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Abstract

Geographic diversification ofvind farms can smooth out the fluctuations in wind
power generation and reduce the associated system balamzingpliability costs.

The paper uses historical wind production data fEoEuropean countries (Austria,
Denmark, FranceGermany, and Spgirand applies MeatVariance Portfolio theory

to identify crosscountry portfolios that minimize the total variance of wind
production for a given level of production. Theoretigatonstrained portfolioshow

that countries(Spain and Denmarkyith the best wd resource or whose size
contributes to smoothing out output variability at the country level dominate optimal
portfolios. The methodology is then elabtad further to derive optimabnstrained
portfolios for 2020 under a range of constraints includimgional wind resource
potentialandtransmission constraintSuch onstraintdimit thetheoreticalpotential
efficiency gains from portfolio diversificationeffects but trere is still considerable
room to improve performance from actual or projectedtfplios. These results
highlight the needor greater coordination of EU policies in support for renewables
deployment, for more interconnection capacity, and for harmonization of market
design and grid connection rules. Moreover, a mechanism for releswededits
trading could help aligning wind power portfolios with the theoretically efficient
geographic dispersion.
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1 [INTRODUCTION

In January 2007he EuropeaiCommissiorbrought forwarda set of mediunterm target to speed up

the transition towards a low carbon economygjuding a 20% cut otarbon emissionsut by 2020

and an increase of the share of Renewables in primargyense to 20% by 2020he power sector

is expected to provide much of the increasgch thatthis translatesnito a target of 3@0% of
renevables in the electricity generation mix by 20ZD/NEA, 2008. Among the different renewables
energy sources, wihpower development is expected to account for a large share of the increase in
renewable electricity to meet the 2020 tar§®ind power has been the fastest growing renewable
electricity source over the past years in Europe and acctamébout 4% of the totalelectricity
demandin 2007 (EWEA, 2008) However, the speed of wind power deployment in the different
European countries has been markedly different over the past decade, reflecting different local
barriers and different support mechaniqfiairopean Commission, 2005EWEA, 2006), (Finon &
Perez, 2007), Faundez, 2008), (Fouquet & Johansson, 2008)]

There is a large discrepancy in the wind resource across European cpsntfiethat there would be

in theory benefitsn a more coordinated deplgment policy acrosg&uropeancountries toencourage
investment inthe best wind sitesFrom a system planning perspective, the issue is, however,
complicated by thantermittency andthe regional variationin wind generation patternand the

limited integiation of the European transmission syst&ind power intermittency has implications

both for wind integration costs into the electricity systdibalancing costy and for the costs
associated with maintaining an equivalent level of system reliakiliyck up cost. Optimal wind

power deployment at the European lesiebuld therefore take into accouhe regional variation in

wind power resource and the decreasing correlation between wind farms output as the distance
between these winfdrms increases

Conventional investmenfplanning models lack the capability to represent the intermittent nature of
renewable (Neuhoff et al., 2006)Recent research has concentrated on improving wind power
investmentmodellingwithin a nationalor regionalnetwork bytaking into account theariability of

wind power and its impact on the electricity system managejf@rass et al2006),(Neuhoff et al.,
2006) (Short et al2003)] While such integrated investment planning models require an extremely
detailed repremntation of the electricity systenthey cannot avoid simplifications with current
computer processing powesuch integrated models cannot be usied wind power investment
planning at the European levgiven the extra complexity introduced by the difieces in market
design (particularly despatch) and the transmission constraints.

This paper introducea different complimentargpproach t@onventional systesplanning models to
optimise wind portfoliosacross different countries. Me&fariance Portfab (MVP) theory has been
used in the financial sector to identify portfolios of bonds or assets which minimise risk for a given
level of profit. The application of MVP to wind power planning provides an analytical framework to
optimise the trade off betweanaximising wind power output and minimising the variability of wind
power output through geographic diversificatibhe paper uses historical wind production data from
5 European countries (Austria, Denmark, France, Germany, and Spain) and appliegalizace
Portfolio theory to identify portfolios that minimise the total variance of wind production for a given
level of production. The methodology is then elaborated further to derive optinatrained
portfolios for 2020 under a range of constraimsluding national wind resource potential,
transmission constraints, and policy implementation barriers.

The rest of the paper is organised as follows. The next session gives some background on the current
wind power capacity in Europe, the wind powetgmtial, and the patterns of wind power production
across the different countries considered. The third section apgisVariance Portfolio theoryo

identify optimal wind power portfolios based dinese patterns of wind power production, using



historical wind production data from Austria, Denmark, France, Germany, and ®p#£006 and

2007. The paper concludes by highlighting some policy recommendations emerging from the
analysisparticularly howa mechanism for renewables credits trading could &edping wind power
portfolios with the theoretically efficient geographic dispersion.

