologies”.

Report D2.2

75

06/2013

COMPLEX – Scoping report on space-time dependence between energy sources and CRE production

7. References:
1.

Ahangar, R.A., A. Sheikholeslami, A.N. Niaki, H. Haeri, and A.M. Jafari. A methodology for
the redesign of frequency control in modern power systems in presence of renewable energy
resources. in Integration of Renewables into the Distribution Grid, CIRED 2012 Workshop.
2012

2.

Amorocho, J., Wu, B., 1977. Mathematical models for the simulation of cyclonic storm
sequences and precipitation fields. Journal of Hydrology, 32(3-4): 329-345.

3.

Anderson, G.B., and Bell, M.L. (2012) Lights out: Impact of the August 2003 power outage
on mortality in New York, NY. Epidemiology 23 (2): 189-193.

4.

Anderson, D., and M. Leach, 2004: Harvesting and redistributing renewable energy: on the
role of gas and electricity grids to overcome intermittency through the generation and storage
of hydrogen. Energy Policy, 32, 1603-1614.

5.

Anquetin, S., Miniscloux, F., and Creutin, J. D. (2003) Numerical simulation of orographic
rainbands. J. Geophys. Res. 108, D8, doi:10.1029/2002JD001593 (2003).

6.

Archer, C.L., Jacobson, M.Z., 2007. Supplying Baseload Power and Reducing Transmission
Requirements by Interconnecting Wind Farms. Journal of Applied Meteorology and
Climatology, 46(11): 1701-1717.

7.

Axelsson, U., Murray, R. & Neimane, V. 2005. 4000 MW wind power in Sweden . Impact on
regulation and reserve requirements. Elforsk Report 05:19, Stockholm. Available at:
http://www.elforsk.se.

8.

Barton, J. P., and D. G. Infield, 2004: Energy storage and its use with intermittent renewable
energy. Energy Conversion, IEEE Transactions on, 19, 441-448.

9.

Basso, S., Botter, G. (2012) Streamflow variability and optimal capacity of run-of-river
hydropower plants. Water Resources Research 48 (10), art. no. W10527.

10.

Beard, L.M., Cardell, J.B., Dobson, I., Galvan, F., Hawkins, D., Jewell, W., Kezunovic, M.,
Overbye, T.J., Sen, P.K. and Tylavsky, D.J. (2010). Key technical challenges for the electric
power industry and climate change. IEEE Transactions on Energy Conversion 25 (2), art. no.
5353612: 465-473.

11.

Beersma JJ, Buishand TA (2003) Multi-site simulation of daily precipitation and temperature
conditional on the atmospheric circulation, Climate Research 25(2) 121-133

Report D2.2

76

06/2013

COMPLEX – Scoping report on space-time dependence between energy sources and CRE production
12.

Benth, F.E., Benth, J.S., 2005. Stochastic modeling of temperature variations with a view
towards weather derivatives. Applied Mathematical Finance, 12(1): 53-85.

13.

Bloom, A., V. Kotroni, and K. Lagouvardos (2008), Climate change impact of wind energy
availability in the Eastern Mediterranean using the regional climate model PRECIS, Nat.
Hazards Earth Syst. Sci., 8(6), 1249-1257.

14.

Botterud, A., J. Wang, V. Miranda, and R. J. Bessa, 2010: Wind power forecasting in U.S.
electricity markets. The Electricity Journal, vol. 23, no. 3, pp. 71–82, April 2010.Ali, A.,
Lebel, T., Amani, A. (2003) Invariance in the Spatial Structure of Sahelian Rain Fields at
Climatological Scales. Journal of Hydrometeorology, vol. 4, 996-101.

15.

Bremen, L., 2010. Large-Scale Variability of Weather Dependent Renewable Energy Sources.
In: Troccoli, A. (Ed.), Management of Weather and Climate Risk in the Energy Industry.
NATO Science for Peace and Security Series C: Environmental Security. Springer
Netherlands, pp. 189-206.

16.

Breslow, P. B., and D. J. Sailor (2002), Vulnerability of wind power resources to climate
change in the continental United States, Renewable Energy, 27(4), 585-598.

17.

Buishand,

T.A.,

Landbouwhogesch,

1977.

Stochastic

Wageningen,

modeling
77,

daily

211pp.

rainfall
Abstract

sequences.
available

Meded.
on

http://library.wur.nl/WebQuery/wdab/104021
18.

Burton, A., H. J. Fowler, C. G. Kilsby, and P. E. O'Connell ( 2010 ), A stochastic model for
the spatial-‐temporal simulation of nonhomogeneous rainfall occurrence and amounts , Water
Resour. Res. , 46 , W11501, doi:10.1029/2009WR008884.

19.

Byrkjedal, Ø, Åkervik, E, (2009) Wind map for Norway (in Norwegian), NVE report nr
9/2009, NVE, Oslo, Norway

20.

Bytes, B, Kundzewicz, Z.W. Wu, Z. Palutohof J. (2008), Climate change and water, IPCC
Thechnical paper VI.

21.

Caballero, R., Jewson, S., Brix, A., 2002. Long memory in surface air temperature detection,
modeling, and application to weather derivative valuation. Climate Research, 21(2): 127-140.

22.

Caralis G; Perivolaris, Y; Rados, K; Zervos, A (2008), “On the effect of spatial dispersion of
wind power plants on the wind energy capacity credit in Greece”, Environmental Research
Letters, Volume 3, Number 1, January-March 2008, 13pp.

23.

Caskey, J.E., 1963. A Markov Chain for the probability of precipitation occurrence in intervals
of various lengths. Mon. Weath. Rev., 91, 298–301.

Report D2.2

77

06/2013

COMPLEX – Scoping report on space-time dependence between energy sources and CRE production
24.

Ceresetti, D., E. Ursu, J. Carreau, S. Anquetin, J. D. Creutin, L. Gardes, S. Girard, and G.
Molinié (2012) Evaluation of classical spatial-analysis schemes of extreme rainfall. Nat.
Hazards Earth Syst. Sci., 12, 3229–3240.

25.

Ceresetti, D., S. Anquetin, G. Molinié, E. Leblois, J. D. Creutin (2012) Multiscale Evaluation
of Extreme Rainfall Event Predictions Using Severity Diagrams. Weather and Forecasting; 27,
174-188.

26.

Chong, W. T., M. S. Naghavi, S. C. Poh, T. M. I. Mahlia, and K. C. Pan (2011), Technoeconomic analysis of a wind-solar hybrid renewable energy system with rainwater collection
feature for urban high-rise application, Applied Energy, 88(11), 4067-4077.

27.

Craggs, C., Conway, E.M., Pearsall, N.M., 2000. Statistical investigation of the optimal
averaging time for solar irradiance on horizontal and vertical surfaces in the UK. Solar
Energy, 68(2): 179-187.

28.

De Ladurantaye, D., Gendreau, M. & Potvin, J. Y. (2009). Optimizing profits from
hydroelectricity production, Computers & Operations Research, 36, pp. 499-529.

