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On the Coordination of Wind and Hydro Power.
Julija Matevosyan

Abstract—Wind power production introduces new challenges
in operation of a power system due to its variability and forecast
uncertainty. More flexibility should be added to wind power
system in order to address those challenges. One possible solution
is to introduce new storage facilities or using storage capabilities
already available in the power system. Existing hydro power
plants with larger reservoirs or pumped storage hydro power
plants, are suitable for this purpose. This is a relatively recent
topic of research and it has been approached in several papers
from quite different perspectives. This paper is an attempt to
summarize the existing research on this subject and to draw
some general conclusions on the benefits and the limitationsof
the coordination between wind and hydro power as well as point
out some areas in which further research might be required.
Present research is divided into several focus areas. Studies from
Norway, Portugal, Spain, Sweden, France, Germany and Canada
are analyzed in each focus area and methodologies, results and
common conclusions are discussed.

Index Terms—wind power generation, hydro power generation,
optimization, power market, forecasting.

I. I NTRODUCTION

Wind power production introduces new challenges in oper-
ation of a power system:

• Wind power production is continuously variable and
difficult to predict;

• The best conditions for the development of wind farms
are in opened, remote areas, far from the load centers.
The transmission system in such areas is usually not well
developed, so the development of new wind farms may
lead to congestions on the transmission lines.

More flexibility should be added to wind power system in
order to address those challenges. One possible solution isto
introduce new storage facilities or using storage capabilities al-
ready available in the power system. Chemical energy storage
(hydrogen, biofuels) or electromechanical storage (batteries,
fuel cells) for large-scale wind farms is still quite expensive
option. On the other hand existing conventional power plants
with fast production control capabilities and sufficient storage
capacity, for example hydro power plants with reservoirs or
pumped storage hydro plants, could be used for this purpose.

The interest for coordination of wind power and hydro
power has increased during the last 5-7 years. It is studied
by utilities (e.g. Vattenfall [1], Skelefteå Kraft [3] in Sweden,
Hydro-Quebec [2] in Canada) as well as by research organiza-
tions (e.g. SINTEF in Norway [4], [5], [6], NTNU in Norway
and VTT in Finland [8], [9], INESC-Porto in Portugal [13],
Universidad Carlos III de Madrid in Spain, [10], Ecole des
Mines de Paris in France [11], NTUA in Greece [16], etc.).
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However the purposes for which coordination is applied, the
methods and the obtained results greatly differ. The in-depth
review of these studies is thus necessary in order to analyze
applied methodologies and to draw common conclusions the
on the benefits and limitations of wind-hydro coordination as
well as to point out the areas in which further research might
be required.

The paper is organized as follows. The classification of
the present research is introduced in Section II. Then Section
III presents the in-depth description of the analyzed studies
and discusses similarities and differences in each focus area.
Section IV summaries common results, conclusions as well
as points out the questions for further research in each focus
area.

II. CLASSIFICATION OF THE PRESENT RESEARCH

The current research on wind-hydro coordination can be
divided into two main categories:

1) "Pre-feasibility" studies, where coordination possibility
is evaluated for different purposes, using available tools
[8], [9], [1], [4], [5] or developing new evaluation
methods [2], [6], [7], [17];

2) Planning methods, that is development of new planning
methods for hydro power utility considering coordina-
tion with wind power [10], [11], [12], [13], [14], [15].

The coordination of wind power and hydro power has been
approached from quite different perspectives. The research can
be thus further divided into several focus areas.

a. Coordination of a wind farm (WF) and existing con-
ventional hydro power plants (HPPs) with reservoirs
for common profit maximization. Here existing planning
tools for hydro power production planning (usually mid-
term planning with weekly resolution) are used, [9], [8],
[2]. This focus area is mainly directed towards assisting
hydro power utilities considering investments in wind
power.

b. Coordination of wind power and existing
conventional HPPs with reservoirs in order to
use available transmission capacity more effectively
and thus allow higher wind power penetration with
lower or nil wind energy curtailments. In this focus
area both pre-feasibility studies and planning methods
from the above categorization are presented. Remarkably
pre-feasibility studies mainly assume common ownership
of WF and HPP [5]1, [3], whereas planning methods
also consider separate ownership [14], [15].

c. Coordination of WF and pumped storage HPP (or generic
storage) for minimization of imbalance costsdue to wind

1This reference does not discuss ownership but the simulation uses a control
strategy of hydro power plants that allows higher wind powerpenetration.
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power production forecast error. In this focus area plan-
ning methods, e.g. [12], [11]2 are presented.

d. Coordination of wind and pumped storage HPP for
a firm or a piecewise firm power production. In this fo-
cus area both pre-feasibility studies, e.g. [16], [18], [17]
and planning methods [13] are presented

An interesting observation is that there are no studies, except
[10], where conventional hydro power is used for balancing
of wind power forecast error. One reason for this is that in
most of the studies in balancing focus area (c.) a new pumped
storage owned by the same company as a WF is assumed.
Whereas a general case with conventional HPP usually means
separate ownership and thus the imbalances of wind power
producer due to wind power forecast error will be addressed
within a market framework.

Figure 1. Classification of the present research.

The focus areas naturally intersect with each other, Figure1.
Thus providing firm power from the wind-hydro power plant
(d.) can be seen as a subset of the balancing focus area (c.).
Transmission limits (b.) sometimes present as the constraints
in the problems where balancing of wind power forecast error
(c.) or profit maximization of hydro power utility (a.) is a main
concern. Remarkably though in the focus area where wind
and hydro power production is optimized for the common
profit maximization (a.) only midterm planning (weekly time
resolution) is considered and thus balancing problem (c.) is
beyond the modeling scope.

III. SUMMARY OF THE REVIEWED STUDIES

The following subsections present the in-depth description
of the recent research in each of the aforementioned focus
areas. Similarities and differences in modeling methods, level
of details and obtained results are also discussed. Table I
comprises some initial data and methods used in the reviewed
studies.

A. Investment possibilities and profit maximization

Table I comprises some initial data and methods used in the
reviewed studies in focus areas a. and b.

In [2] the coordination of WF with existing HPPs is
considered in generation expansion planning. Two investment
possibilities are compared in [2]: a new run-of-the-river hydro
power plant versus a new wind farm. Also two cases are

2In this study the aim is to minimize imbalances not imbalancecosts.

studied power production in order to fulfill demand obligations
or profit maximization given a spot market price. Existing op-
timization tool for mid-term hydro power production planning
is used in this study. A WF appears to be more attractive
option compared to a run-of-the-river HPP. Following reasons
are listed to explain this conclusion: in colder regions wind
power production is usually correlated with load on a weekly
basis while water inflows are more seasonal; no zero wind on
a weekly basis, but for water inflow it is quite frequent; wind
power option leads improved management of hydro reservoirs
(reduced water spillage). Both options lead to increased av-
erage water head in the existing hydro reservoirs and thus
increase of the efficiency of the respective HPPs.

In [9] the effect of 16 TWh wind power on the Nordic
spot market prices is analyzed using EMPS model (Multiarea
Power Scheduling) for the Nordic power system [20]. The
model was originally developed for hydro production schedul-
ing purposes. Stochastic dynamic programming algorithm is
used in EMPS model. After deregulation of the electricity
market it also serves as a tool for price forecasting. The EMPS
model contains 18 areas comprising Norway, Sweden, Finland
and Germany. Time resolution is one week and the hydro
inflow data are based on the period 1961-1990 with weekly
inflow data for each existing HPP. Wind power is added to
the EMPS model as run-of-the-river HPPs with 30 years of
wind speed measurements from several meteorological stations
used as "water inflow". The avoided costs, i.e. the reduced
production costs from various thermal units substituted by
wind energy per kWh, were estimated about 7% of the average
spot price for 2010 scenario.

Figure 2. Overview of the system studied in [8]

The research in [8] is a further development of [9] and is
directed towards assisting hydro power utilities considering
investments in wind power, Figure 2. 300-3000 GWh of
wind power is added in Mid-Norway. The complementary
characteristics of wind energy and hydro inflow served as
motivation for that paper. Wind energy production in Mid-
Norway is remarkably well correlated with demand, similar
conditions as in [2], whereas the yearly variations of hydro
inflow and wind energy seem to be weakly correlated. The
main concern is to identify how the increasing amount of
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Table I
OVERVIEW OF THE REVIEWED STUDIES IN FOCUS AREAS A. AND B .

Reference [6] [7] [3] [8] [2] [15]
Focus area 1b 1b 1b 1a 1a 2b
Method simmulation determ. optim. simmulation stoch. dyn. optim. determ. optim. stoch. optim.
Means Conven. HPPs Conven. HPPs Conven. HPPs Conven. HPPs Conven. HPPs Conven. HPPs
Ownership Separate Same Same Same Separate
Hydrological year 1961-1990 wet, 2001 wet, 2001 1961-1990 2005, 2011 wet, 2001
Transmission capacity, MW 420 250 95 1700 250
Local load, MW 75-350 0 0 0
Installed wind cap., MW 600 30-90 25 and 36 100-1000 1700 or 3000 60
Hydro power cap., MW 380 250 95 250
Reservoir cap., GWh 760 806 65.5 and 137.8 806
Annual hydro prod., GWh/y 1694±243 1161 334.8 12500 1161
Annual wind prod., GWh/y 2164±161 100 70.8 or 101.9 300-3000 170.9
Annual load, GWh/y 1927±52 0 0 17000 165000 0
Capacity factor of WF, h 3607±268 3333 2830 3000 2848
Capacity factor of HPPs, h 4458±639 4644 3803 and 4341 4644
Correl. between inflow and wind 0.07 0 0.45 0 0

wind energy would influence the optimal scheduling of the
hydro power production and to identify a mechanism in play.
Two cases are compared: wind-hydro production optimized
together and then sold on the spot market or wind power is
sold directly at spot price, i.e. no coordination. The first case
has shown the increased value of wind power compared to the
second case ranging from 9% to 4% declining as amount of
wind energy increases to 3000 GWh. The analysis made in
the paper suggests that the added value of wind energy can be
explained by reduction of water spillage.

B. Transmission bottlenecks

In [4] and [5] wind energy storage in hydro reservoirs
is considered in connection with bottleneck problems in the
network. The paper shows to what extent automatic generation
control of WF and existing conventional HPPs for avoiding
line overloading may influence the annual energy output of
each of these production sources. Ref. [6] offers further in-
depth evaluation of that coordination possibility, Figure3.

Figure 3. Overview of the system studied in [6]

The coordinated operation the existing HPPs and several
geographically spread WFs sharing the same transmission
capacity is simulated over a period of several years, con-
sidering wind and water inflow uncertainty. The simulation
uses a coordination strategy that maximizes wind power pen-
etration. Scheduled hydro generation and spot market prices
are obtained from the EMPS model and then hourly data
series are synthesized. The results of the case study show
that considering wind and hydro characteristics even without

coordination up to 600 MW of wind power can be developed
in the studied area with only 5% of wind energy curtailments,
compared to 115 MW in conservative approach, (WF capacity
= Export capacity - HPP capacity + Minimal local load).
With wind-hydro coordination wind energy curtailments are
reduced to 2%. The benefits of taking smoothing effect from
geographical spreading into account are also shown by simu-
lating 30 years of operation of three 200 MW WF vs one 600
MW WF. There case study with one WF leads to 4% (annual
average) wind energy curtailments if coordinated with HPPs,
i.e. twice as much as in 3x200MW case. A common revenue
is calculated as sum of produced energy (wind and hydro)
multiplied by a spot price (interpolated from EMPS results).
With up 400 MW of wind power in the area, there is no
reduction in total income of wind and hydro producers in case
of coordinated operation compared to unconstrained case, i.e.
without transmission limitations. With 600 MW wind power
the total income of wind and hydro producer reduction is 1%
(annual average) in coordinated case and income reduction of
wind power producer is 3% (annual average) in uncoordinated
case both compared to unconstrained case. It seems that the
income reduction is mainly due to remaining wind energy
curtailments, though this is not clearly stated in the paper.
The above results are achieved for a hydro power system
with relatively small reservoir and high share (37%) of non-
storable water inflow. Similarly to [2] and [8] this study
also concludes that due to strong correlation between wind
power production and power consumption in winter more wind
power can be installed in areas with transmission bottlenecks
than results form the conservative estimation. Though in the
contrast to [2] and [8] in this study coordination leads to small
additional water spillage. This can be explained by the factthat
simulation was used in this study not optimal wind and hydro
production planning as in [2] and [8].

In [7] several strategies are suggested assuming separate
ownership of wind power and hydro power in area with
transmission bottlenecks:

1) no coordination,
2) coordination maximizing common revenue of the wind

power and hydro power producers (e.g. same owner),
3) coordination maximizing hydro producers revenue,
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4) coordination minimizing wind energy curtailments.

The coordination strategies are then evaluated using historical
data of the hydro power system operation and wind speed
measurements from the studied site. The coordination strate-
gies are then evaluated using one year historical data of water
inflow and wind speed measurements from the studied site.
The evaluation method is rather close to [4], although there
are some differences in modeling and input data. Also in [4]
only strategy maximizing wind power penetration is evaluated
(similar to strategy 4 above). Conservative approach allows 0
MW wind power in the studied area, 30-90 MW were tested
in [7]. The results has shown that considering hydro power
production characteristic it is possible to install 30 MW of
wind power with small wind energy curtailments even without
cordination, however any coordination strategy is better than
none. It can be concluded that strategy 2 should be applied in
case if wind farm and HPPs are owned by the same company,
strategy 3 should be applied in case of separate ownership,
strategy 4 shows what is physically possible and is comparable
to [4], [5] and [6], but it is difficult to introduce it within the
electricity market framework.

In [14] a daily planning algorithm is developed for a multi-
reservoir hydro power system coordinated with a wind farm.
The planning algorithm assumes coordination strategy 3 from
[7]. Wind power and hydro power are assumed to be owned
by different companies. WF and HPP system share the same
transmission lines, but hydro power utility has priority to
use the transmission capacity3. Consequently, coordination
is necessary in order to minimize wind energy curtailments
during congestion situations on the transmission lines. The
wind power utility is assumed to be paying the hydro power
utility for the coordination service. The purpose of the de-
veloped coordinated planning is to provide the hydro power
utility with optimal hourly bids to the day-ahead market (spot
market), considering uncertainty of the wind power forecast.
Ref. [15] presents further improvement of the coordinated
planning algorithm from [14]. The coordinated planning algo-
rithm considers the uncertainty in the wind power forecast as
in [14] and also the uncertainty of power market prices. The
planning algorithm includes a spot market and a regulating
market (intra-day). The optimization problem is formulated as
a two-stage stochastic program with recourse. The coordinated
planning algorithm is applied in the same case study as in [7],
with 60 MW of wind power. As the main purpose of [15] is
the development of the planning algorithm not the case study
itself, only one week is studied (both planning and operation)
with hourly resolution. The result shows that with coordination
wind energy curtailments can be reduced by 75% compared
to uncoordinated case. Some wind energy curtailments still
remain due to the technical limitations of hydro power system.
The income of the hydro power utility is increased by 15%
because of coordination. The income of wind power producer
is increased by 3% compared to the uncoordinated case. The
improvement is so small due to the fact that coordination
service is assumed to be payed by average yearly spot price.
In practice this price should be based on more detailed

3This is often a case in e.g. Sweden.

analysis and agreement between wind and hydro utilities. For
comparison, the case study in [14], where only the spot market
is included, has shown that for the same week the wind energy
curtailments are reduced by 50%. The income of the hydro
power utility is increased by 16% because of coordination. The
income of wind power producer is increased by 2% compared
to the uncoordinated case. This difference can be explainedby
increased planning unceratainties if participation on theintra-
day market is not possible. Similar tendencies can be seen in
[10] that is discussed later in this paper.

In case where conventional HPPs are used for coordination
with wind power the main concern of the hydro power utility
is how it will affect operation, efficiency and lifetime of
the hydro power plants. The fist step in this direction has
been done by SkelefteåKraft (Swedish generation company)
in [3]. Coordination of two existing HPPs with large reser-
voirs with a new WF (25 MW or 36 MW) to be owned
by the same company is studied. Simulation is done based
on historical hydro power operation data and wind speed
measurements. The principle of the simulation is to reduce
hydro power production, compared to the case without wind
power when there is a congestion on the transmission line.
If the reservoir is full either wind energy should be curtailed
or water spilled, alternatively, stored hydro energy should be
continuously redistributed during the hours without congestion
to free some space in the reservoirs. This issue however is
not included in simulation, only total amount of the access
energy due to the full reservoir and simultaneous congestion
on the line is calculated for the whole simulated period. In
each simulation it is assumed that only one HPP participatesin
the coordination. In case with 25 MW of wind power 14% or
23% of excess wind energy (7.8 GWh) cannot be stored in the
reservoir of the respective HPP participating in coordination
and should be either curtailed or redistributed during the hours
without congestion. Efficiency of the HPP station participating
in coordination is in average decreased by 1.6% or 0.88%
respectively due to HPP production reductions (i.e. operation
off the optimal efficiency point). In the study both hydro
turbines are Francis turbines but the conclusion of this study
is that Kaplan turbines might be better suited for coordination
because they have an efficiency curve with wider top which
means that power regulations would have less impact on
the HPP efficiency. It is mentioned in [2] that, as excess
wind energy is retained in hydro reservoir, the reservoir level
increases and this leads to the increase of HPP efficiency for
the next hours of operation. This effect however is not studied
in [3]. The number of regulations at the HPP participating
in coordination is increased by 35% or 40% respectively. The
increased number of regulations leads to cavitation, that in turn
might cause the reduction of the HPP efficiency, erosion and
vibrations. This study needs to be continued and impact on the
efficiency and the number of regulations needs to be studied
within the optimization framework in order to keep these two
parameters within desired limits. This will be included in
further improvements of the planning algorithm presented in
[15].
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Table II
OVERVIEW OF THE REVIEWED STUDIES IN FOCUS AREAS C. AND D .

