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Introduction: What and how are we forecasting?

The vocabulary

Smart grids (smart meters, appliances, houses, ... cities)

Prosumers = producing consumers

Load = consumption (≈ demand) + losses

Non-storability

Power grid/network

Interconnector

Power exchange,
power pool
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Introduction: What and how are we forecasting?

Power markets in Europe
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EPEX Spot
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FIN, NOR, SWE)
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Introduction: What and how are we forecasting?

... in North America and Australia
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Introduction: What and how are we forecasting?

Electricity prices and loads (GEFCom2014)
Seasonality, floor reversion and price spikes

GEFCom2014: electricity price track

Data cont.
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Introduction: What and how are we forecasting?

Electricity prices vs. loads (GEFCom2014)
Non-linear, time-varying dependence

GEFCom2014: electricity price track

Data cont.: price vs load
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Introduction: What and how are we forecasting?

Supply stack and price formation
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Introduction: What and how are we forecasting?

The electricity ‘spot’ price
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Introduction: What and how are we forecasting?

Prices for different load periods
Strongly correlated but seem to follow different data generating processes (DGPs)
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Introduction: What and how are we forecasting?

A commodity ... but a very special one

Not storable (economically)

Time consuming shut-down/start-up procedures for some
technologies

Extreme price changes → spikes

Possible negative prices

Pronounced daily and weekly cycles, annual seasonality

Mean (floor) reversion

Highly volatile
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Introduction: What and how are we forecasting?

Forecasting horizons

Short-term

From a few minutes up to a few days ahead
Of prime importance in day-to-day market operations

Medium-term

From a few days to a few months ahead
Balance sheet calculations, risk management, derivatives pricing
Inflow of ‘finance solutions’

Long-term

Lead times measured in months, quarters or even in years
Investment profitability analysis and planning
Beyond the scope of this review
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Introduction: What and how are we forecasting?

A taxonomy of (price) modeling approaches
(Weron, 2014, Int. J. Forecasting)
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Combining point forecasts

Point forecast averaging: The idea
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Combining point forecasts

Forecast combinations, forecast/model averaging

The idea goes back to the 1960s to the seminal papers of
Bates and Granger (1969) and Crane and Crotty (1967)

In electricity markets:

Electricity demand or transmission congestion forecasting
(Bunn, 1985a; Bunn and Farmer, 1985; Løland et al., 2012;
Smith, 1989; Taylor, 2010; Taylor and Majithia, 2000)
Only recently applied in the context of electricity price
forecasting (EPF): Bordignon et al. (2013), Nowotarski et al.
(2014) and Raviv et al. (2013)

Rafa l Weron (PWr) Forecasting electricity prices 1.11.2015, CAS, Beijing 14 / 41



Combining point forecasts

Case study I: Combining price forecasts
(Weron, 2014, Int.J.Forecasting)
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Combining point forecasts

Case study I: Combining price forecasts

Summary statistics for 6 individual and 3 averaging methods: WMAE is the mean value of
WMAE for a given model (with standard deviation in parentheses), # best is the number of
weeks a given averaging method performs best in terms of WMAE, and finally m.d.f.b. is the
mean deviation from the best model in each week. The out-of-sample test period covers 30
weeks (5.6.2013–31.12.2013).

Individual models Forecast combinations
AR TAR SNAR MRJD NAR FM Simple CLS LAD

WMAE 5.03 5.07 4.77 4.98 4.88 5.36 4.47 4.29 4.92
(3.40) (3.53) (3.26) (3.17) (1.62) (3.17) (2.87) (1.88) (2.41)

# best 1 3 4 1 2 4 8 6 1
m.d.f.b. 1.01 1.05 0.75 0.96 0.86 1.34 0.45 0.27 0.89
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Combining point forecasts

In the ‘AI world’ ...