29.

De Ladurantaye, D., Gendreau, M. & Potvin, J. Y. (2007). Strategic bidding for price-taker
hydroelectricity producers, IEEE Transactions on Power Systems, 22, pp. 2187-2203.

30.

De Vita, P. , V. Allocca, F. Manna, and S. Fabbrocino (2012) Coupled decadal variability of
the North Atlantic Oscillation, regional rainfall and karst spring discharges in the Campania
region (southern Italy). Hydrol. Earth Syst. Sci., 16, 1389-1399.

31.

Doorman, G. (2009) Course ELK15 Hydro Power Scheduling, Lecture notes, NTNU,
Trondheim, Norway.

32.

Dubus, L. (2010) Practices, needs and impediments in the use of weather/climate information
in the electricity sector, in A. Troccoli (ed.) Management of weather and climate risk in the
energy industry, NATO Science for Peace and Security Series C: Environmental Security)

33.

Dupačová, J., Consigli, G. & Wallace, S. W. (2000). Scenarios for multistage stochastic
programs, Annals of Operations Research, 100, pp. 25-53.

34.

EAC, 2008(1). Bottling electricity: Storage as a strategic tool for managing variability and
capacity concerns in the modern grid. Report Electricity Advisory Board. 29pp.

35.

EAC, 2008(2). Smart Grid: Enabler of the New Energy Economy. 17 pp.

36.

ERCOT, 2007. ERCOT Operations Report on the EECP event on February 8, 2007. Available
on

the

ERCOT

web

site

at:

http://www.ercot.com/meetings/ros/key

docs/2007/0315/07._ERCOT_OPERATIONS_REPORT_EECP020807_rev3.doc.

Report D2.2

78

06/2013

COMPLEX – Scoping report on space-time dependence between energy sources and CRE production
37.

Eriksen, P. B., Ackermann, T., Abildgaard, H., Smith, P., Winter, W. & Garcia, J. R. 2005.
System operation with high wind penetration. The transmission challenges of Denmark,
Germany, Spain and Ireland. IEEE Power & Energy Magazine, Nov/Dec 2005.

38.

Ernst, B. 1999. Analysis of wind power ancillary services characteristics with German 250
MW

wind

data.

NREL

Report

No.

TP-500-26969.

38

p.

Available

at

:http://www.nrel.gov/publications/.
39.

Estanqueiro, A. 2006. Study on the Portuguese spatial correlation and smoothing effect of fast
wind power fluctuations. INETI, Private communication, December, 2006.

40.

Eurelectric (2011) Hydro in Europe, Powering renewables full report, Brussels, Belgium,
Available online at. www.eurelectric.org

41.

ESPON, 2013. ReRisk Regions at Risk of Energy Poverty (Updated Interim Report: Area
Typologies - Clustering).

42.

EWEA, 2005. Large scale integration of wind energy in the European power supply: analysis,
issues and recommendations (December 2005). Available at: http://www.ewea.org/.

43.

Feyerherm, A.M. and Bark, L.D., 1965. Statistical methods for persistent precipitation pattern.
J. Appl. Meteorol., 4, 320–328.

44.

Feyerherm, A.M. and Bark, L.D., 1967. Goodness of fit of Markov chain model for sequences
of wet and dry days. J. Appl. Meteorol., 6, 770–773.

45.

Flaounas, E., Drobinski, P., Vrac, M., Bastin, S., Lebeaupin-Brossier, C., Stéfanon, M., Borga,
M., Calvet, J.-C. (2012) Precipitation and temperature space-time variability and extremes in
the Mediterranean region: evaluation of dynamical and statistical downscaling methods.
Climate Dynamics, 1-19 (article in press)

46.

Fleten, S. E. & Kristoffersen, T. K. (2008). Short-term hydropower production planning by
stochastic programming, Computers & Operations Research, 35, pp. 2656-2671.

47.

Focken, U., Lange, M., Waldl & H.-P. 2001. Previento . A Wind Power Prediction System
with an Innovative Upscaling Algorithm. In: Proceedings of EWEC.01, 2nd.6th July, 2001,
Copenhagen, pp. 826-829.

48.

Fowler, H.J., Kilsby, C.G., O’Connel, P.E. (2003) Modeling the impacts of climate change
and variability on the reliability, resilience, and vulnerability of a water resource system.
Water Resources Research 39 (88), 1222, doi: 10.1029/2002WR001778.

49.

François, B., 2013. (PhD document in French) Gestion optimale d'un réservoir hydraulique
multi-usages et changement climatique. Modèles, projections et incertitudes. Application à la
réserve de Serre Ponçon, Doctorat de l'Université de Grenoble, 278 pp.

Report D2.2

79

06/2013

COMPLEX – Scoping report on space-time dependence between energy sources and CRE production
50.

Frossard Pereira de Lucena, A., A. S. Szklo, R. Schaeffer, and R. M. Dutra (2010), The
vulnerability of wind power to climate change in Brazil, Renewable Energy, 35(5), 904-912.

51.

Gabriel, K.R. and Neumann, J., 1962. A Markov chain model for daily rainfall occurrences in
Tel Aviv, Israel. J. Roy. Meteorol. Soc., 88, 90–95.

52.

Gentine, P, Troy, T.J., Lintner, B.R., and Findell, K.L. (2012) Scaling in surface hydrology
progress and challenges, University Council on Water Resources, Journal of Contemporary
Water Research and Education, 147, 28-40

53.

Giebel, G. 2007: A Variance Analysis of the Capacity Displaced by Wind Energy in Europe.
Wind Energy, 10, pp. 69-79.

54.

Giorgi, F. and L.O. Mearns (2002) Calculation of average, uncertainty range, and reliability of
regional climate changes from AOGCM simulations via the “Reliability Ensemble Averaging”
(REA) method. Journal of Climate (15): 1141-1158.

55.

Glasnovic, Z., and J. Margeta (2011), Vision of total renewable electricity scenario,
Renewable and Sustainable Energy Reviews, 15(4), 1873-1884.

56.

Gottschalk, L., Krasovskaia, I., Leblois, E., Sauquet, E. (2006) Mapping mean and variance of
runoff in a river basin. Hydrology and earth system sciences, vol. 10, 469 – 484.

57.

Green, J.R., 1964. A model for rainfall occurrence. J. Roy. Statist. Soc., B26, 345–353.

58.

Gudmundsson, L., Tallaksen, L.M., Stahl, K., Fleig, A.K. (2011) Low-frequency variability of
European runoff , Hydrology and Earth System Sciences 15 (9) , 2853-2869.

59.

Hashimoto, T., D.P. Loucks, J.R. Stedinger (1982a) Robustness of water resources systems.
Water Resources Research, 18: 21-26.

60.

Hashimoto, T., J.R. Stedinger, D.P. Loucks (1982b) Reliability, resiliency, and vulnerability
criteria for water resource system performance evaluation. Water Resources Research, 18: 1420.

61.

