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Executive Summary
The modeling tools described in this report are aimed to provide a representation of the main processes
which should be taken into account for simulation and optimization of hydropower production
integrated with solar and wind energy sources. The main processes described are as follows:
-

hydrological inflow to the hydropower reservoir;

-

water and store level requirements: irrigation, low flow maintenance, recreational activities;

-

wind/sun related energy production and integration within the system;

-

electricity demands.

The dimensionality of this optimization problem is so large, and the data requirement so significant,
that meaningful simplifications are required to approach a feasible solution.
The report aims to describe
i)

The modeling tools in the context of the current scientific and technical literature;

ii)

The specific modeling tools used in the context of COMPLEX and of the two case studies;

iii)

The temporal and spatial discretization used for their implementation;

iv)

Their interconnection and linkages required for the integration.
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1. Introduction
Climatic variables like temperature, radiation, wind and precipitation fluctuate in time and space over
a wide range of scales from minutes to decades and from local to global. Controlled by a common set
of physical processes, these variables are inter-dependant across a varying range of scales. Their joint
effects influence various human activities, including energy production and energy consumption. With
respect to energy, they govern the production of different types of renewable energy (hydropower as
well as wind, solar and bio energies, here grouped under the acronym CRE - Climate Related
Energies) and control a substantial part of energy consumption (heating/cooling of buildings for
instance). In consequence, they play a direct role in mitigation policies aimed at reducing carbon
emissions and will contribute materially to the low carbon economy.
Because of the potential for synergistic operation of CREs energies and hydropower facilities, an
increasing attention is dedicated in many European countries, as well as internationally, to investigate
the opportunity to integrate solar/wind systems in hydropower schemes in order to optimize their
output through coordinated operations. Thereafter, these coordinated operations are noted as
‘balancing strategy’. The objective is to realize improvements such as:
– lowering the cost of ancillary services required by CREs energy, taking advantage of the builtin energy storage available at hydro facilities;
increasing the use of existing hydro and transmission facilities and improving hydrologic
operations;
developing an overall energy supply portfolio that is more diverse, robust, and cleaner.
Because of the expansion of wind and solar power with fluctuating supply, and expected
environmental restrictions in hydropower operation causing reductions in regulated hydropower
capacity, the balancing power and system reliability issues have become topical in the scientific and
technical literature. Moreover, there seems to be a widespread opinion that increasing wind-power and
solar-power generation will lead to increased demand for regulating power, much higher prices for
reserves and a much higher value of regulated hydropower.
Integration of wind/solar energies should also account for current and expected climate-related
changes in meteorological forcing at regional scale, especially temperatures and precipitation, which
are also expected to influence the balancing strategy and capacity of hydropower facilities. These
changes can have significant effects in regions where the water resource is limited or where its
seasonality is high. At the same time, the changes in climate variables could also modify the water
demand (such as those for irrigation purposes or for ecological services) and, in turn, modify the
natural temporal fit between available water and demands, which should influence balancing
strategy.
The integration of i) CREs energies and ii) changing climates into the balancing strategy modifies
further the problem and the way it may be represented.
1.1

Objective of this report

The report aims to provide:
i)

A review of the relevant scientific and technical literature concerning CREs integration.

ii)

A description of the modeling framework used in the context of COMPLEX. The modeling
framework and its relevant components, result to the representation and the elaboration of the
balancing strategy between hydro facilities and other CREs sources. In this way, the main
processes taken into account for the assessment of the balancing strategy, and eventually
simulation of the whole system, are the following:
- Wind, solar irradiance, temperature and precipitation scenarios;
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- Wind, solar and hydro related energy production;
- Hydrological inflow to the hydropower reservoir;
- Electricity demand;
- Water and store level requirements: irrigation, low flow maintenance, recreational activities;
- CRE integration within the hydropower strategy;
The modeling framework will be used to compute the price of CREs (water stored in dams,
fluxes of wind, radiation and stream flow) as a function of a given climate (and site). The other
constraints (price of the produced KWh, costs of not fulfilling the demand of KW, of not
respecting ecological constraints like minimum river discharges, etc.) are described as fixed
values. Based on Dynamic Programming (Bellman, 1957; Yakowitz, 1982), the Partial
Equilibrium Modeling study will be completed by introducing CRE equipment, land use
evolution (interaction with WP3 and 4) and energy-market fluctuation (WP 5).
This framework is applied to two different case studies, under different climates. One is in
Norway where CRE production is the main concern; one is in Italy where the competition
between different water uses is more important.
iii)

A description of the different modules used within the modeling framework:
The term modules is used to described either a numerical model which aims to reproduce some
physical processes (e.g. hydrological modeling), economic and social processes (e.g. electricity
demand modeling) or also some simplifications of the representation of the system geometry
(e.g. land use).

1.2

The modelling tools in the context of the two case studies

The integration methodology is applied to two case studies which widely differ in terms of climate and
types of CRE. One case study is in Norway where CRE (mainly wind-related) production and
integration with hydropower is the main concern; the other in Italy, where the competition between
different water uses is the main characterictic.
Mid-Norway (“Midt-Norge”, about 50000 km2) is an area with a great climatic gradient from wet,
mild coastal climate in the West to dry, cold inland climate in the East. In this region, nearly all power
demand is generated by hydro-electric facilities. A large number of hydropower stations in
hydropower schemes including reservoirs, dams, intakes and water transfers produce electric power.
The dams and reservoirs were built in order to store water from periods with high water yield and
lower demand (summer) to periods with low water yield and high demand (winter). Today, the region
experiences a deficit of electric power. In times of low inflow and situations with high electricity
demand power must be imported from neighbouring regions. In future, this situation might change
with the development of renewable energy sources. With respect to CRE the region is likely to
experience considerable investments in wind power (on- and off-shore) and small-scale hydropower.
The potential for pumped storage, which could help to balance energy consumption and generation by
taking up energy during periods with excess energy, is low (ref. Bruno, 2012). In relation to the
deployment of wind power and small-scale hydropower and security of supply, the transmission grid
within and out of the region is extended. The Mid-Norway case study will mainly be used to study cofluctuations between wind and hydropower resources, assess which effects this has on the power
production, and how the hydropower system can be operated optimally in this context. Many regions
in Europe face similar development in light of integration of renewable energies into the energy
system.
The Northern region of Italy (about 13000 km²) is a regulated and engineered region that experiences
strong climatic gradients from the Alpine crest to the Veneto plains. In the upper part of the region,
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water is mainly used to generate power from several dams and run-of-river power plants. In the lower
part, existing dams are used for high flow management since water is mainly used for drinking and
irrigation water. However, the increase of recreational activities and the rise of environmental
awareness, coupled with variation in the water flow, have led to increasing conflicts. The case study
will investigate three major areas of conflict (hydropower vs ecological services, agriculture vs
ecological services, recreational vs consumptive use of water) with respect to different strategies of
water management and of CRE development. Furthermore, these conflict areas will be assessed in
relation to the connection between the regional, national and supernational electricity market.
1.3

Linking the local scale to broader scales (regional, national, supernational)
electricity market
Spatial extent in the context of the energy systems can be defined from different perspectives:
administrative borders, electricity market, transmission grid and hydrology. The European electricity
grid is divided into regions defined by ENTSO-E (European Network of Transmission System
Operators for Electricity). Transmission System Operators divide these regions into areas. They
perform network and market studies to determine the transfer capacity between these areas, and
maintain and plan the electricity grid. The areas are part of national and trans-national energy markets.
Norway, for instance, takes part in the market of the Northern European countries, Nordpool. While
this division into areas is based on administrative borders as well as the energy market and
transmission grid, hydropower systems are commonly divided according to hydrological
characteristics. Areas are defined by the origin of the water contributing to the hydropower generation,
i.e. the watersheds. These differing approaches to define spatial extent in context of energy systems
have to be considered when setting up a modelling framework and performing analyses of energy
systems with a great share of hydropower in order to ensure transferability of methods developed in
this report to other regions.
1.4 Types of CRE energy considered
By CRE, we intend energies produced from wind, sun, and river flows. CREs cover most part of what
is more classically called Renewable Energy Sources (RES) to the exception of geothermal energy.
We do neither consider thermal solar arrays used for example for heating purposes, nor biota
production to be converted to energy via bio-fuels or thermal plants.
1.4.1 Solar power
For sun energy, we concentrate on the two main technologies for solar power generation: photovoltaic
electricity (PV) and Concentrating Solar Power (CSP). PV system is a technology of converting solar
radiation into electricity using semi-conductors (Figure 1a). CSP technology 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 generator). Müller-Steinhagen and Trieb (2004) have done a review of
exiting CSP technologies (For illustration only, a picture of a CSP tower plant is shown on Figure 1b).
Solar power potential is higher for the South European countries than for the North one (Figure 2).
Solar power generation is characterized by daily and yearly cycles, due to diurnal and seasonal effects.
Furthermore, space-time variability at regional scale results from meteorological variability (cloud,
fog) and orographic effects (see report D2.2).
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(a)

(b)

Figure 1: (a) Photovoltaic solar panel farm (http://it.wikipedia.org/wiki/Energie_rinnovabili),
Serpa, Portugal (b) Concentrated solar power (CSP) tower plant.

Figure 2: Average resource of global radiation (kWh/m²/year) that can be used by PV converters
(2000-2007). From Von Bremen (2010).

1.4.2 Wind power
For wind power energy, we focus on wind farms (Figure 3) that are being planned at increasing rate.
Windmills use wind power to generate electricity using a turbine.
Wind power potential is higher in the North Europe (Figure 4). Wind generation is characterized by a
yearly cycle and, to less extent, daily cycle (see report D2.2).

