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Abstract—In this paper we discuss the use of wind power
forecasting in electricity market operations. In particular, we
demonstrate how probabilistic forecasts can contribute to
address the uncertainty and variability in wind power. We focus
on efficient use of forecasts in the unit commitment problem and
discuss potential implications for electricity market operations.
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The main focus in the WPF industry so far has been on
improving the accuracy of point forecasts, but we believe that
probabilistic forecasts will become increasingly important as
input to operational decisions. Physics-based ensemble
simulations [2] and statistical quantile regression [3] are
commonly used methods to estimate forecast uncertainty. We
are also investigating the use of kernel density estimation for
this purpose. Furthermore, we are analyzing different methods
for generation of representative wind power scenarios [4] [5]
as input to the decision problems in the electricity market.

I. INTRODUCTION

T

HE rapid expansion of wind power creates new challenges
for operators of power systems and electricity markets.
Wind power forecasting (WPF) can play a key role in
handling the inherent uncertainty and variability in wind
power in a cost effective and reliable manner. However, there
is still a need for better forecasts geared towards the specific
industry needs. Questions also remain regarding how to best
make use of the forecasts in market operations, from
determination of operating reserve requirements to unit
commitment (UC) and dispatch. In this paper we give an
overview of the main findings from a research project on WPF
and electricity market operations conducted by Argonne
National Laboratory in collaboration with INESC Porto.
II. WIND POWER FORECASTING
WPF models are complex systems that use input data from
numerical weather prediction models, local meteorological
measurements, SCADA data of wind power output, and
terrain characteristics. A combination of physical and
statistical models is used to produce forecasts from the very
short-term to several days ahead in time. A detailed
description of the state-of-the art in WPF is provided in [1].
The complexity in weather and wind to power conversion
means that WPF will always entail a significant forecasting
error. In general, the error increases with the forecast horizon.
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III. UNIT COMMITMENT AND MARKET OPERATIONS
The commitment of generating units to provide energy and
operating reserves is a key procedure for system operators to
ensure that sufficient capacity is available to handle
unexpected supply and demand deviations in real-time. In
ISO/RTO markets in the United States the system operator
runs a centralized UC as part of the market clearing procedure.
WPF information could enter the UC process either through
the bids from the market participants or directly from the
system operator’s own forecast [6]. Currently, the market bids
are used to clear the day-ahead market, whereas the system
operator typically relies on its own forecast for adjustments in
unit commitments closer to real-time.
Stochastic UC formulations [7]-[12] are being proposed as
a means to reduce operating costs in systems with a high share
of wind power generation. We are investigating the use of
probabilistic forecasts for this purpose. It is clear that the
quality of the WPF is of high importance for the robustness of
the resulting commitment decisions. An alternative to a
stochastic UC is to use probabilistic WPF to dynamically
estimate operating reserve requirements [13]-[15].
In comparing the different commitment approaches it is
important to carefully consider the implications for the
electricity market. A stochastic UC will commit additional
resources in an implicit manner. This may distort prices for
energy and reserves, and thereby increase the need for uplift
payments for generators to cover their full operating cost. In
contrast, the use of dynamic reserves would be better aligned
with current market designs which have explicit operating
reserve requirements and prices. Furthermore, it is important
to consider the frequency of commitment decisions and the
overall timeline for bidding and scheduling of resources in the
electricity market. In general, moving operational decisions
closer to real-time will facilitate the use of better forecasts
among market participants as well as the system operator.

2

IV. REFERENCES
[1]

[2]

[3]

[4]

[5]

[6]
[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

C. Monteiro, R. Bessa, V. Miranda, A. Botterud, J. Wang, and
G. Conzelmann, “Wind power forecasting: state-of-the-art 2009,”
ANL/DIS-10-1, Argonne National Laboratory, Nov. 2009 [Online].
Available: http://www.dis.anl.gov/projects/windpowerforecasting.html
E.M. Constantinescu, V.M. Zavala, M. Rocklin, S. Lee, M. Anitescu, “A
Computational Framework for Uncertainty Quantification and
Stochastic Optimization in Unit Commitment with Wind Power
Generation,” IEEE Transactions on Power Systems, in press.
H. A. Nielsen, H. Madsen, and T. S. Nielsen, “Using quantile regression
to extend an existing wind power forecasting system with probabilistic
forecasts,” Wind Energy, vol. 9(1-2), pp. 95–108, 2006.
P. Pinson, G. Papaefthymiou, B. Klockl, H. Aa. Nielsen, and H. Madsen,
“From probabilistic forecasts to statistical scenarios of short-term wind
power production,” Wind Energy, vol. 12(1), pp. 51–62, 2009.
H. Heitsch and W. Römisch, “Scenario Reduction Algorithms in
Stochastic
Programming,” in Computational Optimization and
Applications, No. 24, pp. 187–206, Kluwer, Norwell, MA, 2003.
Botterud et al. Electricity Journal XX
R. Barth, H. Brand, P. Meibom, and C. Weber, “A stochastic unit
commitment model for the evaluation of the impacts of the integration of
large amounts of wind power,” in Proc. 9th Int. Conf. Probabilistic
Methods Applied to Power Systems, Stockholm, Sweden, 2006.
A. Tuohy, P. Meibom, E. Denny, and M. O’Malley, “Unit commitment
for systems with significant wind penetration,” IEEE Transactions on
Power Systems, vol. 24, no. 2, pp. 592–601, 2009.
F. Bouffard and F. Galiana, “Stochastic security for operations planning
with significant wind power generation,” IEEE Transactions on Power
Systems, vol. 23, no. 2, pp. 306–316, 2008.
P. A. Ruiz, C. R. Philbrick, E. Zak, K. W. Cheung, and P. W. Sauer,
“Uncertainty management in the unit commitment problem,” IEEE
Transactions on Power Systems, vol. 24, no.2, pp. 642–651, 2009.
J. Wang, M. Shahidehpour, and Z. Li, “Security-constrained unit
commitment with volatile wind power generation,” IEEE Transactions
on Power Systems, Vol. 23, No. 3, Aug. 2008.
J. Wang, A. Botterud, V. Miranda, C. Monteiro, G. Sheble, “Impact of
Wind Power Forecasting on Unit Commitment and Dispatch,” 8th Int.
Workshop on Large-Scale Integration of Wind Power into Power
Systems, Bremen, Germany, Oct. 2009.
M.A. Matos, R. Bessa, “Setting the Operating Reserve Using
Probabilistic Wind Power Forecasts,” IEEE Transactions on Power
Systems, 2010, In Press. DOI: 10.1109/TPWRS.2010.2065818.
R. Doherty, M. O’Malley, “A New Approach to Quantify Reserve
Demand in Systems with Significant Installed Wind Capacity,” IEEE
Transactions on Power Systems, Vol. 20, No. 2, pp. 587- 595, 2005.
M.A. Ortega-Vazquez, D.S. Kirschen, “Estimating Spinning Reserve
Requirements in Systems With Significant Wind Power Generation
Penetration,” IEEE Transactions on Power Systems, Vol. 24, No. 1, pp.
114- 124, 2009.