2 WIND POWER DEVELOPMENT IN EUROPE

2.1 The current wind power capacity in the EUand the support mechanisms

At the end of 2007, the total installed wind power capacity woddvexceeded 93 GW and more

than half (56.5 GW) was located in Europe. There have been markedly different deployment trends
across European countries. Among-EU countriesPenmark, Germany and Spaine considered as
pionees for wind energy developmenthis paper focusesn these three countri¢sgether with the
neighbouring countries France and Austria which havambitious wind energy development
objectives.

Table 1. Evolution of wind power installed capacity from 2001 to 200{MW)

Countries 2001 2002 2003 2004 2005 2006 2007

AUSTRIA 94 140 415 606 819 965 982
DENMARK 2,489 2,889 3,116 3,118 3,128 3,136 3,125
FRANCE 93 148 257 390 757 1567 2,454
GERMANY 8,754 11,994 14,609 16,629 18,415 20,622 22,247
SPAIN 3,337 4,825 6,203 8,264 10,028 11,623 15,145

Source EWEA, 2008

Table 1 showshat installed capacitin these 5 countriglsas been growing consistently over the past
years despitea slow down in Austria and Denmairk recent yeardn 2007, wind power generation
repregntedabout 33% of electricity demanéh Austria andmore than 21% of electricity demaird
Denmark, butinvestmentin wind capacityhas nearly stoppedince 2002becauseof regulatory
uncertainty (Agnolucci, 2007). Frantesseen over the past two ysafery fast growth ofwind
energy(installed capacity increased by% between 2006 and 200But windpoweronly represents
aboutl.3% of the French electricity demandore than 20 GWf wind turbineshad been installed in
Germanyand 15 GW in Spaiatthe end of 2007coveing respectively7% and 12%of the German
and Spaniskelectricity demand.

The differences of wind energy developmaatossEuropean countrieganbe explainedy a variety
of economicaltechnica) and regulatoryfactors First, the European countries have differemind
energy potential$ i.e. different vind resource$.However the countries with a good wind energy
resource are not necessarily those wiheatest wind power capacity developmente.g.
Francg.Regulatory issues arglipport schemes are critical in explaining the differencelkeinvind
power development rates across countrié®e EuropearDirective 2001/77/CEprovided a general

2Wind energy that could be withdrawn for wind dege on wind speed and on location topography. For more
information:www.windpower.org



http://www.windpower.org/

framework for supporting renewable enerdi@it thesubsidiaryprinciple explains theviderange of
different economidnstrumentsusedby member state to support the development of wind energy
(European Commission, 2005, 200@8pble 2 summarizes the promotion policies that have been
implemented in selected countrfesn its assessment ohe efficiency of the different support
schemes,ite EuropeaitCommission concludgthat feedin tariffs bring better certainty for investors
concerning their profit on midternbut thatthe level of the fixed tariff is crucial foenablinga real
takeoff ofthe technologyEuropeanCommission, 2005)Otherfactorssuchas the energy mix, wind
energy perceptioand local oppositignadministrative procedures or the transmission guithection
rulesalsoplay an importantrole.

Table 2. Support policies in selected countries

Countries Support policies for wind energy

Denmark Environmental Premium + market price

Spain Either a feedn tariff indexed on the regulated price for 20 years or a-feguemium +
market price for 20 years

Germany Feedin tariff for 5 years at fixed price then 15 years with decreasing tariff

France Feedin tariff for 10 years at fixed price then for 5 years the price depends on the load

Austria Feedi n tariffs for 12 k\anithstwoaears fitiaeduded pricei

Moreover the European Commissigmointed outthe lack of harmonization and coordination for the
support mechanisms of renewable energyrdeanCommission 2006) The EuropeatCommission

fears that the diversity of support mechanisms and the lack of coordination and cooperation between
member statesould lead to an ineffective development of wind far&nd mills could bebuilt in
areaswith a poor wind resourdeut wherethe support mechanismlonecould besufficientto ensure

the profitability of the projectThe latestproposal for the European directioa the promotion of
renewable energgncourages a coordinated approach atBhpean levein order tocollectively
reachthe 20 %targetof renewable energy in the final energy demand in 2020.

% This directive set several objectives at the national level such as the European renewable energy share in the

final energy consmption (European Commission, 2001). But because of the subsidiary principle, it is up to

each member state to determine its renewable support scheme insofar as it respects state aid European policy.

* The different types of Renewable support schemes cdefbeed as follows:

1 Feedin tariffs: A fixed price is guaranteed for a lotgrm period for all the electricity fed into the grid.

This reduces considerably investment risks.