Reference [12] [13] [17] [10] [11]
Focus area 2c 2d 1d 2c 2c
Method stoch. dyn. optim. determ. optim. stoch. dyn. optim. determ. optim. stoch. dyn. optim.
Means Generic storage Pumped HPP Pumped HPP Conven. HPPs Generic storage
Ownership Same Same Same Same Same
Transm. cap., MW 4 not stated explicitly not stated explicitly 40
Local load 2.6 not stated explicitly not stated explicitly 0 0
Installed wind cap., MW 10 12 6203 796.42 21
Hydro power capacity, MW 4; 6; 8 3 1076 6
Storage capacity, GWh 0.05; 0.1; 0.15 0.024 8.224 0.04

C. Balancing wind power variations and firm power produc-
tion

In the previous focus area the impact from coordination on
the involved parties (hydro power and wind power utilities,
transmission system operators) is studied. It is not alwaysclear
beforehand if the coordination will have positive or negative
effect on those actors. In this focus area the storage is assumed
to be owned by wind power utility in all considered studies,
except [10]. In most of the studies the investment costs of the
storage are not considered4. Thus, obviously, any balancing
strategy is more attractive than none. So the comparison should
be done more in terms of coordination methods, level of
modeling details and necessary storage size in relation to wind
farm size. A brief overview of the reviewed studies in these
focus areas is presented in Table II A wind-hydro studied in
[12] is constrained by transmission limit from the studied area,
load obligation. It comprises generic storage (simultaneous
charging and discharging is not possible) and damp load that
used in case if excess wind power cannot be transferred. Wind
power is assumed always to be sold on the spot market (zero
marginal cost). Schedule is done for the spot market and then
deviation between scheduled and actual power production is
assumed to be subject to imbalances penalties in operating
stage. In reality on the Nordic market, the difference between
actual and planned production could lead to higher revenue of
the producer depending on the overall power balance in the
system. This is not included in the study so imbalances are
always penalized. The spot price, regulating price and load
forecasts are assumed 100% accurate. Wind speed forecast
for each hour of the scheduling period is modeled as random
number drawn from the normal distribution with given mean
and standard deviation. Forecast uncertainty is not included.
Only 24 hours scheduling is performed each time. Storage
is assumed to be completely discharged by the end of the
scheduling period, thus the wind condition the next day are
not accounted for. In the planning phase storage is filled
and discharged to maximize the income from trading on the
spot market. Dynamic programming is used. In the operating
stage storage is used in order to cover the difference between
forecasted and actual wind power production. Otherwise this
deviations are penalized. Simulation study using the above
strategy has been performed for one year (but no seasonal
wind speed variation or load variations considered). Differ-
ent storage parameters are tested. The use of damp load

4The investment costs only shortly discussed in [12], when comparing new
storage vs new transmission line alternatives

is correlated with storage capacity, i.e. the more capacity
the less damp load is used. The annual revenue increases
with increasing power and energy capacity of the storage as
expected. Investment costs of the storage are however not
analyzed. Without transmission constraints the storage can
be considerably lower. In order to increase the flexibility of
the storage, one should set minimum allowable storage level
higher than 0. Utilization factor of the storage decreases with
reduced round-trip efficiency of the storage. 10% increase
in storage round-trip efficiency provides 3% annual revenue
increase. With decreased forecast error annual revenue of
the hybrid system increases. The benefit of the accurate
forecast depends on the difference between spot price and
regulating market price. If there is no storage and wind energy
curtailments are allowed, this would lead to 16% energy loss
and decrease of revenue by 10% compared to the case with the
storage. The difference in annual revenue of the hybrid system
and wind+new transmission line is also calculated. And it was
concluded that with present costs of storage grid reinforcement
is likely to be more attractive option.

In [13] wind and pumped-hydro storage are coordinated.
In the contrast to [12] scheduling for 48 hours is performed
in order to anticipate wind power production the next day.
Then the results of the 24 hours of the planning are used
to trade at the spot-market. Two main goals are to improve
daily wind farm profit and smooth power production changes
due to wind power fluctuations (power output is kept within
given limits). Given average values and standard deviations
representing wind power forecast, wind power time series
scenarios are determined through Monte-Carlo simulations.
For each of them a linear optimization problem with hourly
resolution is solved to determine daily operating strategy.
From a number simulations average, minimum and maximum
values of the relevant variables are analyzed. These values
are used to represent the proposed operation strategy for the
next hours and to evaluate the performance of the solutions.
The actual Portuguese wind energy remuneration tariffs (may
include an hourly modulation coefficient in order to increase
the participation of renewables during peak hours) are usedto
illustrate economic gains that can be obtained by implemen-
tation of such operating strategy. Upper and lower production
limitation are applied due to network restrictions and market
requirements. In the contrast to [12] where storage charging
costs were not included here a cost is assigned to pumping.
There is a possibility included in optimization to decrease
production limit bellow the given value but at a high cost.
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In the test case pumped HPP stands for 25% of wind farm
capacity. Storage size corresponds to 2h of full operation of the
wind farm at nominal power. Several operating strategies are
used (concerning reduction of the lower production limit).The
yearly average economic gain of wind-hydro system compared
to wind only case ranges between 12% and 22.2% for the
analyzed test case. According to results the pump is operated
during low price periods and during congestion hours, whichis
as expected. The utilization of the information from the second
day forecast leads to non-empty reservoirs at the end of the
planning day aiming to optimize the next day operation which
is an improvement compared to [12]. Similar representation
of future wind conditions is also used in [14], [15]. Different
systems sizes are not tested. Much more concern is put on
studying different conditions for upper and lower production
limits. In the presence of imbalance penalties as in [12], this
problem would be solved within the optimization.

In [17] the strategy developed in [13] is adapted for the
RWE balancing area (37% of the total wind power in Ger-
many) in German power system and a size of a pumped storage
hydro power plant necessary to provide firm power from all
wind installations in the area is calculated. In Germany there
is fixed feed in tariff for wind power, thus there is currentlyno
incentive for wind power utility to store energy. The incentive
lies on the side of the TSO who is a balance responsible. The
purpose of this study is to show the potential or the hybrid
system from the economic and environmental point of view.
Equal target weight factors are assigned in the optimization
problem for limiting fluctuations of delivered power, for the
level of power delivered to the system and for the cost of
pump operation. In [13] certain prices are assigned to each of
the above parameters. High and low wind periods are tested.
Hourly wind power forecasts were generated by WEPRPOG
with its operational multi-scheme ensemble prediction systems
(MSEPS). The MSEPS is coupled with wind power prediction
module which can provide an objective uncertainty of the
power forecast. Existing pumped hydro storage is used as a
reference pumped storage facility, Table II. The well balanced
and smooth power delivery of the coupled wind-hydro is
compared with wind only operation. The reserve capacity
from other power stations that would have to be purchased
daily to balance wind power is reduced by 78 % (week with
high wind speeds) and 91.9% (week with low wind speeds).
Further increased storage and also different values of target
weight factors are tested. The results have shown that further
increase of the storage leads to only small improvements
and in addition the pumps and hydro turbines and very low
utilization times of additional pumped HPPs. The study of
different weight factors has shown that it is beneficial to put
strong weight on the criterion to deliver constant power output
and to have less weight on absolute power output. Pumping
is of less importance and can be assigned a smaller weight.
These tendencies are confirmed by the results in [13].

In [10] the coordination is applied in order to minimize
WF imbalance costs. Thus, the coordination with HPPs (con-
ventional HPPs, but not multi-reservoir systems as in e.g.
[15]) is employed only on the intra-day market. Spot market
prices and imbalance penalties are treated as deterministic. The

transmission constraints are not considered. In the intra-day
coordination both forecasting tool SIPREÓLICO, [21], and
persistence forecast are used and revenues then compared with
the case where perfect forecast is used. Forecast uncertainty is
not considered in the optimization, i.e. linear programming is
used. Cases with 1 intra-day auction or 6 intra-day auctionsare
tested. The results have shown that the use of the persistence as
the forecasting tool leads to a greater loss of revenue, similar to
[12]. In the market with a single auction the time span for the
forecast is larger than in a market with several auctions andit
carries larger losses. As the case study only includes one day,
it is not possible to see some effects of combined operation
mentioned in other studies, e.g. better management of the
reservoirs. Also there is no compensation for hydro utilityas
e.g. in [15]. Wind and hydro are assumed to be owned by the
same utility and coordinated in order to maximize common
revenue. Thus the coordination will take place only in case if
WF revenue increase due to coordination is higher than the
losses of the HPP. When coordinated operation vs uncoordi-
nated operation are compared the results greatly depend on the
relation between imbalance penalties and future water prices
(price of using the water in the future compared to using it
now). E.g. if the water future price is 60 EUR/MWh the hydro
power plant will only cover wind power underproduction
completely in case if the penalty is very high (1.75 times the
marginal price). Different forecasting accuracies and market
hypothesis are tested. The results summarized in numerous
tables. E.g. for imbalance price equal 1.25 times the marginal
price with minimum forecast accuracy and several intra-day
auctions the deviations payed by wind power utility compared
to deviations payed by combined utility are 36% higher. Same
conclusion as in [12] is obtained, i.e. the higher the difference
between an imbalance penalty and a spot price the higher is
the value of the forecast accuracy.

In [11] further develops the work started in [12] and [13].
The aim is maximize the common profit of the wind-hydro
system while minimizing imbalance risks. The same phases
as in [12] are included, i.e. day-ahead market scheduling and
daily operation. However both the maximization of the profit
on the day-ahead market and minimization of energy imbal-
ance risks are included in the formulation of the optimization
problem used for performing the day-ahead schedule of the
wind-hydro power plant. The actual imbalance minimizationis
then achieved in the operation phase. Probabilistic wind power
production forecasts are used. Spot price forecasts are ob-
tained through a persistence-type model yielding deterministic
forecasts. As the purpose of the optimization is to minimize
imbalances, not their costs, hence the imbalance prices are
not considered. The possibility to consider the interconnection
capacity is included in the model though it is not applied
in the case study. In the study, only the hourly wind power
forecasts corresponding to each hour of the scheduling horizon
are considered, i.e. no anticipation of the wind conditions
during the coming days. However some flexibility is added
by fixing the storage state at 50 % of its capacity at the end
of each scheduled day, this is also advised in [12]. Quadratic
cost function is used for representing the operation cost ofthe
energy storage. The method is applied in a case study where
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21 MW wind farm is coordinated with 40 MWh pumped hydro
power plant. In the case study one hourly schedule per day is
produced and 365 days are simulated using historical data for
the year 2002. The case study demonstrates that it is possible
to obtain reductions of the energy imbalances generated by
the WF while maintaining the profit of the power producer.
The results indicate that the joint operation of wind-hydro
plants comprising energy storage may enable the hybrid to be
a "well-behaved citizen" from the TSO viewpoint whilst the
plant operator still maximizes the generated profits. Different
risk sensitivities and different risk perception depths are tested
to see how the results vary with such parameters. Only one
storage and one round-trip efficiency was considered so far.
The work presented in [11] continues and more results and
improvements of the represented method are to be expected
in the future.

It should be mentioned that there also exist other studies on
coordination of wind and hydro power for firm or piecewise
firm power output in real time operation. Ref. [18] presents a
theoretical study of how wind power can be complemented
with conventional hydro power hydro power. In e.g. [19]
and [16] pumped storage and wind power are combined
for satisfactory operation in autonomous islands in Greek
archipelago. These studies are not included in the comparison
here, as those usually concern smaller scale, isolated wind-
hydro systems and also do not include problems introduced
within a framework of the electricity market. These studies
however might provide useful clues regarding the storage
sizing.

IV. SUMMARY OF RESULTS IN EACH FOCUS AREA

This section summarizes common conclusions and interest-
ing observations of the studies discussed above and also points
out the areas in which further research may be required. The
conclusions are summarized by the focus areas but it should be
pointed out that due to the intersections of the focus areas some
conclusions and recommendations from one focus area might
even be applicable in the other focus areas. For an overview
the comparable results of the case studies discussed above are
summarized in Table IV (focus areas a. and b.) and in Table
IV-C (focus areas c. and d.)

A. Profit maximization

• The studies where optimization in applied have shown
that water spillage at HPPs is decreases compared to the
uncoordinated operation of WFs and HPPs, [8], [2].

• Coordination is more advantageous in the areas where
wind power production is strongly correlated with elec-
tricity demand [8], [6] and [2].

B. Transmission bottlenecks

• Coordination leads to reduction of wind energy curtail-
ments in areas with transmission bottlenecks, Figure 4.

• Spreading wind farms over the larger geographical area
and considering smoothing effect allows higher wind

Figure 4. Wind energy curtailments in coordinated and uncoordinated cases
in % of unconstrained wind energy production.

power penetration in areas with limited export capacity,
[6].

• Coordination of WF and HPPs on both the spot and
the intra-day markets adds flexibility to the wind-hydro
system and leads to further decrease of wind energy
curtailments and more optimal operation of the involved
HPPs.

• Coordination leads to increase number of regulations at
the involved HPPs, especially if the previous conclusion
is taken into account. Increased number of regulations
might lead to efficiency reduction and increased mainte-
nance costs for the HPP, [3].

• Costs associated with regulations of the HPP should
be included in the optimization. Thus a trade off will
be made between additional regulations and increased
revenue from coordination.

• Coordination might lead to the operation off the optimal
efficiency points. The extent of this effect however de-
pends on the hydro turbine type, [3].

• Optimization should be applied for the coordinated pro-
duction planning. Hence a trade off will be made between
negative impact on the efficiency and overall revenue
improvement.

• During coordination water is stored in hydro reservoirs
this leads to increased water head and hence increased
HPP efficiency. This effect is only shortly mentioned in
[2] and needs to be studied further.

• Consideration in the daily planning of wind power pro-
duction in the coming days contributes to more optimal
management of reservoirs and higher benefits from the
coordination, [15]. This conclusion is also confirmed in
the research within balancing focus area, e.g. [13].

C. Balancing and firm power production

• Any balancing strategy is more beneficial than none.
• It is necessary to include storage costs into the problems

or in case where existing storage is used for coordination
the ownership question should be addressed in order to
have more realistic results.

• Value of better forecasting depends on the difference
between imbalance prices and spot price.
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Table III
OVERVIEW OF THE MAIN RESULTS IN FOCUS AREAS A. AND B .

Reference [6] [7] [3] [8] [15]
Total export capacity 420 250 95 1700 250
Wind capacity with conserv. assump. 115 0 0 0
Wind capacity with coord. 600 30 25 and 36 1000 60
Curtailments without coordination in % of unconstr. prod.5% 1.5-4.5-7.3% 11% and 20% 30%
Curtailments with coord. in % of unconstr. prod. 2% 0-1.5% 14% or 23% 8%
WF revenue in % of uncoord. 127% 9%-4% 103%
HPP revenue in % of uncoord. 101%-102%* 137% 115%
Effect of water spillage almost none ↓ 19% not allowed ↓ 0.7%-15% not allowed

* Common revenue of wind-hydro utility

Table IV
OVERVIEW OF THE RESULTS IN THE FOCUS AREAS D. AND C.

Reference [12] [13] [10]
Storage size in hours of full WF operation 5; 10;15 2
Neg. imb. pr. in relation to spot pr. 1.25 1.5 1.25
Pos. imb. pr. in relation to spot pr. 1.1 1.5 1.25
Wind energy curtailment without storage 16% 5%-16% not constr.
Revenue savings with storage vs without 8% 12%-22% 36%

• The studies in this focus are might benefit from using
the probabilistic wind power production forecast instead
of point-forecasts.

• Absence of transmission constraints in the problem al-
lows smaller storage.

• A hybrid system can benefit if the wind conditions during
the coming days are anticipated in a daily planning.
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paper.
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1. Introduction

The best conditions for the development of wind farms are in
opened, remote areas, far from the load centers. The transmission
system in such areas is usually not well developed, so the growth
of wind farms is hindered by congestions on the transmission lines.
Furthermore a part of the transmission capacity of the power lines
might already be reserved for conventional power plants located in
the same area.

