Modeling and Forecasting
Electricity Loads and Prices
A Statistical Approach

Rafal⁄ Weron

Modeling and Forecasting
Electricity Loads and Prices

For other titles in the Wiley Finance Series
please see www.wiley.com/finance

Modeling and Forecasting
Electricity Loads and Prices
A Statistical Approach

Rafal⁄ Weron

C 2006 Rafal⁄ Weron
Copyright 

Published by John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester,
West Sussex PO19 8SQ, England
Telephone (+44) 1243 779777
Email (for orders and customer service enquiries): cs-books@wiley.co.uk
Visit our Home Page on www.wiley.com
All Rights Reserved. No part of this publication may be reproduced, stored in a retrieval system
or transmitted in any form or by any means, electronic, mechanical, photocopying, recording,
scanning or otherwise, except under the terms of the Copyright, Designs and Patents Act 1988
or under the terms of a licence issued by the Copyright Licensing Agency Ltd, 90 Tottenham
Court Road, London W1T 4LP, UK, without the permission in writing of the Publisher.
Requests to the Publisher should be addressed to the Permissions Department, John Wiley &
Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex PO19 8SQ, England, or emailed
to permreq@wiley.co.uk, or faxed to (+44) 1243 770620.
Designations used by companies to distinguish their products are often claimed as trademarks. All brand
names and product names used in this book are trade names, service marks, trademarks or registered
trademarks of their respective owners. The Publisher is not associated with any product or vendor
mentioned in this book.
This publication is designed to provide accurate and authoritative information in regard to
the subject matter covered. It is sold on the understanding that the Publisher is not engaged
in rendering professional services. If professional advice or other expert assistance is
required, the services of a competent professional should be sought.
Other Wiley Editorial Offices
John Wiley & Sons Inc., 111 River Street, Hoboken, NJ 07030, USA
Jossey-Bass, 989 Market Street, San Francisco, CA 94103-1741, USA
Wiley-VCH Verlag GmbH, Boschstr. 12, D-69469 Weinheim, Germany
John Wiley & Sons Australia Ltd, 42 McDougall Street, Milton, Queensland 4064, Australia
John Wiley & Sons (Asia) Pte Ltd, 2 Clementi Loop #02-01, Jin Xing Distripark, Singapore 129809
John Wiley & Sons Canada Ltd, 6045 Freemont Blvd, Mississauga, Ontario, L5R 4J3, Canada
Wiley also publishes its books in a variety of electronic formats. Some content that appears
in print may not be available in electronic books.
Library of Congress Cataloging-in-Publication Data
Weron, Rafal.
Modeling and forecasting electricity loads and prices : a statistical approach / Rafal Weron.
p. cm.
Includes bibliographical references and index.
ISBN-13: 978-0-470-05753-7
ISBN-10: 0-470-05753-X
1. Electric power consumption—Forecasting—Statistical methods. 2. Electric utilities—Rates—
Forecasting—Statistical methods. 3. Electric power consumption—Forecasting—Statistical
methods—Case studies. 4. Electric utilities—Rates—Forecasting—Statistical methods—Case studies.
I. Title.
HD9685.A2W47 2007
333.793 213015195—dc22
2006028050
British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library
ISBN 13 978-0-470-05753-7 (HB)
ISBN 10 0-470-05753-X (HB)
Typeset in 10/12pt Times by TechBooks, New Delhi, India
Printed and bound in Great Britain by Antony Rowe Ltd, Chippenham, Wiltshire
This book is printed on acid-free paper responsibly manufactured from sustainable forestry
in which at least two trees are planted for each one used for paper production.

