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Hva har vi (i MAT1020)?

• Enkel klimamodell for jordas snitt-temperatur
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Hva ønsker vi (utover MAT1020…)?

• Modell for været


• Hvordan det endrer seg med tiden (på kort og lang sikt)

• Hvordan det varierer over kloden

• Hvordan klimagasser påvirker været


• Modell(er!) som brukes av IPCC etc….!

• IPCC=Intergovernmental Panel on Climate Change (Klimapanelet)
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Klima- og værdata: Hva har vi?

• Historiske målinger fra 
værstasjoner, 

• Vind, temperatur, trykk, 

fuktighet etc….

• Kun fra gitte steder


• Satelittdata

• skydekke, solinnstråling, 

CO2-konsentrasjoner….

• Over hele områder
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Kilde bilder: Store norske Leksikon



Klima- og værdata: hva har vi?

• Hva med været der vi ikke har stasjoner?


• Og områder satellitter ikke dekker i tid og rom og variable?


• Eksempel: Offshore havvind….og områder for landbasert vind
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Kilde: Regjeringen



Klima- og værdata: hva har vi?

• Data fra RE-ANALYSE: 


• KONSTRUERTE historiske data for vind, temperatur, etc….


• …over et fint nettverk av bokser (områder) på jorda


• …på en fin tidsskala (ned til timer)
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Kilde: https://serc.carleton.edu/eet/envisioningclimatechange/part_2.html

https://serc.carleton.edu/eet/envisioningclimatechange/part_2.html


Klima- og værdata: hva har vi?

• Re-analyse: 


• Ide: Kombiner fysiske/meteorologiske modeller med observasjoner


• Dynamiske modeller, i form av partielle differensiallikninger

• trykk, vind, temperatur, luftfuktighet…..

• General circulation models (GCM)

• Navier-Stokes’ likninger for sirkulasjon
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Kilde: Wikipedia



Re-analyse

• Regne ut historisk vær og 
klima

• Over tid og rom

• Justerer mot faktiske 

målinger


• Løse sirkulasjonslikningene 
numerisk

• Tung regning, kan kun 

gjøres i grove bokser


• Ca.  
oppløsning

∼ 9km − 30km
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Kilde: Wikipedia



Re-analyse: ulike datasett

• ECMWF

• European Centre for Medium-Range Weather Forecasts

• ERA5


• NASA

• MERRA


• Sensitivitet: 

• Sommerfugleffekten

• Variasjoner i metodikk

• Ulike tilnærminger

9China, solar irradiation summer and winter 2000-2009, ERA-
interim and MERRA-2. Source: Zhang, Lu, Jiang, Yao. Nature 
Scientific Reports, 2020. 



Earth System Models (ESM)

• Globale klimamodeller

• forklarer sammenhengen mellom 

vær/klima-variable og 
drivhusgasser (CO2)


• Representerer historien godt

• Fremskrivninger av klima


• Standardisering (CMIP)


• IPCC

• Bruker ESMer i sine analyser om 

fremtidig klima

• Ulike utslipps-scenarier: SSPer 
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Kilde: IPCC sin 6. rapport

SSP=Shared Socioeconomic Pathway
CMIP=Coupled Model Intercomparison Project



Korrelasjon mellom temperaturer fra ERA5 og værstasjoner 
(eller…sammenheng mellom målte data og re-analyse data) 

• Høy korrelasjon i rike land 

• tett med høykvalitetsmålinger fra stasjoner


• Relativt lav korrelasjon i mellom og sør-Amerika

• Lengre mellom stasjoner, lavere målekvalitet 11



ANVENDELSE: SOL OG VIND OG 
FORNYBAR ENERGI
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Solinnstråling og PV

• Modell for PV-produksjon   
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Pt = αIt(1 − β(Tt − 25))

Innstråling Temperatur



Innstrålingsdata: daglig maksimum

• ERA5-data

• Målt i 

• Innstråling kl. 12 hver dag


• Tilfeldige variasjoner rundt et 
middel

• Middel gitt av atmosfærisk 

modell for skyfrie betingelser  

W/m2
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Rødt: Sesong-snitt innstråling, 

basert på “clear-blue sky”

Hamburg



Avvik fra middel-innstråling: histogrammer
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Vindhastighet og vindmøller

• Produksjonen fra en vindmølle er 

kubisk i vindhastighet (Betz’ lov) 
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Source: Jessica Brown, BBC News, 3 May 2019. 