(a)

(b)

Figure 3: (a) On-shore and (b) Off-shore windmill park
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Figure 4: Average wind speed (m/s) in Europe (2000-2007). From Von Bremen (2010)

1.4.3 Hydropower
Hydropower is the technology using the water flow to generate power through a turbine. There are
different categories of hydropower plants (Figure 5). The run-of-river (RoR) power plants, built along
the river channel, only use the water available within the river network. Different kinds of RoR plants
exist however. Some of them are built across the river section (Figure 5a) and use the natural slope of
the river to produce hydropower (even though an artificial drop can be built making more efficient the
power generation). Another option is to divert a part of the river flow using a penstock and to turbine it
downstream to generate power with a higher efficiency using high water drop. Depending on the
natural slope, penstock’s length ranges from some dozen meters to several kilometers. Contrary to
power generation from wind and solar radiation, power generation from water flow can be store for
long periods, thank to dams built across the river channel (Figure 5b). Dams allow producing
electricity when needed. Among other uses, these dams allow to transfer the power generation from
one season to another for instance. It is also possible to join two reservoirs using a pumped power
plant (Figure 5c). In this case, hydropower is generated within an almost closed loop. In some way,
this kind of plant allow for instance to store wind or solar power generation in excess.

(a)

(b)

(c)

Figure 5: (a) Run-of-river plant, Chief Joseph, USA (b) Reservoir plant, Orejlana, Spain, (c) Pumped
hydropower plant with artificial reservoir, middle Germany.

Thanks to the high elevation ranges and large precipitation related to orographic effects, mountainous
catchments in several European regions have experienced mayor stream flow alteration aimed to
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exploit the huge potential for hydroelectricity production. Eurelectric gives ca. 140 TWh for
Scandinavia and the Alps and speaks about the “blue battery” of Europe.
In high elevation catchments, however, the snowpack space/time evolution makes the hydrological
regimes of rivers highly seasonal with low/high flow in the snow-accumulation/snowmelt seasons,
respectively. In northern European countries, the electricity demand exhibits high seasonal variation,
which is driven by the peaks of consumption mainly occurring during winter time. Within these
regions, electricity consumption thus has its maxima during the winter low flow period and its minima
in the summer, after or during the decreasing limb of snowmelt floods. This pattern is true for the
Norwegian case study.

Figure 6: Observed reservoir levels for whole Norway for different weeks, 1980-2007 (from
Wolfgang 2009)

Hence, the storage of snowmelt water in reservoirs is required to meet the demand later in the year. As
an example, Fig.1 shows the weekly degree of filling for the reservoirs of whole Norway for all years
in the period 1980–2007 (Wolfgang et al., 2009). On the other hand, south European countries
consumption peaks occur in summer and winter periods (related to cooling and heating purposes
respectively), which is the case for Italy for instance.
The management rules of these reservoirs were historically built on the joint analysis of past inflows
and seasonality of electricity demand. In northern countries for instance, the main economic interest
for the managers is the annual water shift from spring when the hydrological inflow is high to winter
when the electricity demand is high. To achieve this, the day to day reservoir operations are often
simply defined so that the time evolution of the reservoir filling rate follows historical guideline
curves that allowed in the past decades to fill up the reservoir before the arrival of the low flow and
high demand season (around late autumn and winter).
During the last decades, the management strategy has had to take into account a number of additional
management objectives, related to low flow maintenance as well as irrigation, drink water supply and
recreational aspects.
Beside the key role played by dams, redistributing water both in time and in space, run-of-river power
plants generate a non-negligible part of hydropower (i.e. the power plants which directly used the
water available from the natural river network without any (or really low) storage facilities. Power
generation from run-of-river plant located downstream a big dam is however mainly related to
upstream dams operations. On the other hand, when no upstream dam exists from run-of-river plant,
its power generation depends on natural stream flow variability. In 2010, almost 8 % of energy
generated in Europe came from small run-of-river power plants (ESHA, 2009), i.e. with a power
capacity lower than 10 MW). However, this rate is fluctuating from one country to another.

2. Model framework
The aim with the development of the modelling framework is to build a concept for model integration
which is “generic” enough to be applied to any regions in Europe. These regions are defined in terms
of energy transport across the EU according to electricity market exchanges and to the equilibrium
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with other types of energy and consumption. Whereas this ambition is beyond COMPLEX, it anyway
fits with the main objectives of the project. The framework development presented here represents the
commitment of WP2 in D2.3 and relies on preliminary study steps in Mid-Norway and Northern Italy.
2.1

General definitions of the model framework

The ultimate goal of the model framework is to provide CRE productions/demand scenarios. This
means that the output of the model framework application is given by times series of energy (kWh)
values corresponding to sun-, wind- and hydro-production(s) “optimized” for a given demand scenario
over the study period for the considered “region”.
The “elementary modeling units” considered into the framework are represented by “homogeneous
regions” which may tipically range in size from 10.000 to 60.000 km2. Homogeneity results from a
compromise between upscale and downscale considerations. Regarding larger scales, the
“homogeneity regions” must be large enough to make sense in regard of, in first place, the European
electric network and its wide interconnected “energy regions”1, but they should also be consistent with
i) the European hydrographic network and its “main regional watersheds”, and ii) the European
urbanization network and its “conurbations and transportation links shaping the demand”2. Regarding
smaller scales, the “elementary units” represent a simplification of the always complicated regional
CRE production system.
The modelling framework is characterized by a number of assumptions, which aims to provide a
simplified description of the three main aspects of the study system: i) the “structure/composition” of
the system, ii) its functioning, and the management rules. The “structure simplification” aims to
reduce the number of production/storage devices to a number easily tractable by optimization. The
issue is particularly difficult for the hydro-system i.e. the “equivalent/conceptual production/storage”
standing for the true network of dams and RoR plants. The “functioning simplification” aims to
preserve the functioning characteristics we are interested in, i.e. the interaction between CREs, once
the structure is simplified. The “management simplification” aims to consider first a perfect
management i.e. with a known future, should we use deterministic or stochastic optimization.
Simplification also allows to “optimize” the system at low computation cost (multiplication of
scenarios, repetition of regions when extended at EU scale).
The input data to the modelling framework include: i) the hydro-meteorological variables controlling
the system (wind, solar radiation, precipitation and air temperature values); ii) the energy demand
(inside and outside the region),.iii) the concurrent water usages abstracting or controlling water flow in
the rivers (irrigation), iv) the characteristics of the production equipments (including the space
repartition/number/features of the wind farms, the sun panels/plants and the hydropower-plants), v) the
environmental/recreational constraints and values of the river system. As a result of the proposed
framework, the climate variability is split into i) a continental variability (European scale) where the
synoptic meteorological scale of extra-tropical cyclones governs the energy availability/exchanges
between regions (spatial patterns) and ii) a regional variability (regional “parameterized” scales) where
meso-scale features govern the interplay of CRE are contained in the downscaled inputs and explicitly
used by the model D2.3 (spatio-temporal patterns).
2.2 Preliminary module description
The model suite operates basically two types of operations: i) the transformation of energy from the
natural variable (radiation, wind, temperature and precipitation) into electric power, and ii) the
integration of the energy made available from different sources to feed the demand.
1

The energy basins are areas where the “copper plate” hypothesis can be acceptable – i.e. no significant
problem of energy transport in term of “transmission bottleneck”. They are the same type of regions EMPS
model uses at the global network scale. They are also operated by a single TSO.

2

The idea is to be prepared to further use “modeling” skeletons at EU level that could be used in an extension
of the COMPLEX project.
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The external
xternal inputs to the transformation block are the climate variables, the energy production
equipment which is related to the land-use,
land use, the water usages. The external input of the mixing block is
the electricity demand.
Figure 7 below gives a chart of the model structure.

Figure 7:: Chart of the model structure used within WP2

A short description of the computation modules follows here:
-

-

Wind, solar radiation, temperature and precipitation are either provided as input data or
downscaled from GCM outputs.
Sun-power generation: two types of installation are foreseen but any other refinement can be
easily integrated provided irradiation and temperature are the governing variables. All the details
concerning the
he shadowing effects are supposed to be introduced in the input data downscaled from
the GCM.
Wind-power generation: the governing variables are the wind velocity and the temperature.
Hydrological modeling: water discharges Q(x,t), (x being the river point coordinates) are obtained
using specific hydrological model for each case study.
Reservoir and RoR design: This
This module makes use of the input information about equipments to i)
delineate
ate the river branches in which the RoR energy is “wild” in the sense it is not regulated and
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-

-

-

ii) define the equivalent reservoir(s) (R1, R2… - as few as possible covering for instance the main
diurnal, weekly and yearly cycles) and their respective inflow set of points xi according to the
geometry of the river harnessing .
Hydro-power generation: This
his module has a twofold role:
role i) itt reduces the natural flow input by
the water abstractions due to the other water usages (such as irrigation or pumping for industrial
in
or
private use) ; ii) it partitions the flow into
nto RoR available flow over a subset of river sections and
the flow available at xi for reservoir storage Ri.
Run-of-river production: this
his module transforms the available flow Q’(x’)
(x’) into RoR energy. This
transformation integrates the reserved flow restriction. This energy, like the sun- and wind-power
is “wild”. We assume that nevertheless this electrical energy can be stored, hence the presence of
an electricity storage in the equilibrium module.
Equilibrium module: this
his module establishes scenarios of decision for turbining, pumping, storing
energy according to a demand scenario (that can be linked to the temperature) and to a set of
constraints like levels in the reservoirs or prescribed outflows to
to deliver to another region
downstream.