1 Theenvironmental premium scheme: Under this scheme a fixed premium on thefttdpeanarket price is
paid to wind energy. This environmental premium has been applied in Spain, and shows good results in
terms of wind energy development (Del Rio Gonzalez, 2008).

1 Thetendering procedure a series of tenders for the supply of renewadetricity is managed by the
government. The winner is paid at the price resulting from the tendering procedure. The additional costs
associated with the purchase of renewable electricity are passed on to itensmcier of electricity
through a specifitevy.

1 Green certificates: On the one hand, wind power producers sell electricity on electricity markets. On the
other hand the wind power producers sell on a specific market the green certificates that electricity suppliers
are obliged to buy unless thayfill the obligation through internal renewable production.



2.2 Wind power developmentscenariosand the EU 2020 objectives

There are manyscenarios of wind power development in Europe to 2020, based on different
definitions of hetheoretical, technical or realizable potentiaisvind power[(EWEA, 2008), Resch,

et al, 2008, (Tradewind, 200)]. The different studies point towards a massive development of wind
power generation in Europe over the next decadadeWind (2007) mposes 3 different scenarios

for the development of wind power in EurdpResch et al. (2008) model the development of wind
energy using the Gredxiet computer modélTable 3compareghe projecteddevelopment of wind
energy capacity (MW) for the five leeted caintriesin these different scenarios

Table 3. Scenaric of wind power capacityfor 2020 (Source: Resch, 200&nd TradeWind 2007

Scenario Tradewind Resch et al 2008
Countries Low Medium High Realisable scenario for 2020
Austria 1700 3500 4900 2074
Denmark 4778 5309 5840 4 656
France 23000 30000 37000 24 686
Germany 34170 48202 56640 33624
Spain 29653 35170 40186 28 322
From a met hodol ogi cal point -opovapwroabhlkesky seea

potential in each caury and aggregating the results at the European level, based on wind resources

and technical and policy considerations. In this paper we use a different modelling approach using the

di fferent countries6 wind r es dlityyas the oz featmetas (i n
assess the optimal portfolios among European countries. Such modelling approach is meant to be
complimentary and give new insights on the potential benefits of closer coordination and integration

of wind power portfolios acr@sEuropean countrie©ur modelling approach echoes the call of the
European Commission for greater coordination of renewables development policies across the
different member state¥here isindeed currentlynuch discussion on which mechanism could ke pu

in place to enable flexible reallocation of the burden sharing across countries, such as for anstance

new trading schemieased omguaranties of origiiNeuhoff et al 2008)
2.3 Optimising the wind resource use and limiting variability across the EU

At the European crossountry level, vind power production followsnarkedlydifferent patterns in

the different countriethat are illustrated in the Figure 1, based on two years of wind power hourly
production data 2008007). The hourly capacity factor of wipbwer production seem to be much

less volatile in larger countries such as Spain, France, and to a lesser extent Germany than in Austria

® The MEDIUM scenario corresponds to the most likely to outcome in the future whereas the LOW and HIGH
scenarios correspond respectively toewrnde&00f)owest and t
® These scenarios rely on three different definitions of wind power potentials: i) the theoretical potential, i.e. the

upper limit of what can be produced form a certain energy resource from a theoretical point of view without any
technical onstraints; ii) the technical potential, defined as the theoretical constrained by technical boundaries

di mensions; and the iii) realisable potenti al whi ch
all existing barriers can be overcome andl | driving force are activeo (Resc
scenario which is lower than those from Trade Wind.



and Denmark.Table 5shows some descriptive statistics akthetmean value of capacity factors and
its hourly variallity based on two years of historical data (2Q087) for the 5 selected European
countries Denmarkhasthe highest capacity factor mean value while Germany the Iplwesthe
biggest countriesuchas Spain, Germany and Framresent the lowest vahdity.

FigureliEur opean countriesd wind patterns (hourly
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Table 5: Descriptive Statistics of wind poweri Capacity factors’

Spain Germany  Austria  Denmark France Actual portfolio
2007
Mean 0.229 0.195 0.229 0.242 0.214 0.212
Standard Deviation 0.138 0.172 0.213 0.218 0.137 0.120
"This table is built using hourly data for wind power

power installed capaciyom EWEA 2008. Data is further described in the next section.