Pt = αW3
t

Multivariate continuous-time modeling of wind indexes and hedging of wind risk 167

Figure 2. All four wind indexes with corresponding empirical auto-correlation function. (a) Wind index at site 1. (b) Autocorr. of site 1. (c)
Wind index at site 2. (d) Autocorr. of site 2. (e) Wind index at site 3. (f) Autocorr. of site 3. (g) German wind index and (h)Autocorr. of
German.

3. Model description

3.1. General model considerations

Let n denote the number of wind sites and Pi(t) the ith wind
index. We assume that the ith wind index can be described by

Pi(t) = 1 − e−Si(t)Xi(t), i = 1, . . . , n, (1)

where Si(t) : R → R+ is a deterministic function intended
to filter out potential seasonal effects, and Xi(t) is a mean-
reverting stochastic process satisfying Xi(t) ≥ 0 for all t. The
intention of X (t) = (X1(t), . . . , Xn(t))$ is to capture the short-
term uncertainty and the dependence between the n wind
indexes. By this specification we are ensured that Pi(t) ∈
[0, 1).

The proposed model in equation (1) distinguishes itself
from the specification in Benth and Pircalabu (2018), where
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where the production of electricity at each site is represented
by the wind index at each wind site, a simultaneous model
for the wind indexes at several wind sites is motivated for
e.g. risk management of this portfolio. To the best of our
knowledge, such a simultaneous model is unexplored in the
literature.

One way of constructing such a simultaneous model is
by using Lévy processes. Continuous-time modeling using
univariate Ornstein-Uhlenbeck (OU) processes driven by
non-decreasing Lévy processes, like the compound Poisson
process with exponential jumps, have been studied exten-
sively, and used to model, for example, stochastic volatil-
ity of financial assets, wind, electicity prices, and tempera-
ture (see Barndorff–Nielsen and Shephard 2001, Benth and
Benth 2007, Benth et al. 2007, Benth and Pircalabu 2018).
A detailed treatment of Lévy processes can be found in
Sato (1999). The multivariate modeling of more than two
stochastic processes using multidimensional non-Gaussian
Lévy processes is, however, more limited. Here we men-
tion the work of Leoni and Schoutens (2008) and Semer-
aro (2008) that introduce the multivariate construction by
subordination of Brownian motions, and the work of Ballotta
and Bonfiglioli (2016) using linear transformations of Lévy
processes.

Our contribution to the literature is twofold. Firstly, we
propose a joint model for the simultaneous behaviour of
wind indexes that allows for a parsimonious representation
of the correlation structure. This model can be seen as the
multivariate version of the model presented in Benth and Pir-
calabu (2018). As a consequence of the scarce literature on
such multivariate models, we propose an alternative model
for comparison reasons. Secondly, we suggest the idea of
so-called tailor-made WPF contracts to eliminate the volumet-
ric risk of WPPs completely. Employing our proposed joint
model of wind indexes, we investigate the hedging benefits of
exchange-traded WPF contracts for an owner of a portfolio of
tailor-made WPF contracts, and comment on the risk premium
of tailor-made WPF contracts. We show that this construc-
tion is beneficial for both parties of the tailor-made WPF
contracts.

The rest of the paper is organized as follows. section 2
presents the data of wind indexes we later analyze in greater
detail and also serves as motivation for the proposed model.
In section 3 we present models for the joint behaviour of wind
indexes and corresponding estimation procedures. In section 4
we present the estimation results of the two models. Section 5
discusses the hedging of wind power production using WPF
contracts implied by the proposed models. Lastly, section 6
concludes.