Figure 8:: Illustration of electricity storage installation

3. Framework module description
3.1 Meteorological data
ata bases
Meteorological variables (i.e. wind speed, solar irradiance, precipitation and temperature) are the first
input of the integrated modeling framework described on Figure 7.. They result from GCM outputs
downscaling or from data archives.
archives. Downscaling methods have been described within the report D2.1.
Then, we assume here that these data are available at the regional level of the two case studies.
3.2

Hydrological modeling

3.2.1 The ENKI hydrological model (Norwegian case study)
ENKI is a framework for implementing process models in time and space; motivated by, but not
limited
ted to hydrological models. ENKI is the name of Sumerian deity for water, intelligence and
creation.. Originally developed for Norway's largest hydropower producer Statkraft, ENKI is now an
open source project with a LGLP license. The source code as well as a Windows executable program
may be downloaded and used free of charge (http://www.opensource-enki.org/).
The basic function of ENKI is to build a model from a library of sub-routines,
sub routines, and to run this model
for a geographical region containing all process data. All process data are GIS data; in raster form, as
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point-vector data, or as discrete variables (scalars). For each time step, the framework reads a new
time slice from the input database into the region, calls the model to operate on the region’s variables,
and writes a time slice from the region to the output database. Thus, ENKI can be regarded as a
framework to run dynamical models in a GIS environment1.
A spatially distributed, process based precipitation-runoff model is implemented within ENKI to
simulate stream flow from meteorological inputs. The model operates at a daily time step and 1x1 km
grid. The model composition is an extension of the HBV model (Bergström, 1991), with the largest
modification being the spatial distribution of all routines, and a new snow module developed by
Kolberg et al. (2006). This snow module uses a snow depletion curve and an energy balance melt
equation, and is particularly suitable for calibration and evaluation using satellite imagery (Kolberg
and Gottschalk, 2010). The evapotranspiration routine accounts for different vegetation types. The
model scheme is shown in Figure 9.
The current model setup is able to utilize inputs for precipitation, temperature, radiation, humidity and
wind speed. For actual use in data-sparse regions, humidity and wind may be replaced by standard
values without dramatic loss in performance, whereas a standard radiation table accounting for
latitude, longitude and seasonality may replace shortwave radiation data.

Figure 9: Model scheme of ENKI.

3.2.2 The ICHYMOD hydrological model (Italian case study)
The continuous hydrological model used for the Italian case study, termed ICHYMOD (Integrated
Catchment Hydrological Model) is a semi-distributed conceptual rainfall-runoff model (Borga, 2002;
1

A process model within ENKI is composed from a number of sub-routines, which for each time step are called
in the user-specified order. These sub-routines are separately coded and compiled as dynamic-link libraries
(dlls). Each dll implements a class inheriting from a parent class defined in the ENKI core. The operator builds
a model by selecting the desired dlls, and linking their variable interfaces to the region’s data. ENKI has a large
flexibility when building and combining sub-routines. The same sub-routine may be used for both a lumped and
a distributed model setup, and it is relatively simple to combine lumped and distributed sub-routines within one
model setup.
The ENKI framework offers several methods for parameter estimation and optimisation. Among these are a
Marquardt-Levenberg-based gradient search algorithm, the Shuffled Complex Evolution optimisation method
(Duan et al., 1992), and an adaptive Metropolis MCMC sampler Dream (Vrugt et al., 2009). The latter is
particularly suitable for investigation of parameter uncertainty and interdependence. Any model variable can be
selected for evaluation by a number of performance measures, including additive, SSE based statistics as well as
likelihood models with or without accounting for serial dependency.
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Norbiato et al., 2009a, 2009b, 2008) . Water discharges are simulated over different stations within the
area. Figure 10 gives an example of the hydrological discretisation of the Alto Adige catchment,
catchment
which is part of the Italian case study.
study

Figure 10: Alto Adige hydrological sub-division.

The model runs on an hourly time step and consists of a snow routine, a soil moisture routine and a
flow routing routine. The snow routine represents snow accumulation and melt by using a distribution
function approach based on a combined radiation index degree-day
day concept (Cazorzi and Dalla
Fontana, 1996).. Catch deficit of the precipitation gauges during snowfall is corrected by a snowfall
correction factor (SCF). A threshold temperature
temperature interval is used to distinguish between rainfall,
snowfall and a mix of rain and snow.
Potential evapotranspiration is estimated by using the Hargreaves method (Hargreaves et al., 1985).
1985)
The soil moisture routine uses a probability distribution to describe the spatial variation of water
storage capacity across a basin. Saturation excess runoff generated at any point in the basin is
integrated over the basin to give the total direct runoff entering the fast response pathways to the basin
outlet. Drainage from the soil enters slow response pathways. Storage representations of the fast and
slow response pathways yield a fast and slow response at the basin outlet which, when summed, gives
thee total basin flow. The Probability Distributed Moisture (PDM) model configuration used here
employs a Pareto distribution of storage capacity, c (Moore, 1985). This has the distribution function:
function
[1]
where cmax is the maximum storage capacity in the basin and the parameter b controls the degree of
spatial variability of storage capacity over the basin.
basin The instantaneous rate of fast runoff generation
from the basin is obtained by multiplying the rainfall rate by
by the proportion of the basin which is
saturated. Saturation excess runoff generated at any point in the basin is integrated over the basin to
give the total direct runoff entering the fast response pathways to the basin outlet. Drainage from the
soil enters
ers slow response pathways. Storage representations of the fast and slow response pathways
yield a fast and slow response at the basin outlet which, when summed, gives the total basin flow.
Losses due to evaporation are calculated as a function of potential
potential evaporation and the status of the
soil moisture store. Drainage to the slow flow path is represented by a function of basin moisture
storage and the slow or base flow component of the total runoff is assumed to be routed through an
exponential store. Direct
ect runoff from the proportion of the basin where storage capacity has been
exceeded is routed by means of a geomorphology-based
geomorphology based distributed unit hydrograph.
COMPLEX Report D2.3

16

COMPLEX –Report on modeling tools for CREs: Report on the selected modelling tools, their input
and output data and the integration methodology used to yield CRE production scenarios [month 15]

The Shuffled Complex Evolution optimisation method (Duan et al., 1992) is used in combination with
manual calibration to estimate the hydrological model parameters.
3.3 Reservoir and wind, solar and hydro power plant designs
The objective of the module is twofold, and provides a link to the WP3, where land use problems are
investigated:
1. The first one is to provide the distribution of CRE power plant location and power capacity
within each case study;
2. The second one is related to hydropower only. It is to provide the dam locations within the
area, and then to distinguish which rivers are regulated and which river are un-regulated
(hereinafter denoted as x’);
3.4 Water intake design
This module has to provide the location of water intake related to water uses (irrigation, industries,
drinking water) along the river network. It also provides the amount of water (i.e. time series) of water
extraction from the river network.
3.5

Wind power generation

The electricity production from windmill farms will be represented using available conversion models
(Lu et al., 2009) and according to equipment size and characteristics available
Turbine blades intercept kinetic energy of the wind and convert it into electricity. Generated power has
the following expression:
1
[2]
²
2
With
the amount of power produced by the turbine, the air density, ² the area swept by the
rotor blades, the wind speed at the height of the hub, and the efficiency.
Observed or simulated wind speed values are not necessarily obtained at the elevation of the hub. In
this case, wind speed values have to be extrapolated to the hub altitude following this expression (Li et
al., 2009):
[3]

.
where

and

are wind speeds at altitudes

and

, and

the friction index.

The efficiency depends on the turbine design specified by the turbine power curve (Figure 11). The
wind turbine needs a minimum value of wind speed (cut-in) to start operating and has to be shut down
when the wind speed excesses a given value (cut-out) to avoid potential damages. These technical
parameters are defined by the manufacturer.
The power curves usually assume an air density of 1.225 kg m-3 under an air temperature of 15°C and
a pressure of 1 atmosphere (International Electrotechnical Commission, 2005). Using wind power
curve to estimate the efficiency requires a correction of the wind speed, taking into account the
difference of air density at the blade elevation.
.!
1.225#

$

.

[4]
%&%'()

where and ! are the air pressures and temperatures at the hub heigh and R denotes the atmospheric
gas constant equal to 287.05 Nm(kg.K)-1.
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Figure 11: Typical design curve for a wind turbine (from Richardson and McNerney, 1993)

3.6 Solar power generation
3.6.1 Photovoltaic power generation
Direct Current power from a photovoltaic (PV) generator is given by the following expression
(Perpiñan et al., 2007):
*+

,& -

.. /&

[5]

where *+ is the deliver power, Ag is the surface area of the PV array (m) which is related to the level
of equipment in the area, - .. is the effective incident irradiance (Wm-2), /& is the efficiency of the
generator. Normalizing this expression by the direct current power obtained under standard test
condition (STC), it becomes:
*+

01+

- .. /&
-01+ /&,01+

[6]

where /&,01+ , -01+ and 01+ are the reference efficiency, effective irradiance and deliver power
obtained using standard test condition (i.e. laboratory conditions for which the solar irradiance -01+ is
maintained to 1000 Wm-2 and the cell temperature ! ,01+ to the value of 25°C). The ratio between the
efficiencies controls the performance of the cell when its temperature ! is above ! ,01+ . It is obtained
following the equation [7].
/&
[7]
1 3 45! 3 ! ,01+ 6
/&,01+

where µ is the temperature coefficient of the solar cells (% / °C). The cell temperature ! is linearly
related to the ambient temperature !( and the solar irradiance - .. through a technical parameter 7
specific to the cell:
!

!( 8 7-

..