At a European level, the optimisation of tlnge of thewind resourcas a multi facet issuelhe wind
resource is unevenly spread between countries and vaguncountry (RISOE, 1989) Oneway to
optimise the wind resource use consists in focusing orsliesfwhere the wind speed is the highest.
The secod dimension concerns the minimat®n of the variability of wind farnss o u The u t
variability of wind power can be smoetth out by geographic dispersiginy type of variability can
be reduced by combining weakely correlated wind productiineas been shown in different
countriesthat as the distance between wind farms wislemind speed correlations between different
wind farms fals (Milligan and Factor 1999Holtinnen 2005, Giebel 2007, Sinden 200radeWind
2007, Caralis, 2008 For instance Sinden (2007) found that the hourly correlation coefficient
between UK wind farm sites decrease to approximately 0.1 ovencistén excess of 100 km. This
is primarily achieved through wind power variations dne part of the country cancelirmut
variations in wind power in another part of the country (Drake and Hubacek 2007).

The combination of differentvind pattens couldlead to a global portfolio ovind power production
that can be more or less variable and that can have more or less average prahetimtimisation
of wind energyportfolios can therefore be conceivedaasadeoff betweertwo dimensions:

1 The seark for the best wind resourggven thatthewind resourcas unevenly spreadttheinter-
and intracountrylevels.

1 The minimisation of the output variabiligan be smoothed out laygreater geographic dispersion
at national and/or international level

Moreover, integrating large proportions ofvind energy into electricity systems causes some
additional costs from a system perspectiVaese costs can be roughly separated in two types:

Abal ancingd system cost sGrasna al2d06e Bdlancng tostd ared sy st
associatedvith short term variability (e.g. hour to hour variation) and the lack of predictability of

wind power® Reliability costs are associated to the contribution of wind power to the peak situations

and to the correspondjrvariability of wind power generation during these peri@idgligan 2002,

Giebel 2005,Gross et al 2006, Holtinnen et al 200When intermittenwind generation replaces
conventional generation, an additional installed generation capacity is needdtdhe same level of

reliability (e.g. a given value Loss of Load Probability).

3 APPLYING MEAN-VARIANCE PORTFOLIO THEORY TO IDENTIFY OPTIMAL WIND
POWER PORTFOLIOS

This section apjgs MeanVariance Prtfolio (MVP) theory to identify optimal wind power péotios
acrossAustria, Denmark, France, Germany, and Sp&life first explain MeanVariance Brtfolio
(MVP) theoryin the context of energy planning and then explain the different issuesappéing
MVP to optimise wind power portfoliosNe then demonstta the use of MVP to identifgptimal
theoretical unconstrained portfol® for the five countries consideredve eventually refine the
methodology by incorporating a range obnstraintsto derive optimal constrained(realistic)
portfolios for the 5 counies

8 High short term variability increases system costs due to modification in the unit commitment, reserves, and

needed balancing actions (Gross et al 2006, Holtinnen et al 2007).

° A related bpic mentioned in the literature isthesam | | ed fAcapacity creditsdo. Capac
contribution of wind power installed capacity to the system reliability (i.e. adequacy). As capacity credits for

wind power are never 100%, the replaesof thermal power plants is never one to one and a part of thermal

power plant have to be kept functioning to ensure a given level of reliaiBigpél 2005Grosset al 2008.



3.1 Mean-Variance Portfolio theory and energy planning

MeanVariance Portfolio (hereafter MVP) theory, based on Markowitz (1952) seminal work, was
initially developed for financial securities and has found wide applications in the financial industry.
An efficient portfolio is one which has the smallest attainable portfolio risk for a given level of
expected return (or the largest expected return for a given level of risk). The process for establishing
an optimal (or efficient) portfolio generally uses tbrgcal measures for returns, risk (standard
deviation), and the correlation coefficients between the different assets to be used in the portfolio.

Portfolio risks and returns are calculated as follows (Elton and Grubber, 1994). The expected return
E(rs) of portfolio P containing N assets i (expected reEu,rrstandard deviatio‘?:li) in proportion
X, is simply the weighted average of the N assets expected returns:

E(rp) = g XE(r)

i=1

The portfolio standard deviatio‘?lpis defined by the following formula:

_ = N 2 2 = N .s N
Sp —\/aizlxi Si +ai:1 ail=j1 Xixjrijsisj

N : . r
wherer ij represents the correlation between the retlimesd | of the two assets

Figure 2 - Efficient frontier for a portfolio of 2 risky assets

Optimal portfolios will
4 a]f]ie onthis curve

\ (efficient Frordier)

Portfolios above
the ouve are niot

ety bigh risk/V ety

attainahle. Highrisk high retun
\ Migh et

Medinm # skTule dium
teturn

F \

g Low ik o

2 tetitn

L&)

i Parifalios tha ke below the

: curve are not efficient.
g zg %gi ﬂﬁn They have greater rigk than

is niecessaty to achieve the
Safre re

¥

Risk %0 (Gtandard Deviation)

By computer processing the returns, risk (standard deviation of returns) and correlation caefficient
data, it is possible to establish a number of portfolios for varying levels of return, each having the
least amount of risk achievable from the asset classes included. These are known as optimal
portfolios, which lie on thefficient frontier Figure2 shows the efficient frontier for a portfolio of