Committee machines, ensemble averaging:

Guo and Luh (2004) combine a RBF network (23 inputs and six
clusters) and a MLP (55 inputs and eight hidden neurons) to
compute daily average on-peak electricity price for New England
Forecast combinations and committee machines seem to evolve
independently, with researchers from both groups not being
aware of the parallel developments !
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Beyond point forecasts

Reviews and competitions
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Beyond point forecasts

Interval forecast averaging

For point forecasts: fc =
∑M

i=1 wi fi
(e.g. a linear regression model)

For interval forecasts the above formula does not hold

A linear combination of α-th quantiles is not the α-th quantile
of a linear combination of random variables

qαc 6=
M∑
i=1

wiq
α
i

→ Need for development of new approaches
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Quantile Regression Averaging (QRA)

Quantile Regression Averaging
(Nowotarski & Weron, 2015, Computational Statistics)
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Quantile Regression Averaging (QRA)

Quantile Regression Averaging cont.

The averaging problem is given by:

Qp(q|p̂t) = p̂twq

Qp(q|·) is the conditional q-th quantile of the electricity spot
price distribution,

p̂t are the regressors (explanatory variables)

wq is a vector of parameters for a given q-th quantile
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Quantile Regression Averaging (QRA)

Quantile Regression Averaging cont.

The weights are estimated by minimizing:

min
wt

 ∑
{t:pt≥p̂twt}

q|pt − p̂twt |+
∑

{t:pt<p̂twt}

(1− q)|pt − p̂twt |

 =

min
wt
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t
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Quantile Regression Averaging (QRA)

Quantile regression
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Quantile Regression Averaging (QRA)

Quantile regression
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Quantile Regression Averaging (QRA)

Case study II: Combining individual price forecasts
(Nowotarski & Weron, 2015, Computational Statistics)

Six individual point forecast models:

Autoregression (AR)
Threshold AR (TAR)
Semi-parametric AR (SNAR)
Mean-reverting jump diffusion (MRJD)
Non-linear AR neural network (NAR)
Factor model (FM)
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Quantile Regression Averaging (QRA)

The data
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Quantile Regression Averaging (QRA)

Evaluation of forecasts

50% and 90% two-sided day-ahead prediction intervals

Two benchmark models: AR and SNAR

Christoffersen’s (1998) test for unconditional and conditional
coverage

The focus on the sequence: It =

{
1 pt ∈ [Lt|t−1,Ut|t−1]

0 pt 6∈ [Lt|t−1,Ut|t−1]

Conditional Coverage test Unconditional Coverage test

(UC + independece)
Asymptotically χ2(2) Asymptotically χ2(1)
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Quantile Regression Averaging (QRA)

Results: Unconditional coverage

PI AR SNAR QRA
Unconditional coverage

50% 77.50 61.93 49.77
90% 97.53 96.41 89.33

Mean width (STD of interval width)
50% 4.55 (1.34) 2.76 (0.61) 2.23 (0.81)
90% 11.14 (3.31) 9.33 (2.45) 6.78 (2.20)
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Quantile Regression Averaging (QRA)

Results: Christoffersen’s test

1 6 12 18 24
0

5

10

15

20
Conditional coverage LR

AR

1 6 12 18 24
0

5

10

15

20
Unconditional coverage LR

1 6 12 18 24
0

5

10

15

20

SNAR

1 6 12 18 24
0

5

10

15

20

1 6 12 18 24
0

5

10

15

20

QRA

Hour

 

 

1 6 12 18 24
0

5

10

15

20

50% PI 90% PI

Rafa l Weron (PWr) Forecasting electricity prices 1.11.2015, CAS, Beijing 28 / 41



Quantile Regression Averaging (QRA)

GEFCom2014 Price Track: 1st and 2nd place for QRA!
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Quantile Regression Averaging (QRA)

Case study III: Combining sister load forecasts
(Liu, Nowotarski, Hong & Weron, 2015, IEEE Transactions on Smart Grid)

Variable selection may be difficult in load forecasting

Sister models – constructed by different subsets of variables
with overlapping components