[8]

The 7 parameter can be determined using the Nominal Operation Cell Temperature method (Duffie
and Beckman, 1991):
7

! ,9:+1 3 !(,9:+1
-9:+1

[9]

where ! ;<=> , !(;<=> and -9:+1 are the cell and air temperatures, and the solar irradiance for NOCT
conditions (-9:+1 = 800 Wm-2, !(,9:+1 = 20 °C, wind velocity = 1ms-1). Parameters / ,01+ , ! ;<=> ,
and 4 are technical parameters which are usually provided by the cell manufacturer as efficiency of the
generator under STC, losses coefficient and nominal cell temperature. Then, using equation [6] and [7]
we obtain:
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01+

- ..
?1 3 4@! 3 ! ,01+ AB
-01+

[10]

After some mathematical developments, equation [10] becomes:
*+

-

.. ,& C/ ,01+ ?1 3

4@!( 3 ! ,01+ ABD 8 -

.. ,& C3/ ,01+ 47D

[11]

We can note that deliver power is a decreasing function of the air temperature (Hanif et al., 2012). The
photovoltaic DC power is transformed into alternative current (AC) power by a so-called PV inverter
coupled to the PV panel that transforms DC into AC that can be fed the electric grid. The calculation
of E+ should elaborated to include the inverter characteristics following the same procedure as for the
PV cell. However, similar to Von Bremen [2010], we use characteristics of a standard inverter
efficiency (/%'F =0.21). Hereafter, the PV system output E+ is determined in every time step t as:
E+

*+ /%'F

[12]

3.6.2 Concentrated solar power generation
CSP plant generation +0G (W) is related to the solar irradiance - .. (Wm-2), the mirror surface area
,H. (m²) and different coefficient of efficiencies and looses. Without thermal storage facilities, CSP
plant operations require a minimum level of solar irradiance. Zhang et al. (2010) assume this level at
300Wm-2 for instance. CSP plat generation is given by the equation1 [13]:
@1 3 IG( A. / 1 . ,H. . @-

+0G

..

J /:

3I

+K

3 I0LG A

[13]

In a similar way that Zhang et al. (2010), we assume that efficiency / and loss I coefficients are
constant. That means they are independent of the solar irradiance. Numerical values obtained from the
literature are given on Table 1.
Table 1: List of efficiency and loss coefficients related to CSP plant generation
(from Zhang and Smith, 2008)
Variable
IG(
/1

/:

I

+K

I0LG

Meaning

Value

Electric Parasistic Loss (%)

11.1 %

Turbine efficiency (%)

36.4 %

Optical efficiency (%)

60.2 %

HCE thermal losses (Wm-2)
Solar field piping heat losses (Wm-2)

42.629 Wm-2
10.05 Wm-2

3.7 Hydro partitioning and abstraction
These module inputs are outputs from water use intake design module, reservoir and power plant
designs and hydrological model. The objective of the module is to twofold:
1. To produce stream flow stream flow time series taking into account water abstractions related
with irrigation and industrials (outputs from Water intake design module):
M N @O, PA

M@O, PA 3 ,@Q R O, PA

[14]

Where Q is the simulated stream flow at the discharge station x, A(X>x,t) is the amount of
water extracted upstream x because of irrigation and industrial uses, among others.
1

From Zhang et al. (2010) : “This functional form is from the Solar Advisor Model (SAM) developed by the
National Renewable Energy Laboratory (NREL), in conjunction with Sandia National Laboratory and in
partnership with the U.S. Department of Energy (reference : personal communication with SAM support staff).”
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2. The second one is to partitioning
partitioning the discharge stations into different classes:
i)
Wild (un-regulated)
regulated) river sections:: There is no dam upstream these stations (This
corresponds to the discharge station Xc on Figure 12);
ii)
Regulated river sections: Stream
eam flow are regulated by an upstream dam (discharge
station Xb on Figure 12);
iii)
Inflows into dams: Water discharges at some stations contribute to different
reservoirs. For instance XC contributes to the R1 and XA contributes to R2.
All of the real reservoirs are not taken into account. Reservoirs are grouped into different classes (e.g.
small, medium and large). Reser
eservoirs within the same class are then aggregated into one unique
reservoir for each category.

Figure 12: Hydro partitioning scheme

3.8 Hydropower generation
3.8.1 Dammed hydro plant generation
Hydropower is derived from the energy of falling or running water. Dammed hydropower generation
corresponds to the power generated by a powerhouse associated to a dam.. Hydropower
Hydropowe is only
generated for turbined flows up to the maximum value
following equation [15] (Singh and
Chandra, 2010).
[15]
where
is the delivered power by the generator (W),
the efficiency of the generator, the water
flow, the acceleration of gravity (=9.81m3s-2), the water density (=1000kgm-3) and the failing
height (m). Here, h is variable and related to the water level of the dam.
3.8.2

Run-of-river power plant generation

Run-of-river
river power plant category corresponds to the power plants located along the river network
(Figure 13). There is no storage facilities directly associated with these plants. As a consequence,
inflow into these plants depends on natural flows. When an upstream dam exits on the river network,
the river flows available for power generation are regulated however. Between two different point on
the river network (Figure 14a),
a), we use the concept of run-of-river
run river power plant casacade to compute the
power generation associated with the channel AB (Figure
(
14b). Asuuming a constant slope between A
and B, the power generation associated
ssociated with the river section AB is expressed as:
[16]
Where:
-

H is the elevation diffennce between
b
A and B
is the riverr flow value at the location B
is the river flows from the tributaries along the river channel AB (supposed to be uniformily
distributed along AB)
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-

N is the number of run-of-river
river plants along AB.
AB

-

The water drop h is supposed to be equal for each power plant. Then, the maximum number of
plants is equal to N=H/h

-

is the equipment rate along AB (

).

coefficient of ajustment related to the localization of the plants along the channel AB (
)..

Formulation of PAB (equation [16])
[16]) is valid, no matter if th river section is un-regulated
un
(wild) or
regulated by a dam upstream the cross section B.
B

Figure 13: Run-of-river
river power plant: Major components include water diversion, pipeline to create
pressure, turbine and generator,
enerator, tailrace for existing water and transmission wires. (From
ttp://www.canyionhydro.com/guide/HydroGuide3.html#1:Comp_Intake)

(a)

(b)

Figure 14: (a) River network in-between
in between cross sections A and B. (b) Power plant cascade concept
between cross sections A and B

3.9

Electricity demand scenarios

Electricity demand scenarios could be provided by WP5. Otherwise, a modelling tool has been
developed. So far, it has been applied only for the Italian case study but the
he same methodology can
easily be applied for the Norwegian case study. From a temperature
re series, the model is able to
simulate the national (in this case, the Italian one) series of electricity consumption.
3.9.1 Motivation and general description
Here, the demand function results from the national electricity demand. Within the optimization tool,
tool
the national electricity demand could be used following two different ways:
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1/ It could be used as a temporal proxy showing time period when hydropower generation should be
relevant. This is the case in France and Italy for instance. Indeed, for these countries, hydropower
generation is most of the time effective during high peaks of electricity consumptions. For instance,
this approach is used by François (2013) and Paiva et al. (2010). However, this description does not
allow any interaction with other production means as solar and wind facilities.
2/ It could be used to define an electricity demand to supply by the considered reservoirs and other
CRE power facilities. In this case, this ‘local’ electricity demand could be obtained as a fraction of the
national demand depending of the population actually living within the region.
Management models of water resource often used electricity consumption scenarios as inputs. Since
the study context is not to reproduce the past management of a system, relevant electricity
consumption scenarios have to be developed. In order to model electricity consumptions, the general
idea is to use the well-known relation with temperatures. Depending of climate and local economic
development, very high and low temperatures results to high electricity consumption peaks. For
instance, this relation is consistent in regards with observed data in Italy (Figure 15) and for other
countries in Europe (Figure 16). This is mainly due to climate effects since the population use cooling
(respectively heating) system during cold (respectively hot) days. On the other hand, for some range of
temperatures, electricity consumption does not seem influenced by temperature (see for example
electricity consumptions above 18°C Figure 16a).

Figure 15: Relation between daily electricty load and daily temperature in Italy. Temperature used
within these scatterplots are the average temperature of the Veneto plains. Electricity
consumption data base is provided by the Europan Network of Transmission System Operators or
Electricity (ENTSOE, https://www.entsoe.eu/home/).

(a) France

(b) Spain (ref?)

Figure 16: Relation between daily electricty load and daily temperature. Left : France over 1990-2002
period. Rigth : Spain for year 1998 during week days.
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3.9.2 Main assumptions
Observed electricity consumptions during working days (i.e. from Monday to Friday) are different
from the one observed on Saturdays and Sundays (Figure 15). In addition, holiday periods and public
days have a significant influence on electricity consumption which usually ramping down during these
days (Figure 15 right). Thus, modeling electricity consumption for these different days using different
parameterizations is quite common (Amjady, 2001; Bernardi and Petrella, 2011).
In this way, we are exploiting the relation between daily electricity consumptions and daily
temperatures. The general expression of the model is given by equation [17].
70 @!@PAA

S%,T,U 5!@PA6. !@PA 8 V%,T,U @!@PAA

[17]

Where 70 is the simulated electricity consumption, T is the temperature for the day t, i and j are two
dummy variables which expressing the day of the week (i.e. weekday, Saturday or Sunday), and the
period (i.e. holiday or not, public day or not). As explained below, the slope ai,j and the y-intercept bi,j,
depend on the temperature.
For each day, daily electricity consumption is estimated from piecewise linear relations with the
temperature:
-

Below a temperature threshold Tcool (cooling), the electricity consumption is assumed to be a
linear decreasing function of the temperature: S%,T @!@PA W ! ) A W 0
Above a temperature threshold Theat (heating), the electricity consumption is assumed to be a
linear increasing function of the temperature: S%,T @!@PA R !Y ( A R 0
In-between the electricity is assumed to be constant: S%,T @! ) W !@PA W !Y ( A 0
Tcool and Theat are chosen equal to 12°C and 17°C respectively.

