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I Net-load: consumption - wind and solar production.
Controllable production units need to meet the net-load and not the raw consumption.

I Adaptive. A more unstable environment:
I Demand volatility is growing.
I Renewable production is increasing.
I Consumption patterns are changing.

I Probabilistic.
I Probabilistic forecasts are needed to set reserves.
I Renewable production adds variability and uncertainty.
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Variability for wind generation in EuropeTECHNICAL AND ECONOMIC ANALYSIS OF THE EUROPEAN ELECTRICITY SYSTEM WITH 60% RES 
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FIGURE 2 : WIND GENERATION PROFILE AGGREGATED AT THE EUROPEAN INTERCONNECTED SYSTEM LEVEL 

  

 ”Simulation of a wind fleet of 280 GW of installed capacity, well distributed across the
European system, showed that in winter the daily average power generation from wind varies
between 40 and 170 GW depending on wind conditions”

Technical and economic analysis of the European electricity system with 60% res, Alain Burtin and Vera
Silva, EDF R&D, 2015.
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Variability for solar generation in Europe

TECHNICAL AND ECONOMIC ANALYSIS OF THE EUROPEAN ELECTRICITY SYSTEM WITH 60% RES 

EDF R&D  Page 6 

 

FIGURE 2 : WIND GENERATION PROFILE AGGREGATED AT THE EUROPEAN INTERCONNECTED SYSTEM LEVEL 

  

 

I Important seasonality.

I More predictable.

Technical and economic analysis of the European electricity system with 60% res, Alain Burtin and Vera
Silva, EDF R&D, 2015.
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Regional Net-load Forecasting

We forecast yt ∈ R. Our data set: 14 time series.
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Figure 1: A map of the GSP groups forming GB’s electricity grid. The letters are the
designation used by the electricity market in GB, while the numbers correspond to the po-
sition of each GSP group in the response vector, yi (see Section 3.2). The colours represent
five macro-regions namely Scotland (red), Northern (green), Midlands (light blue), South-
ern (blue) and London (yellow). The data on GSPs boundaries has been obtained from
data.nationalgrideso.com/system/gis-boundaries-for-gb-grid-supply-points.

needs of di↵erent analyses. For example, when sustained winds blow in the North of the
country, the boundary between Scotland and the North of England is of particular interest.
Indeed, the power flows across this boundary can be substantial, their direction and size
being driven mostly by wind generation in Scotland, where embedded wind capacity far
exceeds regional demand. Similarly, when the sun shines across the country, power flows
from the South of England, where most of the country’s solar generation units are installed,
to London and the Midlands. During winter peak hours, the boundaries between London
and its surroundings are characterised by heavy power flows directed toward the Capital,
driven by high demand and low generation capacity in the city.

While National Grid’s 2021 ten year statement (National Grid, 2021) gives a detailed
description of tens of transmission grid boundaries and explains under which circumstances
the power lines crossing them become heavily loaded, the examples given above are meant
to convey the fact that power flow analysis on operational time scales needs regional net-
demand forecasts that can be aggregated, or more generally post-processed, to match the

3
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Explanatory Variables: Calendar
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Explanatory Variables: Meteorology
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Objective: probabilistic forecasting

We forecast yt given xt . In what sense ?

I Mean forecast: ŷt = E[yt | xt ].
Equivalent to the minimum of E[(yt − ŷt)

2 | xt ].

I Probabilistic forecast: estimation of L(yt | xt).
For 0 < q < 1, we find ŷt,q such that P(yt ≤ ŷt,q | xt) = q.
Equivalent to the minimum of E[ρq(yt , ŷt) | xt ]:
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Adaptive Setting

I Offline / Batch: ŷt = fθ̂(xt).
Example: Empirical Risk Minimizer

θ̂ ∈ arg min
∑
t∈T

`(yt , fθ̂(xt)) .

I Online / Adaptive: ŷt = fθ̂t (xt) with θ̂t+1 = Φ(θ̂t , xt , yt).
Example: Online Gradient Descent

θ̂t+1 = θ̂t − γt
∂`(yt , fθ(xt))

∂θ

∣∣∣
θ̂t
.
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Offline Model in Two Steps2

I Generalized Additive Model with Gaussian distribution for mean forecasting:

yt = f1(xt,1) + . . .+ fd(xt,d) + εt , εt ∼ N (0, σ2) .

f1, . . . , fd : decomposed on spline basis: fj(x) =
mj∑
k=1

βj,kBj,k(x).