Here: 2 or 3 years for calibration and 4 ways of partitioning
training and validation periods

p̂t = β0 + β1Mt + β2Wt + β3Ht + β4WtHt + f (Tt) +

+
∑
d

f (T̃t,d) +
∑
lag

f (Tt−lag ),

Sister forecasts are generated from sister models
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Quantile Regression Averaging (QRA)

The data
(from the load forecasting track of GEFCom2014)

2 or 3 years for calibration of sister (individual) models

1 year for validation of sister (individual) models (variable selection)

1 year for validation of probabilistic forecasts (best models selection)

1 year for testing probabilistic forecasts
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Quantile Regression Averaging (QRA)

Benchmarks

Two naive benchmarks

Scenario generation from historical weather data, no recency
effect (Vanilla)
Quantiles interpolated from 8 individual forecasts (Direct)

Benchmarks from individual models

8 individual models (Ind) with residuals’ distribution
Best Individual (BI) individual model according to MAE
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Quantile Regression Averaging (QRA)

Evaluation of forecasts

Pinball loss function for 99 percentiles (as in GEFCom2014)

Pinballt =

{
(1− q)(p̂qt − pt), pt < p̂qt
q(pt − p̂qt ), pt ≥ p̂qt

Winkler score for central (1− α)× 100%, α = 0.5, 0.9,
two-sided day-ahead PI:

Wt =


δt for pt ∈ [Lt|t−1,Ut|t−1],

δt + 2
α

(Lt|t−1 − pt) for pt < Lt|t−1,

δt + 2
α

(pt − Ut|t−1) for pt > Ut|t−1,

where δt = Ut|t−1 − Lt|t−1 is the PI width
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Quantile Regression Averaging (QRA)

Results: Test period

Model class Pinball Winkler (50%) Winkler (90%)
QRA(8,183) 2.85 25.04 55.85
Ind(1,91) 3.22 26.35 56.38
BI(-,365) 3.00 26.38 57.17
Direct 3.19 26.62 94.27
Vanilla 8.00 70.51 150.0

Sister forecasts easy to generate

No need for independent expert forecasts

Simple way to leverage from point to probabilistic forecasts
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Factor Quantile Regression Averaging (FQRA)

Extension: A large number of predictors
(Maciejowska, Nowotarski & Weron, 2015, Int.J.Forecasting)
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Factor Quantile Regression Averaging (FQRA)

Case study IV
(Maciejowska, Nowotarski & Weron, 2015, Int.J.Forecasting)
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Factor Quantile Regression Averaging (FQRA)

Evaluation of forecasts

50% and 90% two-sided day-ahead prediction intervals

Three methods: QRA, FQRA and ARX (benchmark)

Christoffersen’s (1998) test for unconditional and conditional
coverage

Winkler score:

Wt =


δt for pt ∈ [Lt|t−1,Ut|t−1],

δt + 2
α

(Lt|t−1 − pt) for pt < Lt|t−1,

δt + 2
α

(pt − Ut|t−1) for pt > Ut|t−1,

where δt = Ut|t−1 − Lt|t−1 is the interval’s width
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Factor Quantile Regression Averaging (FQRA)

Results: Christoffersen’s test
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Factor Quantile Regression Averaging (FQRA)

Results: Winkler score
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The end

Take-home message(s)

Combining point forecasts is a robust technique, generally
improving the performance

The new trend is probabilistic forecasting

Combining interval (or density) forecasts is more tricky than
combining point forecasts

QRA is a simple way to leverage from point to probabilistic
forecasts

QRA is potentially useful for VaR calculations

Forecast evaluation is a critical issue

Rafa l Weron (PWr) Forecasting electricity prices 1.11.2015, CAS, Beijing 40 / 41



The end

Evaluating probabilistic forecasts

For interval forecasts
The pinball function, as in GEFCom2014
The interval or Winkler score, see e.g. Maciejowska et al. (2015)

For density forecasts
The Continuous Ranked Probability Score (CRPS), see e.g.
Gneiting and Raftery (2007)

Statistical tests
The conditional coverage test of Christoffersen (1998); for
extensions and alternatives see Berkowitz et al. (2011)
The Berkowitz (2001) approach to the evaluation of density
forecasts (→ VaR backtesting)
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Stochastic models for bidding strategies on oligopoly electricity
market, Mathematical Methods of Operations Research 69(3),
579-592.