Heide, D. et al., 2010. Seasonal optimal mix of wind and solar power in a future, highly
renewable Europe. Renewable Energy, 35(11): 2483-2489.

62.

Hoicka, C.E., Rowlands, I.H., 2011. Solar and wind resource complementarity: Advancing
options for renewable electricity integration in Ontario, Canada. Renewable Energy, 36(1): 97107.

63.

Holmgren, M. 2008. Power regulation resources required by wind power in Finland and
regulation characteristics of power plants. Master.s Thesis, Helsinki University of Technology,
78 p. (In Finnish; submitted as a CIGRE 2009 paper.)

Report D2.2

80

06/2013

COMPLEX – Scoping report on space-time dependence between energy sources and CRE production
64.

Holtinnen H., 2005: Hourly wind power variation in the Nordic countries. Wind Energy,
Volume 8, Issue 2, April-June 2005, pp. 173-195.

65.

Holttinen, H. 2004. The impact of large scale wind power production on the Nordic electricity
system. VTT Publications 554. Espoo, VTT Processes. 82 p. + app. 111 p. Available at:
http://www.vtt.fi/inf/pdf/publications/2004/P554.pdf.

66.

Holttinen H, Lemström B, Meibom P., Bindner H., Orths A., van Hulle F., Ensslin C,
Tiedemann A., Hofmann L., Winter W., Tuohy A., O'Malley M., Smith P., Pierik J, Olav
Tande J. Estanqueiro A., Ricardo J., Gomez E., Söder L., Strbac G., Shakoor A., Smith J.Ch.,
Parsons B., Milligan M., and Wan Y., (2009), "Design and operation of power systems with
large amounts of wind power. State-of-the art report", Final report, IEA WIND Task 25, Phase
one 2006–2008 http://www.vtt.fi/inf/pdf/tiedotteet/2009/T2493.pdf

67.

Hopkins, J.W. and Robillard, P., 1964. Some statistics of daily rainfall occurrences from the
Canadian Prairie province. J. Appl. Meteorol., 3, 600–602.

68.

Huva, R., Dargaville, R., Caine, S., 2012. Prototype large-scale renewable energy system
optimisation for Victoria, Australia. Energy, 41(1): 326-334.

69.

IEA, 2005. Variability of wind power and other renewables. Management options and
strategies. Available at: http://www.iea.org/Textbase/publications/free_new_Desc.asp?
PUBS_ID=1572.

70.

IEA, 2005. Variability of wind power and other renewables - Management options and
strategies. IEA Report, 54 pp.

71.

Ilex, UMIST, UCD and QUB. 2004. Operating reserve requirements as wind power
penetration increases in the Irish electricity system. Sustainable Energy Ireland.

72.

ISET, 2005. Wind Energy Report Germany 2005, ISET, Kassel.

73.

Ivanov, V.Y., Bras, R.L., Curtis, D.C., 2007. A weather generator for hydrological, ecological,
and agricultural applications. Water Resources Research, 43(10).

74.

Jewson, S., 2004. Introduction to weather derivative pricing. The Journal of Alternative
Investments, 7(2): 57-64.

75.

Kaut, M. & Wallace, S. W. (2007). Evaluation of scenario-generation methods for stochastic
programming, Pacific Journal of Optimization, 3(2), pp. 257–271.

76.

Korpås, M. Tande, J.O.G., Uhlen, K. Huse, E.S., and Gjengedal, T. (2006) Planning and
operation of large wind farms in areas with limited power transfer capacity.

Report D2.2

81

06/2013

COMPLEX – Scoping report on space-time dependence between energy sources and CRE production
77.

Landberg, L., L. Myllerup, O. Rathmann, E. L. Petersen, B. H. Jørgensen, J. Badger, and N.
G. Mortensen (2003), Wind Resource Estimation—An Overview, Wind Energy, 6(3), 261271.

78.

Leblois, E., Creutin, J.-D., 2013. Space time simulation of rainfall fields given a prescribed
advection field: a geostatistical approach. Water Resources Research, in revision.

79.

Lowry, W.P. and Guthrie, D., 1968. Markov chains of order greater than one. Mon. Weather
Rev. 96, pp. 798–801

80.

Lund, H., 2006. Large-scale integration of optimal combinations of PV, wind and wave power
into the electricity supply. Renewable Energy, 31(4): 503-515.

81.

Magnussen, I.H., Spilde, D., and Killingland, M. (2011) Energy Usage in Mainland Norway
(in Norwegian), NVE Rapport 9/2011, NVE, Oslo, Norway.

http://www.nve.no/Global/Publikasjoner/Publikasjoner%202011/Rapport%202011/rapport9-11.pdf
82.

Margeta, J., and Z. Glasnovic (2010), Feasibility of the green energy production by hybrid
solar plus hydro power system in Europe and similar climate areas, Renewable & Sustainable
Energy Reviews, 14(6), 1580-1590.

83.

Mraoua, M., 2009. Temperature stochastic modeling and weather derivatives pricing:
empirical study with Moroccan data. Afrika Statistika, 2(1).

84.

Martin, S., Vigueras-Rodríguez, A. & Gómez-Lázaro E. 2009. Comparison of power
fluctuations from onshore and offshore, IEA Task 23 Workshop Offshore Wind Farms . Wake
Effects and Power Fluctuations. Roskilde (Denmark), February 2009.

85.

Matevosyan, J., Olsson, M. and Söder, L. (2009). Hydropower planning coordinated with
wind power in areas with congestion problems for trading on the spot and the regulating
market, Electric Power Systems Research, 79, pp. 39-48.

86.

Mehrotra et al., 2006; Brissette et al., 2007; Thompson et al., 2007].

87.

Milligan M., Factor T. (1999), “Evaluation of Optimal Distribution of Wind power Facilities
in Iowa for 2015”, Presented at WindPower 99, Burlington, Vermont – USA, June 1999,
National Renewable Energy Laboratory, NREL/CP-500-26723.

88.

Mitra, J., Singh, C., 2009. Reliability of sustainable energy systems, Power point presentation
accessible at http://conf05.iitkgp.ac.in/icps09/photoppt/ppt/jm.pdf.

89.

Molinié, Gilles, Davide Ceresetti, Sandrine Anquetin, Jean Dominique Creutin, Brice
Boudevillain (2012) Rainfall Regime of a Mountainous Mediterranean Region: Statistical
Analysis at Short Time Steps. J. Appl. Meteor. Climatol., 51, 429–448.

Report D2.2

82

06/2013

COMPLEX – Scoping report on space-time dependence between energy sources and CRE production
90.

Morais, R., S. G. Matos, M. A. Fernandes, A. L. G. Valente, S. F. S. P. Soares, P. J. S. G.
Ferreira, and M. J. C. S. Reis (2008), Sun, wind and water flow as energy supply for small
stationary data acquisition platforms, Computers and Electronics in Agriculture, 64(2), 120132.

91.

Muller, R.A., et al. (2013): Decadal Variations in the Global Atmospheric Land Temperatures.
Berkeley Earth Surface Temperature project, submitted.

92.