I Probabilistic forecasting: quantile regressions on the residuals because the Gaussian
assumption is not satisfied in practice:

βq ∈ arg min
β∈Rd0

∑
t∈T

ρq(yt − ŷt , β
>zt) ,

ρq(y , ŷq) = (1y<ŷq − q) (ŷq − y) ,

where zt contains the GAM prediction and the GAM effects.1

1P. Gaillard, P., Goude, Y., and Nedellec, R. (2016). Additive models and robust aggregation for
GEFCom2014 probabilistic electric load and electricity price forecasting, International Journal of forecasting

2J. Browell and M. Fasiolo (2021), Probabilistic Forecasting of Regional Net-load with Conditional
Extremes and Gridded NWP, IEEE Transactions on Smart Grid
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Motivation for Adaptation

Train: 2014-2018. Test: 2019-2021.
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Linear Gaussian State-Space Model
I GAM:

yt − 1>f (xt) ∼ N (0, σ2) .

I State-Space Model

yt − θt>f (xt) ∼ N (0, σ2
t ) ,

θt − θt−1 ∼ N (0,Qt) .

Theorem (R. Kalman and R. Bucy, 1961)
If the state-space model is well-specified for known variances, and if θ1 ∼ N (θ̂1,P1), then
θt+1 | (xs , ys)s≤t ∼ N (θ̂t+1,Pt+1) with

Pt|t = Pt −
Pt f (xt)f (xt)

>Pt

f (xt)>Pt f (xt) + σ2
t

, Pt+1 = Pt|t + Qt+1 ,

θ̂t+1 = θ̂t −
Pt|t

σ2
t

(
f (xt)(θ̂>t f (xt)− yt)

)
.
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The Kalman Filter, a Gradient Algorithm

Pt|t = Pt −
Pt f (xt)f (xt)

>Pt

f (xt)>Pt f (xt) + σ2
t

, Pt+1 = Pt|t + Qt+1 ,

θ̂t+1 = θ̂t −
Pt|t

σ2
t

(
f (xt)(θ̂>t f (xt)− yt)

)
.

1. Static3: Qt = 0, σ2
t = 1.

→ Pt|t = O(1/t).

2. Dynamic with constant variances: Qt = Q, σ2
t = σ2.

→ Pt|t = O(1). Comparable to Adam, AdaGrad.

3. Variance Tracking: dynamic with adaptive variances4.

3J. de Vilmarest, O. Wintenberger (2021), Stochastic Online Optimization using Kalman Recursion.
Journal of Machine Learning Research

4J. de Vilmarest, O. Wintenberger (2021), Viking: Variational Bayesian Variance Tracking, arXiv:2104.10777
14 / 28



Constant Variances

yt − θ>t f (xt) ∼ N (0, σ2) ,

θt − θt−1 ∼ N (0,Q) .

I Non convex log-likelihood.
No guarantee of optimality.

I Diagonal Covariance Matrix Q.
Optimization with iterative grid search4.

4D. Obst, J. de Vilmarest, Y. Goude (2021), Adaptive methods for short-term electricity load forecasting
during COVID-19 lockdown in France, IEEE Transactions on Power Systems
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Coefficient Evolution

Static setting (left): θt+1 = θt . Pt|t = O(1/t).
Dynamic setting (right): θt+1 − θt ∼ N (0,Q). Pt|t = O(1).
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Correction of the Drift
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Performances

RMSE =

√
1

|T |
∑
t∈T

(yt − ŷt)2 , MAE =
1

|T |
∑
t∈T
|yt − ŷt |

2019 2020 2021
Forecast nRMSE nMAE nRMSE nMAE nRMSE nMAE

Persistence (7 days) 0.691 0.589 0.710 0.599 0.737 0.639
Persistence (2 days) 0.767 0.686 0.755 0.668 0.736 0.668

Offline GAM 0.356 0.327 0.485 0.453 0.635 0.601
Incremental offline GAM (yearly) - - 0.407 0.376 0.387 0.378
Incremental offline GAM (daily) 0.338 0.307 0.370 0.344 0.377 0.365

Kalman GAM (Static) 0.337 0.307 0.374 0.347 0.380 0.368
Kalman GAM (Dynamic) 0.324 0.292 0.328 0.301 0.332 0.307
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Probabilistic Forecast using the Kalman Filter

Under the state-space assumption: θt | (xs , ys)s<t ∼ N (θ̂t ,Pt) and yt − θ>t f (xt) ∼ N (0, σ2).