As wind power production depends on wind speed, the full load
hours of a wind farm are only 2000–4000 h/year. Moreover wind
power production peaks do not always occur during periods with
insufficient transmission capacity. Therefore reinforcing a trans-
mission network in order to remove a bottleneck completely cannot
always be economically justified. It is possible, for example, to cur-
tail excess wind energy during congestions on the transmission
lines [1,2]. Another alternative is to store excess wind energy. Bat-
tery storage or pumped hydro-storage for large-scale wind farms
is still expensive, but existing conventional power plants with fast
production control capabilities and sufficient storage capacity, for
example hydropower plants, could be used instead.

The coordination of wind power and hydropower has been stud-
ied earlier in connection with several different problems. In [3] the
coordination of wind farms with hydropower plants is considered
in generation expansion planning. Two investment possibilities are
compared in [3]: a new hydropower plant (HPP) versus a new

∗ Corresponding author.
E-mail address: julija@ee.kth.se (J. Matevosyan).

wind farm (WF). In [4,5] the effect of wind power on the market
prices is analyzed. The research in [4,5] is directed towards assist-
ing hydropower utilities considering investments in wind power. In
[6] the coordinated operation of several geographically spread WFs
and HPP sharing the same transmission capacity is simulated over
a period of several years, considering wind and water inflow uncer-
tainty. The simulation uses a coordination strategy that maximizes
wind power penetration. The paper shows that due to coordina-
tion significantly more wind power can be developed in the studied
area. In [7] several coordination strategies are suggested assuming
separate ownership of wind power and hydropower. The coordi-
nation strategies are then evaluated using historical data of the
hydropower system operation and wind speed measurements from
the studied site. None of these papers, however, treat hydropower
production planning for daily operation, considering the coordina-
tion with wind power.

In [8] the dynamic programming algorithm is presented for a
daily planning of coordinated operation of wind parks and generic
energy storage in area with limited export capability. In [9] the
optimization problem is formulated for daily production plan-
ning of wind park and pumped storage hydropower plant, though
transmission bottlenecks are not considered. Also, in [8,9] the stor-
age is owned by the wind power utility, wind power production
is assumed to be deterministic and multi-reservoir hydropower
systems are not considered. These limitations are overcome in plan-
ning algorithm developed in this paper.

One of the most recent publications on coordinated planning of
wind and hydropower plants is [10]. In that paper the coordination
is applied in order to minimize WF imbalance costs. Thus, the coor-
dination with HPPs is employed only on the intra-day market. Spot

0378-7796/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.epsr.2008.05.019
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market prices and imbalance penalties are treated as deterministic.
The transmission constraints are not considered in the planning.

In [11] a daily planning algorithm is developed for a multi-
reservoir hydropower system coordinated with a wind farm. The
planning algorithm is based on one of the coordination strategies
developed in [7]. Wind power and hydropower are assumed to be
owned by different utilities. It is assumed that the wind farm and
the hydropower system share the same transmission lines, but that
the hydropower utility has priority to use the transmission capacity.
Consequently, coordination is necessary in order to minimize wind
energy curtailments during congestion situations on the transmis-
sion lines. The wind power utility is assumed to be paying the
hydropower utility for the coordination service. The purpose of the
developed coordinated planning is to provide the hydropower util-
ity with optimal hourly bids to the day-ahead market (spot market),
considering uncertainty of the wind power forecast.

This paper presents further improvement of the coordinate
planning algorithm from [11]. The coordinated planning algorithm
considers the uncertainty in the wind power forecast as in [11]
and also the uncertainty of power market prices. The planning
algorithm considers a spot market and a regulating market. The
optimization problem is formulated as a two-stage stochastic pro-
gram with recourse [12].

The paper is structured as follows: in Section 2 a flow chart
for the developed hydropower planning algorithm, which consid-
ers coordination with wind power, is presented and explained in
detail in the successive subsections. The developed algorithm is
then applied in a case study in Section 3. The results obtained when
applying coordinated planning are compared to the results when
uncoordinated planning is used. Section 4 summarizes the main
conclusions of the study and plans for future work.

2. Coordination strategy with wind power

In this paper a hydropower system is assumed to be coordinated
with a WF as follows: for each hour of the coming day, if trans-
mission congestion is expected, the hydropower utility decreases
its planned production depending on constraints of the hydro-
reservoirs. Energy is then retained in the hydro-reservoirs and the
wind farm can use available transmission capacity. Each megawatt
(MW) of stored hydropower corresponds to 1 MW of transmis-
sion capacity that is made available for excess wind energy. Stored
hydropower can then be used in the hours without congestion.
The wind power utility is assumed to pay to the hydropower util-
ity for this service. Therefore it is important in the coordinated
planning to keep track of hydropower production changes due
to wind power production and congestions on the transmission
lines. For this purpose the planning algorithm is divided into two
parts:

(1) Base case hydropower planning for the spot market without
consideration of wind power.

(2) Re-planning of hydropower production for the spot market and
the regulating market considering wind power production.

The first part of the planning algorithm (base case planning)
is optimization under spot price uncertainty. This part is formu-
lated as a stochastic program. The second part of the planning
algorithm (re-planning) is optimization under the power market
price uncertainty and the wind power production uncertainty. The
optimization problem is formulated as a two-stage stochastic pro-
gram with recourse [12], where the first stage corresponds to the
planning for the spot market, and the second stage corresponds to
the planning for the regulating market.

Relevant references on stochastic modeling within an electricity
market framework are e.g. [13] that models in detail the day-ahead
market and [14] that models in detail day-ahead market, automatic
generation control market and balancing market.

The following assumptions are made for the planning:

• The hydropower utility and the wind power utility are price
takers. Depending on the generation capacity of the utility this
assumption can be reasonable or not. For example the turnover
quantities on the Nordic regulating market are small compared
to the Nordic spot market implying that the market price is more
sensitive to the behavior of the actors on the regulating market.
In order to capture this, the actor performance influence on the
price must be modeled, see e.g. [14], where the capability of influ-
encing prices in the volatile regulating market is modeled with a
revenue function.

• The hydropower planning for the coming day is assumed to be
conducted at 11:00 the day before, in order to place the bids on
the spot market that closes at 12:00.

• Cooperative (i.e. fair to wind power utility) behavior of the
hydropower utility is assumed.

In addition to the coming day the rest of the current week is
also included in the planning. This is done to account for the wind
power that might be produced during the following days. However,
only the planning results for the coming day are used for bidding
on the spot and regulating markets. Planning is then repeated for
each following day.

Hydro-reservoir content at the end of the week is fixed in accor-
dance with mid-term planning [15]. It is possible to use a more
flexible representation of the end conditions for hydro-reservoirs.
In the short-term hydro-planning the so-called water value func-
tion is often used. The water value function shows the expected
future income of the hydropower utility as a function of hydro-
reservoir content [15]. However, in a discussion with hydropower
producers, it was pointed out that by using the water value function
the effect on operation of the hydropower system from coordina-
tion with the wind farm would extend to longer periods. Operation
of the hydropower system would then be strongly affected by coor-
dination with wind power. By fixing reservoir content at the end
of the week to a certain value, the effect of coordination does not
extend beyond that week, although it might negatively affect wind
energy curtailments.

The planning is performed for each day in accordance with the
flow chart in Fig. 1. The flow chart is discussed in detail in the
following subsections.

2.1. Initial data

For the day to which the planning refers (the planning day)
input data (blocks 1 and 2) are loaded: the water inflow, the ini-
tial reservoir content at the beginning of the planning day and the
final reservoir content at the end of the current week, the spillage
and the discharge in the preceding hours to account for the water
delay between the reservoirs and the spot prices.

In order to deal with uncertainty of the spot prices a set of the
spot price scenarios is used. Each spot price scenario corresponds to
a particular realization of the stochastic process. Here, to generate a
set of spot price scenarios, sampling from historical spot price time
series is employed. Equal probability is assigned to each spot price
scenario.

The set of spot price scenarios form a scenario tree. The root
node of the tree corresponds to a known spot price at the time of
planning. The tree then branches into the nodes of the subsequent
hours. Each node has a unique predecessor node but possibly sev-
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Fig. 1. Flow chart of the daily hydropower planning algorithm in coordination with wind power.

eral successors. The branching continues to the nodes of the last
hour of the planning day [16]. The number of nodes for the last
hour of the planning day corresponds to the total number of spot
price scenarios. The schematic structure of the spot price scenario
tree is shown in Fig. 2. The stochastic optimization (block 3) finds
an optimal decision, i.e. hydropower production bids to the spot
market for each spot price scenario. The stochastic decision pro-
cess then has the same tree structure as the spot price scenario
tree.

2.2. Hydropower planning, base case

This subsection discusses modeling details of the base case
hydropower planning without consideration of wind power (block
3). Generally, hydropower production is planned differently by
different utilities. There is a large variation in modeling, for exam-
ple regarding the degree of detail, representation of uncertainties.
Furthermore, actual operation is not always in accordance with pro-
duction plan because of unexpected events, for example generator
outages or participation in the regulating market, etc.

A discharge-generation function of an HPP is non-linear and
non-concave. It is approximated here by a concave piecewise lin-
ear function where local best efficiency points and the point of
maximum discharge of a true generation function are used as the
breakpoints [18] (Fig. 3). The slope of each linear segment is called Fig. 2. Spot price scenario tree.
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Fig. 3. Production function of the hydropower plant.

the production equivalent, �is. The effect of the head variation of
the reservoir is neglected. This simplification is valid for large reser-
voirs and short time horizon. More detailed methods of production
characteristic modeling are given in [19,17]. However, the appli-
cation of these methods here would lead to non-linear or mixed
integer stochastic optimization problem which is more difficult to
solve and requires longer computation time.

Water inflow uncertainty is neglected in the most short-term
planning methods in order to limit a size of the optimization
problem and thus shorten computational time, e.g. in [17,19]. The
inflow uncertainty is usually considered in the mid-term or long-
term planning [15]. In this paper both uncertainty associated with
market prices and uncertainty of the wind power forecast are con-
sidered, thus modeling of inflow uncertainty would increase a
size of already huge optimization problem even further. As inflow
uncertainty is less significant in the short-term compared to, e.g.
uncertainty associated with power market prices, it is not modeled
in this paper.

The objective of the hydropower producer is to maximize the
expected income zb from produced power subject to hydrologi-
cal constraints, power transmission constraints and technical and
environmental limitations of the hydropower system:

max zb =
∑
k ∈ K

∑
n ∈ Nk

cs(k, n)pn(k, n)
∑
i ∈ I

∑
s ∈ Si

uis(k, n)�is, (1)

xi(k + 1, ñ) = xi(k, n) −
∑
s ∈ Si

uis(k, n) − yi(k, n) + wi(k)

+
∑
j ∈ ˝i

⎡
⎣∑

s ∈ Sj

ujs(k − �ij, n�ij
) + yj(k − �ij, n�ij

)

⎤
⎦ ,

∀i ∈ I, ∀k ∈ K, ∀n ∈ Nk, (2)

∑
i ∈ Ic

∑
s ∈ Si

uis(k, n)�is − D(k) ≤ P̄12, ∀k ∈ K, ∀n ∈ Nk, (3)

xi(0) = x0
i ; xi(n, Klast) = xlast

i , ∀n ∈ Nk, (4)

0 ≤ xi(k, n) ≤ x̄i; 0 ≤ yi(k, n) ≤ ȳi, ∀i ∈ I, ∀k ∈ K, ∀n ∈ Nk, (5)

0 ≤ uis(k, n) ≤ ūis, ∀i ∈ I, ∀s ∈ Si, ∀k ∈ K, ∀n ∈ Nk, (6)

where uis(k, n) is the water discharge at hour k, at node n of the
decision scenario tree, at HPP i, in a segment s of the production
function; Si is an index set of the segments of the production func-
tion; cs(k, n) is a spot price at hour k, at node n of the spot price
scenario tree; pn(n) is the probability of the node n; Nk is a subset
of nodes of the spot price scenario tree at hour k; xi(k, n) is the reser-
voir content, yi(k, n) is the water spillage; wi(k) is the water inflow

to the reservoir; ˝i is an index set of the HPPs directly upstream of
plant i; �ij is a water delay time between HPP j and HPP i directly
downstream; ñ is a child node of the node n; n�ij

is a relative node
of the node n at hour k − �ij , see Fig. 2; D(k) is the hourly load in
the studied site and P̄12 is available transmission capacity from the
studied site; Ic is the index set of HPPs sharing same transmission
capacity with a wind farm; x0

i
is the initial reservoir content and xlast

i
is the reservoir content at the end of the current week; Klast is the
last hour in the current week, Klast ⊂ K; x̄i, ȳi and ūis are respectively
maximums of reservoir content, water spillage and discharge.

In (2), xi(k + 1, ñ), uis(k, n), ujs(k, n), yi(k, n), yj(k, n), xi(k, n) are
variables and wi(k) is a parameter. In (3) both parameters D(k) and
P̄12 are assumed deterministic.

∑
i ∈ I

∑
s ∈ Si

uis(k, n)�is in (1) is the

power that the hydropower producer would bid on the spot market
at hour k, for the price cs(k, n).

Eq. (3) assumes radial connection from the studied site to the
rest of the transmission system, i.e. all net power flows over one
transmission corridor with capacity limit defined by TSO. In case
of meshed connection dc load flow can be used to approximate
the flows on the involved lines which along with transmission con-
straints ensure that optimal production levels of HPP system are in
agreement with available transmission capacities.

The solution to of the base case hydropower planning prob-
lem described in Eqs. (1)–(6): the planned water discharge, HPP
production, spillage and reservoir content (block 4), are passed as
parameters to the re-planning program that includes coordination
with wind power (block 9).

2.3. Wind power production scenarios

Wind power forecasting for about 48 h in advance is an estab-
lished technique by now. Currently there is a wealth of models
(> 50) either at research or commercial level. The accuracy of the
short-term prediction has improved during last years. Ref. [22] pro-
vides excellent literature overview on the state of art in short-term
prediction of wind power and [21] presents the results of the com-
parison of 12 advanced prediction systems.

The majority of operational prediction tools were initially
designed to provide deterministic forecasts. As wind penetration
increases, end-users require complementary information on the
uncertainty of such forecasts, e.g. for production planning and bid-
ding on the electricity market. Forecast uncertainty estimation is
developed in the last years. The state of art now moves to fully
probabilistic models that are able to provide directly the predictive
probability density functions for each time step of the forecasting
horizon [22].

In principle for the planning model developed in this paper
any available forecasting and uncertainty estimation model can be
used, see, e.g. [10]. As the main focus of this paper is not on the wind
power forecasting per se, a wind speed forecast is assumed avail-
able and ARMA(1, 1) model for wind speed forecast error developed
in [23] is used (block 5). The model simulates possible outcomes of
the wind speed forecast error whose stochastic properties are close
to those of the actual wind speed forecast error. By sampling from
the ARMA(1, 1) model the set of wind speed forecast error scenar-
ios can be generated. Equal probability is assigned to each scenario.
The wind speed forecast error scenarios form a scenario tree.

A possible outcome of wind speed forecast error �V(k), corre-
sponding to hour k and node m of the forecast error scenario tree
is denoted �v(k, m). A wind speed v(k, m) at hour k and node m
of the scenario tree is calculated as a sum of a wind speed forecast
vf(k) and a wind speed forecast error �v(k, m):

v(k, m) = vf(k) + �v(k, m), ∀m ∈ Mk, (7)
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Fig. 4. Example of wind power production scenarios for 60 MW wind farm for the
planning day (Thursday in this example) and for the rest of the current week included
in planning.

where Mk is a subset of nodes of the forecast error scenario tree
at hour k. The wind speed scenario tree will then have the same
structure as the wind speed forecast error scenario tree. Obtained
wind speed scenarios are then converted to wind power production
scenarios using production functions, the so-called power curves of
the respective wind turbines of the WF [25].

Note, that according to [20] for prediction horizon longer than
12 h, use of wind speed forecast with subsequent conversion to
power offers no advantage over direct wind power prediction.
Moreover it is found that two-stage modeling (conversion of wind
speed predictions to wind power in which correlation structure
in power measurements is disregarded) is inferior to models that
take the power correlation into account [20]. Thus using direct wind
power prediction might be more advantageous as it leads to higher
forecast accuracy.

Wind power production scenarios form a scenario tree with the
same structure as the wind speed scenario tree. Wind power pro-
duction at hour k, node m of the wind power production scenario
tree is denoted P̄w(k, m).

The wind power scenario model is only applied for the planning
day that is for k ≤ Kday

last , where Kday
last is the last hour of the plan-

ning day. The accuracy of weather predictions decreases strongly
looking at 5–7 days ahead. For the remaining days of the current
week included in the planning, monthly average wind power pro-
duction Pav

w is used instead of wind power scenarios,1 shown in
Fig. 4. It is calculated from the monthly average wind speed derived
from statistical data. Numerical weather prediction-based models
are nowadays able to produce forecasts for up to 1 week ahead and
characterization of uncertainty can also be obtained. If such data
are available the forecast error even for up to 1 week ahead fore-
casts can be modeled and applied here. Though it would result in
increased size of the optimization problem, it would on the other
hand lead to more realistic planning, where uncertainty of the wind
speed forecast for the rest of the week is also considered. The value
of such representation should thus be studied further.