Contents
Preface
Acknowledgments

ix
xiii

1 Complex Electricity Markets
1.1 Liberalization
1.2 The Marketplace
1.2.1 Power Pools and Power Exchanges
1.2.2 Nodal and Zonal Pricing
1.2.3 Market Structure
1.2.4 Traded Products
1.3 Europe
1.3.1 The England and Wales Electricity Market
1.3.2 The Nordic Market
1.3.3 Price Setting at Nord Pool
1.3.4 Continental Europe
1.4 North America
1.4.1 PJM Interconnection
1.4.2 California and the Electricity Crisis
1.4.3 Alberta and Ontario
1.5 Australia and New Zealand
1.6 Summary
1.7 Further Reading

1
1
3
3
6
7
7
9
9
11
11
13
18
19
20
21
22
23
23

2 Stylized Facts of Electricity Loads and Prices
2.1 Introduction
2.2 Price Spikes
2.2.1 Case Study: The June 1998 Cinergy Price Spike
2.2.2 When Supply Meets Demand
2.2.3 What is Causing the Spikes?
2.2.4 The Definition

25
25
25
28
29
32
32

vi

Contents

2.3

2.4

2.5

2.6

2.7
2.8

Seasonality
2.3.1 Measuring Serial Correlation
2.3.2 Spectral Analysis and the Periodogram
2.3.3 Case Study: Seasonal Behavior of Electricity
Prices and Loads
Seasonal Decomposition
2.4.1 Differencing
2.4.2 Mean or Median Week
2.4.3 Moving Average Technique
2.4.4 Annual Seasonality and Spectral Decomposition
2.4.5 Rolling Volatility Technique
2.4.6 Case Study: Rolling Volatility in Practice
2.4.7 Wavelet Decomposition
2.4.8 Case Study: Wavelet Filtering of Nord Pool Hourly
System Prices
Mean Reversion
2.5.1 R/S Analysis
2.5.2 Detrended Fluctuation Analysis
2.5.3 Periodogram Regression
2.5.4 Average Wavelet Coefficient
2.5.5 Case Study: Anti-persistence of Electricity Prices
Distributions of Electricity Prices
2.6.1 Stable Distributions
2.6.2 Hyperbolic Distributions
2.6.3 Case Study: Distribution of EEX Spot Prices
2.6.4 Further Empirical Evidence and Possible Applications
Summary
Further Reading

3 Modeling and Forecasting Electricity Loads
3.1 Introduction
3.2 Factors Affecting Load Patterns
3.2.1 Case Study: Dealing with Missing Values and Outliers
3.2.2 Time Factors
3.2.3 Weather Conditions
3.2.4 Case Study: California Weather vs Load
3.2.5 Other Factors
3.3 Overview of Artificial Intelligence-Based Methods
3.4 Statistical Methods
3.4.1 Similar-Day Method
3.4.2 Exponential Smoothing
3.4.3 Regression Methods
3.4.4 Autoregressive Model
3.4.5 Autoregressive Moving Average Model
3.4.6 ARMA Model Identification
3.4.7 Case Study: Modeling Daily Loads in California

32
36
39
40
41
42
44
44
44
45
46
47
49
49
50
52
53
53
54
56
56
58
59
62
64
64
67
67
69
69
71
71
72
74
75
78
79
79
81
82
83
84
86

3.5
3.6

Contents

vii

3.4.8 Autoregressive Integrated Moving Average Model
3.4.9 Time Series Models with Exogenous Variables
3.4.10 Case Study: Modeling Daily Loads in California with Exogenous
Variables
Summary
Further Reading

95
97

4 Modeling and Forecasting Electricity Prices
4.1 Introduction
4.2 Overview of Modeling Approaches
4.3 Statistical Methods and Price Forecasting
4.3.1 Exogenous Factors
4.3.2 Spike Preprocessing
4.3.3 How to Assess the Quality of Price Forecasts
4.3.4 ARMA-type Models
4.3.5 Time Series Models with Exogenous Variables
4.3.6 Autoregressive GARCH Models
4.3.7 Case Study: Forecasting Hourly CalPX Spot Prices with
Linear Models
4.3.8 Case Study: Is Spike Preprocessing Advantageous?
4.3.9 Regime-Switching Models
4.3.10 Calibration of Regime-Switching Models
4.3.11 Case Study: Forecasting Hourly CalPX Spot Prices with
Regime-Switching Models
4.3.12 Interval Forecasts
4.4 Quantitative Models and Derivatives Valuation
4.4.1 Jump-Diffusion Models
4.4.2 Calibration of Jump-Diffusion Models
4.4.3 Case Study: A Mean-Reverting Jump-Diffusion Model for Nord
Pool Spot Prices
4.4.4 Hybrid Models
4.4.5 Case Study: Regime-Switching Models for Nord Pool Spot Prices
4.4.6 Hedging and the Use of Derivatives
4.4.7 Derivatives Pricing and the Market Price of Risk
4.4.8 Case Study: Asian-Style Electricity Options
4.5 Summary
4.6 Further Reading