I If the model is well-specified:

yt ∼ N (θ̂>t f (xt), σ
2 + f (xt)

>Pt f (xt)) .

I In practice: mean forecast, then quantile regressions on the residuals yt − θ̂>t f (xt).
→ adaptive quantile regression ?
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Adaptive Quantile Regression

Offline quantile regression:

βq ∈ arg min
β∈Rd0

∑
t∈T

ρq(yt − ŷt , β
>zt) .

Online Gradient Descent with step size α > 0:

βt+1,q = βt,q − α
∂ρq(yt − ŷt , β

>zt)

∂β

∣∣∣
βt,q

,

where
∂ρq(yt−ŷt ,β>zt)

∂β

∣∣∣
βt,q

= (1yt<ŷt+β>t,qzt
− q) zt .

→ choice of α ?
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= (1yt<ŷt+β>t,qzt
− q) zt .

→ choice of α ?

21 / 28



Adaptive Quantile Regression

Offline quantile regression:

βq ∈ arg min
β∈Rd0

∑
t∈T

ρq(yt − ŷt , β
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Aggregation of Experts

I We use different step sizes αk , typically 10k .

I Experts ŷ
(k)
t,q obtained from αk .

I Aggregation of Experts: Bernstein Online Aggregation5:

ŷt,q =
∑
k

p
(k)
t ŷ

(k)
t,q ,

where p
(k)
t is obtained sequentially.

5O. Wintenberger (2017), Optimal learning with Bernstein online aggregation, Machine Learning
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Reliability
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Offline GAM + Offline QR: 2019
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GAM Kalman + QR OGD (BOA): 2019
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Reliability over Time
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Evaluation Metric

We use the continuous ranked probability score6:

CRPS(F , y) =

+∞∫
−∞

(F (x)− 1y≤x)2dx = 2

1∫
0

ρq(y ,F−1(q))dq .

Discrete variant:

RPS
(
(ŷq1 , . . . , ŷql ), y

)
=

l∑
i=1

ρqi (y , ŷqi )(qi+1 − qi−1) ,

6T. Gneiting and A. E. Raftery (2007), Strictly proper scoring rules, prediction,
and estimation, Journal of the American statistical Association
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Performances

2019 2020 2021
Offline Method 0.231 0.338 0.454

GAM Kalman (Gaussian Quantiles) 0.212 0.217 0.222
GAM Kalman + Offline QR 0.206 0.214 0.217

Offline GAM + QR OGD (10−3) 0.218 0.270 0.293
Offline GAM + QR OGD (10−2) 0.207 0.221 0.218
Offline GAM + QR OGD (10−1) 0.250 0.248 0.293
Offline GAM + QR OGD (BOA) 0.204 0.211 0.216

GAM Kalman + QR OGD (10−2) 0.205 0.204 0.212
GAM Kalman + QR OGD (BOA) 0.202 0.201 0.209
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Conclusion

I Linear Gaussian state-space model: an adaptive mean forecaster. Interpretation as a
gradient algorithm.

I Similar algorithm for probabilistic forecasting: Online Gradient Descent.

Future work:

I Extreme Forecasts Evaluation.

I Regional / local data can be seen as hierarchical.

I Definition of covariates: GAM, neural network...

I Choice of the variances (Variance Tracking).

Adaptive Probabilistic Forecasting of Electricity (Net-)Load: accepted for publication by
IEEE Transactions on Power Systems, available on IEEE Xplore.
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Viking Conseil

I Design of adaptive forecasting methods.

I Tests on various use cases: EDF, RTE, SNCF Énergie.

I Development of a forecasting platform to industrialise.
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