2.4. Power market price scenarios

This subsection discusses block 7 in Fig. 1. The model for genera-
tion of regulating market price scenarios is based on autoregressive

1 In the following subsections the equations are written in general form, however,
for all k > Kday

last
, P̄w(k, m) should be substituted by Pav

w .

integrated moving average (ARIMA) [26] and Markov processes
[27]. This model is fully described and motivated in [28,29]. This
references also provides a literature review on the market price
modeling. A brief description of the model follows bellow.

The regulation power price series used in this paper are charac-
terized by the following:

• There are different prices for upward and downward regulation.
• Not all hours have defined upward and/or downward prices. The

prices are defined if the corresponding quantities of regulating
power are larger than zero.

• The occurrence of upward and downward regulating prices are
negatively correlated.

• If defined, the regulating prices have bounds set by the spot price:
the upward price is always higher and the downward price is
always lower than the spot price.

The models for upward and downward regulation are partly
separate, but are based on the same mathematics. The developed
regulating power price model cr takes the occurrence of undefined
prices into account by modeling the regulating power prices for
hour k as

cr(k) =
{

a(k), b(k) = 1,
not defined, b(k) = 0,

(8)

where b(k) is a binary stochastic variable. The continuous part of the
model, a(k), is modeled using an ARIMA process, while the discrete
part, b(k), is modeled with a Markov process.

The continuous part reflects the behavior of the prices when
they are defined and can be expressed in terms of the spot price
and the difference ı(k) between the spot and regulating price as
a(k) = cs(k) + ı(k). The spot prices cs(k) are known at this stage,
while ı(k) are stochastic variables modeled with an ARIMA(2, 1, 2)
process.

The correlation between the occurrence of upward and down-
ward prices is handled by using Markov processes to model b(k),
that is bu(k) and bd(k) for upward and downward prices, respec-
tively. Four states covering all possible combinations of bu(k) and
bd(k) can be identified: (bu(k), bd(k)) = {(0, 0), (0, 1), (1, 0), (1, 1)},
with associated probabilities for transition between states.

The parameters of a(k) and b(k) are estimated using historical
price series.

As the production planning is conducted before the spot
market closure, the uncertainty of spot prices, upward and
downward regulating prices should be considered. The stochas-
tic power market price process � is then three-dimensional,
� = {Cu(k), Cd(k), Cs(k); ∀k ∈ K}, where Cu(k), Cd(k), Cs(k) denote
respectively the stochastic upward regulating price, the stochastic
downward regulating price and the stochastic spot price at hour
k. In this paper observed historical price series from the spot mar-
ket are used as spot price scenarios. From each spot price scenario,
one upward regulation price scenario, and one downward regula-
tion price scenario are generated by sampling from the regulating
market price model. An outcome of the three-dimensional stochas-
tic market price process �, corresponding to hour k and node n of
the power market price scenario tree is denoted cu(k, n), cd(k, n),
cs(k, n). Equal probability is assigned to each power market price
scenario.

2.5. Scenario reduction and bundling

Wind power production scenarios and power market price sce-
narios generated as described in the previous subsections form
scenario trees. To assure that stochastic properties of the process
are represented correctly many scenarios should be generated.
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The computational effort for solving scenario-based optimiza-
tion models depends on the number of scenarios. Therefore it is
necessary to reduce the original scenario tree so that it has a smaller
number of scenarios but its stochastic properties are not changed
significantly.

The scenario reduction approach applied here (blocks 6 and 8)
is presented in detail in [16]. The scenario reduction algorithm
reduces and bundles the scenarios using the Kantorovich metric,
which assures that as many scenarios as possible are reduced with-
out violating a given tolerance criteria.

2.6. Hydropower re-planning coordinated with wind power

In the re-planning part (block 9) of the planning algorithm,
the base case hydropower production plan (blocks 3 and 4) is
changed to account for wind power. If, according to the base case
hydropower production plan (block 4) and wind power produc-
tion scenario (block 6), transmission congestion is expected, then
planned hydropower production could be decreased, in order to
allow the WF to use available transmission capacity. For each hour
k the subset of node combinations (n, m) of the market price sce-
nario tree and the wind power production scenario tree, at which
congestion on the transmission lines is expected, can be defined
from the following condition:

if
∑
i ∈ Ic

∑
s ∈ Si

�isuis(k, n) + P̄w(k, m) − D(k) > P̄12,

then k, n, m ∈ Kc(n, m), (9)

where
∑

i ∈ Ic

∑
s ∈ Si

�isuis(k, n) is planned hydropower production

in a plant i, at hour k according to the base case; P̄w(k, m) is potential
wind power production at node m of the wind power production
scenario tree, at hour k; P̄12 is available transmission capacity and
Kc(n, m) is index set of congestion hours, for node combinations
(n, m), Kc ⊂ K .

For each hour k the subset of node combinations (n, m), at which
no congestion on the transmission lines is expected, can be defined
from the condition:

if
∑
i ∈ Ic

∑
s ∈ Si

�isuis(k, n) + P̄w(k, m) − D(k) ≤ P̄12,

then k, n, m ∈ Knc(n, m), (10)

where Knc(n, m) is index set of hours without congestion, for node
combinations (n, m), Knc ⊂ K .

It is assumed that the hydropower producer is paid for reducing
power production at the stations Ic , as this relieves congestion on
the transmission lines and allows the WF to produce energy that
would otherwise be curtailed. The price c, EUR/MWh, is estimated
as yearly average economic losses of the wind power utility due to
wind energy curtailments, based on historical data:

c <

∑
k ∈ Kc

cs,h(k)

(∑
i ∈ Ic

Ph
i

(k) + P̄h
w(k) − P̄12

)

∑
k ∈ Kc

(∑
i ∈ Ic

Ph
i

(k) + P̄h
w(k) − P̄12

) , (11)

where Ph
i

(k) is hydropower production in stations Ic without coor-
dination, P̄h

w(k) is wind power production and cs,h(k) is a spot price.
The numerator corresponds to the economical losses due to wind
energy curtailments according to historical data and the denomi-
nator corresponds to total wind energy curtailments in that period.
Thus c is the upper limit for the price that the wind power utility is

Fig. 5. Schematic structure of the scenario tree for stochastic decision process.

prepared to pay the hydropower utility for the coordination. More
flexibility could be added, for example, by estimating c as monthly
average loss due to wind energy curtailments. Different value of
c would then apply to each month. The exact value of the coordi-
nation service price depends on the agreement between the wind
power utility and the hydropower utility.

In the re-planning part of the planning algorithm two new vari-
ables are introduced: additional discharge �uis(k, n) and power
production decrease �Pis(k, n). The new variables make it possible
to track changes in the coordinated production plan (blocks 9 and
10) compared to the base case plan (blocks 3 and 4) (Fig. 1). Also,
as wind power production forecast is uncertain, hydropower pro-
duction adjustments are planned for each wind power production
scenario, Pup

is
(k, n, m) and Pd

is
(k, n, m). Bids for these adjustments

can be made later during the day as upward or downward regula-
tion bids to the regulating market, when wind power forecast would
become more precise. The re-planning is thus formulated as a
two-stage stochastic optimization program with recourse [12] and
hydropower production adjustments are the recourse variables.
The recourse variables will emerge in the transmission constraints,
as will be shown further in this paper.

The stochastic optimization determines an optimal decision that
is hydropower production bid to the spot and regulating markets
for each combination of power market price and wind power pro-
duction scenarios. The stochastic decision process then has a tree
structure consisting of combinations (n, m) of nodes of the mar-
ket price scenario tree and wind power production scenario tree as
shown in Fig. 5.

2.6.1. Objective
The objective of the hydropower producer is, as in the base case

planning (1), to maximize the total expected income ztot of the
hydropower producer:

max ztot = zc + zup − zd, (12)

where zc is the expected income from trading on the spot mar-
ket and from coordination with wind power and zd and zup are
expected recourse costs/income from trading respectively down-
ward and upward hydropower production adjustments on the
regulating market. These are defined as follows:

zc =
∑
k ∈ K

∑
n ∈ Nk

⎛
⎝cs(k, n)qs(k, n) +

∑
i ∈ Ic

∑
s ∈ Si

c�Pis(k, n)

⎞
⎠pn(n), (13)
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zd =
∑
k ∈ K

∑
n ∈ Nk

∑
m ∈ Mk

qd(k, n, m)pn(n)pm(m)cd(k, n), (14)

zup =
∑
k ∈ K

∑
n ∈ Nk

∑
m ∈ Mk

qup(k, n, m)pn(n)pm(m)cup(k, n), (15)

where pm(m) is probability of the node m in wind power produc-
tion scenario tree; qs(k, n), qd(k, n, m) and qup(k, n, m) are bids on
the spot market, downward and upward regulation bids on the
regulating market, respectively. These are defined as follows:

qs(k, n) =
∑
i ∈ I

∑
s ∈ Si

((uis(k, n) + �uis(k, n))�is − �Pis(k, n)), (16)

qd(k, n, m) =
∑
i ∈ I

∑
s ∈ Si

Pd
is(k, n, m), (17)

qup(k, n, m) =
∑
i ∈ I

∑
s ∈ Si

Pup
is

(k, n, m). (18)

The hourly bids qs(k, n) to the spot market are in MWh/h at price
cs(k, n) in EUR/MWh. Bids to the regulating market are assumed
to be made as close to the operating hour as possible. Therefore
it is assumed that the realization of the wind power production
scenario P̄w(k, m∗) for the operating hour k is known with certainty
and corresponding quantities qd(k, n, m∗) and qup(k, n, m∗) can be
chosen from the solution of the optimization problem to bid on
the regulating market. In the Nordic market the regulating market
closure is half an hour before the operating hour.

2.6.2. Hydrological constraints
The hydrological constraints (2) are adjusted as follows:

xi(k + 1, ñ, m̃) = xi(k, n, m) −
∑
s ∈ Si

uis(k, n) − yi(k, n) + wi(k)

+
∑
j ∈ ˝i

⎡
⎣∑

s ∈ Sj

ujs(k − �ij, n�ij
) + yj(k − �ij, n�ij

)

⎤
⎦

+
∑
s ∈ Si

(
�Pis(k, n) − Pup

is
(k, n, m) + Pd

is
(k, n, m)

�is
− �uis(k, n)

)

−
∑
j ∈ ˝i

∑
s ∈ Si

�Pjs(k − �ji, n�ij
) + Pup

js
(k − �ji, n�ij

, m�ij
)

�js

+
∑
j ∈ ˝i

∑
s ∈ Si

(
Pd

js
(k − �ji, n�ij

, m�ij
)

�js
+ �ujs(k − �ji, n�ij

)

)
∀ i ∈ I, ∀ k ∈ K, ∀ n ∈ Nk, ∀ m ∈ Mk.

(19)

Here discharges uis(k, n), ujs(k, n) and spillages yi(k, n), yj(k, n) are
already known parameters calculated in the base case planning
(blocks 3 and 4) and other quantities are variable. The last three
rows in (19) include the effect on the hydro-reservoir content from
the hydropower production reduction and from the disposal of
stored water, in the local station and the stations directly upstream.
The hydropower production reduction �Pis(k, n) and upward and
downward adjustments for the regulating market Pup

is
(k, n, m) and

Pd
is

(k, n, m) are in MW. However the reservoir content in the hydro-
logical constraints is expressed in hour equivalents (HE).2 Therefore
�Pis(k, n), Pup

is
(k, n, m) and Pd

is
(k, n, m) are converted to the corre-

sponding water discharge in HE, using the production equivalent
�is of the respective HPP production function.

2 HE corresponds to water flow 1 m3/s for 1 h.

For the rest of the current week included in the planning, that is
for Kday

last < k ≤ Klast, deterministic prices and wind power produc-
tion are assumed. However, the decision variables in the last hour
of the planning day differ depending on the power market price
and wind power production scenarios. Thus the decision variables
for the rest of the week are also stochastic. The scenario tree of the
decision process from the last hour of the planning day till the end of
the current week will consist of parallel branches, each emanating
from one scenario dependent state in the last hour of the planning
day (Fig. 5). The adjustment bids to the regulating market are not
considered for that period, as the average wind power production
is assumed for the rest of the current week included in the planning
(Fig. 4):

Pup
is

(k, n, m) = 0, Pd
is(k, n, m) = 0, ∀ k > Kday

last . (20)

2.6.3. Transmission constraints
In the coordinated planning, the planned hydropower produc-

tion at stations Ic should only be reduced during the hours when
congestion on the lines is expected, as expressed in (9), in order to
allow wind power production with lower or nil energy curtailment:∑
i ∈ Ic

∑
s ∈ Si

[�Pis(k, n) + Pd
is(k, n, m)] ≤

∑
i ∈ Ic

∑
s ∈ Si

�isuis(k, n) + P̄w(k, m)

−D(k) − P̄12, ∀ k, n, m ∈ Kc(n, m). (21)

Constraint (21) states that stored wind energy should be less than or
equal to potential wind energy curtailment during the congestion
situation.

Conversely, during the hours when no congestion on the lines is
expected, as expressed in (10), additional hydropower production
should not exceed the transmission capacity margin:∑
i ∈ Ic

∑
s ∈ Si

[�uis(k, n)�is + Pup
is

(k, n, m)] ≤ P̄12 + D(k)

−
∑
i ∈ I

∑
s ∈ Si

�isuis(k, n) − P̄w(k, n, m), ∀ k, n, m ∈ Knc(n, m). (22)

In (21) and (22) Pup
is

(k, n, m) and Pd
is

(k, n, m) are recourse variables
corresponding to upward and downward power production adjust-
ments at power plant i, at hour k, at node combination (n, m). These
hydropower production adjustments are assumed to be traded on
the regulating market shortly before the operating hour, after the
outcome of wind power production P̄w(k, m∗) becomes known.
Thus the recourse variables in (21) and (22) reflect the flexibility
offered an intra-day market.

If no congestion on the lines is expected as described in Eq. (10),
no additional energy is stored in hydro-reservoirs of the Ic stations:∑
i ∈ Ic

∑
s ∈ Si

�Pis(k, n) + Pd
is(k, n, m) = 0, ∀ k, n, m ∈ Knc(n, m). (23)

If congestion on the transmission lines is expected as described in
Eq. (9), there should be no additional hydropower production in the
Ic stations, that is∑
i ∈ Ic

∑
s ∈ Si

�uis(k, n)�is + Pup
is

(k, n, m) = 0, ∀ k, n, m ∈ Kc(n, m). (24)

2.6.4. Fixed values and limits
Initial reservoir content is assumed known and reservoir content

at the end of the planning period is fixed in accordance with mid-
term production planning:

xi(0, n, m) = xo
i , ∀ n ∈ N0, m ∈ M0, (25)
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xi(Klast, n, m) = xlast
i , ∀ n ∈ NKlast

, m ∈ MKlast
. (26)

There are also reservoir content limitations, similar to those in the
base case planning (5) and (6):

0 ≤ xi(k, n, m) ≤ x̄i, ∀ i ∈ I, ∀ k ∈ K, ∀ n ∈ Nk, m ∈ Mk. (27)

The decrease of discharge should not exceed planned discharge
uis(k, n) according to the base case planning. Also the water dis-
charge should always be within the limits set by technical and
environmental constraints, that is

�Pis(k, n) + Pd
is(k, n, m) ≤ uis(k, n)�is,

∀ i ∈ I, ∀ s ∈ Si, ∀ k ∈ K, ∀ n ∈ Nk, m ∈ Mk, (28)

�uis(k, n) + Pup
is

(k, n, m)

�is
≤ ūis − uis(k, n),

∀ i ∈ I, ∀ s ∈ Si, ∀ k ∈ K, ∀ n ∈ Nk, m ∈ Mk. (29)

The new variables, introduced in the re-planning part, should be
positive:

�uis(k, n), �Pis(k, n), Pd
is(k, n, m), Pup

is
(k, n, m) ≥ 0,

∀ i ∈ I, ∀ s ∈ Si, ∀ k ∈ K, ∀ n ∈ Nk, m ∈ Mk. (30)

Additional water spillage due to energy storage in hydro-reservoirs
is not allowed in the re-planning part of the planning algorithm. It is
meaningless to integrate wind power if it results in energy spillage
at other power plants.

Summarizing, the re-planning program is formulated as follows:
maximize the objective function (12) subject to the constraints
(13)–(30).

3. Case study

The developed planning algorithm is tested in a case study. The
case study is based on the actual case where a Swedish company
is interested in building a WF in the mountainous area in northern
Sweden near the Norwegian border. The capacity of the planned
wind power installation is 30–90 MW. The wind conditions are very
good in this area but the transmission capacity of the lines is limited
to 350 MW. On the Swedish side of the border 250 MW is reserved
for hydropower production from five HPP stations on the Ume river
and the other 100 MW is reserved for power exchange with Nor-
way. Although the power line is not always utilized to 100%, the
connection of the WF has been rejected.