We consider three different day classes, for which linear regression at each side of these thresholds are
estimated (weekday, Saturday and Sunday). Linear regression parameters (i.e. S%,T and V%,T ) are
obtained under the constraints [18] and [19]. For this reason, the slope S%,T obtained for each day class
could not be the optimal one.
S%,T @!@PA W !
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[18]
[19]

Piecewise linear functions are presentedon Figure 17 (red curves). As we note, a higher slope is
obtained for the temperature above Theat than below Tcool. Similar relation are established for holidays
and public days. In addition, working days between weekend and public days are considered as public
days, and the two weeks before and after august holidays have their own parameterization.
3.9.3 Simulated Italian electricity consumption: Results
Daily electricity consumption modeling is calibrated over the period 2006-2009 and validated over the
period 2010-2012 (Figure 18). Performance criteria are illustrated on Table 2.
When hourly electricity consumptions are needed, they can be downscalled using random sampling
approach wihtin observed data hourly distribution. This results to stochastic scenarios at hourly time
step (see for instance Figure 19). For this time step, Nash criteria between observed and simulated
elecrticity consumption is around 0.9.
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Figure 17:: Electricity consumption modeling approach. Black crosses define the scatterplot
between daily temperature
perature and daily electricity consumption. Black dots are considered as
outliers and they are not taken into account within the calibration process. Red curves are linear
regression on each temperature threshold side. On this figure, holidays and publics days are not
taken into account.

Figure 18:: Observed (black lines) and simulated (dashed lines) daily electricity consumption in
Italy over the validation period 2010-2012.
2010
Table 2: Daily model performance
erformance criteria obtained over calibration and validation. Two
calibration periods are used (1st line 2006-2009; 2nd line: 2010-2012).
Simulation
Calibration

2006 – 2009

2010 – 2012

Nash

Bias

Nash

Bias

2006 – 2009

0.85

0.11 %

0.79

- 0.71 %

2010 – 2012

0.84

0.93 %

0.80

0.07 %
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Figure 19: Observed (black lines) and maximum and minimum bounds of 100 simulated electricity
consumption (gray) in Italy. Time step is hourly.

3.10 Equilibrium model
3.10.1 Literature review
The optimization problem is stochastic because of natural variation in climatic variables such as wind,
solar radiation and inflow to reservoirs and dynamic since the use of hydro reservoirs couple decisions
in time.
There is a separate literature on the use of storage, largely divided between the management of water
reservoirs and other forms of energy storage. The literature on water reservoir management is fairly
extensive (see for instance the reviews written by (Yakowitz, 1982; Yeh, 1985; Labadie, 2004).
Algorithmic research addressing the problem of how optimize operations under uncertainty has
progressed along two lines. The first uses dynamic programming, typically resorting to some sort of
numerical or approximate strategy to handle the curse of dimensionality that arises with multiple
reservoirs (see Nandalal and Bogardi (2007) and the references cited there). A major breakthrough in
this approach involves approximating the impact of decisions now on the future using cuts generated
from the dual of the linear program in the next time period. Pereira and Pinto (1991) is the first to use
this strategy in an energy setting under the name of stochastic dual dynamic programming (SDDP),
modeling a large, multi-reservoir hydroelectric system. A separate modeling and algorithmic strategy
within the stochastic programming community uses the concept of scenario trees, where sample paths
of exogenous information are generated, retaining the entire history at each node in the tree. Jacobs et
al. (1995) and De Ladurantaye et al. (2007) give nice illustrations of this strategy in a hydroelectric
setting. Heuristic approaches to reservoir management are described in Johnson et al. (1991),
Edmunds and Bard (1990a) and Edmunds and Bard (1990b).
A separate literature has evolved around the modeling of storage devices to handle either structural or
random variations between our ability to generate power and the demand for power. The recent paper
Brunetto and Tina (2007) uses a deterministic model to solve the problem of day-ahead electricity
markets, completely ignoring the high level of uncertainty that arises in this setting. Castronuovo and
Lopes (2004) describes wind as a stochastic process, but then represents only the variability of wind,
and not its uncertainty. Korpaas et al. (2003) and Paatero and Lund (2005) also use deterministic
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models to study storage for wind. Garcia-Gonzalez et al. (2008) and Brown et al. (2008) use the idea
of stochastic wind scenarios, but allows decisions to forsee the wind in the future within a particular
scenario (violating what are known as nonanticipativity conditions).
There is a body of literature that is working to understand the impact of large amounts of wind on the
power grid. Sioshansi and Short (2009) uses a two-day deterministic forecast of wind in a rolling
horizon model to simulate decisions. Sioshansi (2010) uses a deterministic unit commitment model
(requiring a deterministic forecast of wind) to study the impact of real-time pricing on the use of
energy from wind. Holttinen et al. (2011) undertakes a careful study of the effect of large quantities of
wind (also see the summary in Holttinen et al. (2009)). However, no formal mathematical models are
given (this includes the Ph.D. dissertation on which this work is based, given in Holttinen (2004)), and
it does not appear that the study uses a policy that explicitly accounts for the uncertainty in wind.
Separate from the issue of handling uncertainty is the challenge of capturing hourly variations in longterm models. A modeling strategy that avoids capturing every hour over a year (8,760 time periods),
involves simulating only a sample of different time periods (capturing, for example, different times of
year and different times of day). However, such an approach makes it impossible to accurately model
storage (whether it is hydro, compressed air or batteries) which requires the ability to step forward
across all time periods to calculate storage levels.
In Norway, the Water Resources and Energy Directorate decides the management rules and gives
license for each hydropower plant. The legal fundament for a license is given in the water resources.
In general a license gives restriction according to a minimum flow requirement in rivers and to the
water level in the reservoir (minimum and maximum level) and how fast the flow might change. These
rules have to be included in the equilibrium algorithm as restrictions. Depending on time resolution of
the model, some restrictions might not be necessary.
Several models are already available within COMPLEX WP2. However, these models need to be
shaped to be included in the integrated framework proposed on Figure 7. A short description of these
models is proposed in this section.
3.10.2 Models for hydropower planning: Norwegian case study
Context and use
SINTEF Energy has developed models and tools for hydropower planning since the 1970's. The
models are used by the large hydropower producers in the Nordic area, by governmental agencies, by
consultants and in research.
There is a large family of methods, models and running-modes. Stakeholder's use of the different
models depends on their responsibilities and tasks. For hydropower producers, the planning problem
often is decomposed into long-term planning (years), mid-term planning (months) and short-term
planning (days). The longer-term models give constraints and/or signals to the shorter-term models,
and in this way, the shorter-term models can focus only a smaller part of the total problem. On the
other hand, more details are accounted for in the shorter-term models. In the following, we will briefly
describe two integrated models, which are used for long-term system planning and mid-term regional
planning respectively.
EMPS model
The EMPS model (Norwegian: Samkjøringsmodellen) is a long-term model for the whole Nordic or
even European power system. The total system under consideration is divided into a set of areas that
are connected by transport channels (cf. Figure 20a). Market equilibrium is calculated for each area
and time-step on basis of demand- , supply- and transmission options. All power generation
technologies can be represented. The problem is solved as a system optimization including Stochastic
Dynamic Programming (SDP), Linear Programming (LP) and heuristics. The stochastic variables
include all climate variables such as inflow to reservoirs, temperatures, and intermittent generation
(wind power, and solar power). For Norway, inflow series statistics that can be mapped directly into
the modules in the model are made by the Norwegian regulator (NVE).
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The model is solved by first calculating a strategy
s
for hydropower by use of SDP. Important
simplifications needed
eeded in this calculation are i) all
a l hydropower within each area are aggregated, ii) a
heuristic approach is applied to calculate the strategy for each area separately (water-values
(water
are only
functions of time and reservoir filling in the area, cf Figure 21b). Thereafter, water-values
water
are marginal
costs for hydropower in a week-by-week
week
week optimization (LP) for each scenario for the stochastic
variables.

(b)

(a)

Figure 20:: (a) Example of simulated system (b) Example of water--values

PRODRISK
Some hydropower producers use the simulated prices from EMPS as an input to a regional mid-term
model called PRODRISK. When the price scenarios have been obtained from the EMPS model they
are used to calculate the parameters in a discrete Markov model for the development of the spotspot
market price in the considered area. When calibrated, the probability for price transitions from one
week to the next has been calculated
ated (cf. the curves in Figure 21a).
taker) can optimize the production on basis of this price model. However, in
A small producer (price-taker)
this project we are also interested in the interplay between hydropower and wind power, also
accounting
counting for transmission constraints to other areas. Inn PRODRISK we therefore apply the regional
market (demand- and supply-options
options and -costs for Mid-Norway,
way, as already specified in EMPS),
EMPS
while the price model identifies the price for trade with surrounding
surroun
areas. In the model, the trade with
surrounding areas is represented by a single trade-option
trade option (one price and capacity per time-step
time
and
scenario). Applying the Bellman optimality principle, the recursive equation to be solved by the model
in the strategy
egy calculation for hydropower is:
(1)
Where:
-

: Expected
xpected future cost function at the end of time period t
: A possible realization of the price in the price-model (discrete set)
: Probability for transition from price i to price j, seen from t-1
: Probability for outcome k in multivariate inflow-scenario sample
: Costs (total for area) for realization in one time-step
time
: Spot price (weekly average)
: Vector
ector of decision variables
: Vector of state-variables:
variables: Reservoir levels and inflow-states
inflow
: Net sales to the spot-market
market
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-

: Set of evaluated prices at time-step
time
t
: Set of possible outcomes for inflows
: Week number

Contrary to EMPS, PRODRISK do not aggregate the representation of hydropower when calculating
strategies. The multiple state-variables
variables represented by the reservoir fillings in each individual reservoir
can be handled in the optimization because
because it is based on SDDP (stochastic dual dynamic
programming), while the price-model
model is handled by an outer SDP algorithm. The regional focus of the
model avoids the total model size to explode.