9'See e.g. Elton and Gruber (1994) and Fabozzi et al. (2002) for a reciemt of the developments of
Portfolio theory.



two risky assets. Optimality refers to Pareto optimality in the todidbetween portfolio risk and
portfolio return. For each portfolio on the efficient frontier:

1 The expected portfolio return cannot be royed without increasing expected portfolio risk.
1 The expected portfolio risk cannot be reduced without reducing expected pagfotio

The investor then simply has to choose which level of risk is appropriate for their particular
circumstances (orrpference) and allocate their portfolio accordingly. In other words, MVP theory
does not prescribe a single optimal portfolio combination, but a range of efficient choices.

The MVP method can be applied to determine the optimal portfolio of generatits plther for a

country or a particular company. Bazilian and Roques (2008) provide an overview of the recent
research applying MVP to energy planning. Most applications of MVP to optimising power
generation have takensacial welfare maximisatioperspetive, aiming tominimise generation cost

for each risk level, and concentrating on riskgsib fuel prices Awerbud, 2000, 2005} Based on
projected uni-t costs and wvolatility covariatior
optimal) potfolios of generating assets. As Awerbuch and Berger (2003, page 5) ob%drvie,e

important implication of portfolidbased analysis is that the relative value of generating assets must

be determined not by evaluating alternative assets, but by evaludtargative asset portfolios.

Energy planning therefore needs to focus less on finding the single lowest cost alternative and more

on developing efficient (i.e. optimal) generatin

Bar-Lev and Katz (1976) pioneered the application of MVP theorfossil fuel procurement in the

U.S. electricity industryand found thagenerally theJS electric utilitiesare efficiently diversified,

but that their portfolios were generally characterised by a relatively high rate of return and risk, which
theyht erpreted as beingpausdnsequénterpfrebemécaens
behave in a risky way. Humphreys and McClain (1988) Awerbuch (2000) evaluatethe U.S.
generation mix and shad that adding fixeecost renewables to a pfmtio of conventional
generating assets serves to reduce overall portfolio cost and risk, even through theitosend
generating costs may be higher. Awerbuch and Berger (2008)Mig@ to identify the optimal
European technology mix, considering notydimel price risk but also O&M, as well as construction
period risks while Jansen et al200§ used MVPto explore different scenarios of the electricity
system developmeim the NetherlandsFinally, Roques et al. (2008pplied portfolio theoryfrom a

private investor perspectivieo identify optimal portfolios for electricity generators in the UK
electricity marketconcentrating on profit risk rather than production costs risk.

3.2 Applying Mean-Variance Portfolio theory towind power deployment

In thecontext of wind power deployment plannimdgean Variance PortfoligMVP) theoryappears as

a well suitedtool to optimise the trade off between maximing wind portfolio output and minimising

portfolio volatility. Wind power portfolios can beptimised following different objectiveseach

objective corresponds to a different tramd f bet ween ArThe existing literatarel A r i s
applying MVP to wind power portfolios has used different definitions of portfolio risks and returns.

Drake and Hubacek (20p@&nalyze geographical wind power portfglior four zones in UK. They
constructoptimal portfolios that maximé wind power generation and minimgistotal variance.

Milligan and Artig (1998), Hanserf2005, and Dattaand Hansen(2005 applied portfolio teory to

! Most studies define portfolio return as the reciprocal of unit generating cost (reciprocal of cost per kWh) and
price risk in terms of price volatility per holding period (per year) but Jansen et al. (2@&) that such
approach has several pitfalls and that for transparency, it is better to use directly a simple cost frontier rather
than a return frontier.



find fAgeographico portf ol i ®sareiboilt i ordef to maximise r e gi
Aireliabil i ingwindpower productmarid minimisg variance during these peak hours.
Combination of sites with negative correlated duction is the main reason of improvement of
constructed portfolios.

In this paperwe use successivelyo objectivefunctionsto define optimal crossountries wind
power portfoliosi) AOp t i mi si ng wi nwhictpconsisty inmaximispguMnd powe

production and minimiag hourly variability at all times and ii)fiMaximisng wind power
contribution to systent e | i a lwlhich icangists inmaximisng wind power production and
minimising variability during peakinghours

Depending on the objectivieinction consideredwe use the following variables to represent the
Aireturno and Ari sko:

i) Optimising wind power outputin this casewe build portfolios considering shetrm
variability. We determine Aopt i weringialled capatiinol i os (
each country) that maxinéswind production per unit of installed capgc{capacity factor) and
minimise Ahour |l yo variations. I't is i mportant to no

wind production computed fromath time series directly (as in Drake and Hubacek 2007) but the
variance of the hourly variation of wind producticf %PH)- This allows taking into account the

temporal hourly variation of wind powand notanachronic variationd8occard 2008)

i) Maximising wind power contribution to system reliabilityVe build portfolios considering
peak situations variability or reliability cost problem. Here lig@t our study to wind power data
corresponding to pealemandhours (lefined asl0% ofthe highest total deland). Then weanstruct
portfolios that maximis the wind power production per unitingtalledcapadiy (capacity factor) and
minimise the variance during peak hours. This can be interpastaa assessment of the contribution
of wind power to the syste adequacy or a maximization of portfolio capacity créedits.