98
100
100
101
101
102
106
106
107
107
109
111
113
114
125
127
132
132
136
136
137
139
140
143
144
147
148
150
153
154

Bibliography

157

Subject Index

171

Preface
Since the discovery of the light bulb, electricity has made a tremendous impact on the development of our society. Today, it is hard to imagine a life without it. To provide every factory and
household with a sufficient supply of electric energy, electric companies were set up. They used
to serve dedicated geographical areas from which consumers had to buy their electricity. Traditionally, centralized regulation of the electricity supply industry was considered necessary to
ensure security of supply and efficient production. Efficiency was achieved through economics
of scale. The power sector was characterized by a highly vertically integrated market structure
with little competition. However, during the last two decades dramatic changes to the structure
of the electricity business have taken place around the world.
The original monopolistic situation has been replaced by deregulated, competitive markets,
where consumers, in principle, are free to choose their provider. To facilitate trading in these
new markets, exchanges and pools for electric power have been organized. Everything from
real-time and spot contracts to derivatives – such as (standardized, but not marked to market)
forward, futures and option contracts – are traded. A power exchange, though, is not a necessity
for a deregulated power market. In fact, in most countries the majority of deals – especially
medium and long term – are made on a bilateral basis on the so-called over-the-counter
(OTC) market. Nevertheless, it has been argued that the establishment of power exchanges has
promoted competition and contributed to the high trading activity seen, for instance, in the
Nordic market. Furthermore, the exchange serves as a source for updated, independent and
good-quality market information.
In a competitive power market electricity can be bought and sold at market prices like any
other commodity. As a consequence, the amount of risk borne by electric utilities, power
producers and marketers has increased substantially. Successfully managing a company in
today’s markets takes a fair amount of statistical analysis and educated guesswork. These in
turn involve developing dedicated statistical techniques and managing huge amounts of data
for modeling, forecasting and pricing purposes.
Unlike the analyses of random samples of observations that are discussed in the context of
most other statistics, the analysis of time series is based on the assumption that successive values
in the data file represent consecutive measurements taken at equally spaced time intervals.
While this assumption is violated for a vast majority of financial data sets, it is fulfilled for
power market data. Electricity spot prices, loads, production figures, etc., are sampled 24 hours
a day, 365 days a year. This gives us a unique opportunity to apply statistical methods in the
way they were meant to be used.
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When electricity sectors were regulated, utility monopolies used short-term load forecasts
to ensure the reliability of supply and long-term demand forecasts as the basis for planning and
investing in new capacity. That is no longer the case where competition has been or is being
introduced. The costs of over- or under-contracting and then selling or buying power on the
balancing market have increased so much that they can lead to financial distress of the utility.
Minimization of volumetric risk has never been of such importance as it is today. As a result,
load forecasting has gradually become the central and integral process in the planning and
operation of electric utilities, energy suppliers, system operators and other market participants.
Its position as one of the major fields of research in electrical engineering is not threatened
as well since the financial penalties for forecast errors are so high that research is aimed at
reducing them even by a fraction of a percent.
On the other hand, extreme price volatility, which can be even two orders of magnitude
higher than for other commodities or financial instruments, has forced producers and wholesale
consumers to hedge not only against volume risk but also against price movements. Price
forecasts have become a fundamental input to an energy company’s decision making and
strategic development. As a result of the supply stack structure, load fluctuations translate into
variations in electricity prices. However, an inverse relationship has been also observed. In
some cases the issue of whether load drives power prices, or vice versa, is not easily answered.
Clearly, as they become partially co-determined, load and price forecasting could be treated
as one complex task.
It is exactly the aim of this book to present a common framework for modeling and forecasting
these two crucial processes for every energy company. The statistical approach is chosen for
this purpose as it allows for direct input of relevant statistical properties into the models.
Furthermore, it is attractive because physical interpretation may be attached to the components
of the models, allowing engineers and system operators to better understand the power market’s
behavior.