(a)

(b)

Figure 21:: (a) Price transitions (b) Representation of one river-system
system

In PRODRISK each time step typically represent 3-4
3 4 hours. The shortest possible time step is 1 hour.
This makes it possible to represent wind-power
wind power variability and the dynamic
dynam interaction with
hydropower.
Discussion on options in project
The EMPS model can be utilized for exploring the effects of anticipated changes in the power system
from the current system to a given future year (changes for transmission line capacities, generation
capacities, fuel prices, etc.)) in Nordic or European context,
context, or investment analysis. In the project we
need to decide whether we will account for structural changes in the overall power system or not.
Climate change combined with increasing shares of renewable power generation
generation and the combating of
CO2 emissions will have significant impact on the European power system. This will lead to different
price levels and volatility. This can be accounted for in the EMPS model, which then will produce a
different price input to PRODRISK.
PRODRIS It is also possible not to account for the expected structural
changes, and only consider the partial effect of climate change regionally for a given system and
market. Another option is to specify the regional grid when running PRODRISK (model
PRODNETT).
). However, given that the local grid development is not in focus and continuously
developed in accordance with the needs, we do not plan to include this.
ProdNett model
ProdNett is a prototype based on ProdRisk, where the main difference is that ProdNett includes
transmission flow constraints based on PTDF’s (Power Transfer Distribution Factors) for lines that are
overloaded. The final hydropower schedule from ProdNett will not cause any transmission line
overloads. ProdNett run without using load flow data will give the same results as ProdRisk.
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3.10.3 Models for hydropower planning: Italian case study
There is no Italian optimization model included in the WP2. However, an optimization model based
on Dynamic Programming, easily adaptable to the Italian case study, is available. It has been
developed over a French case study (Serre-Ponçon dam) during the PhD thesis of (François, 2013,
RIWER2030 project http://www.lthe.fr/RIWER2030/). The Figure 22 shows the links between the
different modules used within this project.

Figure 22: Modeling chain developed during the PhD thesis of Baptiste FRANCOIS.

The modules are the following:
- Water demands/uses modeling (i.e. irrigation and fresh water needs, recreational activities).
The modeling of irrigation needs is based on an estimation of crops needs and water stress
factor using hydrological modeling. Recreational activity objective is simplified as a minimum
lake level required during the summer season. This level is achieved using a probabilistic
guideline curve;
- A France electricity demand model (similar to the one explained on section 3.9);
- An optimization and simulation tools: The time step of the optimization is daily. The
optimization routine aims to maximize the following objective function f:
[20]
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Where
-

Rmax and Rmin are the maximum and minimum bounds for release discharges (m3/.s-1)
Smax and Smin are maximum and minimum bounds for water storage volumes in the reservoir
(m3)
Q the inflow into the reservoir (m3.s-1)
I the interest of energy production (U.M.Wh-1, U.M is an arbitrary monetary unit)
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-

φ the head factor (Wh.m-3), and ∆t the time step (=86400s). The h-index
h
differentiates
different sub-daily
daily time step if needed.

In order to solve this optimization problem, three
three representations of the strategy elaboration have been
developed. They are based on different view of future inflows to the reservoir: i) perfect foresights, ii)
none foresight or iii) imperfect foresights.
foresights. In each case, strategy is optimized with Dynamic
Dyna
Programming (deterministic for i) or implicit stochastic for ii) and iii)). For the two last cases implicit
stochastic optimization is solved using a sample stochastic dynamic programming (SSDP). Contrary to
SDP (stochastic dynamic programming), this method
ethod respects persistence of inflows, water demand
and energy demand (Goussebaille et al., 1986)).
1986)). Scenario used in ii) come from a fixed ‘historic’ set
while model iii) updates future
re inflow scenario every month using knowledge of recent meteorological
variables.
representation provide two
Strategies (i.e. marginal water values) produced by these different representations)
dimensions grids (time and reservoir filling level) which expressed for each time and for each fill rate,
rate
the optimal operation in order to maximize the objective function. This grid is denoted Ft(S) in
deterministic case, and E[Ft(S)] for stochastic ones (We note that the mathematical
athematical symbol E is the
expected means).
These strategies are presented on Figure 23.. The strategy obtained with perfect foresights cover the
whole period that we want to simulate (a period a five years for instance, Figure 23). With none
foresight, the strategy can be established for one year. The same strategy is applied for each year that
we want to simulate. With imperfect foresights,
fore
the strategy is up-to-date
date since a new forecast is done.

Figure 23: The aim is to simulate the management of a five years period represented by the inflow
series in the upper part of the graph. With perfect foresights, the
the strategy Ft(S) covers the whole
period and is perfectly adapted to the water availability and demands. With none foresight, the
strategy E[Ft(S)] is applied every years without modification. With imperfect foresights, the
strategy E[Ft(S)] is up-to-date
date for each new forecast of inflow and water demand (for example
every month).

In climate change studies, deterministic optimization is often used because of low computing time
needs. However, this kind of optimization under-estimates
under estimates the impacts of climate change
c
because of
perfect knowledge of future variables (resources and demands).
Results obtained with stochastic optimization models more close to operational management but they
require more computing time. With these models, it is not feasible to explore as many scenarios and
hypothesis than with deterministic optimization.
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4. Extension to the European context
Contrary to the case study explained above, water resource management and energetic sector could be
very different depending on climate and policy. For instance, hydropower potential is huge for some
countries like Norway and Finland. For them, hydropower companies have to fulfill the whole demand
during the year while fuel plants permit to avoid failures only (Wolfgang et al., 2009). It is different
from France or nuclear power plants produce almost all energy (Iacona et al., 2012). This contrast
should evolve for the future but differences should maintain between European countries. For
example, solar energy for Italia and wind energy for Scandinavia should be more important in 2050
(Figure 24 from (RTE, 2011)).

Figure 24: Energy sources in European Union for the year 2050 (RTE, 2012)
On the other hand, energy and water demands are very different for these countries. Essentially, it
depends of climate contexts. Differences between electricity consumption observed between France
and Spain illustrate this idea (Figure 3). Energy production for some countries like Scandinavia,
Britain and France for instance, are driven by high consumptions in winter while countries like Spain,
Italia Greece, high consumptions could occurs during hot summer (cooling purpose). Also, pressure
about irrigation needs and ecological constraints grows up from North to South Europe.

5. The case studies
5.1 Italian case studies
5.1.1 The regional setting
The area selected in North-eastern Italy for the study includes two main river systems: the Adige river
basin (12.100 km2) and the Brenta-Bacchiglione river system (5840 km2) (Fig. 25). The region crosses
three main administrative units: Regione Veneto, Provincia Autonoma di Trento, Provincia Autonoma
di Bolzano-Southern Tyrol. The two river systems are highly regulated and engineered catchments that
experiences strong climatic gradients. The region has been selected because it provides a template for
the analysis of competition in water use and for the analysis of the water-energy nexus. The main
renewable energy sources in the area are represented by hydropower and solar photovoltaic.
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Traditionally, in this area water management is primarily aimed at encouraging irrigated agriculture
and hydropower production. However, the increase of touristic use of water and the rise of
environmental awareness, coupled with variation in the water flow and the prospects of sudden
changes in streamflow seasonality related to climate change, have led to increasing conflicts.
As far as the number of power plants is concerned, at a regional level, 56% of the power plants are
located in the north, 25% in the south and 19% in central Italy. The region with the greatest number of
power plants is Lombardy with 48,692 plants (14.7% of the national total), followed by the Veneto
region with 44,997 plants (13.6% of the national total).
Impossibile v isualizzare l'immagine. La memoria del computer potrebbe essere insufficiente per aprire l'immagine oppure l'immagine potrebbe essere danneggiata. Riav v iare il computer e aprire di nuov o il file. Se v iene v isualizzata di nuov o la x rossa, potrebbe essere necessario eliminare l'immagine e inserirla di nuov o.

Figure 25: The Adige and the Brenta Bacchiglione river systems in North-eastern Italy

5.1.2

The Adige river system

The Adige river is the second longest Italian river and the third largest in catchment area. It drains
12.100 km2 from the west-central Alps to the Adriatic Sea. Originating from a spring near Lake Resia
(1550 m asl), it flows south-west crossing the Trentino- Alto Adige and Veneto regions. After 409 km.
its delta opens into the sea at Porto Fossone, south of Venice, between the Brenta and Po deltas. The
highest peak in the basin is 3899 m asl (Ortles-Cevedale group), wheares the mean altitude is 1469 m
asl. A small area of the upper Adige basin is in Switzerland. Most of the Adige basin is represented by
its upper Alpine area, from the source to Verona (about 270 km), as the lowland part of the river has
no tributaries. In its lower course across the Padanian plain, the Adige runs almost parallel to the Po
river. The northern Adige basin is dominated by crystalline rocks of granite and diorite, both being
hydrologically low permeable. The middles Adige basin is mainly formed by dolomite rocks laying on
porphyritic impermeable substrate and the lower river flows in an alluvial plain (Norbiato et al., 2009).
Annual precipitation is around 1456 mm, ranging from 450 in the northern part to 2500 mm along the
mountainous ranges close to the Venetian plains. The northern part of the basin lies in the dry internal
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Alpine region (Fig. 29) which is formed due to the sheltering effect of the alpine mountain ranges. The
mean annual runoff is 575 mm. Headwaters
Headwaters are mainly fed by snowmelt and rain and by 185 glaciers
covering about 200 km2. All the glaciers have been retreating over the last 50 years. Average
discharge measured at Boara Pisani, 51 km upstream from the mouth and in operation since 1917, was
2522 and 205 m/s, respectively, in 1923-1951
1923
and 1952-2005.
2005. The loss of about 20% of the mean
annual runoff is due to climate change and growing water demands for agriculture.

Figure 24:: Average year precipitation over the Alps (adapted
(
from Schwarb et al.,
al. 2001).