Wind power output variance is computed fromuHy wind power production data for Austria,
France, Germany, Spain and Denmark for the years 2006 and*286irly data is verified to be
indexed vith the same time reference system. For each country data is normalized using installed
capacity for computing hourly capacity factétslhis allows us to work independently of installed
capacities. Hourly demand data by country for the years 2006 ands2@fiiected and used to select
peakinghours and be able to separate wind power production during these hours.

In the followingsectionsoptimal portfolios of wind power installed capacitr today and 202@re
computedand compared with actual portfolin official EU scenarios. As the wind power in different
countries have different pattesncombining the installed capacity in a given way can result in
different efficiengesin terms of variability and average capacity factors. One important assamptio
here is that countries are free to develop their own portfolio of wind plants and that production
patterns develop homogenously to current leVelhe section 3.2uilds optimal flunconstrained
theoreticalportfolios without any exogenous constrginthile the section 3.4 incorporates country
wind resource potential and transmission constraints to modelreadigticficonstrained portfolios.

12 As demonstratedn Gross et al (2006), the reliability measured with the Loss of Load ProbahiftyP)
dependsot he vari ance of ddfireeagdengasd nenos tdlairevailaple gederafimeluding

wind power).

13 Wind production data was collected from the Transmission System Operators or Distribution System
Operators. Most part of ¢ghinformation is available in the corresponding websites.

14 As there is no available data about wind power monthly/weekly installed capacity, we use linear variation of
wind power installed capacity using ybastatistics (EWEA 2008). Cf. Table n° 1.

!5 This assumption could be supported by the idea that the repowering of current wind farms will account for a
considerable part in the increase of wind power capacity in 2020. Howevehawé wind power capacity will

likely represent a growing share in fiuéure and current data does not account for this production pattern.
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We finally want to point out thabur methodology ignores a number of importeggulatory and
market frameworkgssues such asgrid access conditions, balancing market desmnsupport
mechanismCareful analysis of these frameworks is required before translating model outcomes into
policy recommendations

3.3 Optimal unconstrained portfolios

In this section uncomsined theoretical optimal portfolios for wind power areomputedand
compared with current anutojectedEuropean portfolio for 202Qusing the scenaridsom Resch et

al., 2008and Tradewind 2007 edium scenari. Optimal portfolios are constructeducessively
following the two different bjectivesdiscussed irthe previous subsectiorFor each objective, we
constructthe efficient frontier by computing the range aiptimal portfoliosthat maximse wind
power Adefsnedwagha averdgeapaity factor) and minimiewi nd p o w(@efinediasi s k 0
the standard deviation of variation)

3.3.1 Objective n° 1: Optimising wind power output

Table 6presentssome descriptive statistics of tdataused to computemimal portfolios based on
two years (2006 an@007) d hourly data Denmark, Spain and Austrizave the highs&t average
capacity factors, whil&pain and Frandeave the lowedtour to hour variability

Table 6: Wind power capacity factor data for objective n° 1

Spain Germany Austria Denmark France

Mean 0.229 0.195 0.229 0.242 0.214

Standard deviation (hour t: 0.016 0.019 0.048 0.027 0.017
hour,P, — P,_4)

Correlation Spain 1.000 -0.033 0.011 -0.061 0.062

coefficients - ermany 1.000 0045 0362 0147

Austria 1.000 0.005 0.010

Denmark 1.000 0.046

France 1.000

Table 6 also reports the correlation coefficients betweenthe hour to hour variationof wind
production across thfive countries Correlationcoefficientsare important because combining two
wind poweroutputpatterrs that are less correlated (or correlated negatively) yi@lgdortfolio with

less totaloutput variability. Hourly variations can be more or less correlated depending on the
geographic location of each country and the corresponding wind fronts. For instghboring
countriesusually havepositive wind hourly variationscorrelatiors (e.g. Gemany and Denmark or
Germany and France)vhile remote countries present low or negative correlations (e.g. Spain and
Germany). Low or negative correlations betweefed#t countries wind power output indicate that
there exists a potential to redus@nd power portfolioshourly variability (or increasing the average
production for the same level of variability) tgpreadingwind power capacities over several
European ountries.