GUIDE TO THE CHAPTERS
The book is divided into four chapters. The first one introduces the structure of deregulated,
competitive electricity markets with the power pools and power exchanges as the basic marketplaces for price discovery. Electricity contracts and the spot price setting mechanism are
thoroughly described. The chapter ends with an up-to-date survey of market solutions implemented in different parts of the world, with a particular emphasis on European and North
American structures.
Chapter 2 reviews the so-called stylized facts of selected power markets. In particular,
the spiky nature of electricity prices, the different levels of seasonality inherent in load and
price time series, the anti-persistent behavior of prices and the heavy-tailed distributions of
returns. Well-known and novel methods, like the Average Wavelet Coefficient and the rollingvolatility technique, are utilized. The findings are illustrated mostly on data from two, not only
geographically distinct regions: Scandinavia and California. The first region is well known for
the world’s oldest, successfully operating power exchange, Nord Pool, and for vast amounts
of good-quality data. California, on the other hand, is ‘famous’ for the market crash of 2000,
which led to the blackouts in the San Francisco area in January 2001 and the first bankruptcy
of a power exchange in history.
Load forecasting has become increasingly important since the rise of competitive energy
markets. Short-term load forecasting can help to estimate load flows and to make decisions that
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can prevent overloading and reduce occurrences of equipment failures. Short- and mediumterm load forecasting, on the other hand, is important for modeling prices and valuation of spot
and derivative contracts for delivery of electricity. Consequently, hourly and daily forecasts up
to a few days ahead are of primary interest in everyday market operations. Chapter 3 reviews the
relevant techniques, with particular emphasis on statistical methods. Various models with and
without exogenous variables are illustrated and compared in two comprehensive case studies.
Finally, Chapter 4 discusses price modeling and forecasting. Six different approaches are
surveyed and two – statistical and quantitative – are further studied. This choice is backed by the
methods’ adequacy to model and forecast electricity prices in two pertinent contexts (and time
horizons): short-term forecasting and medium-term or monthly modeling. The former context
refers to the situation of bidding for spot electricity in an auction-type market, where players
who are able to forecast spot prices can adjust their own production schedules accordingly
and hence maximize their profits. The latter is relevant for balance sheet calculations, risk
management and derivatives pricing. As in the previous chapter, the theoretical considerations
and techniques are illustrated and evaluated using real-world data.
In fact, there are 16 case studies in the whole book, making it a self-contained tutorial to
electricity load and price modeling and forecasting. The text is comprehensible for graduate
students in electrical engineering, econometrics and finance wanting to get a grip on advanced
statistical tools applied in this hot area. Market players looking for new solutions and practical
advice will surely find the book attractive as well. All readers will benefit from the Matlab
toolbox on the accompanying CD, which not only demonstrates the presented topics but also
allows the user to play around with the techniques. The toolbox and its manual will be kept
up-to-date on the website (http://www.im.pwr.wroc.pl/∼rweron/MFE.html) and readers are
welcome to download updates from there. Needless to say, all readers are very welcome to
contact me with any feedback.
Rafal⁄ Weron
Wroclaw, September 2006
⁄
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1
Complex Electricity Markets
1.1 LIBERALIZATION
Over the past two decades a number of countries have decided to take the path of market
liberalization. Despite slight differences, the motivation for liberalization of the power sectors
world wide has shared common ideological and political reasons. In particular, a strong belief
that the success of liberalization in other industries can be duplicated in the power sector and a
‘need’ for splitting (or unbundling) the vertically integrated monopoly structures that traditionally have managed generation, transport and distribution. The introduction of competition has
been justified by the perceived benefits of introducing market forces in an industry previously
viewed as a natural monopoly with substantial vertical economies. The breach of the natural
monopoly character has been possible, in turn, due to changes in generation technologies and
improvements in transmission. Therefore the motivation behind electricity liberalization is,
in the long run, to promote efficiency gains, to stimulate technical innovation and to lead to
efficient investment.