The flow regime at Boara Pisani can be considered natural only until the early 1950s. Since then, a
number of reservoirs built for hydroelectric production and irrigation have altered the flow regime.
Currently, there are 1 major reservoirs in the basin. The largest reservoir is Santa Giustina, with a
maximum volume of 18 million m, followed by Lake Resia with 118 million m. The total capacity of
the reservoir system is 571 million m. They drive 34 hydropower plants with a total potential power of
98 MW and possible energy production equelling 12 GWh/y. Other 27 smaller hydropower plants can
produce >1000 kW each. Due to their volume, Santa Giustina and Resia, as well as other reservoirs,
are also used for flood control.
Run of River plants also contribute substantially to energy production in the area. Figure 25 shows
run-of-river
river power plant location on the Adige watershed. As shown Figure 25,, RoR plants are mainly
mai
located of small tributaries and not at the main river network. On these tributaries, dam regulation
impact especially water discharges at time scale inferior than one day. As we can note on Figure 26a,
winter discharges at Isarco Bressanone are high during day hours, i.e. when the energy demand is
high. On the other hand, water discharges are low during the night and the end of the week, when the
energy demand is much lower. During summer, effect of dam regulation over water discharges is
much less observable (Figure 26b).
26b). The main reason is that storage capacity is not enough to regulate
high flows during this season.
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Figure 25: Map of run-of-river
river plants over the Adige catchement.

Figure 26:: Inflow regulation over the Adige catchment from 10-01-2006
10
2006 to 10-02-2006
10
(a) and
from 10-06-06 to 10-07-06.
06. Blue line: Water discharge at Isarco Bressanone. Black curve:
Elecrtricity consumption in Italy.

Bacchiglione case study
5.1.3 Brenta-Bacchiglione
The Cismon River (CR) basin is a 642 km2 , left-hand sub-basin
basin of the Brenta river system (1332 km2)
located in the Eastern Italian Alps. The outlet of the Brenta river system is the Venice Lagoon,
whereas the outlet of the Cismon is at the Corlo Lake, an accumulation reservoir part of a complex
hydroelectric system operated by Enel and other Italian companies.
companies. The Brenta river system has also a
key role for water supply in the Veneto region (North-Eastern
(North
Italy).
Climate is relatively wet due to the Mediterranean influence and to the presence of the Alpine range.
With altitudes ranging from 216 to 3184 m asl, the catchment presents highly seasonal flows due to
snow accumulation and melt (glaciers are absent). Winter low flows can last 3 months or more. Late
summer and fall maximum discharges present also a number of marked recession sequences. They can
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last several weeks after the end of the snow-covered period for years with negligible precipitation
during these seasons. Major floods can be also observed in fall with intense liquid precipitation events.
The largest flood observed in the basin occurred on November 1966 with almost 2000 m3/s estimated
at the Brenta mountain basin outlet.
The mean annual precipitation over the Cismon is around 1380 mm, with a mean annual runoff
coefficient of 0.85. The mean annual precipitation over the Brenta at the confluence is around 1203
mm, with a mean annual runoff coefficient of 0.69. The mean annual precipitation over the whole
Brenta river basin at the outlet from the mountain basin is 1332 mm, with a mean annual runoff
coefficient of 0.77.
The Corlo Lake operations are optimized accounting for objectives and constraints related to power
production, irrigation, flood risk mitigation, recreational activities and preservation of downstream
ecological integrity. Contrary to most Italian Alpine basins of this size, the Brenta river discharges at
the confluence and the Cismon discharge upstream the Corlo lake are almost natural. Further than the
Corlo basin, there are other four small reservoirs in the Cismon. The characteristics of the reservoirs
are listed in Table 3.
Table 3: Characteristic of the Cismon reservoirs
Lago

Volume (106 m3)

Ponte Serra

4,00 (original value, actually much reduced due to sedimentation)

Val Noana

7,82

Schener

3,40

Corlo

42,00

Senaiga

6,00

The water management system over the Brenta, and including the Cismon is shown in Fig. 27. Fig. 28
provides the scheme of the water river system for the Cismon alone.
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Figure 27: Water management system over the Brenta and Cismon

Figure 28: Scheme of the water management system over the Cismon

1. Constraints on the water management scheme
The Corlo Lake operations are optimized accounting for objectives and constraints related to power
production, irrigation, flood risk mitigation, recreational activities and preservation of downstream
ecological integrity. Due to the position of the basin close to the confluence, the operations on the
Corlo mainly influence the Brenta. For this reason, the constraints are reported with reference to runoff
values pertaining to the Brenta.
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Irrigation use: Over the period 15 June-15 July, the following rules apply: i) release of the natural
flow from the Cismon is up to a max value of 20m3/s; ii) the volume should maintain 50% of the
volume stored at 30 June; iii) no release should be scheduled if the Brenta flow exceeds 36 m3/s.
Industrial use: The operation over the Corlo should be such to ensure all along the year at least 25 m3/s
over the Brenta.
Flood risk mitigation: In order to maintain a reasonable empty volume to be used for flood
lamination, during the period from 15 sett to 30 nov, the max level in the reservoir should be less than
252 m asl.
Environmental flows: The discharge over the Brenta downstream the confluence with the Cismon
should never be less than 2.8 m3/s.
5.1.4

The electric energy system

The energy balance in Italy is represented on Figure 29. In 2011, the total energy production reached
288.9 TWh corresponding to 85 % of the energy supplied (i.e. 334.6 TWh). Energy losses due to
transmission lines onto the grid reach 20.8 TWh, which represent almost 50 % of the net imports (45.7
TWh).

Figure 29: Energy balance in Italy (2011)
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In 2011, renewable energy sources represent 35% of the total power capacity (Table 4). Related power
generation reached 81.2 TWh in 2011, which represents almost 25 % of the total power generation.
Hydropower is the most developed renewable energy with a power capacity equal to 44 % of total
renewable capacity (this capacity is mainly supported by large hydro power plant with a power
capacity roughly equal to 38 % of the total renewable power capacity). However, even though small
and micro hydro installed capacities is low (5 and 1.5 % of total renewable capacity respectively), they
supply together more than 13 % of total renewable energy generation (2011, Table 4). Run-of-river
plants are those which mostly contribute to power generation. In 2011 for instance, run-of-river plant
generation was 19.9 GWh which represent 43 % of the total hydropower generation. The same year,
hydropower generation from dammed and pondage power plant were 26 and 31 % of hydro generation
for an installed power capacity equal to 45 and 28 % respectively (Table 5).
Solar power development is also important with a power capacity reaching more than 30 % of
renewable capacity (solar power capacity increased significantly during the last years, from 1.14 GW
in 2009, to 12.8 GW in 2011). Solar power plants supplied 13% of renewable energy in 2011 (This
number would seem low. However it is explained by the fact that solar power plants are only able to
generate power only during the day hours).
Wind power capacity is around 17 % of renewable capacity for a power generation reaching 12 % of
renewable energy.
Other renewables generation (i.e. geothermal and bio-energy, which are not variable in time) are less
important in terms of power capacity (only 8% of total renewable capacity) but their generation is
around 19% of total renewable.
Table 4: Distribution of renewable power capacity and generation in Italy (2011) . Numbers within
brackets represent the pourcentage in regards of total renewable sources. Other renewables
category regroups geothermal and bio energy. We presented here power geneation in 2011 for
illustration only. Indeed, since solar, wind and hydro energy sources are variable in time, relevant
resuts may require pluri-annual analysis.

Power capacity (GW, 2011) Generation (TWh, 2011)
Total

118

288.9

Total Renewable

41.4

81.2

Solar

12.8 (31 %)

10.7 (13 %)

Wind

6.9 (17 %)

9.8 (12 %)

Hydro

18.1 (44 %)

45.3 (56 %)

15.2 (38 %)

35.3 (43 %)

2.3 (5 %)

7.8 (10 %)

0.6 (1.5 %)

2.2 (3 %)

3.5 (8 %)

15.4 (19 %)

- Large Hydro > 10 MW
- Small Hydro 1 – 10 MW
- Micro Hydro < 1 MW
Other renewables

Table 5: Hydro power generation and capacity distribution among Run-of-river, pondage and
reservoir power plants (2011 values).

Power generation Power Capacity
Hydro

45.8 TWh

18.1 GW

Run-of-river plant

43 %

27 %

Pondage plant

31 %

28 %

COMPLEX Report D2.3

38

COMPLEX –Report on modeling tools for CREs: Report on the selected modelling tools, their input
and output data and the integration methodology used to yield CRE production scenarios [month 15]

Reservoir plant

26 %

45 %

5.1.5 The Italian electric transmission grid
The national transmission grid is formed by three separate meshed systems which are interconnected,
each one having a different voltage (132/150, 220 and 380 kV). Figure 30a and Figure 30b show
transmission systems with 380 and 220kV voltage respectively. We can especially note two electricity
‘highway’ from the south to the north of the country (Figure 30a). We can also note that Trentino
Adige province is not connected with the 380kV line. On the other, this province is strongly connected
to the 220KV lines (Figure 30b).

(a)

(b)

Figure 30: Italian electricity grid.

The balance of electricity exchanges in Italy (Figure 31) mainly shows the flows among the various
areas. In particular we note the high flows going from Lombardy towards central Italy. We also
observe significant energy import from France and Switzerland. Also, we can note that the Complex
Italian case study, the North Eastern part of Italy, is an important electricity importer (more than 15
TWh in 2011).
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Figure 31: Energy exchange during the year 2011.

The regional distribution of renewable power generation and capacityy
The amount of renewable power generation is not homogenous at the regional scale. Renewable
power generation of the provinces located within the Alpine and Appennino areas are usually
dominated by hydro power generation (Table 6). Wind power generation is almost null within these
provinces while it is the main renewable source for provinces located in the south of the country. Solar
power generation is better spread over the country with highest values on the coast and onto the flat
areas in the north.
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Table 6: Regional distribution of solar, wind and hydro power generation in 2011. For each
province, bold numbers show major renewable energy sources.