Figure 3 showsthe theoreticalefficiency frontier for wind power portfolios in the five countries
consideredThe optimisation modelomputeghe minimum standard deviation (portfolio rigky any
given rate of average power generat{portfolio return) Once awhole range of average power
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figures ha been optimisedan efficiency frontier is constructedhe efficiencyfrontier illustrates
those combinations gfortfolio outputandoutput standard deviatidhat are possiblby varying the
weights allocated to each countre widd capacityin the portfolia Any point located along this
frontier repreents a combination of wind capaciteights across countrieshat minimiseswind
outputstandard deviation for any givdevel of averag@ortfolio poweroutput

Figure 3: Unconstrained efficient frontier i objective n° 1

0,24
0,235
0,23 / — Efficient Frontier without
! constraints
. m  Actual Portfolio 2007
0,225 % 0% |
6% ® Projected Portfolio 2020
0,22 | 5% (Resch)
A Projected Portfolio 2020
(Tradewind)
0,215 v v
*s
[ |
0,21 T T 1
0,01 0,011 0,012 0,013

Figure 3provides a number of interesting insighsrst, the current wind power portfolio in the 5
countries considered doest belong to the set of optimal portfoljthe efficiency frontier)j.e. the
current geographic dispersion of wind power in the 5 countries is suboptimal and eonddlified to

yield a greater wind power production for the same level of variability, or to lower the level of output
variability while keeping the current level of production. Secotid, evolution of the projected
portfolios for 2020 g@sin a good direction (more production and less variability)2020 projected
portfolios arestill far from the efficient frontierAs an indicabn of the potential gains that can be
achieved with more efficient portfolios we compare actual and projected portfolio with points in the
efficient frontier for the same level of variability. Potential gains in average production, for the same
level of $ort-term variability, range from 5% to 9%.

Figure 4 illustrates the five countrieptimal weights for portfoliosalong the efficiency frontief~or
low variability portfolios, Spain andFrancehave the highestveights becauseof their own low
variability and good correlation properties with other countries (low or negative correlaiidgneih
prioritizing average wind production, ttehareof installed capacity in countries with low capacity
factors performancesduces to zerdn this case all power shioube provided by the countries with
the best average/variability performance (i.e. Denmark). Compa&dR projectedoortfolios (cf.
Figure 1, Resch et al: Spain 30%, Germany 36%, Austria 2%, France 27%, Denmark 5% or
Tradewind: Spain 29%, Germany 39%us¥ia 3%, France 25%, Denmark 4%ith one specific
optimal portfolio (middle Spain 54%, Germany 0%, Austria 6%, France 10%, Denmark, 3486
find that generallythe weights of SpainAustria and Denmarkin projected portfoliosare too low
comparing tohie optimal portfolioswhile the weights of Germany and France are too.high
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Figure 4 : Weights of unconstrained optimal portfoliosi objective n°1
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3.3.2 Objective n° 2: Maximising wind power contribution to system reliability

In this section weconstruct prtfolios to maximige the contribution to systemmeliability of wind
powerportfolios across thive countries, focussing on the output and variability over the peak,hours
defined aghe hours with the 10% highest total demamthe year(1752 hours)More preciselywe
computeportfolios maximisng wind energy produced during peakinguns and minimisg wind
outputvariability duringthesepeak hours.

Table 7presentssome descriptivestatistics derived frondlata from the years 2007 usedo
compue the optimal portfolios. Denmark, France and Austhave the highest capacity factahsring
peakhours while Spain and Franchave the lowest production variabiliduring peak hoursLow
and regative correlations (e.g. Spain and Denmairkdicate potential gairs in a portfolio
combination.

Table 7 Average production and orrelation matrix for wind during peaking hours

Spain Germany Austria Denmark France

Mean(peak hours) 0.250 0.245 0.278 0.293 0.259
Std 0.145 0.207 0.236 0.244 0.140
Correlatin Spain 1.000 -0.052 0.068 -0.128 0.392
coefficients ermany 1.000 0.096 0.751 0414
Austria 1.000 -0.074 0.042

Denmark 1.000 0.181

France 1.000

Figures5 and 6 showthe efficient frontier and weigis for optimal theoreticaportfolios computed
usingthe reliability objectivefunction The currentportfolio does not belong to the set of optimal
portfolio. The projectegbortfolios for 2020move closeto the efficient frontierbut there is still room
to improve the efficiency othese 2020 portfoliosPotential gains, measured from the efficient
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frontier to actual and projected portfolioangefrom 8% to 11%and are greatehanin the case of
the first objectivawvhich did not concentratenly on peak hours