In the case study nine stations of the Ume river shown in Fig. 6
are modeled and production of the five upper stations with a total
installed capacity of 250 MW are assumed to be coordinated with a
60 MW wind farm. These stations and the wind farm share 250 MW
of the transmission capacity. In the case study the uncoordinated
hydropower planning and the coordinated planning with wind
power is done successively day by day for 1 week. The results are
then compared.

The following assumptions and data are used:

• It is assumed that there is no local load in the area with congestion
problem.

• Hourly inflow to the hydro-reservoir system of the Ume river from
2001 is used as input data.

• Reservoir contents of the HPP system at the end of the week are
fixed (data from 2001).

• The actual wind speeds from the studied site in 2001 are used
as the wind speed forecast as wind speed forecast data were not
available.

Fig. 6. Studied HPP system of the Ume river.

• Forecast error is modeled as described in Section 2.3. Forecast
error data from Eastern Denmark in 2003 are used to calculate
parameters for the ARMA model of forecast error.

• Thousand forecast error scenarios are first generated by sampling
from ARMA model, forecast error scenarios are then added to
wind speed forecast to obtain wind speed scenarios.

• The power curve of the 2 MW wind turbine Vestas 80 is used to
convert wind speeds scenarios to power production scenarios.
The wind farm smoothing effect is not considered.

• The spot market price scenarios are generated by sampling form
historical prices for 82 first week days in 2004. This means that 82
price scenarios, covering 24 h, were defined. For each spot price
scenario, one upward and one downward regulation power price
scenario were generated by sampling from the regulating market
price model.

• The HPP system is assumed to operate according to the pro-
duction plan, corresponding to “actual” outcome of spot and
regulating market prices (data from 2004) and “actual” outcome
of wind power production (data from 2001).

The developed planning model has been implemented in Gen-
eral Algebraic Modeling System (GAMS), [30], the solver CPLEX is
used to solve the large-scale linear optimization problem.

The re-planning model consists of 27 blocks of equations and 6
blocks of variables. For example, with 50 price scenarios (reduction
by 20%) and 4 wind scenarios (reduction by 60%) the total number
of variables is 1,300,441, and it takes about 10 min to solve the base
case problem and re-planning problem3 with Intel(R), Core(TM)
Duo, CPU 2.33 GHz, 2 GB RAM.

Gradually increasing amount of wind power and price scenarios,
due to a huge number of variables, a memory shortage becomes a
problem in the model generation stage of the re-planning model.
On the 32-bit system it is impossible to generate a model with more
than about 6 wind scenarios (50% scenario reduction) and 50 price
scenarios, due to the fact that planning horizon stretches over 1
week. It was necessary to obtain trial 64-bit version of GAMS and

3 Tuesday was chosen as a planning day here, i.e. the rest of the week included in
planning consists of 5 days.
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Fig. 7. Hydropower production as a result of the uncoordinated planning and as a
result of the coordinated planning for the stations 1–5 of the studied HPP system.

run it on 64-bit Windows to check sensitivity of the objective func-
tion to amount of wind power and price scenarios. Number of wind
scenarios has much stronger impact on number of variables than
number of price scenarios. On the other hand change in wind power
scenario reduction by 10% results in objective function change by
0.01–0.02%, i.e. very small whereas change in price scenario reduc-
tion by ca. 10% results in objective function change by 0.1–0.15%. It
is possible to decrease a problem size by including in the planning,
e.g. only two to three following days after the planning day instead
of the whole week.

Fig. 7 shows hydropower production for the first five stations of
the studied HPP system as a result of the uncoordinated and the
coordinated planning. The results are shown for the first week in
January.

According to the uncoordinated case, during some hours the
hydropower production from the first five HPPs is as high as
the available transmission capacity. In the coordinated case,
hydropower production at these stations is reduced to free some

Fig. 8. Wind power production with and without coordination, and potential wind
power production.

Fig. 9. Power transmission with and without coordination.

transmission capacity for wind power production. Reservoir con-
tent of the HPP stations at the end of the week is fixed in accordance
with data from 2001. Therefore the effect of coordination does not
extend beyond that week.

In accordance with the assumption that the hydropower system
has priority to use the transmission capacity from the studied area,
wind power production is calculated considering the transmission
margin left after hydropower production has been scheduled.

Fig. 8 shows wind power production for the cases with and with-
out coordination. Potential wind power production is also shown in
this figure. Wind energy curtailment is reduced during the studied
week from 1414 MWh in the uncoordinated case to 372 MWh in the
coordinated case, i.e. by almost 75%. Some wind energy curtailment
still prevails due to the technical limitations of the considered HPP
system.

Fig. 9 shows the power transmission for the studied week. In
the coordinated case power transmission is higher than in the case
when wind power and hydropower are not coordinated. Available
transmission capacity is also used more intensively in the coordi-
nated case.

Actual daily income of HPP system is calculated substituting
actual power prices and actual wind power production as follows:

ztot = zc + zup − zd,

zc =
∑
k ∈ K

⎛
⎝cs(k)qs(k, n∗) +

∑
i ∈ Ic

∑
s ∈ Si

c�Pis(k, n∗),

⎞
⎠

zd =
∑
k ∈ K

qd(k, n∗, m∗)cd(k),

zup =
∑
k ∈ K

qup(k, n∗, m∗)cup(k),

(31)

where (n∗, m∗) is the combination of the nodes of the decision sce-
nario tree, Fig. 5, corresponding to actual realizations of the power
market prices and the wind power production at hour k.

For the studied week the income of the HPP system is 1.6 × 106

EUR in the uncoordinated case and 1.9 × 106 EUR in case when
hydropower planning is coordinated with WF.

For the studied week, the income of the wind farm owner in the
uncoordinated case is 8.3 × 104 EUR and, in the case with coordi-
nation, 8.6 × 104 EUR. The difference is not high due to the fact that
the maximum price for the coordination service in (11) is applied in
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this case study. In practice this price should be based on agreement
between the hydropower and the wind power utility and would be
less than the maximum value defined by (11).

4. Conclusions and future work

This paper has presented the developed short-term hydropower
planning algorithm in coordination with wind power in areas with
congestion problems, taking account of the uncertainty of wind
power forecasts and power market prices.

The developed planning algorithm was tested in the case
study, which has shown that coordination of wind power and
hydropower can be beneficial for both the wind power utility and
the hydropower utility. The coordination greatly decreases wind
energy curtailments and also leads to a more efficient utilization of
the existing transmission lines, without any negative economical
impact on the hydropower utility or wind power utility.

The following improvements of the planning model need to be
addressed in the future:

• The case study was applied to a period in the past. It was thus
assumed that the outcomes of all stochastic variables were known
when the planning for the next day was being conducted. In real-
ity the realization of some stochastic variables for the current day
would still be unknown. This problem would need to be dealt with
in future work.

• A longer case study would need to be conducted in the future.
• The impact of the coordination on start-ups of the hydropower

plants would need to be investigated.
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Sharing of Profit from Coordinated Planning and
Bidding of Hydro and Wind Power

Julija Matevosyan, Marija Zima-Bočkarjova, Marek Zima and Lennart Söder

Abstract—Depending on market rules, namely congestion man-
agement and balancing management, a coordination between
wind and hydro producers may be beneficial for both of them.
In this paper we propose a new collaboration scheme and fair
and transparent method, based on Shapley value, for splitting
the extra value caused by a coordinated bidding and operation
strategy.

We account on uncertainties in wind forecast and energy price
evolution. We demonstrate the proposed approaches on a realistic
system including congested lines, wind park and a hydro plant
consisting of several reservoirs stages.

Index Terms—wind power production, hydro power produc-
tion, stochastic optimization, coordinated planning, Shapley value

I. NOTATION

The notation used throughout the paper is listed below for
a quick reference:

A. Variables
φl(c) profit share of the entityl, Shapley value
b continious variable
c coalition profit
cs spot price
cimb
pos overproduction price,EUR

cimb
neg underproduction price,EUR

cd downregulation price,EUR
cup upregulation price,EUR
i hydro power plant
j hydro power plant directly upstream fromi
k hour
l entity joining coalition
m wind scenario
n price scenario
Pav monthly average available wind

power equivalent,MW
P̄w wind farm installed capacity,MW
P s

w production of wind submitted to spot,MW
P̄ sc

w available wind power equivalent,MW
P sc

w actual wind power production,MW
P s

is production of hydro unit submitted to spot ,MW
P sc

is actual hydro unit production,MW
s hydro unit at power plant
uis water discharge from units, plant i, HE

J. Matevosyan is with KTH and PB Power, Westbrook Mills Godalming,
GU7 2AZ, UK, e-mail: matevosyanj@pbworld.com

M. Zima-Bočkarjova and M. Zima are with ETH Zürich, Physikstrasse 3,
CH-8092 Zürich, Switzerland, e-mail: (see http://www.eeh.ee.ethz.ch/psl/).

L. Söder is with KTH, Teknikringen 33, 10044 Stockholm, Sweden, e-mail:
lennart.soder@ee.kth.se

xi reservoir content of i-th HPP
yi water spillage from planti, HE

B. Constants
p success probability of a price scenario
q success probability of a wind scenario
µis production equivalent units of HPP i, MWh/HE
τij time delay for water inflow from HPPi

and the reservoir downstreamj
nC dimension of the setC
nA number of entities
P̄12 transmission corridor capacity,MW
ūis maximal water discharge from units, plant i, HE
x̄i maximum reservoir content
xo

i initial reservoir content of i-th HPP
xlast

i final reservoir content of i-th HPP
wi water inflow to the reservoiri

C. Numbers

D large number

D. Sets
Ωi index set of HPPs upstream of planti
A all coalition members
C formed coalition
I index set of HPPs
K hours of the total planning horizon
Kday hours of the next planning day
M set of wind scenarios
N set of price scenarios
Si index set of units at HPPi

II. I NTRODUCTION

Attractive features of a wind production, similarly to other
renewables, are: environmental friendliness - particularly neg-
ligible emissions and low production costs, in many countries
supported by subsidies or infeed tariffs and regulations. The
European Union has set a binding target of20% of the energy
demand to be covered by wind and other renewable sources
by 2020. In order to achieve this target, more than one-thirdof
the electrical energy should be produced by the renewables,
with wind farms expected to supply12 − 14% of the total
electricity consumption [1].

The most significant challenge of wind production com-
paring to traditional resources are its nature not allowing
an accurate planning or scheduling of itsenergy produc-
tion and a significant volatility of itsinstantaneous power
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production. From the perspective of a Transmission System
Operator (TSO) these disadvantages result in a higher demand
for control reserves, balancing deviations between production
and consumption in a power system. Costs for keeping and
employing control reserves TSO charges consumers and pro-
ducers based on the deviations of their actual production or
consumption from the scheduled production or consumption,
i.e. an incurred balancing energy. Note that thus from the
perspective of a producer, or a consumer only energy devi-
ations are penalized, instantaneous power deviations are not
and therefore in our further considerations we include only
the energy aspect.

The amount of balancing energy introduced by a wind
power plant can be minimized by creating a coordination
scheme together with a well controllable type of a power
plant, for example a hydro power plant. If both power plants
are geographically located close to each other and share a
part of their connection to a transmission system, coordination
becomes even more of interest, mostly in the cases of a
congested connection to the power system.

The coordination of wind power and hydro power has been
studied earlier in connection with several different problems.
Ref. [2] provides comprehensive literature review on wind-
hydro coordination. In [3] the coordination of wind farms
with hydro power plants is considered in generation expansion
planning. Two investment possibilities are compared in [3]: a
new hydro power plant versus a new wind farm. In [4] and
[5] the effect of wind power on the market prices is analyzed.
The research in [4] and [5] is directed towards assisting hydro
power utilities considering investments in wind power. In [6]
the coordinated operation of several geographically spread
WFs and HPP sharing the same transmission capacity is
simulated over a period of several years, considering wind
and water inflow uncertainty.

In [8] the dynamic programming algorithm is presented for
a daily planning of coordinated operation of wind parks and
generic energy storage in area with limited export capability. In
[9] the optimization problem is formulated for daily production
planning of wind park and pumped storage hydro power plant,
though transmission bottlenecks are not considered.

One of the most recent publications on coordinated planning
of wind and hydro power plants is [10]. In that paper the
coordination is applied in order to minimize WF imbalance
costs.

In [11] a stochastic daily planning algorithm is developed
for a multi-reservoir hydro power system coordinated with a
wind farm. The planning algorithm is based on one of the
coordination strategies developed in [7]. This algorithm [11]
suggests that first, wind producer shall determine its optimal
production and get corresponding transmission capacity .
Second, hydro producer determines optimal production based
on the remaining available transmission capacity. WF shallpay
HPP an annual average spot price for the obtained capacity,
which was freed by HPP comparing to its uncoordinated
schedule. WF payments for the imbalances were not con-
sidered. Additionally, HPP can bid to the balancing market,
if WFs cannot use all the previously allocated capacity. If
available wind power exceeds scheduled production and the

downregulation bid of hydro is not accepted, wind is discarded
without creating an income.

In none of the above mentioned publications neither in
others to our knowledge, a splitting scheme for the profit
obtained by the coordination has been proposed.

Objective of our paper is to present 2 contributions:

1) A new coordination scheme employing stochastic op-
timization to maximize total profit of the wind-hydro
coalition, including the imbalance penalties.

2) A new fair and transparent method, based on Shapley
value, for splitting the extra value caused by a coordi-
nated bidding and operation strategy.

The papers is structured as follows: first we describe the
addressed problem and the overall proposed scheme. The next
two sections go more into the details of the components of
the proposed scheme - profit sharing principles and the co-
ordination strategy. Then we demonstrate theoretical concepts
on a realistic example, followed by comments and concluding
remarks.

III. PROBLEM FORMULATION AND THE PROPOSED

SCHEME

The problem we address is inspired by an actual case
occurring in Sweden. Main consumption centers, i.e. cities
are geographically located in the southern part of Sweden.
On the other hand, convenient and economically attractive
conditions for power production are available in the northern
part of Sweden. Rivers flowing through long valleys have given
a rise to many hydro power plants with several hydrologically
coupled reservoirs. The transmission system bringing power
from each river cascade and also from the whole northern
part of Sweden to the South are frequently congested. This
restricts the otherwise promising potential of installation of
wind power plants in the North.

This could by overcome by a planning and operation coor-
dination scheme. A necessary characteristic of such schemeis
an incentive for all involved parties to cooperate. In a market
environment this can be achieved only by a fair sharing of
profit resulting from the coordination.

To assure applicability of our approach in a wider scope
in various power systems and market conditions, we take the
addressed problem to a higher level of abstraction and the
resulting targeted problem can be described as follows.

There are two independent generation companies. One of
them posses a hydro power plant consisting of several reser-
voirs. The second company operates a wind power plant. Both
power plants are located in a geographical proximity to each
other and thus are injecting power in the same substation,
which is connected via a line or a group of lines to the rest
of the power system as shown in the figure 1.

Within the assumed market environment electricity is traded
via a spot market with day-ahead nominations and clearing.
Accepted bids are to be scheduled and nominated to the TSO.
Deviations from schedules are penalized by imbalance fees
charged by the TSO.

The TSO also bears responsibility for congestion manage-
ment, where the rule "first come, first served" applies. In
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Figure 1. The wind and hydro power producers injecting powerinto the same
node connected to the rest of the system by one line. The depicted structure
of the hydro power plant cascade corresponds to the example treated in the
paper.

other words, the transmission capacity is allocated in the order
in which producers have historically been connected to the
network. In this example, the first built and connected power
plant was the hydro power plant. Thus the hydro power plant
has priority in nominating and allocating the transmission
capacity.

Individual uncoordinated planning of production and bid-
ding yields a suboptimal situation for all involved parties.
Producers may suffer from a lower economical efficiency (e.g.
wind power production can be curtailed) and a frequent TSO
interference in the congestion management may be necessary.

Our proposal is to coordinate (as far as legislation allows)
planning and bidding strategy of the wind and hydro power
producers. In many systems, a shared bidding strategy by two
or more market participants could be perceived to have cartel
agreement elements, not allowed by law. On the other hand,
legislation allows merges of power production companies,
unless the resulting market share exceeds a certain value.
Therefore we make an assumption, that there is a legal
construction enabling a coordinated planning and bidding of
power producers. How this construction looks like, is out of
the scope of this paper and would be very country specific.

Besides power producers, also TSO may benefit from the
coordination of the producers, which would bring a self-
regulating effect of producers, which should be actually a
desired property of the transmission system operation [14].
Benefit for TSO would be twofold: a minimal need for TSO
involvement in the congestion management (in other words no
the TSO does not have to initiate any congestion relief actions,
as the concerned market participants initiate them themselves)
and a high utilization of transmission assets.

A coordinated planning and bidding would yield a benefit
on the side of power producers, allowing them to optimize
their profits by means of optimal utilization of their production
facilities with respect to external conditions (such as in this
case transmission restriction) and their technical properties (in
this case storage capability of the hydro power plant and low
production costs of the wind power plant).

IV. SHARING OF PROFIT BETWEEN PRODUCERS

To provide an incentive for producers to coordinate their
planning and operation, a scheme for sharing either production
costs, or resulting profit has to be applied. This scheme
has to be transparent and fair, in other words the additional
benefit brought by the participation of each producer has to

be evaluated and allocated. According to game theory, these
properties are guaranteed by the concept of so called Shapley
value.