V. ACKNOWLEDGMENT
The submitted manuscript has been created by UChicago
Argonne, LLC, Operator of Argonne National Laboratory
(‘‘Argonne’’). Argonne, a U.S. Department of Energy Office
of Science laboratory, is operated under Contract
No. DE-AC02-06CH11357. The U.S. Government retains for
itself, and others acting on its behalf, a paid-up non-exclusive,
irrevocable worldwide license in said article to reproduce,
prepare derivative works, distribute copies to the public, and
perform publicly and display publicly, by or on behalf of the
Government.

VI. BIOGRAPHIES
Audun Botterud received his M.Sc. in industrial engineering (1997) and
a Ph.D. in electrical engineering (2003), both from the Norwegian University
of Science and Technology. He is an energy systems engineer in the Center
for Energy, Environmental, and Economic Systems Analysis (CEEESA) at
Argonne National Laboratory. He was previously with SINTEF Energy
Research in Trondheim, Norway. His research interests include electricity
markets, power systems, renewable energy, wind power integration, stochastic
optimization, and agent-based modeling.
Jianhui Wang received his B.S. degree in management science and
engineering (2001) and a M.S. degree in technical economics and
management (2004), both from North China Electric Power University, China,
and his Ph.D. in electrical engineering from Illinois Institute of Technology,
USA (2007). Presently, he is an assistant computational engineer - Energy
Systems with CEEESA at Argonne National Laboratory. His research
interests include energy economics and policy, agent-based modeling and
simulation, and electric power systems optimization and economics. He is
chair of the IEEE PES power system operation methods subcommittee and cochair of the task force on integration of wind and solar power into power
system operations.
Ricardo J. Bessa received his Licenciado (five years) degree from the
Faculty of Engineering of the University of Porto, Portugal (FEUP) in 2006 in
electrical and computer engineering. In 2008 he received his Master degree in
data analysis and decision support systems from the Faculty of Economy of
the University of Porto (FEP). Currently, he is a researcher at INESC Porto in
its Power Systems Unit and a PhD student in the Sustainable Energy Systems
Program at FEUP. His research interests include wind power forecasting, data
mining and decision-aid methods.
Hrvoje Keko graduated in electrical power systems engineering from the
Faculty of Electrical Engineering and Computing of the University of Zagreb,
Croatia. He is presently a PhD. student enrolled in the Sustainable Energy
Systems Program at FEUP - Faculty of Engineering of the University of
Porto, Portugal. He is also a researcher at INESC Porto in its Power Systems
Unit. His interests include computational intelligence tools, wind power
forecasting and impact of electrical transportation in power system planning
and operation.
Jean Sumaili received the B.Sc. degree in “Sciences Appliquées (option:
Electricité)” from the University of Kinshasa, Kinshasa, Democratic Republic
of the Congo, in 1998, and the M.Sc. and Ph.D. degrees in electrical
engineering from the Politecnico di Torino, Turin, Italy, in 2004 and 2008,
respectively. He is currently a Senior Researcher at the Power Systems Unit of
INESC Porto. His research activities include distribution systems analysis,
distributed generation applications, electricity customers classification,
photovoltaic and wind power systems.
Vladimiro Miranda received his Licenciado, Ph.D. and Agregado
degrees from the Faculty of Engineering of the University of Porto, Portugal
(FEUP) in 1977, 1982, and 1991, all in electrical engineering. In 1981, he
joined FEUP and currently holds the position of Professor Catedrático. He is
also currently a Director of INESC Porto, an advanced research institute in
Portugal. He has authored many papers and been responsible for many
projects in areas related with the application of computational intelligence to
power systems.