Power market liberalization was pioneered by Chile. The reform, which began in 1982, was
based on the idea of separate generation and distribution companies where power was paid
for according to a formula based on the cost, a dispatch system with marginal cost pricing
and a system of trading power between generators to meet customer contracts. Large-scale
privatization began in 1986 and led to the (partial) vertical disintegration of the sector and the
formation of a wholesale power trading mechanism.1
The Chilean reform was followed by the reorganization of the British electricity sector in
1990. The wholesale market only included England and Wales until 2005, thereafter Scotland
as well. The Nordic market opened in 1992, initially in Norway, later in Sweden, Finland
and Denmark. In Australia, markets in Victoria and New South Wales began operating in
1994; followed by opening of the Australian National Electricity Market (NEM) in 1998. New
Zealand reformed the power sector in the same period, officially launching the market in 1996.
In North America, a number of northeastern markets (New England, New York, Pennsylvania–
New Jersey–Maryland – PJM) began operating in the late 1990s. California followed in 1998,
and Texas and Alberta (Canada) three years later. The number of liberalized electricity markets
is steadily growing world wide, but the trend is most visible in Europe.
Some of the pioneers in electricity market reform have been successfully operating for over a
decade. Others have undergone substantial changes in design to improve the performance. Yet
a few reforms have failed miserably. The California market crash of 2000/2001, the spectacular
bankruptcy of Enron that followed, and the widespread blackouts in North America and Europe
in 2003 are sometimes used to argue that electricity market liberalization is a flawed concept.
1
It should be noted that the Chilean reform conformed with the economic doctrine of the military dictatorship. In the case of the
power market, though, it had the long-lasting positive effect of stability. The 2004 revision of the law has not changed the status quo.
See Jamasb et al. (2005) for a comprehensive review of the electricity sector reforms in Latin America; Pollitt (2005) concentrates
solely on the Chilean market.
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These failures, however, cannot be attributed solely to market liberalization. The California
crisis was due to a coincidence of several factors, one of which was a flawed market design (see
Section 1.4.2). Likewise, power market liberalization paved the way for the Enron bankruptcy
and the 2003 blackouts, but was not the root cause of these events.
On the other hand, liberalization is praised by others for the positive impact it has had on
the economy. The mentioned benefits include a clear trend of falling electricity prices and a
more efficient use of assets in the electricity sector. Both ‘benefits’ are, however, questionable.
Net electricity prices have generally decreased, but the new taxes imposed on the prices have
in many cases reversed the effect. In particular, the trend of falling prices is not that apparent,
if it exists at all, for small or medium size industrial customers and especially for household
consumers.2 We have to remember, though, that prices paid by some consumer groups do
not necessarily reflect the costs of producing and transporting electricity. In regulated power
markets industrial customers often subsidize retail consumers.
The vertically integrated utilities, that traditionally operated in the power sector, have had
the tendency to create substantial overcapacity. Market liberalization has generally reduced
this overcapacity. In addition it has also been shown to provide gains from higher efficiency in
the operation of generation, transmission and distribution services. But since liberalization is
expected to bring economic benefits in the long run, in the short term certain groups (like the
previously subsidized household consumers) may not realize immediate benefits or may even
experience losses.
Another controversial issue is the ability of liberalized power markets to provide sufficient
incentives for investment in new generation (or transmission) capacity. In the new environment, investment decisions are no longer centrally planned but are the outcome of competitive
forces. Consequently, capital-intensive technologies with long construction times are generally
avoided, even if their marginal costs are low. Instead generation plants that can be built in short
time horizons (like the gas-fueled plants) are preferred. But even then, the expectation of lower
prices can cause private investors to postpone expenditures on new generation capacity or the
expansion of transmission network. This puts policy makers under pressure to intervene. Consequently, there is an ongoing debate whether to establish capacity payments (as in a number of
Latin American countries and Spain), organize capacity markets (as in the northeastern United