Olsson, M. (2009). On optimal hydropower bidding in systems with wind power. Modeling
the impact of wind power on power markets. Doctoral Thesis. PhD, KTH, Stockholm.

93.

Omran, W.A., Kazerani, M., Salama, M.M.A., 2011. Investigation of Methods for Reduction
of Power Fluctuations Generated From Large Grid-Connected Photovoltaic Systems. Energy
Conversion, IEEE Transactions on, 26(1): 318-327.

94.

Onof, C., Chandler, R.E., Kakou, A., Northrop, P., Wheater, H.S., Isham, V., 2000. Rainfall
modeling

using

Poisson-cluster

processes:

a

review

of

developments.

Stochastic

Environmental Research and Risk Assessment 14 (6), 384–411.
95.

Pereira, M. V. F. (1989). Optimal stochastic operations scheduling of large hydroelectric
systems, International Journal of Electrical Power & Energy Systems, 11, pp. 161-169.

96.

Pereira, M. V. F. and Pinto, L. (1991). Multistage stochastic optimization applied to energy
planning, Mathematical Programming, 52, pp. 359-375.

97.

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

98.

Perpinan, O., Lorenzo, E., Castro, M.A., Eyras, R., 2008. On the complexity of radiation
models for PV energy production calculation. Solar Energy, 82(2): 125-131.

99.

Pirker, O. et al., 2011. Hydro in Europe: Powering renewables, Union of the Electricity
Industry EURELECTRIC, Brussels, B.

100.

Pryor, S. C., J. T. Schoof, and R. J. Barthelmie (2006), Winds of change?: Projections of nearsurface winds under climate change scenarios, Geophys. Res. Lett., 33(11), L11702.

101.

Pryor, S., and R. Barthelmie, 2010: Climate change impacts on wind energy: A review.
Renewable & Sustainable Energy Reviews, 14, 430-437.

102.

Ramos, M. H., J.D. Creutin, and E. Leblois (2005) Visualization of storm severity. J. Hydrol.,
315, 295–307.

103.

Rasmussen, M.G., G.B. Andresen, and M. Greiner, Storage and balancing synergies in a fully
or highly renewable pan-European power system. Energy Policy, 2012(0).

Report D2.2

83

06/2013

COMPLEX – Scoping report on space-time dependence between energy sources and CRE production
104.

Resch, G. et al., 2008. Potentials and prospects for renewable energies at global scale. Energy
Policy, 36(11): 4048-4056.

105.

Rimbu,N., Le Treut, H., Janicot, S., Boroneant, C., Laurent, C. (2001) Decadal precipitation
variability over Europe and its relation with surface atmospheric circulation and sea surface
temperature. Q. J. R. Meteorol. Soc., vol. 127, 315-329.

106.

Rodrigues, L. C., and A. I. Estanqueiro (2011), Integration of renewable sources in the electric
system using Virtual Renewable Power Plants, paper presented at Electrical Power Quality
and Utilisation (EPQU), 2011 11th International Conference on, 17-19 Oct. 2011.

107.

Rodriguez-Iturbe, I., Cox, D.R., Isham, V., 1987a. Some models for rainfall based on
stochastic point processes. Proceedings of the Royal Society of London, Series A 410, 269–
288.

108.

Rodriguez-Iturbe, I., Febres de Power, B., Valdes, J.B., 1987b. Rectangular pulses point
process models for rainfall: analysis of empirical data. Journal of Geophysical Research 92,
9645–9656

109.

Roldan, J. and Woolhiser, D.A., 1982. Stochastic daily precipitation models, 1. A comparison
of occurrence processes. Water Resour. Res., 18, 1451–1459.

110.

Sailor, D. J., M. Smith, and M. Hart (2008), Climate change implications for wind power
resources in the Northwest United States, Renewable Energy, 33(11), 2393-2406.

111.

Sathiyamoorthy, S., and N. Bharathi (2012), Hybrid Energy Harvesting using Piezoelectric
Materials,Automatic Rotational Solar Panel, Vertical Axis Wind Turbine, Procedia
Engineering, 38(0), 843-852.

112.

Sauquet E., 2006, Cartographie des écoulements moyens mensuels en France. Note de
synthèse Cemagref, 92 p.

113.

Schaefli, B., B. Hingray, and A. Musy (2007) Climate change and hydropower production in
the Swiss Alps: quantification of potential impacts and related modeling uncertainties. Hydrol.
Earth Syst. Sci. (11): 1191-1205.

114.

Simonsen, I., 2003. Measuring anti-correlations in the Nordic electricity spot market by
wavelets. Physica A: Statistical Mechanics and its applications, 322: 597-606.

115.

Sinden G., (2007), “Characteristics of the UK wind resource: Long-term patterns and
relationship to electricity demand”, Energy Policy 35 (2007) 112-127.

116.

Small, M.J. and Morgan, D.J., 1986. The relationship between a continuous-time renewal
model and a discrete Markov chain model of precipitation occurrence. Water Resour. Res., 22,
1422–1430.

Report D2.2

84

06/2013

COMPLEX – Scoping report on space-time dependence between energy sources and CRE production
117.

Sovacool, B.K., 2009. The intermittency of wind, solar, and renewable electricity generators:
Technical barrier or rhetorical excuse? Utilities Policy, 17(3-4): 288-296.

118.

Sorensen, B., 1981. A combined wind and hydro power system. Energy Policy, 9(1): 51-55.

119.

Srikanthan R. and McMahon, T.A., (2001) Stochastic generation of annual, monthly and daily
climate data: A review, Hydrology and earth system sciences, 5(4), 653-670

120.

Stage, S. and Larsson, Y. (1961). Incremental cost of water power, AIEE Transactions (Power
Apparatus and Systems), 80(3), pp. 361-365.

121.

Stahl, K., Tallaksen, L.M., Hannaford, J., Van Lanen, H.A.J. (2012). Filling the white space
on maps of European runoff trends: Estimates from a multi-model ensemble. Hydrology and
Earth System Sciences 16 (7), 2035-2047.

122.

Tanaka, N., 2011: Harnessing Variable Renewables: A guide to the balancing challenge.
March 2011, ISBN 978-92-64- 11138-7, International Energy Agency, Paris, France.

123.

Tande JOG, Vogstad K-O. (1999) Operational implications of wind power in a hydro based
power system. Proc. EWEC’99. Nice, France.

124.

Thorsteinsson, T., Björnsson, H., 2011. Climate Change and Energy Systems - Impacts, Risks
and Adaptation in the Nordic and Baltic countries. Report for the Nordic council TemaNord
2011:502 NORDEN, Report.Available online at www.norden.org.

125.

Tradewind (2007), EU Tradewind Work Package 2: Wind power scenario – Work Package
2.1: Wind Power capacity data collection, EU Project Tradewind, April 2007.

126.

Traube, J., Hansen, L., Palmintier, B., Levine, J., 2008. Spatial and temporal interactions of
solar and wind resources in the next generation utility, SOLAR 2008 Conference and
Exhibition. San Diego, CA, pp. 3-8.