Bower, J., Bunn, W. (2000) Model based comparison of pool and
bilateral markets for electricity, The Energy Journal 21(3), 1-29.

Box, G.E.P., Jenkins, G.M. (1976) Time Series Analysis: Forecasting
and Control. Holden-Day, San Francisco.

Brockwell, P.J., Davis, R.A. (1996) Introduction to Time Series and
Forecasting, 2nd ed. Springer-Verlag, New York.

Bunn, D.W. (1985a) Forecasting electric loads with multiple
predictors, Energy 10(6), 727-732.

Bunn, D.W. (1985b) Statistical efficiency in the linear combination of
forecasts, International Journal of Forecasting 1, 151-163.

Bunn, D.W. (2000) Forecasting loads and prices in competitive power
markets. Proceedings of the IEEE 88(2), 163-169.

Bunn, D.W., ed. (2004) Modelling Prices in Competitive Electricity
Markets. Wiley, Chichester.

Bunn, D.W., Farmer, E.D., eds. (1985) Comparative models for
electrical load forecasting. Wiley.

Burger, M., Graeber, B., Schindlmayr, G. (2007) Managing Energy
Risk: An Integrated View on Power and Other Energy Markets.
Wiley.

Burger, M., Klar, B., Müller, A., Schindlmayr, G. (2004) A spot
market model for pricing derivatives in electricity markets,
Quantitative Finance 4(1), 109-122.
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Cruz, A., Muñoz, A., Zamora, J.L., Espinola, R. (2011) The effect of
wind generation and weekday on Spanish electricity spot price
forecasting, Electric Power Systems Research 81(10), 1924-1935.

Cuaresma, J.C., J. Hlouskova, S. Kossmeier, and M. Obersteiner
(2004). Forecasting electricity spot prices using linear univariate
time-series models, Applied Energy 77, 87-106.

Cutler, N.J., Boerema, N.D., MacGill, I.F., Outhred, H.R. (2011)
High penetration wind generation impacts on spot prices in the
Australian national electricity market, Energy Policy 39(10),
5939-5949.

Czapaj, R., Tomasik, G., Lubicki, T. (2009) On the possibility of
short-term electricity prices forecasting on Polish parquets
considering the German EEX AG exchange, Przeglad
Elektrotechniczny 85(3), 140-143.

Dacco, R., Satchell, C. (1999) Why do regime-switching models
forecast so badly? Journal of Forecasting 18(1), 1-16.

Daneshi, H., Daneshi, A. (2008) Price Forecasting in Deregulated
Electricity Markets – A Bibliographical Survey. Proceedings of
DRPT 2008, 657-661.

Davison, M., Anderson, C.L., Marcus, B., Anderson, K. (2002)
Development of a hybrid model for electrical power spot prices,
IEEE Transactions on Power Systems 17(2), 257-264.

Day, C., Bunn, D. (2001) Divestiture of generation assets in the
electricity pool of England and Wales: A computational approach
to analyzing market power, Journal of Regulatory Economics
19(2), 123-141.

Day, C.J., Hobbs, B.F., Pang, J.-S. (2002) Oligopolistic competition
in power networks: A conjectured supply function approach, IEEE
Transactions on Power Systems 17(3), 597-607.

De Gooijer, J.G., Hyndman, R. (2006) 25 years of time series
forecasting, International Journal of Forecasting 22, 443-473.

De Jong, C. (2006) The nature of power spikes: A regime-switch
approach. Studies in Nonlinear Dynamics & Econometrics 10(3),
Article 3.

Diebold, F.X. (2013) Comparing predictive accuracy, twenty years
later: A personal perspective on the use and abuse of
Diebold-Mariano tests. Working Paper, Department of Economics,
University of Pennsylvania.