Shapley value and similar Aumann-Shapley value applica-
tions to cost and/or profit allocation problems were already
suggested in the literature for several areas of power systems,
including expansion planning [15], congestion management
[16], inter-TSO compensations [19], ancillary services [17]
and fixed asset costs [18] and loss allocation [20]. In [18]
the game theoretic approach combined with optimization is
suggested mainly for the recovery of the fixed transmission
charges, i.e. transmission assets cost.

We adopt Shapley value, which suggests, that a new entityl
joining a coalitionC shall be allocated all the additional profit
she brings to the coalition:∆c(C, l) = c(C∪{l})−c(C). This
additional profit however depends on the existing coalitionand
the order, in which the entities join the coalition. For the set
A of nA entities, there isnA! possible orderings. DefineC ⊆
A\{l}, as any subset ofA excludingl and with the dimensions
|C| = nC . The probability that precisely setC comes before
l in a random ordering isnC !(nA−1−nC)!

nA! . Thus, the Shapley
value determining the profit share ratio of the entityl can be
defined as follows [21]:

φl(c) =

nA−1∑
nC=0


s!(nA − 1 − nC)!

nA!

∑
C⊆A\{l}

|C|=nC

∆c(C, l)


 (1)

whereφl(c) indicates a profit share ofl ∈ A, c is the profit
in the coalition,∆c(C, l) = c(C ∪ {l}) − c(C).

Naturally, the profit shares of all the entities add up to the
profit of the coalition: ∑

l∈A

φl(c) = c. (2)

In our case we treat a profit sharing from a coordinated
use of the transmission capacity. This transmission capacity
has been allocated to the first producer connecting to the
grid at this point, i.e. hydro power plant. The Shapley value
guarantees fairness of the profit sharing between the hydro
and wind producer, if they form a coalition for a coordinated
use of the transmission capacity. Thus, we compute how the
aggregated profit of these two entities changes, when they
form a coalition. To preserve the transparency we suggest that
the following procedure would take place on a basis of the
planning and operation horizon, i.e. in this case of short-term
day ahead planning every day:

1) The data for the previous day are collected. These
data include input parameters (e.g. wind speeds, water
inflows, spot prices) and profit data resulting from the
coordinated planning and operation: revenues from the
sale of the energy (e.g. on the spot market) and the
balancing energy costs.

2) Hypothetical profit data for the individual, uncoordi-
nated operation of producers are computed.

3) The profit figures for coordinated and uncoordinated
strategy are inserted into the expression (1) and the profit
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share for the previous planning and operation day is
determined.

To demonstrate the advantage of the coordinated planning
and operation before it actually happens, the first above point
can be determined based on the simulation of the coordinated
strategy. This is described in the next section.

V. PLANNING AND BIDDING STRATEGIES

First we describe planning and bidding strategies in general
terms, focusing on the intuitive interpretations. The general
expressions are explained in a detail afterwards. All planning
strategies are made day ahead, resulting into a bid submitted to
the spot market for the coming day. The considered planning
horizon is one day, however taking into account also the rest
of the week in a form of an averaged model, i.e. expressing an
average expected wind production during the rest of the week
and a value of a possible hydro power production during the
rest of the week. This is shown in the figure 2, which captures
possible evolutions of stochastic factors, in our approachspot
prices and wind speeds, during the production day. Each
branch of the tree corresponds to one scenario with a particular
wind speed, a spot price and an assigned probability of the
occurrence.

For the rest of the current week included in the plan-
ning, that is forKday

last < k ≤ Klast, deterministic prices
are assumed. Wind power production is limited by average
monthly wind power production base on historical data, i.e.
P s

w(k, n) = Pav. However, the decision variables in the
last hour of the planning day differ depending on the power
market price and wind power production scenarios. Thus the
decision variables for the rest of the week are also stochastic.
The scenario tree of the decision process from the last hour
of the planning day till the end of the current week will
consist of parallel branches, each emanating from one scenario
dependent state in the last hour of the planning day.

The following imbalance price model, as seen from the
producer (or more generally a balance group, commonly

Figure 2. Scenario tree for the day ahead planning. The stages, e.g.k,
correspond to bidding time units of the day, normally one hour.

system is short

System
deviation,

MWh

system is long

Price,
EUR/MWh

BG is short

BG is long spot price

spot price
expected
price of

imbalance

expected
price of

imbalance

Price,
EUR/MWh

Figure 3. Balancing energy payment scheme from the perspective of a
power producer. The thick solid horizontal line corresponds to the general
model included in the paper.

abbreviated as BG) and shown in the figure 3, is used:

cimb
pos (k, n) =

{
cs(k, n) if system is short

cd(k, n) < cs(k, n) if system is long

wherecd(k, n) is a price for downward regulation.
The penalty for the underproduction is defined, as follows:

cimb
neg (k, n) =

{
cup(k, n) > cs(k, n) if system is short

cs(k, n) if system is long

wherecup(k, n) is a price for upward regulation.
This model does not target to reproduce balancing energy

payment rules of a particular market. This model rather
represents a general concept of penalizing imbalances so
the formulations we further propose could be applied in the
context of various markets.

A. Individual Strategies

When power producers do not coordinate their strategies,
they plan individually as follows.

1) Hydro Power Plant:We assume that the hydro power
plant does not cause any imbalance, i.e. it can follow its
scheduled production perfectly and thus its objective can be
expressed as a pure maximization of the profit from the energy
accepted at the spot market subject to the price uncertainty.
We do not address structuring of the bids, but consider that it
is possible to submit price dependent bids and thus, we can
optimize for the scheduled energy for each market clearing
price scenario:

max zh
s (3)

s.t. gh
hb = 0 (4)

gh
rt = 0 (5)

hh
rl ≤ 0 (6)

hh
d ≤ 0 (7)

hh
t ≤ 0 (8)
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The set of constraints from (4) to (7) describe hydrological
properties of a hydro power plant, explicitly:gh

hb are hydro-
logical balance constraints,gh

rt are reservoirs’ targets provided
by the medium-term planning,hh

rl are reservoirs’ limits and
hh

d are discharge limitations.
Hydro power producer has a higher priority for the al-

location of the transmission capacity, therefore its planning
and operation is completely decoupled from the wind farm
producer and thus the constraint (8) takes into account only
own production. In other words, this constraint limits the
overall production of the hydro power plant to the value given
by the rating of the transmission line.

2) Wind Farm: Due to the stochastic nature of the wind,
wind farm in its actual production may deviate from the
scheduled production and thus induce an imbalance with
respect to its bid to the spot market. This is included in the
cost function as well as in the auxiliary constraints (10) and
(11):

max zw
s + zw

imb (9)

s.t. gw
imb = 0 (10)

hw
imb ≤ 0 (11)

hw
t ≤ 0 (12)

The amount of energy, which can be injected into the
network by the wind farm according to the equation (12), is
given as a remaining transmission capacity after the allocation
of the hydro power production injection.

B. Coordinated Strategy

The objective in the coordinated strategy is to maximize
the overall profit from the combined production of the hydro
power plant and the wind farm:

max zh
s + zw

s + zimb (13)

s.t. gh
hb = 0 (14)

gh
rt = 0 (15)

hh
rl ≤ 0 (16)

hh
d ≤ 0 (17)

gw
imb = 0 (18)

hw
imb ≤ 0 (19)

hh+w
t ≤ 0 (20)

Both hydrological and wind imbalance constraints have
to be met. The transmission constraint in this case couples
production from both power plants.

C. Terms of Optimizations

1) Objective function termzh
s :

zh
s =

∑
k∈K

∑
n∈N

cs(k, n)p(k, n)
∑
i∈I

∑
s∈Si

P s
is(k, n) (21)

2) Objective function termzw
s :

zw
s =

∑
k∈K

∑
n∈N

cs(k, n)p(k, n)P s
w(k, n) (22)

3) Objective function termszimb and zw
imb:

zimb =
∑

k∈Kday

∑
n∈N

∑
m∈M

(23)

{cimb
pos (k, n) · p(k, n) · q(k, m) · (1 − b(k, n, m))·

(P sc
w (k, n, m) − P s

w(k, n)+∑
i∈I

∑
s∈Si

[P sc
is (k, n, m) − P s

is(k, n)])

−cimb
neg (k, n) · p(k, n) · q(k, m) · b(k, n, m)·

(−P sc
w (k, n, m) + P s

w(k, n)−∑
i∈I

∑
s∈Si

[P sc
is (k, n, m) − P s

is(k, n)])}

The objective function term (23) is valid for the coordinated
study. For the uncoordinated case it naturally follows thatzw

imb

does not contain any hydro related terms.
4) Complementarity constraints:The constraints below en-

code conditions for the charges for the imbalance of the
producers and allow only either positive or negative imbalance.

The use of continuous variable forb - a switch of one
or the other imbalance term, is allowed by introducing the
complementarity constraint:

b(k, n, m)(1 − b(k, n, m)) = 0, (24)

∀k ∈ K, ∀n ∈ N, ∀m ∈ M.

The objective function (23) specifies that the overproduction
of the coalition corresponds to theb = 0 condition, i.e. under-
production is negative in this case, while the underproduction
corresponds to theb = 1 and the overproduction is negative.
The inequalities below specify these conditions and “enable”
the accordance of terms in the objective function. Thus, for
the positive imbalance term:

D(1 − b(k, n, m)) ≥P sc
w (k, m) − P s

w(k, n, m)+ (25)∑
i∈I

∑
s∈Si

[P sc
is (k, n, m) − P s

is(k, n)]

∀k ∈ Kday, ∀n ∈ N, ∀m ∈ M,

simultaneously, the negative imbalance is constrained:

Db(k, n, m) ≥− P sc
w (k, n, m) + P s

w(k, n)− (26)∑
i∈I

∑
s∈Si

[P sc
is (k, n, m) − P s

is(k, n)]

∀k ∈ Kday, ∀n ∈ N, ∀m ∈ M,

whereD is a large positive number that exceeds any maximum
feasible value of the imbalance.

5) Imbalance equality constraintsgw
imb: Since all the vari-

ables after tomorrow and for the rest of the planning period
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are deterministic, the imbalance shall be zero:

P sc
w (k, m) − P s

w(k, n, m) = 0 (27)

∀k > Kday
last, ∀n ∈ N, ∀m ∈ M,

and

P sc
is (k, n, m) − P s

is(k, n) = 0, (28)

∀k > Kday
last, ∀i ∈ I, ∀s ∈ Si, ∀n ∈ N, ∀m ∈ M.

6) Hydrological balance constraintsgh
hb: Actual hydro unit

production is defined by the production equivalent and the
water discharge:

P sc
is (k, n, m) = µisuis(k, n, m) (29)

∀ i ∈ I, ∀s ∈ Si, ∀ k ∈ K, ∀n ∈ N, ∀m ∈ M.

Reservoir content results from the discharges of the power
plant, the inflows of hydro systems and the delayed discharges
of the HPP upstream:

xi(k + 1, n, m) = xi(k, n, m)+ (30)

wi(k) − yi(k, n) −
∑
s∈Si

P sc
is (k, n, m)

µis

+

∑
j∈Ωi

yj(k − τij , nτij
) +

∑
j∈Ωi

∑
s∈Sj

P sc
js (k − τij , nτij

, mτij
)

µjs

∀ i ∈ I, ∀ k ∈ K, ∀n ∈ N, ∀m ∈ M.

7) Reservoirs’ targets’ constraintsgh
rt: Initial reservoir

content is assumed known and reservoir content at the end
of the planning period is fixed in accordance with mid-term
production planning:

xi(0, n, m) = xo
i , (31)

∀i ∈ I, ∀n ∈ N, ∀m ∈ M.

xi(Klast, n, m) = xlast
i , (32)

∀i ∈ I, ∀n ∈ N, ∀m ∈ M.

8) Reservoirs’ limits’ constraintshh
rl: There are also reser-

voir content limitations.

0 ≤ xi(k, n, m) ≤ x̄i, (33)

∀ i ∈ I, ∀ k ∈ K, ∀n ∈ N, ∀ m ∈ M

9) Hydro production inequality constraintshh
d : In addition,

bid to the spot market shall not exceed the installed capacity:

0 ≤ P s
is(k, n) ≤ µisūis (34)

∀ i ∈ I, ∀ s ∈ Si, ∀ k ∈ K, ∀n ∈ N

Besides, the hydro production is limited by the technical and
environmental water discharge constraints:

0 ≤ P sc
is (k, n, m) ≤ µisūis, (35)

∀ i ∈ I, ∀ s ∈ Si, ∀ k ∈ K, ∀n ∈ N, ∀ m ∈ M

10) Wind production inequality constraintshw
imb: Wind

power bid to the spot market is defined in the following
interval:

0 ≤ P s
w(k, n) ≤ P̄w (36)

∀ k ∈ K, ∀n ∈ N,

Note that actual wind power production is limited to the
available wind:

0 ≤ P sc
w (k, n, m) ≤ P̄ sc

w (k, m) (37)

∀ k ∈ K, ∀n ∈ N, ∀m ∈ M

11) Transmission constraintshh+w
t , hh

t andhw
t : Transmis-

sion constraintshh+w
t valid for the coordinated study are:

P sc
w (k, n, m) +

∑
i∈Ic

∑
s∈Si

P sc
is (k, n, m) ≤ P̄12 (38)

∀k ∈ K, ∀n ∈ N, ∀m ∈ M

In the uncoordinates cases, in the constraintshh
t and hw

t ,
accordingly wind or hydro production term shall be omitted.

VI. CASE STUDY

A. System Description

The example we consider has the following characteristics:

• As shown in figure 1, the power plant consists of 5
interconnected reservoirs. The overall rating of generators
of the hydro power plant is 250 MW.

• The wind farm has the nominal power rating of 60 MW
• The energy is injected into the rest of the transmission

system via the line with the limit of 250 MW.
• There is no local load connected to the same bus.
• The inflow data correspond to recordings of Ume river

from 2001.
• There are three wind scenarios for each day and they are

derived from real recordings.
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Figure 4. Scenarios considered for the planning of the first day in the
week. Wind scenarios have the probability from the top to thebottom:
0.38, 0.223, 0.397. The price scenarios have the probabilities from the top to
the bottom:0.037, 0.866, 0.097
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1 2 4 4 8 7 2 9 6 1 2 0 1 4 405 01 0 01 5 02 0 02 5 0P owerprod ucti on ,MW T i m e , h o u r s
P r o d u c t i o n i n u n c o o r d i n a t e d o p e r a t i o n

1 2 4 4 8 7 2 9 6 1 2 0 1 4 405 01 0 01 5 02 0 02 5 0P ower ,MW T i m e , h o u r s
P r o d u c t i o n a n d b i d d i n g i n u n c o o r d i n a t e d o p e r a t i o n

Figure 5. Bids to the spot market and the actual production inthe
uncoordinated case. The blue solid line is hydro power production and the
solid green line wind power production respectively. The bids are expressed
by the dashed violet line. The solid black line corresponds to an available
wind power production.

• There are three price scenarios for each day. The prices
are based on averaged actual prices in Nordel in 2004.

Both for individual and coordinated strategies the same input
data are used. An example for the first day of the week and
averaged values representing the rest of the week is shown in
figure 4.

For evaluation and comparison of strategies, the realization
of input scenarios as shown in figure 6 is applied. After
determining individual and coordinated strategies this realiza-
tion is inserted into equations (21), (22) and (23) to obtain
financial figures allowing comparison of the uncoordinated and
coordinated strategy.

The stochastic optimization has been implemented in
GAMS [13].
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Figure 6. Realization of stochastic variables expressed bythe thick black
solid line.

1 2 4 4 8 7 2 9 6 1 2 0 1 4 405 01 0 01 5 02 0 02 5 0P owerprod ucti on ,MW T i m e , h o u r s
P r o d u c t i o n i n c o o r d i n a t e d o p e r a t i o n

1 2 4 4 8 7 2 9 6 1 2 0 1 4 405 01 0 01 5 02 0 02 5 0P ower ,MW T i m e , h o u r s
P r o d u c t i o n a n d b i d d i n g i n c o o r d i n a t e d o p e r a t i o n

Figure 7. Bid to the spot market and the actual production in the coordinated
case. The blue solid line is hydro power production and the solid green line
wind power production respectively. The common bid is expressed by the
dashed violet line. The solid black line corresponds to the overall production
of the hydro and the wind power.

B. Individual Strategy

Applying individual uncoordinated strategies yields results
as shown in the figure 5. Hydro power producer plans his
production first and as it has a higher priority in the allocation
of the transmission capacity, he fully utilizes the transmission
capacity during the expected price peak hours. Wind farm pro-
ducer adjusts his bid to this and goes down to zero production
even though wind is expected to be available. Besides this,
there are several cases, when actual wind production exceeds
bid.