127.

Vano, J.A., Das, T., Lettenmaier, D.P. (2012) Hydrologic sensitivities of Colorado River
runoff to changes in precipitation and temperature. Journal of Hydrometeorology 13 (3), 932949.

128.

Velghe, T., Troch, P.A., De Troch, F.P., Van de Velde, J., 1994. Evaluation of clusterbased
rectangular pulses point process models for rainfall. Water Resources Research 30 (10), 2847–
2857

129.

Völler, S. and Doorman, G. (2011) Changes in the Utilisation of the Norwegian hydro power
reservoirs by balancing the north sea offshore wind, EWEA, Amsterdam, 2011..

130.

Walling, R.A., 2008: Analysis of Wind Generation Impact on ERCOT Ancillary Services
Requirements. GE Energy, GE Project Team, March 2008.

Report D2.2

85

06/2013

COMPLEX – Scoping report on space-time dependence between energy sources and CRE production
131.

Wan, Y. 2005. Fluctuation and Ramping Characteristics of Large Wind Power Plants.
Windpower 2005 (Windpower 05) Conference and Exhibition (CD-ROM), 15.18 May 2005,
Denver, Colorado. Washington, DC: American Wind Energy Association; Content
Management Corp. NREL Report No. CP-500-38057. 13 p

132.

Weiss, L.L., 1964. Sequences of wet and dry days described by a Markov chain model. Mon.
Weath. Rev., 92,169–176..

133.

Wheater, H. S., V. S. Isham, D. R. Cox, R. E. Chandler, A. Kakou, P. J. Northrop, L. Oh, C.
Onof, and I. Rodriguez-Iturbe (2000) Spatial-temporal rainfall fields: modeling and statistical
aspects. Hydrol. Earth Syst. Sci., vol. 4 (4), 581-601.

134.

Widen, J. (2010), Correlations between future wind and solar power generation in Sweden,
paper presented at Proceedings of the 3d International Conference on Energy Systems with IT,
Alvsjo, Sweden, Alvsjo, Sweden.

135.

Widen, J. (2011), Correlations Between Large-Scale Solar and Wind Power in a Future
Scenario for Sweden, Sustainable Energy, IEEE Transactions on, 2(2), 177-184.

136.

Williams, C.B., 1947. The log series and its applications to biological problems. J. Ecol., 34,
253–272.

137.

Wilks, D.S., 1998. Multisite generalisation of a daily stochastic precipitation generation
model. J. Hydrol., 210, 178–191.

138.

Wilks, D. S. (1999), Simultaneous stochastic simulation of daily precipitation, temperature,
and solar radiation at multiple sites in complex terrain, Agric. For. Meteorol., 96, 85– 101,
doi:10.1016/S0168-1923(99)00037-4.

139.

Wilks, D. S. (2002), Realizations of daily weather in forecast seasonal climate, J.
Hydrometeorol., 3, 195–207, doi:10.1175/1525-7541(2002) 003<0195:RODWIF>2.0.CO;2.

140.

Wolfgang, O., Haugstad, A., Mo, B., Gjelsvik, A., Wangensteen, I. and Doorman, G. (2009).
Hydro reservoir handling in Norway before and after deregulation, Energy, 34 (10), pp. 16421651.

141.

Xie, L., P. Carvalho, L. Ferreira, J. Liu, B. Krogh, N. Popli, and M. Ilic, 2011: Wind
integration in power systems: Operational challenges and possible solutions. Proceedings of
the IEEE, vol. 99, no. 1, pp. 214–232, Jan 2011.

142.

Zangl, G. (2007) Small-scale variability of orographic precipitation in the Alps: Case studies
and semi-idealized numerical simulations (2007) Q. J. R. Meteorol. Soc. 133: 1701–1716.

Report D2.2

86

06/2013

COMPLEX – Scoping report on space-time dependence between energy sources and CRE production

8. Annex I – Non exhaustive description of some Institutions involved
in topics relevant to this report
http://geology.indiana.edu/atmospheres/index.html
The Atmospheric Science Program at Indiana University integrates research across scales from nanoparticles and turbulence, through boundary-layer processes to synoptic (forecasting) scales and climate
change science and its impacts. Their wind energy research encompasses measurements in the field at
active wind farms and at test sites. They have access to industry standard models and in-house models
and are working with industry on a range of research issues relating to the development of on- and
offshore wind energy.
Sarah Pryor and Rebecca Barthelmie are the authors of many papers cited in this report.
www.ieawind.org
The International Energy Agency (IEA) Wind agreement is a vehicle for its member countries to
exchange information on the planning and execution of national large-scale wind system projects and
to undertake co-operative research and development (R&D) projects called Tasks or Annexes.
http://www.forwind.de
ForWind is the joint Center for Wind Energy Research of the Universities of Oldenburg, Hannover
and Bremen. As a scientific headquarters, ForWind bundles wind energy research activities from the
universities into a broad spectrum within the areas of physics and engineering. ForWind conducts
fundamental research in wind energy, providing independent scientific cooperation in industryoriented projects and organizing the education, and further education, of future experts. A cornerstone
in ForWind’s area of research is the usage of offshore wind energy. The center is a partner in the
German research programme “Research at Alpha Ventus” (RAVE), comprising projects promoted by
the Federal Ministry of the Environment, Nature Conservation and Nuclear Safety (BMU) which
centre on the probing of offshore wind energy.
Dr. Lüder von Bremen is author of different cited papers.
http://www.lneg.pt/lneg/
LNEG is an R&D institution in Energy and Geology science applied to sustainability in Portugal.
http://www.rmi.org/
According to its website, the Rocky Mountain Institute has for mission to drive the efficient and
restorative use of resources through specific initiatives designed to take research results rapidly to
scale. The strategic focus of RMI is to map and drive the transition from coal and oil to efficiency and
renewables.
RMI hosts the authors of Traube et al. 2008.
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http://www.teknik.uu.se/index.php?id=&lang=en
Home institution of J. Widén – solar and wind energy at large scale.
http://www.vindenergi.dtu.dk/English.aspx
According to its website, the Danish wind energy research environment is internationally recognized
as being in the forefront of wind energy technology, and The Technical University of Denmark (DTU)
has provided a major part of the wind energy research in Denmark.
This institution authored many articles about the integration of wind power into the Danish system.
http://www.en.plan.aau.dk/
The Sustainable Energy Planning Research Group is in the Department of Development and Planning
of the university of Aalborg in Denmark. It works with an interdisciplinary approach to sustainable
energy planning. The subject of study is energy planning in general and focus is on technical and
geographical aspects, such as energy system analysis, and economic and institutional aspects, such as
feasibility studies and public regulation seen in the light of technological change.
This institution authored many articles about the integration of wind power into the Danish system.