Province

Solar
(GWh)

Wind
(GWh)

Piemonte

830

22

6575

Valle d’Aosta

11

0

2742

Lombarda

995

0

11049

278

0

9773

913

1

4228

246

0

1822

44

46

191

Emilia Romagna

1092

20

873

Toscana

424

73

576

Umbria

286

2

1574

Marche

658

0

446

Lazio

807

22

950

Abruzzo

329

297

1840

Molise

84

617

222

Campania

302

1344

583

Puglia

2096

2256

6

Basilicata

190

455

341

Calabria

196

1281

1470

Sicilia

670

2370

98

Sardegna

344

1048

453

Trentino
Adige

Alto

Veneto
Fruili
Giulia

Venezia

Liguria
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5.2

The Midt-Norge
Norge case study (Norway)

5.2.1 The regional setting
The Mid-Norway
Norway Region is situated approximately between 63 and 64 degrees north, and between 8
and 12 degrees east. The region is covered by the counties Møre og Romsdal, Sør-Trøndelag
Sør
and
Nord-Trøndelag. It is a region with power deficit, thus with higher electricity consumption than
production.

Figure 32 The Mid-Norway
Norway region.

The region is varied and the watercourses range from small coastal waterways to the major rivers in
the mountains in the east. Several rivers have important Atlantic salmon stocks. There are also large
areas prone to quick clay landslides. Many of the major rivers are characterized by hydropower
development. Both micro
icro and mini hydropower plants and wind power plants are under planning and
construction. Along the coast, fish farming is an important industry. The main water courses is
Namsen, Stjørdalsvassdraget, Neavassdraget, Gaulavassdraget, Orklavassdraget, and important salmon
rivers in the region is Orkla, Gaula,
Gaula Stjørdalselva, Verdalselva, Namsen and Surna.
Surna
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Figure 33 Map over main water courses in Trøndelag. (map from www.Vannportalen.no)

5.2.2

Climate and hydrology

The Mid-Norway region is characterized by a relatively wet climate with a winter season of snow
accumulation during several months. The snow melting season usually starts in late March in the
lowland regions and in June in the high level regions. The topography is between 0 and 1700 m.a.s.l.,
and the most relevant catchment areas with large hydropower reservoirs are located in mountainous
areas on higher elevation in the east of the region.

Figure 34: Topographical map of the Mid-Norway region.
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Mean annual precipitation is highest in the coastal areas, and lowest in the mountains. The
precipitation is very heterogeneous over the area and varies between appr. 500 and above 3000 mm
per year (see Figure 35 (left)).

Figure 35: Mean annual precipitation (left) and run-off (right) in Mid-Norway.

The inflow varies between appr. 300 and over 3000 mm per year (see Figure 35 right). The
hydrological regime changes from Atlantic regime with the major flows in late autumn and winter
towards an Alpine regime with low winter flows and high flows in late spring and summer due to
snow melt and rainfall events as we move from the coast in the west eastwards to inland and
mountains, as illustrated in Figure 36.

Figure 36 Average weekly inflow [m3/s] for a) a typical mountainous catchment, and b) a typical
coastal catchment in the Mid-Norway region. (based on data from NVE)

The temperature in the region also varies from a coastal regime to a mountainous one. As Figure 37
shows, the normal annual (1971-2000) varies from + 6-8 to -6 deg. C.
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Figure 37 (map from www.SeNorge.no)

The seasonal variation is illustrated for two observation stations representing different regimes in
Figure 38.. Especially during winter there is a large difference in the temperature between the two
regimes.

Figure 38 Average monthly temperature (1961-1981)
(1961 1981) measured at a coastal (red line) and a
mountainous (blue line) station. (based on data from the Norwegian met.office)

5.2.3

Constraints and restrictions in planning of newpower plants

The Assembled plan for river systems ("Samlet plan for vassdrag") was established in the 1980s and is
a national framework for management of the country's river systems.. Through a separate joint
planning methodology, the specific development projects were ranked in groups by profitability
profitabi
and
conflicts. Then projects were divided into three categories:
Category I: Projects that could be considered for licensing immediately and continuously to help meet
energy needs.
Category II: Projects that could be used for power development or other
other purposes, but the project
could not be applied until further concession.
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Category III: Projects that was not appropriate for development because of the very high degree of
conflict with other user interests and / or high development costs.
Under Parliament's recent treatment of the Master Plan in 1993, category II and III were merged.
Before a hydropower project can apply for a license, it must be clarified in relation to the Assembled
Plan. Projects that have previously been discussed in the Assembled Plan may apply for a license if it
is placed in Category I. Projects that are placed in Category II may not apply for a license now, but can
apply to move the project to Category I if the conflict or local resistance has been reduced or ceased.
Originally, all development projects with an installed capacity of 1 MW or more considered in the
Assembled Plan, but in 2005 the Parliament decided that projects with less than 10 MW installed
capacity would automatically be exempted for treatment. This means that new small hydro projects
may be considered for licensing without being treated in the Assembled Plan. New hydropower plants
larger than 10 MW are still to be treated in the Assembled Plan.
The parliament has decided that the Assembled Plan shall convert from a system based on specific
hydropower projects to a system emphasizing values in rivers or river systems. This change will also
be seen in context of the introduction of the Water Framework Directive in Norway.
In addition to the Assembled plan, there is a protection plan for water courses. The purpose of the
protection plan is to secure integrated river basins with its dynamics and variety from mountain to sea.
The plan opens for license processing plants with installed capacity up to 1 MW in protected
waterways, but there is still a requirement that any development should not undermine the
conservation values of rivers. Figure 39 shows the areas that are protected due to this plan in the MidNorway region.

Figure 39 The protection plan for water courses in the three counties in the Mid-Norway region:
green areas are protected watersheds. (maps from NVE)
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For wind power the situation is different, as there is no superior plan on a national level for
development of wind power. Applications of planned wind power projects are evaluated by The
Norwegian Water Resources and Energy Directorate (NVE), and license is required if one or more
components in the power plant have a voltage that exceeds 1kV. Several statutory frameworks are
included in the complete evaluation: legislation of energy; buildings; expropriation of property;
cultural heritage; pollution; nature conservation. In the mid-Norway region there are also challenges
due to reindeer husbandry, and representatives of the Sami Parliament have claimed that planned wind
power projects in this region threatens this industry and with that the Sami living habits. There are
currently a number of wind power projects planned in reindeer grazing areas. By the development of
wind power, the relationship to reindeer should bee considered and resolved through the current
decision-making processes, which impact assessment and the licensing process.
5.2.4

Energy system and production

The electric power production in Norway is based on hydropower (99%). The electrical power
generation have mainly been based on hydropower.

Figure 40 Installed hydropower (map from NVE-atlas)

Figure 40 shows a map with the installed hydropower in the Mid-Norway region. New plans for
hydropower is mainly focused on small plants, and according to NVE the potential of small scale
hydro power is 3 361 GWh in Møre og Romsdal, 840 GWh in Sør-Trøndelag and 1303 GWh in NordTrøndelag, as illustrated in Figure 41.
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Figure 41 Small scale hydro power potential in Møre og Romsdal, Sør-Trøndelag
Trøndelag and NordNord
Trøndelag.

Over the
he last years the development of wind power has emerged
emerged and the government has given
licenses for the construction of several wind farms in this region. The map in Figure 42 shows the
projects in the region: blue stars
stars imply license is given, red stars license application, black dots is
existing wind power plants, and pink areas is licensed wind power areas.
Wind power is characterized by a high degree of variability and intermittency, and it is therefore a
challenge to integrate it into the electrical power system. Constraints in transmission capacity might
also be important for how much of the wind energy might actually be used. Operation of hydropower
plants will play a major role for integrating
integrating wind power facilities into the electricity system.
Hydropower plants could be used for balancing purposes (flexible operation) and storing energy
(pumped storage). The potential for pumped storage hydropower in Mid-Norway
Norway is small, however.
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Figure 42 Wind power projects, existing and planned.

In Mid-Norway a great part of the energy consumption is by heavy industry (aluminum, forest and
petroleum industry), in the county Møre og Romsdal as much as 60 %.
Green Certificate Regulation stimulates installation of RES, and a future increase of wind power and
small-scale hydropower is expected and planned for. According to future plans, it's given concessions
for 1300 MW capacity in the coastal area (Fosen and Snillfjord) of wind power, hydropower and
small-scale hydropower. It's applied for 1600 MW capacitiy inland consessions where consessions are
yet not given (Statnett 2013).
5.2.5 Transmission grid
The limitations in transfer capacity in the Norwegian electricity grid create price differences between
regions. Based on the physical constraints in the grid the Norwegian TSO Statnett divides the national
transmission grid into five price areas. These areas are used on the Northern Europe electricity market
(Nordpool) to balance the power production and consumption across regions and countries (Figure).
Mid-Norway (NO3 in the map below) is connected to the other regions with two 300 kV transmission
lines from the north, one from the south and one 420 kV line from the east (Statnett, 2013).
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Figure 43: Price areas of Northern Europe. Norway is divided into five price areas, based on
limitations in transmission capacity in the grid. Source: Statnett (2013)/Nordpool.

Norway's electricity grid of today is too weak to handle future developments related to increasing
production capacity of wind and hydropower, increasing consumption and integration with the
European energy system. Within the next twenty years the Norwegian grid is going to be upgraded
and extended in order to meet these requirements. Several sea cables will be built to connect Southern
Norway with England and Germany, and to improve the connections with Denmark and the
Netherlands. In Mid-Norway, transmission line projects are planned for two major reasons: First, the
development of renewable energy sources, in particular wind power, and second, the security of
supply in a region with power deficit. The transmission line Ørskog-Sogndal, connecting Mid-Norway
along the coast with a 420 kV line, is under construction and will be finalized in 2016 (Figure 44).
Statnett is expecting to get the concession for the 420 kV connection between Namsos and Trollheim
to connect areas with great wind power potential, and has applied for upgrading the line KlæbuVågåmo to 420 kV.
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Figure 44: Transmission line projects in Mid-Norway: 420 kV line Ørskog-Sogndal under
construction, expected completion in 2016 (red). 420 kV line Namsos-Trollheim, concession
expected (green). Upgrade of Klæbu-Vågåmo to 420 kV, concession applied for (blue). Source:
Statnett (2013).
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