C. Coordinated Strategy

Results of the coordinated strategy are shown in the figure 7.
As expected, the coordinated strategy leads to a full utilization
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Figure 8. Comparison of the uncoordinated and coordinated strategy. The
shaded area represents coordinated strategy, whereas the solid black line
expresses the sum of uncoordinated strategies.
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of the transmission capacity without a need for spillage of
the wind farm production due to the adjustment of the hydro
power production. However, occasional overproduction of the
wind resulting into exceeding of the common bid of the hydro
power plant and the wind farm could not be avoided.

The figure 8 confirms the intuitive expectation that the
coordinated strategy leads to the increase of the sum of
revenues of both producers, while no significant change in
penalties for balancing energy is observed. The opportunity
loss for imbalances corresponds to the difference between the
spot price an price to be either paid or received by the producer
times balancing energy.

D. Profit Sharing

The profit of a producer(s) is obtained by summing up
revenues and balancing payments, which can be either neg-
ative, or positive depending on the type of imbalance. The
comparison of profits for the uncoordinated and coordinated
cases is summarized in the table I.

Table I
COMPARISON OF PROFITS OF THE INDIVIDUAL AND COORDINATED

STRATEGIES.

Producer Individual strategies Coordinated strategy

Hydro Power Plant 579 956.0 590 107.95
Wind Farm 91 332.4 101 484.35
Overall profit 671 288.4 691 592.3

While the allocation of profits among the producers is
straightforward in case of the individual strategies, for the
coalition we apply Shapley value (1) to profit allocation.

Both orderings - hydro is the first member of coalition and
hydro joins the coalition as the second member have50%
probability. Therefore, for the hydro producer we get:

φh(c) =
1

2
× 579956 +

1

2
× (691592.3− 91332.4) =

= 590107.95. (39)

Similarly, profit share of the wind producer is:

φw(c) =
1

2
× 91332.4 +

1

2
× (691592.3− 579956.0) =

= 101484.35. (40)

Thus, for this particular example and the particular set of
conditions an increase of profit of11% is achieved for wind
producer and1.8% for the hydro producer if they coordinate
their planning and biding comparing to their uncoordinated
operation.

VII. C ONCLUDING REMARKS

This paper addresses the problem of two producers injecting
power into the transmission grid via a line with insufficient
capacity to accommodate a peak production from both pro-
ducers. We present how these two producers can coordinate
their planning and bidding strategies by means of stochastic
optimization and by doing so, they may achieve a higher
common profit than without coordination. We propose how
this profit may be fairly shared by these producers applying

the concept of Shapley value from the game theory. We use a
realistic example to demonstrate applicability of our proposals.

Note, that although we considered a particular example
consisting of a wind and hydro producers, the concepts we
introduce in this paper can be applied on various types of
power producers, which could benefit from a coordinated
planning and bidding strategy.

In this paper we assumed that only day-ahead coordination
in the planning and bidding stage takes place. This has some
advantages, as only a limited amount of information and in
a time noncritical manner have to be exchanged between the
producers.

Even a stronger coordination also in the real-time operation,
requiring an appropriate communication infrastructure, might
be implemented. In addition to the maximization of revenues
in the planning stage, this would allow a minimization of
balancing energy costs. This can be seen as a promising future
research direction.
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Abstract--Measures such as energy curtailment or grid 

reinforcement are required to integrate the upcoming wind 

generation in parts of the power system with existing 

transmission bottlenecks. In order to choose between these two 

measures potential wind energy curtailments and its costs need 

to be carefully evaluated. The paper analyzes the effect of wake 

consideration on the overall energy curtailment cost. For this 

purpose detailed wake model was used taking into account 

partial and multiple shading of wind turbines.  A comparison 

of curtailment cost with cost for grid reinforcement in areas 

with limited transmission capacity was carried out with and 

without consideration of wake effect.  

The effect on curtailment cost due to availability of wind 

turbines is also investigated. The results have proven that with 

consideration of wake effect and availability potential wind 

energy curtailments are reduced and hence curtailment costs 

are lowered, making curtailment a cheaper option than grid 

reinforcement. 
 

Index Terms–Modeling, Power system economics, Power 

transmission, Wind Energy, Wind power generation  

I. INTRODUCTION 

 

HE best locations for building wind farms (WF) are 

usually in the remote areas with low population density. 

The transmission system in these areas, however, is 

generally not dimensioned to accommodate large-scale wind 

power plants. The thermal limits of the transmission lines or 

voltage stability issues (in case of most frequently used short 

and medium length transmission lines) typically limit power 

transmission capability during extreme situations (e.g. high 

load, high hydropower production during a spring flood 

etc.). One way to overcome these limits is grid 

reinforcement, i.e. building new transmission lines. This 

however, is not a viable option as it is subjected to various 

planning and environmental constraints and requires 

substantial investments and time.  
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Furthermore, under deregulated market conditions it is 

not clear how the investment costs should be divided 

between network operators and production utilities. 

Different countries use different approaches (deep, 

shallowish, shallow) when determining network connection 

costs. 

Shallow connection costs approach (e.g., in Denmark 

and Germany) includes only the direct connection costs, i.e. 

the costs for new service lines to an existing network point 

and partially also the costs for the transformer that is needed 

to raise the voltage from the WF to the voltage of the 

distribution or transmission network. Necessary 

transmission or distribution network reinforcements are paid 

by network company and then equally divided between all 

network customers.  

Deep connection charges (e.g. in Netherlands and in 

Spain on a distribution level) include the costs for new 

service lines to an existing network point, the costs for the 

transformer as well as part or all of the costs for necessary 

network reinforcements.  

Shallowish connection charges is a combination of Deep 

and Shallow charges as the connection charges include a 

contribution to reinforcement costs based upon proportion of 

increased capacity required by a wind farm, e.g. UK [1]. 

The main disadvantage of shallow connection costs is 

that there is no incentive to build WF in the areas with 

available transmission capacity. Deep connection costs are 

not justified because they do not apply to conventional 

power plants or consumers and they might also lead to 

excessive and non-optimal grid reinforcements. The optimal 

balance therefore, should be found between extra benefits 

arising from increased transmission capacity and costs of 

respective network reinforcements. Normally it will not be 

optimal to remove a bottleneck completely.  

One possible way to install large-scale WF without 

network reinforcement is to curtail excess wind energy 

during short periods of time when the power system is 

highly loaded. This alternative is currently used, e.g. in 

Spain where significant number of WFs located between 

Galicia and Madrid produce power below their full capacity 

since the necessary reinforcements of the transmission grid 

have not been realized yet [2].  

In order to assess more realistically required wind 

curtailment in the presence of limited power transfer 

capacity the probabilistic estimation method of wind energy 

curtailment was proposed in [3]. It estimates expected wind 

energy curtailments for various wind power penetration 

levels and compares the curtailment costs with the costs of 

grid reinforcement. The method however does not include 

the wake effect and availability of wind turbines.  

T



    This paper introduces improvements to the probabilistic 

estimation method of wind energy curtailment proposed in 

[3] by incorporating the influences of the wake and wind 

turbine availability in the estimation procedures. 

 

II. WAKE EFFECT 

 

    Electricity is generated by the wind turbine driven 

generators in a similar way to that of hydro or coal fired 

plants except that in this case the wind (not water or steam) 

striking the blades mounted on the rotor of a wind turbine 

forces the generator shaft to rotate. The wind energy leaving 

the wind turbine has lost some of its content as part of it got 

transformed into kinetic energy of the rotor. Wind leaving 

the rotor is therefore, both, reduced in speed and turbulent. 

This wind behind the rotor is called a wake. An effect of 

wake includes reduced wind speed which causes reduction 

of power output for the downwind turbines. The turbulence 

in the wind can cause downwind turbines to be under 

additional mechanical stress, which may reduce their 

operating life. In order to reduce the effects of wake wind 

turbines should be spaced at least 5 to 9 rotor diameters (D) 

away from each other in the prevailing wind direction and 

about 3 to 5 rotor diameters for winds coming 

perpendicularly. If the wind turbines are placed between 4 

and 8 rotor diameters from each other the power losses 

occurring due to wakes can be in the range of 5% to 15% of 

the total power produced by the wind farm [4]. Wake wind 

speed is calculated based on principle of momentum 

conservation. In the wake model used the aerial spread of 

momentum deficit is such that the radius of the wake 

increases linearly with the distance (see Fig. 1). 

    

A. Wind Model 

 

    Considering wind direction in analysing wake effects is 

very important as different wind directions cause different 

types of wake effects. Wind turbines facing the wind 

(upwind turbines) are likely to receive more stable and 

consistent wind. The turbines at the back (downwind) 

receive wind which has reduced wind speeds and is more 

turbulent.   

 

B. Wake Model 

 

    Many wake models have been proposed in the past [4]-

[8]. The choice of the model depends on desired accuracy of 

prediction and on computational time. Some of the proposed   

models include Ainslie’s model [5], Frandsen’s model [6], 

Mosaic Tile model [7], Jensen’s model [8] and CFD 

(Computational Fluid Dynamics) models [4]-[9]. From 

comparison of different wake models, presented in [4], it 

can be observed that the sophisticated models have similar 

level of accuracy as simpler ones.  

 
Fig. 1.  Wake of an upwind turbine rotor disc based on Jensen’s model 

 

One of those simpler models, Jensen’s model [8], was 

selected for calculations of the wake in this study as it 

provides adequate accuracy and reduced computational 

time.  It assumes that the wake downstream the turbine 

expands linearly. The model is graphically explained in the 

Fig. 1. The rotors of the turbines  have radius ro and the 

upwind turbine receives free-stream wind u, having the 

thrust coefficient Ct. After passing through the rotor disc the 

wind slows down to vo. The wind speed at a distance xo from 

the turbine is v1.  

The radius of the wake at distance xo (location of 

downwind turbine) is rw. The radius of the wake disc 

increases linearly with the distance as: 

 

  �� = �. �� + ��     (1) 

 

where k is the entrainment constant or opening angle which 

represents the effects of atmospheric stability. Jensen found 

experimentally the value of k to be 0.075 for onshore 

applications and 0.04 for offshore applications.  

The wake velocity at distance xo is calculated as follows 

[10]: 

 

	
 = � �1 − � ��
����.���� . �1 − √1 − ����   (2) 

 

where v1 is the velocity of the wake at a distance xo, u is the 

free-stream wind velocity and Ct is the thrust coefficient of 

the rotor (based on incoming wind speed). 

The wake downstream follows a top-hat distribution [8] 

which shows greater speed deficit in the middle of the wake 

while away from the centre, i.e. near the edges of the wake 

the deficit is the  lowest.  

  

C. Partial Shadowing 

 

    Partial shadowing is a phenomenon which occurs when 

one or more upwind wind turbines cast a ‘single’ shadow on 

a downwind turbine. The wind speed at the rotor disc of 

interest is then determined by calculating the ratio 

(weighting factor, β) of the rotor area in wake to the total 

rotor area. The wind speed entering into the turbine is given 

by (3)[11]: 

 

	�� =  �.  1 −  !∑ #��,��. �1 − %&',()
* ��

� +        (3) 

where j is the wind turbine under wake, k is the upwind 

turbine, u is the initial wind speed entering into the wind 

turbine k, vps,Tk is the shadow of k falling on wind turbine j.  



       

 
Fig. 2.  Partial shadowing on downwind turbine (j) by two upwind turbines 

    

 Partial shadowing is illustrated in Fig. 2 which shows the 

circular disc of wind turbine j on which wakes of wind 

turbine 2 and 3 are falling. The radius of the wake of the 

wind turbine 2 and 3 is ��. These wind turbines are referred 

to as wind turbine k in (3). Hence to compute the wind speed 

entering into the wind turbine j the reduced wind speed from 

turbine 2 and 3 have to be calculated first according to their 

distance from turbine j, and then the area they overlap on the 

disc of turbine  j. 

 

D. Multiple Wakes 

 

 Multiple wakes occur when two or more upwind turbines 

slow down the wind approaching the turbine in the 

consecutive column. Fig. 3 illustrates the effect of multiple 

wakes on the third turbine from the left since it is in wake of 

the second turbine which in turn is in wake of the first one. 

It is shown in [12] that the effect of the first wake is the 

strongest, i.e. the wind speed reduction is the largest.    

 
Fig. 3.  Multiple wakes 

 

    It is also shown that the speed drop (and consequently 

drop in power production) for wind turbines arranged in a 

column (i.e. one behind the other) for head-on winds, 

depends on distance between the two units as well. The 

effect of wake reduces with increase in distance between the 

consecutive units. The similar effect is reported for wind 

coming diagonally [12]. 

 Based on Jensen’s model for multiple wakes and 

considering wind turbine characteristics (dynamically 

changing Ct values based on wind speed) the wind speed of 

the third turbine is given by:   
	� = � ,� ��

����.���� .  �%-.√
./0
* � − 1+ + 11         (4) 

 In case of a symmetrical wind farm topology, the 

distance between the turbines in the same column (400m) is 

smaller than the diagonal distance (566m). The resulting 

wind speed with the distance obtained using the expression 

(4) for multiple wakes is illustrated in Fig. 4. 

 

 

Fig. 4.  Comparison of wind speed input to differently arranged turbines 

  
    It can be seen from Fig. 4 that as the distance between 

the turbines increases the effect of wake decreases. For 

larger distances however, e.g. exceeding 1600m in the case 

above, the power drop stabilizes at constant value.   

  

E. Wind Roses 

 

  In this study, the wind speed per turbine (for a 

symmetrical WF of 9 turbines) is evaluated taking into 

account rotor radius, thrust coefficient value (Ct), wake of 

wind turbine, partial shading and multiple wakes according 

to distance between the turbines.  

 Additionally, since the effect of wake on the wind 

turbine (WT) power output is associated with the incoming 

wind’s direction [13], the direction of wind is varied with 

resolution of 1
o
 (compared to 10

o
  reported in [10]).  

 The reduction in wake coefficient (i.e., the ratio of power 

output with the wake effect to the power output without 

wake effect) with the increase in wind speed for different 

directions of wind is shown in [13]. Similar results were 

obtained in this study but not included in the paper due to 

space limitation. 

 The following assumptions were made when calculating 

wind speed per turbine for winds from all directions as 

shown in Fig. 5:  

• Top hat wind speed distribution of the wake is ignored, 

i.e. the wake wind speed is constant at given distance. 

• For wind speeds lower than rated and above cut-in 

speed, the rotor’s angular speed will be adjusted by the 

controller. Above rated wind speed, the rotor speed 

will remain the same. These effects are assumed to 

have been taken into account in the Ct values provided. 

• The effect of upstream wind speed change, i.e. 

reduction of wind speed at downwind turbines, takes 

effect on the downwind turbines immediately. (Note: 

In reality there is some delay in this effect taking place 

due to the distance between the turbines.) 

• Turbulence in the wind is neglected 

 



Fig. 5.  Variation in wind speed (per turbine) for incoming wind of 10m/s 

from 0 to 360 degrees in a symmetrical WF due to wake effects

 

III. PROBABILISTIC ESTIMATION OF WIND ENERGY 

CURTAILMENT 

 

    The probabilistic estimation method for wind energy 

curtailments is presented for the basic system shown in 

6. The estimation method is similar to probabilistic 

production cost simulation presented in [14]

wind speed measurements at existing wind farm site and on 

analysis of statistical data of power transmission through the 

studied transmission line. 

 The following assumptions and approximations are

in development of the method: 

 

• Statistical data for wind speed and power transmission 

measurements are representative for the studied site.

• All wind turbines are of the same type.

• Available transmission capacity for the studied lines is 

determined by a network operator and is constant for 

the studied period. 

• Only active power flows are considered

• It is assumed that produced wind power can be 

consumed on the other side of the bottleneck.

• Electrical power losses in the lines are neglected

 

Fig. 6.  Two-area system 

 

   For simplicity, let X be the amount of power in MW 

transmitted through the bottleneck before wind power is 

installed. Let Y correspond to expected wind power 

production in MW. X and Y are assumed to be discrete 

independent variables. The distribution function for 

transmitted power and corresponding probability density 

function are 234�5 =  647 8 �5. 934�5 =

 
wind speed (per turbine) for incoming wind of 10m/s 

due to wake effects 

III. PROBABILISTIC ESTIMATION OF WIND ENERGY 

The probabilistic estimation method for wind energy 

for the basic system shown in Fig. 

. The estimation method is similar to probabilistic 

[14]. It is based on 

wind speed measurements at existing wind farm site and on 

analysis of statistical data of power transmission through the 

The following assumptions and approximations are made 

Statistical data for wind speed and power transmission 

measurements are representative for the studied site. 

All wind turbines are of the same type. 

Available transmission capacity for the studied lines is 

a network operator and is constant for 

ive power flows are considered 

It is assumed that produced wind power can be 

consumed on the other side of the bottleneck. 