9. Annex II – Recent scientific conferences and workshops
Workshop on green battery for Europe. Düsseldorf 15-16 December 2010
The purpose of this workshop was to discuss various perspectives regarding the role and possibilities
for hydropower to balance non-regulated renewable power production in Northern Europe.
www.cedren.no/Events/Event/tabid/3645/ArticleId/1024/Workshop-on-green-battery-for-EuropeDusseldorf-15-16-Dec.aspx
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10. Annex III – Review comments on this report
A draft version of this report has been submitted during the winter 2013 for thorough review to
stakeholders associated to the COMPLEX project – namely:
-

Electricité de France, our project partner whose main role is to act as an “industrial expert

mirror”;
-

SINTEF Energy, our project partner who contributed to the redaction but who has further

internal expertise that we mobilized through this review;
-

ENEL, the Italian energy producer involved in our second case study;

-

ARPAV, the Veneto Regional Environmental Protection Agency, also involved in our Italian

pilot area.
These comments from “industrial” reviewers are deeply appreciated.

10.1 Comments from EDF: F. Hendrickx, J. Najac10 and P. Pouhle11
10.1.1 General comment
Les deux rapports D2.1 et D2.2 sont relativement riches et proposent une mine d’information. La
bibliographie semble « irréprochable ». Vu d’EDF, il ne semble pas que des documents essentiels
aient pu échapper aux rédacteurs de ces deux rapports.
Le rapport D2.2 vient compléter assez naturellement le rapport D2.1 en se focalisant sur les cofluctuations entre les différentes variables climatiques influant sur les CRE mais aussi sur la demande
en électricité et au final sur l’équilibre offre demande. La vision complète du système électrique, des
dynamiques différentes entre les différents moyens de production, des solutions existantes ou
envisagées pour lisser la consommation ou encore stocker l’énergie apparait très pertinente malgré les
particularismes nationaux qui rendent difficile la construction d’un discours très général sur ces
questions.
Le lien de ce rapport avec le D2.1 pourrait gagner à être précisé, notamment lorsqu’il s’intéresse aux
générateurs météorologiques (ou plus largement hydrométéorologiques – cf. remarque sur D2.1).
Par ailleurs, bien que les centrales thermiques (nucléaire / charbon / fuel / etc.) ne soient pas dans
l’enveloppe des CRE, il est à noter que la réglementation sur les cours d’eau (Température maximale
après mélange / Echauffement amont aval / etc.) rendent leur disponibilité dépendante du climat
(évocation très sommaire §4.4). Ce point mérite sans doute plus d’attention car les forts prix de
l’électricité durant la canicule de 2003 ne peuvent s’expliquer uniquement par une forte demande en
10

Julien Najac is a specialist of wind and sun energy and the head of the climate impact project at EDF

11

)Pascal Poulhe is head of the PRESAGE project on interaction between water usages and hydropower

production
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énergie: la France par exemple s’est retrouvée dans une situation très contrainte de disponibilité de son
parc thermique. Pour compléter, voici une référence qui peut permettre d’illustrer la question même si
dans le fond scientifique il peut y avoir des choses à redire : Vulnerabilty of US and European
electricity supply to climate change, Michelle T. H. Van Vliet and al., Nature climate Change.
10.1.2 Specific comments
P4 - §1.3
Le titre annonce quelque chose d'assez général (on pourrait facilement y rentrer tout le périmètre des
impacts du changement climatique sur l’électricité) alors qu'en pratique c'est uniquement centré sur
l'aspect "process" de la production d'électricité. Soit il faut changer le titre pour revenir sur ce seul
aspect (on comprend que c'est plutôt cette finalité qui est recherchée cf §1.4 page 5 où il est mentionné
"This scoping report (...) a specific focus on electricity production", où il semble que electricity
production soit bien le process et non une vision plus élargie), soit il faut sérieusement étayer ce
paragraphe pour mettre en exergue l'étendue de la notion d'impact pour le secteur énergétique.
Toujours sur le 1.3, on n’a pas retrouvé la référence bibliographique en fin de doc des travaux cités de
Laurent Coron (et comme il n’est en outre nulle part mentionné qu'il est EDF, c'est un peu dommage).
We have changed the title of section 1.3. We also added Laurent Dubus to the reference list.
P17 - §2.7
Ce paragraphe mériterait d’être connecté au rapport D2.1 et plus généralement à la problématique du
changement de climat. Il est fait mention de générateur que l’on peut qualifier de « libre » alors que
l’on comprend bien qu’il nous faut au sens de D2.1 disposer de générateur « conditionnable » par les
simulations grande échelle du climat. Ce paragraphe gagnerait sans doute à cibler les applications
concernant l’usage de simulateurs dans un contexte de climat futur sans quoi on a de la difficulté à
comprendre l’utilité pour le projet COMPLEX.
We refer now to the D2.1 in this paragraph, but to avoid duplication, we state that in D2.1 the
problem of downscaling is specifically reviewed and that we will not go into details on this subject in
this report. The main aim of this chapter was to review literature on co-variability, and this issue has
mainly been addressed in the weather simulator literature and/or the downscaling literature. We
think that the application to current climate is equally important as the application to future climate.
We also preferred not to overlap more with D2.1.
P21 - §3.1
Une petite coquille fig. 36 = fig. 17 ?? (Premier paragraphe et légende de la figure)
Corrected.
P21 - §3.1
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On est un peu troublé par la figure 36 et par ce qui est proposé pour "Large hydropower". Le fait que
ça ne descende pas en dessous du mois (ou quasi) interroge : peut-être est-ce la situation en Norvège
(le papier est d'ailleurs très centré sur la seule connaissance de cette zone, ce qui est un souci à notre
avis car pas nécessairement représentatif de l'hydroélec en général), mais si on prend par ex SerrePonçon qui doit émarger dans cette catégorie "Large hydropower", on a du mal à être en phase avec la
borne basse (month) et aussi la borne haute (decade !). La portée de la bulle pourrait descendre un peu
plus vers le bas.
We have changed the Figure as suggested. "Large hydropower" in Europe might have 3-5 years as the
upper end. At least this time horizon is used in the long-term optimization models and the largest
reservoirs store up to 3 years of average annual inflow. We are not so sure about the lower end and
we set it to day to week.
P42 - §3.5
La classification proposée est reprise d'Eurelectric, dont acte.
Côté EDF, nous considérons une distinction supplémentaire avec les "Eclusées". Sommes-nous les
seuls ? En tout état de cause, la description de "Reservoir-type hydropower plants" pourrait utilement
décrire le fonctionnement type lac et celui en éclusées. Encore une fois, le propos n'est-il pas trop
influencé par la vision norvégienne ? Le propos du 2nd paragraphe (page 43) passe à côté de 2
éléments fondamentaux de la gestion des réservoirs.
Le 1er concerne la distinction à faire entre les bassins naturels et les bassins influencés : il n'est nulle
part précisé que le gestionnaire fait face à un débit qui n'est pas toujours naturel et donc soumis à des
influences autres que le climat, qu'il doit donc aussi intégrer dans sa gestion. Je pense que ce
paragraphe ne peut faire l'impasse sur le fait que le gestionnaire de production est confronté à 4
dimensions et pas seulement 3 comme le papier le décrit : Dispo en eau, Climat, Production d'énergie
et autres usages (donc contexte territorial). Soit on en reste à 3 dimensions en expliquant alors que la
dispo en eau ne s'entend pas juste sur la dispo naturelle mais la dispo influencée (mettre notamment un
autre graphique de débit qui montre les différences que cela fait), soit on explicite que
l'hydroélectricité évolue dans ce champ à 4 dimensions du fait de l'aspect local de la ressource en eau.
Le 2nd est corrélé avec la question de la demande qui est décrite comme une contrainte pour
l'hydroélec : il pourrait être pertinent de compléter le propos en ajoutant la contrainte liée à la
disponibilité en eau en regard des autres usages. Selon l'activité anthropique sur le bassin, on est bien
placés pour dire que la production est parfois sous contrainte. Sans doute qu'en Norvège, l'agriculture
céréalière vers le cercle polaire est une voie encore en devenir, ainsi que le maintien d'une cote
touristique pour la baignade.
This comment contains two important points that we tried to cope with.
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1- Our reviewers establish a distinction between two types of operating modes for reservoir
hydropower plants, namely the lake mode and the “hydro-peaking” or “lockage” mode that
we understand from the French term “éclusée”.
The graph below shows what is typically called a hydro-peaking mode, i.e. a series of constant
flows corresponding to constant turbining periods with sharp transition periods (see the figure
below – particularly clear after the 10th of April).