States) or to have ‘energy only’ markets (as in Australia and New Zealand).
The basic idea of capacity payments (originally introduced in Chile in 1982) is to award
to each generator a daily payment which is a measure of the contribution of the generator
to the reliability of the power system, i.e. its availability. International evidence suggests,
however, that capacity payments create poor incentives to alleviate the capacity problem and
may even worsen it. For instance, generators may try to increase capacity payments by making
fewer capacity resources available thereby increasing, rather than decreasing, the probability
of shortage.
Quantity-based capacity payment systems (as opposed to the price-based capacity payments
discussed above) generally have taken the form of installed capacity (ICAP) markets. The main
purpose underlying the introduction of these markets has been to ensure that adequate capacity
is committed on a daily or seasonal basis to meet system load and reserve requirements. The
distributors that sell electricity to end-user consumers must satisfy their capacity obligations,
which equal their expected peak monthly loads plus a reserve margin. They can accomplish this,
2
See http://www.iea.org, http://www.eurelectric.org and http://www.europa.eu.int/comm/eurostat/ for relevant statistical data and comparisons.
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either by internal or bilateral transactions, or through the capacity market in which generators
sell a recall right that empowers the system operator to recall them in the event of shortages.
As the markets matured, market coordinators realized a need to encourage generator reliability
and remove a potential source of market power. Consequently, unforced capacity (UCAP)
credits were developed, which are calculated by taking the ICAP and adjusting it on the basis
of the reliability of the generator.
In the ‘energy only’ markets3 the wholesale electricity price provides compensation for both
variable and fixed costs. The ‘price’ we have to pay for this are the price spikes, i.e. abrupt
and generally unanticipated large changes in the spot price that in extreme cases can lead to
bankruptcies of energy companies not prepared to take such risks (see Case Study 2.2.1). Price
spikes should send signals to investors that new generation capacity is needed. However, if the
spikes are rare and not very extreme they may not provide sufficient motivation. In such a case
regulatory incentives (e.g. capacity payments) to prompt timely and adequate investment may
be necessary. A related social issue is whether consumers are willing to accept price spikes at
all. If not, protective price caps are necessary, which again require regulatory incentives for
investment in new capacity.
Clearly electricity market liberalization is a challenging and ongoing process. It requires
not only strong and sustained political commitment, but continuous development as well. Only
then will it bring the expected benefits to the economy and the society. What complicates the
situation is the fact that there is not one single best market model. In every case specific decisions
have to be made that take into account the economic and technical characteristics of a given
power system. However, no matter what are the actual regulations regarding unbundling, thirdparty access (TPA)4 or cost-reflective pricing, there is one common feature of all successful
markets: a formal price quotation mechanism. We will look more closely at this mechanism
in the following sections.

1.2 THE MARKETPLACE
1.2.1 Power Pools and Power Exchanges
Liberalization of the power sector has created a need for organized markets at the wholesale
level. Two main kinds of market for electricity have emerged: power pools and power exchanges. The differences between them can be explained by using two criteria: initiative and
participation. Power pools and power exchanges share many characteristics and distinguishing
between them is not always trivial. In particular, the oldest and one of the most mature power
exchanges in the world is called Nord Pool.
Two types of power pools can be identified: technical and economic. Technical pools or
generation pools have always existed. Vertically integrated utilities used a pool system to
optimize generation with respect to cost minimization and optimal technical dispatch. In such
a system the power plants were ranked on merit order, based on costs of production. Hence,
generation costs and network constraints were the determining factor for dispatch. Trading
activities were limited to transactions between utilities from different areas. International trade
activity was limited, due to a low level of interconnection capacity.
3

Also called ‘one price only’ markets (IEA 2005a).
TPA regulations define and govern the access to the transmission and distribution network. In the European Union the vast
majority of countries have opted for regulated TPA, under which prices for access are published by the system operator and are not
subject to negotiation.
4