Electrical power losses in the lines are neglected 

 

be the amount of power in MW 

transmitted through the bottleneck before wind power is 

correspond to expected wind power 

are assumed to be discrete 

independent variables. The distribution function for 

transmitted power and corresponding probability density 4 5 =  647 = �5, where 

647 = �5 is the probability that transmission 

or equal to a level x and 647
power transmission X is exactly 

 934�5 =  647 = �5 =  9�:;3
 

where 9�:;34�5 is frequency of level 

measurements; 

 234�5 =  647 8 �5 =  ∑<:�>?�
 

    Similarly, distribution function and probability density 

function can be expressed for wind power output 2@4A5 =  64B 8 A5, 9@4A5 =  6
wind speed measurements, the power output 

planned WF can be obtained from the power curve of the 

WT. Then distribution and probability mass functions of 

are calculated. Lets now introduce the discrete variable 

such that Z = X + Y. Z is the desired transmission after wind 

power is installed in the area with the 

Its probability density function 

convolution expression as follows 

 9C4D5 = ∑ 934�59@4D − �5 =�
 

The Distribution function of the discrete variable Z is:

 2C4D5 =  ∑ 9C4D<<:E>FG 5  

 

    Fig. 7 illustrates the results of the discrete probabilistic 

estimation. As 2C4D5 = 64H 8
Fig. 7 corresponds to the probability that the transmission 

limit C is exceeded. The area under 

equal to wind energy that should be spilled.

 

A. Wind Turbine Availability 

 

    The method for deriving probability distribution function 

of WF production considering availability of WT is 

proposed in [16]. In this paper only a short overview of the 

method is provided for completeness of discussion.

    For K identical WTs within a WF each of which may 

fail, there are K + 1 turbine availability states, where state 1 

corresponds to 0 generators in service, state 2 corresponds to 

1 generator in service and so on; thus state K+1 corresponds 

to all generators in service. The probability of each state 

depends on total number of wind turbines and availability of 

a single turbine [17]: 

 

6IJ4�5 = K!
M�!4K.�5!N . OI�� . 41 −

 

where OI� is availability of a single WT.

 

 

 

is the probability that transmission X is less than 4 = �5 is the probability that 

is exactly x. For the discrete case: 

4�5/Q  (5) 

is frequency of level x MW, . is number of 

934�<5�   (6) 

Similarly, distribution function and probability density 

function can be expressed for wind power output Y, 4B = A5. Using long-term 

wind speed measurements, the power output Y of the 

btained from the power curve of the 

WT. Then distribution and probability mass functions of Y 

are calculated. Lets now introduce the discrete variable Z, 

is the desired transmission after wind 

power is installed in the area with the bottleneck problems. 

Its probability density function 9C4D5 is obtained from the 

convolution expression as follows [15]: 

5 = ∑ 934D − A59@4A5R  (7) 

of the discrete variable Z is: 

   (8) 

illustrates the results of the discrete probabilistic 8 D5, the value 1 − FT4C5 in 

corresponds to the probability that the transmission 

is exceeded. The area under 1 − FT4C 8 z W ∞5 is 

equal to wind energy that should be spilled. 

The method for deriving probability distribution function 

of WF production considering availability of WT is 

. In this paper only a short overview of the 

method is provided for completeness of discussion. 

For K identical WTs within a WF each of which may 

fail, there are K + 1 turbine availability states, where state 1 

corresponds to 0 generators in service, state 2 corresponds to 

1 generator in service and so on; thus state K+1 corresponds 

in service. The probability of each state 

depends on total number of wind turbines and availability of 

− OI�54K.�5         (9) 

is availability of a single WT. 



 
 

Fig. 7. Wind power production (WDF) 1 − FY4x5 actual transmission 

(TDF) 1 − F[4y5, new transmission distribution functions (NTDF) 1 − FT4z5 and transmission limit (TL) C for the estimation method 

 
   In contrast to conventional generators WT production 

depends on uncontrollable source - wind. Therefore WT is 

in certain capacity state SWT (v) at each wind speed v, 

 ]I�4	5 =  0.5 . `a . bc	d     (10) 

 

where A is swept area of the wind turbine, c is air density 

and cp is overall efficiency of WT. 

    Consequently, probability of each capacity state depends 

on probability of the corresponding wind speed. 

In [16] it was assumed that all WTs within a WF are 

identical and that all turbines within a WF are facing the 

same wind speed. The capacity states of the whole WF are 

thus calculated as number of turbines K multiplied with each 

capacity state SWT (v) of single WT, i.e. 

 ]IJ = e . ]I�4	5     (11) 

 

    WF capacity states, however, do not uniquely 

correspond to certain wind speed as WT capacity states, but 

can occur at several (k, v) combinations, where k is number 

of wind turbines in service and v is wind speed. 

Combining probability density function of WF availability 

states (9) and probability of each WT capacity state the 

probability distribution function 2@4A5 for WF capacity 

states can be obtained (see [16] for details). 

    According to [18] availability of the WT varies between 

approx. 95% and 100% on yearly basis depending on 

weather conditions, age of WT etc. Fig. 8 illustrates wind 

power production distribution function considering 95%, 

97%, 98% and 100% availability of the wind turbines within 

WF. 

     

 
 
Fig. 8.  Wind power production distribution functions, for different wind 
turbine availability without considering wake effects 

 
 As it was shown in the preceding sections not all WTs 

within a wind farm meet the same wind.  If wake effect is 

considered then power production of each wind turbine 

depends on its location within a wind farm, the wind speed, 

wind direction and also the location of unavailable wind 

turbines as this will affect the wake that neighboring 

turbines are experiencing. 

    For a WF consisting of K wind turbines, this would 

result in K!+1 WF availability states (e.g. 362881 states for 

9 WTs), combined with different production states based on 

wind speed and wind direction. There might be some 

symmetry depending on WF layout but still the task is 

enormous and will also depend on layout of each particular 

wind farm. On the other hand the refinement to the WF 

probability distribution function from WT availability 

consideration is relatively small.  

    In order to resolve the trade off between dimensionality 

and accuracy the following simplification is introduced. WF 

production is calculated for each wind speed and direction 

considering wake effect. The results of this calculation are 

shown in Fig. 9. Dividing the total WF production by the 

number of WTs in a wind farm, equivalent WT power curve 

can be obtained for given WF layout. It is assumed then that 

for any given wind speed and direction the power 

production of all WTs within a wind farm is the same.  The 

amount of power that each WT within the farm is producing 

however, is obtained from the equivalent WT power curve 

developed previously considering the wake effect. The 

impact of the wake is thus effectively averaged out among 

all wind turbines in a wind farm.  
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Fig. 9.  WF production for each wind speed and direction considering wake 
effect 

 

    Change in wake effect due to a WT being out of service 

is neglected. Location of unavailable WTs in this way 

becomes irrelevant and WT availability can be considered 

using the same methods as before. This simplification might 

prove to be better for some sites and WF layouts than for the 

others, this is further discussed in a case study.
 

 Even though the difference between the results obtained 

with and without considering wake effect is rather small,   

on average only 1.5%, the approach used here still provides 

refinement to the estimation method used in previous 

studies. 

 

IV. CASE STUDY 

 

    The estimation method presented above is applied to a 

case study, where a WF is developed in an area with good 

wind potential. There are other generators situated in the 

same area as well as local electricity demand. Transmission 

capacity from this area is limited to 70 MW.

    Throughout a year the power transmission through the 

aforementioned corridor varies with load

hours per year the loading is less than 55% of total 

transmission capacity. The wind farm consists o

turbines and has a rated power of 18 MW. The distance 

between turbines in the same row and column is about 

400m. The wind turbines are horizontal axis pitch regulated 

upwind turbines with active yaw system. The turbines used 

are Vestas V80 with OptiSpeed
TM

 and OptiTip® technology 

having asynchronous generator with rated power of 2 MW. 

Rotor radius of a WT is 40 m and hub height is 80 m above 

the ground.  
    There is, however, not enough transmission capacity to 

guarantee power transmission from the wind farm through 

the transmission corridor during 100% of the time during the 

year. The probabilistic estimation method is thus applied to 

weigh the costs of expected wind energy curtailments 

against the costs for necessary grid reinforcement.

 

A. Results of the Analysis  

 

    The power flow on the other transmission lines is, for 

simplicity, assumed unaffected by wind power integration. 

 
WF production for each wind speed and direction considering wake 

Change in wake effect due to a WT being out of service 

Location of unavailable WTs in this way 

becomes irrelevant and WT availability can be considered 

using the same methods as before. This simplification might 

prove to be better for some sites and WF layouts than for the 

a case study. 

Even though the difference between the results obtained 

with and without considering wake effect is rather small,   

on average only 1.5%, the approach used here still provides 

refinement to the estimation method used in previous 

The estimation method presented above is applied to a 

case study, where a WF is developed in an area with good 

wind potential. There are other generators situated in the 

same area as well as local electricity demand. Transmission 

ty from this area is limited to 70 MW.    

power transmission through the 

aforementioned corridor varies with load. For about 4000 

hours per year the loading is less than 55% of total 

The wind farm consists of 9 wind 

turbines and has a rated power of 18 MW. The distance 

between turbines in the same row and column is about 

400m. The wind turbines are horizontal axis pitch regulated 

upwind turbines with active yaw system. The turbines used 

and OptiTip® technology 

having asynchronous generator with rated power of 2 MW. 

Rotor radius of a WT is 40 m and hub height is 80 m above 

There is, however, not enough transmission capacity to 

e wind farm through 

the transmission corridor during 100% of the time during the 

year. The probabilistic estimation method is thus applied to 

weigh the costs of expected wind energy curtailments 

against the costs for necessary grid reinforcement. 

The power flow on the other transmission lines is, for 

ted by wind power integration. 

Wind power production of the wind farm is calculated using 

10-minute average wind speed and direction measurements 

from the site Sourva in northern Sweden (additional 

information about this site is available in 

These wind measurements are converted to power using the 

power curve of Vestas V80 wind turbine 

considering the wake effect model presented above.

    Fig. 10 illustrates a wind rose for the site characterized 

by two prevailing wind directions

 

Fig. 10.  Wind rose for the case study 

 

    Some of the results for probabilistic estimation method 

were already presented in Fig. 7

probability that transmission limit is exceeded as well as 

potential energy curtailments, for the cases wh

availability is assumed to be 100%. The area under 2C4� 8 D W ∞5 is equal to wind energy that should be 

curtailed. For the case with 100% WT availability the 

curtailed wind energy is equal to 9.45% of total wind energy 

production during the studied period, which corresponds to 

4484.6 MWh/year. 

    Fig. 11 shows probability density function of wind 

power production for each WT within the WF. It can be 

seen that for each production state (particular generated 

power, e.g. 1MW) the probabilities that each WT within a 

WF is in this production state are relative

be explained by symmetric layout of the wind farm and

opposite prevailing wind directions. The simplification 

related to WT availability calculation considering wake 

effect introduced above is thus fully applicable for this site 

and WF layout. 

Fig. 11.  Wind power production probability density function for each WT 

within the WF 

Wind power production of the wind farm is calculated using 

minute average wind speed and direction measurements 

m the site Sourva in northern Sweden (additional 

information about this site is available in [19] and [20]). 

These wind measurements are converted to power using the 

power curve of Vestas V80 wind turbine [21] and 

considering the wake effect model presented above. 

illustrates a wind rose for the site characterized 

by two prevailing wind directions. 

 

Some of the results for probabilistic estimation method 

Fig. 7. The figure indicates the 

probability that transmission limit is exceeded as well as 

potential energy curtailments, for the cases where WT 

availability is assumed to be 100%. The area under 1 −
is equal to wind energy that should be 

curtailed. For the case with 100% WT availability the 

curtailed wind energy is equal to 9.45% of total wind energy 

production during the studied period, which corresponds to 

shows probability density function of wind 

power production for each WT within the WF. It can be 

seen that for each production state (particular generated 

power, e.g. 1MW) the probabilities that each WT within a 

WF is in this production state are relatively close. This can 

be explained by symmetric layout of the wind farm and two 

opposite prevailing wind directions. The simplification 

related to WT availability calculation considering wake 

effect introduced above is thus fully applicable for this site 

 
Wind power production probability density function for each WT 



 

 
Fig. 12.  Wind energy curtailments with and without availability and wake 
effect considerations. (The legend is arranged top to bottom according to 

bar positions from left to right) 

 
 Fig. 12 shows the combined effect of wind turbine 

availability and wake effect on wind energy curtailments. It 

can be seen that the difference between the amounts of wind 

energy curtailment required with and without wake effect is 

about 350 MWh per year. This shows that taking into 

account wake effect reduces effectively the cost of 

curtailment.   

 In discrete probabilistic method applied here the wind 

power production and power transmission (without wind 

power) are assumed to be independent variables. According 

to the available data, the correlation between the wind speed 

and transmission was -0.06, which justifies the assumption 

made. 

 

V. EFFECT ON COST OF CURTAILMENT DUE TO 

CONSIDERATION OF WAKE AND AVAILABILITY 

 

    In Fig. 13 curtailed wind energy from Fig. 12 is 

expressed in £M/year, assuming electricity tariff of 

5.45p/kWh [22]. If neither wake effect nor availability are 

considered, the costs for energy curtailments are 

£0.245M/year. Sole consideration of wake effect reduces the 

estimated costs of curtailments by about £0.019M/year. 

Since lifetime of a wind farm is about 25 years this could in 

total cost reduction of about £475k over the life time of the 

WF (reduction of 7.76% compared to reference curtailment 

costs, see Table 1).  

 According to Fig. 13 if wake effect and availability of 

wind turbines (97%) are considered the estimated costs for 

energy curtailments will be reduced to £0.216 M/year. This 

results in total cost reduction of £725k over the lifetime of 

the wind farm (reduction of 11.84% compared to reference 

curtailment costs, see Table 1).  

 One of the possible reinforcement measures to solve this 

problem is building a new transmission line. In this case the 

wind farm is small (18MW) so potential savings could be 

made by considering reinforcement using 33 kV line rather 

than a 132 kV line. With 33 kV line the costs for 

underground cable and switch gear is £3.53M which 

corresponds to £0.338 M/year. Calculations for 33 kV 

system were made based on 6.5% discount rate and 1.4% 

operation and maintenance rate per year. 

 

 
Fig. 13.  Wind energy curtailments with and without availability and wake 

effect considerations expressed in £M per year at electricity tariff of 
5.45p/kWh. (The legend is arranged top to bottom according to bar 

positions from left to right) 

 

    Table 1 summarizes the results obtained by taking into 

account different levels of detail in wind energy curtailment 

calculations. The results are shown as costs for energy 

curtailments per year as well as total costs over WF lifetime, 

i.e. 25 years. Total costs to be incurred over 25 years are 

compared to the reference case, i.e. when neither wake nor 

WT availability are included in wind energy curtailment 

calculation. Finally the results are compared to the costs of 

the new 33 kV line (calculated over WF life time). 
 

TABLE I 
 CURTAILMENT COSTS (£ MILLION) 

 

  

Without 

wake, 

without 
availability 

Without 

wake, 

 with 97% 
availability 

With 

wake,  

without 
availability 

With 

wake,  

 with 97% 
availability 

Per year  0.245 0.238  0.226 0.216  

Cumulative, 
(over 25 

years) 

6.125 5.950 5.650 5.400 

Difference 

compared to 
reference case 

(over 25 

years) 

Reference 

case 

0.175 

(-2.86%) 
0.475 

(-7.76%) 

0.725 

(-11.84%) 

Difference 

between 
reinforcement 

and 

curtailment 
costs  

(over 25 

years) 

2.315 
2.511 

(8.47%) 
2.803 

(21.08%) 

3.058 

(32.1%) 

 

     The table clearly illustrates the difference in curtailment 

costs due to consideration of wake effect and availability of 

wind turbines. If the effects of wake and availability are 

included in wind energy curtailment calculations then 

curtailments can be £3.058M cheaper solution (over the 

lifetime of the WF) than building a new 33 kV line. This 

represents 32.1% increase in savings compared to the case 

when wake effect and availability were not included in 

calculations.  

If the wake effect alone is taken into account the wind 

curtailments can be £2.803M cheaper solution than building 



a new 33 kV line which represents over 20% increase in 

savings compared to the case when wake effect was not 

included in calculations. 

 

VI. CONCLUSIONS 

 

    The paper investigated potential economic implications 

of inclusion of wake effect in assessment of wind farm 

power output. The results of the analysis first confirmed that 

wind farm topology plays an important role in prediction of 

total power output when wind direction, and consequently 

wake, is considered. Wind turbines facing wind directly 

produce more power than those affected by the wake of 

upwind turbines. 

     The economic significance of consideration of wake 

phenomenon was investigated by analysing a case where 

power produced by wind farm exceeds available 

transmission capacity; therefore, extra wind power had to be 

curtailed or grid reinforcement introduced. Both measures 

usually cost significant amount of money hence a 

comparison of cost was performed to help decide which 

option is more suitable. Comparison of grid reinforcement 

and wind energy curtailment measures is usually performed 

in prefeasibility stage of a WF development. Wake effect is 

often neglected in this comparison which leads to inaccurate 

decision. The effect of availability of wind turbines with and 

without wake effect consideration was also investigated to 

make the case more realistic. In simple test case studied in 

the paper, the consideration of wake effect and availability 

resulted in less curtailed wind energy compared to a case 

where these factors were neglected. The overall cost of wind 

energy curtailment was reduced making curtailments a 

cheaper option compared to grid reinforcement. 
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