2. Data presentation

The empirical observation period spans from 1 July 2016 to
30 June 2019, which corresponds to 1095 daily observations
for each considered wind index. The data set consists of

(1) A daily wind index at three wind sites provided by
Centrica Energy Trading. The wind index at wind site

Figure 1. Locations of wind sites with site ID in Germany.

i is calculated by

Qi(t)
h(t)Ci

,

where h(t) is the number of hours in day t, Qi(t)
is the power production at day t at site i, and Ci

is the installed capacity at site i. figure 1 shows the
approximate geographical locations for the three wind
sites.†

(2) A daily German wind index provided by Nasdaq, rep-
resenting the German utilization of wind power plants.
The acronym used for it is NAREX WIDE (NAsdaq
REnewable indeX WInd DE (Germany)) and is used
as the underlying for WPF contracts traded on Nasdaq.
We will simply denote it as the German wind index in
the remaining part of the paper.

The wind indexes are bounded between zero and one. figure 2
shows all four wind indexes, and the corresponding autocorre-
lation function for each wind index. In all four cases, the wind
index displays a pronounced yearly cycle consistent with the
observations made in Benth and Pircalabu (2018) and Chris-
tensen and Pircalabu (2018). Since the German wind index
is by construction made up of all wind power production in
Germany, the behaviour of the German wind index is less
extreme compared to the individual wind indexes. To con-
cretize, a value of zero for the German wind index is not
observed in our observation period, whereas it is for all three
wind sites. Also the maximum attained value for each site
wind index is higher than the maximum value of the Ger-
man index; however, it does not reach one in any of the
cases.

† The locations are approximate due to confidentially issues.

 



KAPASITETSFAKTOR
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Kapasitetsfaktor, hva er det?

• Hvor mye strøm et kraftverk produserer PER MW effekt 
installert.

• Effekt: hvor stor kapasitet har kraftverket 


• Eksempel: Equinors vindpark i Nordsjøen, kalt Hywind Tampen

• Vindmøllepark med total effekt/kapasitet 88MW

• Kan produsere 88MWh energi på 1 time

• Maksimal årsproduksjon….


• Årsproduksjon i 2022 var 384 GWh. 
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88MW × 24 × 365h = 770880MWh = 770,88GWh

384
770,88

= 0,498



Kapasitetsfaktor

• Vindmøller og solcellepaneler: 

• “Power curves”: sammenhengen mellom vindstyrke eller innstråling 

og produksjon per MW installert

• Oppgis av produsentene


• Vestas vindmøller

• Divider med 1.8, 2 eller 3…

• …kapasitetsfaktorer

• ..som funksjon av vindstyrke
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Kapasitetsfaktor

• ERA5 gir tidsserier for vindstyrke 


• “Power curves” omformer dette til tidsserier for 
kapasitetsfaktorer


• Vi kan analysere hvor mye som produserer fra en vind eller 
solpark 

• per MW installert kapasitet: tall mellom 0 og 1 
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Kapasitetsfaktorer for vind 

i Tyskland
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Figure 2. All four wind indexes with corresponding empirical auto-correlation function. (a) Wind index at site 1. (b) Autocorr. of site 1. (c)
Wind index at site 2. (d) Autocorr. of site 2. (e) Wind index at site 3. (f) Autocorr. of site 3. (g) German wind index and (h)Autocorr. of
German.
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Hvor er det best å installere sol og vindkraft?

• Historiske ERA5-data:

• Vindstyrke og solinnstråling 

• Aggregert for EU+EØS-land


• Omformet til 
kapasitetsfaktorer

• Basert på teknologi for 

solceller og vindmøller

• Alite: pakke som gjør 

omformingen
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VIND OG SOLDATA
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Sol i Europa
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Vind i Norge
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