Asking them a complement of information (see the foot-note12) we understood that in their
jargon “lake” and “hydro-peaking” are used to distinguish reservoirs having by their size
12

La question posée est en fait approchée par la constante de temps de remplissage des réservoirs, liée

principalement au volume utile et les régimes hydrologiques sur le BV d'alimentation.
EDF utilise 3 catégories :
- le lac correspond aux aménagements dont la gestion se voit dans une logique annuelle (pas vraiment de
perspective pluriannuelle en France pour l'instant, au contraire par exemple du Canada). Les périodes
d'exploitation sont plutôt saisonnières (donc des moments assez longs dans l'année où on voit en restitution
seulement le débit réservé), avec des fonctionnements en "créneau" de plusieurs heures liés au placement
d'électricité de pointe. Une "éclusée" en langage hydraulique est bien le volume d'eau lâché entre une ouverture
et une fermeture de vanne (ce qui caractérise bien ce fonctionnement en créneau). C'est un abus de langage de
considérer une typologie "éclusée" (voir ci-après) puisque dans la gestion "lac", de facto on trouve des éclusées
au sens physique du terme .... mais bon, le jargon est ainsi !
Il faut retenir que pour le lac, la cible de gestion est donc de reconstituer annuellement le stock à une date
donnée afin d'être disponible pour la production d'énergie en vision saisonnière (typiquement assurer la
disponibilité pour la saison hivernale) qui, elle, se fera à certains moments par des ...éclusées !
- le fonctionnement en éclusées se situe dans une cible de gestion temporelle plus réduite, de l'ordre de la
semaine. On se situe donc sur des aménagements en général de capacité moindre. L'exploitation des
aménagements est permanente tout au long de l'année, avec une fonction visant à contribuer aux équilibres
offre-demande à l'échelle hebdomadaire avec la prise en compte notamment des variations de demande liée au
mode de consommation du jour de la semaine, aux congés, jours fériés, etc ...
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compared to the inflow different paces of action – respectively seasonal for those having a
size commensurate to annual inflow and weekly for those having a size commensurate to a
small fraction of the annual inflow.
2- Our reviewers invite us to consider that dam managers respond to 4 constraints (and not 3
like indicated in our text), namely the water availability, the climate and the electricity
demand (like in our text) as well as what they call the territorial context that groups the other
water usages. We modified the text adding the two elements listed above.
P45 - §3.6
On pourrait introduire ici la notion de gradient thermique qui est utilisée par les gestionnaires de
réseau pour dimensionner leur vision prospective. La figure 37 en parle implicitement (sans le dire ...
et on se demande un peu ce que vient faire la figure-là puisqu'elle n'est pas commentée dans le texte)
... mais le truc est sur l'Australie. La thèse de Baptiste François permet de raconter des choses sur la
France, même si on en connaît la dimension spécifique lié à l'usage thermique de l'électricité. Je
présume qu'on peut trouver des valeurs pour d'autres pays européens, ce qui illustrerait un peu plus le
propos "européen".
Par ailleurs, il nous semble que la description de l’offre demande pourrait être un peu complétée. On
joint ci-dessous quelques éléments issus de la fiche pédagogique « Energie » des ateliers de
prospective du projet R2D2 qui pourraient permettre d’enrichir la vision.
L’électricité ne se stockant pas, le bouquet électrique dépend de l’équilibre, à tout instant, entre d’un
côté, la demande de consommation en électricité des différents secteurs d’activité (industrie, tertiaire,
résidentiel, transport, agriculture, énergie) et de l’autre côté, la capacité totale des moyens de
production raccordés au réseau public de transport et des techniques de production employées.
Pour respecter cette contrainte, la capacité de production et de transit sur le réseau doit être supérieure
ou égale à la demande maximale en électricité à tout instant, ce qui est un élément déterminant dans le
dimensionnement du parc de production (voir plus loin).

- le fil de l'eau caractérise le fonctionnement des aménagements dont la capacité de retenue est nulle ou très
faible (marnage du réservoir de très faible amplitude, dont la reconstitution du stock s'effectue à l'échelle
journalière). L'exploitation est bien sûr permanente avec une contribution à la production avec de l'électricité de
base.
Le point central est bien la prise en compte d'une échelle temporelle de gestion qui va varier suivant les
aménagements dont dispose un pays : la situation est très différente dans les grands lacs canadiens, chez nous
ou en Scandinavie et il nous semble important de faire figurer ces distinctions qui traduisent la diversité de la
gestion des réserves hydroélectriques (et donc le lien avec la ressource naturelle et le climat).
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En revanche, l’électricité se transporte facilement : la demande peut être satisfaite simultanément à
partir de n’importe quelle unité de production, quelle que soit sa localisation, à partir du moment où
celle-ci est raccordée au réseau de transport et que la capacité de celui-ci n’est pas dépassée.
De fait, la gestion du système électrique doit faire face à des contraintes temporelles et spatiales
importantes :