Diebold, F.X., Gunther, T.A., Tay, A.S. (1998) Evaluating density
forecasts with applications to financial risk management,
International Economic Review 39, 863-883.

Diebold, F.X., Mariano, R.S. (1995) Comparing predictive accuracy,
Journal of Business and Economic Statistics 13, 253-263.

Diebold F.X., Pauly P. (1987) Structural change and the combination
of forecasts, Journal of Forecasting 6, 21-40

Diongue, A.K., Guegan, D., Vignal, B. (2009) Forecasting electricity
spot market prices with a k-factor GIGARCH process, Applied
Energy 86(4), 505-510.

Dong, Y., Wang, J., Jiang, H., Wu, J. (2011) Short-term electricity
price forecast based on the improved hybrid model. Energy
Conversion and Management 52, 2987-2995.

Duch, W. (2007) What is Computational Intelligence and where is it
going? In: W. Duch, J. Mandziuk, Challenges for Computational
Intelligence, Springer Studies in Computational Intelligence 63,
1-13.

Dumitrescu, E.-I., Hurlin, C., Madkour, J. (2013) Testing interval
forecasts: A GMM-based approach, Journal of Forecasting 32,
97-110.

Durbin, J., Koopman, S.J. (2001) Time Series Analysis by State
Space Methods, Oxford University Press.

Eichler, M., Türk, D. (2013) Fitting semiparametric Markov
regime-switching models to electricity spot prices, Energy
Economics 36, 614-624.

Elattar, E.E. (2013) Day-ahead price forecasting of electricity markets
based on local informative vector machine, IET Generation,
Transmission & Distribution 7(10), 1063-1071.

Engle, R.F. (1982) Autoregressive conditional heteroscedasticity with
estimates of the variance of United Kingdom inflation,
Econometrica 50, 987-1007.

Escribano, A., Pena J.I., Villaplana, P. (2002) Modelling electricity
prices: International evidence, Working Paper 02-27, Universidad
Carlos III de Madrid.

Eydeland, A., Wolyniec, K. (2003) Energy and Power Risk
Management. Wiley, Hoboken, NJ.

Fan, J.Y., McDonald, J.D. (1994) A real-time implementation of
short-term load forecasting for distribution power systems, IEEE
Transactions on Power Systems 9, 988-994.

Fan, S., Mao, C., Chen, L. (2007) Next-day electricity-price
forecasting using a hybrid network, IET Proceedings of Generation,
Transmission and Distribution 1(1), 176-82.

Fanone, E., Gamba, A., Prokopczuk, M. (2013) The case of negative
day-ahead electricity prices, Energy Economics 35, 22-34.

Fiorenzani, S. (2006) Quantitative Methods for Electricity Trading
and Risk Management: Advanced Mathematical and Statistical
Methods for Energy Finance. Palgrave Macmillan.

Fleten, S.-E., Heggedal, A.M., Siddiqui, A. (2011) Transmission
capacity between Norway and Germany: a real options analysis.
Journal of Energy Markets 4(1), 121-147.

Fleten, S.E., Lemming, J. (2003) Constructing forward price curves in
electricity markets, Energy Economics 25, 409-424.

Frasconi, P., Gori, M., Soda, G. (1992) Local feedback multilayered
metworks, Neural Computation 4, 120-130.

Gao, C., Bompard, E., Napoli, R., Zhou, J. (2008) Design of the
electricity market monitoring system, Proceedings of DRPT 2008,
art. no. 4523386, 99-106.

Garcia, R.C., Contreras, J., van Akkeren, M., Garcia, J.B. (2005) A
GARCH forecasting model to predict day-ahead electricity prices,
IEEE Transactions on Power Systems 20(2), 867-874.

Garcia-Ascanio, C., Mate, C. (2010) Electric power demand
forecasting using interval time series: A comparison between VAR
and iMLP, Energy Policy 38(2), 715-725.

Garcia-Alcalde, A., Ventosa, M., Rivier, M., Ramos, A., Relanõ, G.
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