Les différents moyens de production qui constituent le mix électrique n’ont pas tous la même utilité et
ne sont pas substituables l’un à l’autre pour des raisons techniques et économiques. Certains sont
utilisés en permanence, d’autres uniquement pour répondre à des besoins complémentaires.
The notion of thermal gradient is now introduced in this section using information from
conseils.xpair.com/actualite_experts/pointe-electrique-francaise.htm. A search on keywords like
“thermal gradient electricity load” shows that this question is far from being well explored in
scientific journals.
The description of the load-production balance has been improved according to suggestions.
P46 - § 4.1
Le début du paragraphe étant à vocation pédagogique, il nous semble que l’on pourrait étayer et
préciser un peu plus. Extrait de la fiche pédagogique « Energie » des ateliers de prospective du projet
R2D2 :
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This is a good idea and we included an English version of this table in the report.
P49 - §4.2
Les centrales thermiques sont affichées comme peu manœuvrables, peu flexibles. En France, des
centrales comme celles à fuel ou cycle combiné gaz sont vu comme des moyens de pointe (cf tableau
ci-dessus). Les centrales nucléaires ne sont, par opposition, pas du tout adaptées pour faire de
l’ajustement. Même si l’hydraulique reste sans doute un moyen de production très souple pour faire de
l’ajustement, ce chapitre mérite sans doute d’être plus juste dans ses propos sur les centrales
thermiques, celles-ci pouvant selon leur process permettre aussi de participer dans l’ajustement à la
pointe.
We agree and have modified the sentence to " Base load power plants do not have this flexibility ".
P65 - §4.4
La description de l’épisode de canicule d’août 2003 est trop sommaire. Il n’est par exemple pas fait
mention de l’hydraulicité du moment, de la pression des usages pour que de l’eau soit mise à
disposition par les ouvrages hydrauliques (même à vocation énergétique), du potentiel éolien,
photovoltaïque ou encore de la disponibilité des centrales thermiques. En France, par exemple, la
disponibilité du parc de centrale thermique a été menacée par les hautes températures de l’eau qui ont
atteint voir dépassé les limites règlementaires. Afin de garantir la sécurité du réseau, il a été nécessaire
de réduire au mieux les consommations mais aussi d’avoir recours à des dispositifs dérogatoires pour
exploiter les centrales au-delà des limites environnementales.
Les enseignements d’un tel épisode extrême mériteraient sans doute d’être mieux tirés, cet épisode
étant annoncé comme une situation assez fréquente dés le milieu du 21ème siècle.
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Included in D2.3.

10.2 Comments from SINTEF Energy: Stefan Jaehnert
10.2.1 General comments
According to Stefan some important challenges are:
1: Energy storage (except hydropower) is not economical sustainable, not even the operation costs will
be covered. The price differences are too low.
2: The backup capacity. How to have a sufficient backup-capacity for the days when the renewable
energy production is low. This is amongst other a question on how to design the energy marked and
which price we are willing to pay for it.
10.2.2 Specific comments
Many specific comments have been directly introduced in the report using footnotes or sentences in
Italic characters directly in the text that should not introduce confusion with the citations quoted from
papers.

10.3 Comments from Marco Sangati (ARPAV) and Giorgio Galeati (ENEL)
The following comments have been collected during a meeting specially devoted to the reports D2.1
and D2.2. They have been taken into account in both reports although most of the discussion focused
on D2.1.
10.3.1 Socio-economic controls
“Future changes in electricity production from CREs will results from changes in CRE potential, but
also from changes in the equipment rates and changes in the efficiency of production means.” These
are the main physical and technological controls. Normative and regulation controls are important as
well and may be even more significant in regions where the competition for land use and water is
already hard. ARPAV suggests that COMPLEX shouldn’t miss the opportunity to underline the
regulation and socio-economic controls on CRE production.
[Sul fronte delle energie rinnovabili, la produzione di energia elettrica ha registrato un aumento del
61,4% in Italia dal 2000 al 2011, passando da 51.386 GWh a 82.962 GWh, ovvero dal 18,6% al
27,4% della produzione lorda complessiva. In Veneto, nello stesso periodo, l'incremento è stato più
contenuto, anche se comunque rilevante, visto che si parla di quasi il 40%, passando da 4.190 GWh a
5.845 GWh. Più delicata è l'analisi relativa all'incidenza delle rinnovabili sulla produzione
complessiva. Nel 2000 era pari al 13,1%, nel 2011 ha superato il 43. In realtà va tenuto conto del
forte calo nella produzione complessiva regionale occorsa nell'arco del periodo considerato e a cui si
è già accennato poco sopra e che quindi tende a “distorcere” l'indicatore riducendo il denominatore.
Il dato confortante è comunque la crescita delle fonti rinnovabili, che trova la sua massima
espressione nel settore fotovoltaico, specie negli ultimi due anni (2011-2012). Infatti, nel 2011 si è
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assistito ad una vera e propria “esplosione” di quest'ultima fonte energetica con incrementi
nell'ordine del 600% per quanto riguarda la produzione, del 250 in quanto a potenza istallata e del
120 facendo riferimento al numero degli impianti.
Gran parte di questo incremento produttivo non è dovuto ad evoluzione fisica o tecnologica, ma
normativa.
Inoltre occorre tener presente la competizione fra uso del suolo e installazione di impianti per energie
rinnovabili. La Giunta regionale del Veneto ha deciso di promuovere l’installazione di impianti a
energia solare su terreni incolti da almeno 5 anni. Non trattandosi di suoli agricoli, le terre
abbandonate non rientrano nella moratoria disposta dal Governo. Qualche mese fa (gennaio 2012),
infatti, lo Stato ha modificato le regole sulla incentivazione del fotovoltaico, escludendo dai sussidi gli
impianti con moduli collocati a terra in aree agricole. Fanno eccezione, appunto, i pannelli solari
posizionati su terreni abbandonati da almeno cinque anni. In questo modo, sarà possibile usufruire
delle tariffe incentivanti erogate dallo Stato per l’energia solare e sfruttare economicamente gli
appezzamenti abbandonati, senza per questo sottrarre terreni all’agricoltura o entrare in
competizione con produzioni di pregio.]
10.3.2 Fog as a key process
Fog is a process that may limit solar radiation; it should be better focused in future studies.
Radiation is the main physical driver for sun-related energies. One of the main physical controls on
radiation is fog (which is different from cloudiness and cannot be simulated as cloudiness). This
should receive more attention, both at the level of understanding of the impact of fog on the radiation
power effective availability, and at the level of the downscaling procedures. The discussers pointed out
that fog is not necessarily limited to cold months when radiation availability is limited.
[La nebbia può interagire fortemente con il campo di radiazione, diminuendolo significativamente. In
Veneto lo studio potrebbe avvalersi di 10 strumenti, detti visibili metri. Sulla base di questi strumenti,
viene prodotta una mappa di probabilità da visibilimetri, che è il risultato del monitoraggio diretto del
campo di visibilità al suolo. I dati dei visibilimetri fanno parte del database ARPAV-SIRAV, e sono
accessibili allo stesso modo degli altri parametri misurati dalla rete regionale. Sono posizionati in
modo da coprire in modo abbastanza omogeneo tutta la pianura veneta ad eccezione della parte nord
orientale (Treviso) che tuttavia sperimenta raramente condizioni di nebbia.]

10.4 Bibliographic references cited by the reviewers:
1 - van Vliet, M.T.H., J.R. Yearsley, F. Ludwig, S. Vogele, D.P. Lettenmaier, et P. Kabat, (2012).
Vulnerability of US and European electricity supply to climate change. Nature Clim. Change. 2(9):
676-681.
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