Considering the étient frontier, for low variability portfolios,Spain and~rancehave the highest
weightsbecaus®f their own low variability and good correlation properties with other countries (low
or negative correlationsgurprinsingly, for the reliability objeate Germany is naincludedeven in

the portfolio with the lowest variability. For high average production portfolios, Denmark has the
highest proportion given its best performances in terms of average capacity factor and variability
during peak hours.Conparingthe optimal portfoliosvhen concentrating on peak houeosoptimal
portfolios obtained in the previous session which took into account all hitnersesults are modified
mostly for Austria and Spain. Austria hasgaeaterweight in almost all optimal portfolios when
considering the objectivi® maximise reliabilityand this is due to very good qualities of wind power

in Austria during peak hour#n contrastSpain has lower weighin the optimal portfolios because

of the high volatilityof wind power during peakours.

Figure 5: Unconstrained efficient frontier i objective n° 2: maximising reliability
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Figure 6 : Weights of unconstrained optimal portfoliosi objective n° 2: maximising reliability

100% -
90% -
80% -
70% -
60% -
50% -
40% -
30% -
20% -
10% -

0% -

M France
m Denmark
Austria
B Germany

H Spain

14



In concluding whatever the objectiveekected to build optimal unsconstrained portfolmsrentand
projected portfoliogor 2020are far from efficient frontieoreover, he geographical distribution of
optimal portfolios depends on the objectiv@nsidered fbcus on total output or on ak hours) as
national wind power patterns have not the same properties considerindgesmortariability or
variability during peakhours. Potential gainsare larger for portfolios aiming to maximise wind
contribution to system reliabilitthanfor portfolios focussed on total wind output.

3.4 Optimal constrained portfolios and the 2020projected portfolios

The unconstrainedtheoretical optimal portfolios may notbe achievablebecause of a range of

technical, political and business development constraimsthis section wedevelop some
fifconstrainedod portf odoinersalisticycondtrairistorthg modellingwhem ¢ c o u n't
computingthe optimal portfolios We consider two types of constraint

i) Wind resourcepotential constraints We useheretechnicalpotential datdor each countryfrom
Resch et a(2008.'¢

i) Network limitationsconstraints We useherea simple methodologywhereby raximal network
limitations constraints are given by tlseim of a reference demafat 2020(UCTE 200&) andthe
total transmission export capaciyrojected for 2020)This givesan indication of the maximal wind
power installed capacitin each countryconsidering that wind power energy is used for nafion
demand and expotts

Constraints ar@xpressed aperentagesof total installed capacity fothe correspondingyear (for

2020 we used projected scenaffimm Resch et a[2008 (which seems to us the maigely in terms

of total installed capacijy Table 8 shows the values of these two types of condgaiWhen
constructing constrained optimal portfolio, we dset each constraint independely and then both
constraing by taking the lower value of the two constraints (ressource potential and network
limitations) for each country.

Table 8 Portfolio congraints for 2020

Total Spain Germany Austria Denmark  France
Projected 93362 28322 33624 2074 4656 24686
Wind Pgwer (Resch et al.)
capacity
Wind Resource Potential constraint 50000 58000 3950 15525 53500

Potential (Resch et al 200§MW]
constraints

Potential constrainf%] 54% 62% 4% 17% 57%
Network Reference Demand [MW 66200 78000 11300 8508 94000
limitation
constraints  Export Capacity [MW{’ 2400 6480 1680 2460 5600

16 See footnote n° 4.
" Information for export capacities are taken in UCTE2008ir. some countries where accurate information
was not available for the transmission capacities for 2020se current export capacities increased in 20%.
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Transmission Constraifit 68600 84480 12980 10968 99600

Transmission Constrdin 73% 90% 14% 12% 107%
[%] 19

The results based dhetwo different objectivegunctionsare successively presente) Optimising
wind power outputand ii) Maximising wind power contribution to system reliability

3.4.1 Objective n° 1: Optimising wind power output

Whentaking into account some more realig@gsourceand networkconstraints, thefficient frontier

for constrained optimal portfolios i®elow the unconstrainedefficiency frontier In fact the
optimisationprogramis constrained in how much it camcrease the weigh of the best performing
countriesin the portfolio. kgure 7 represergthe constrained and unconstrained efficient frontier for
the objective n°® 1Despite the castraints on optimal portfolios, thergjected portfolio for 2020 is
still far from the constrainecefficiency frontier. Potential gains from actual and projected portfolio to
efficient frontierrangefrom 4% to 7% lpwer than for theoretical unconstrained portfolios for which
the potential gains range froi®% to 9%).The impat of resource and networonstraintson the
efficient frontier is small for low variability portfolios anthrger for high average production
portfolios. In the one hand, wind resource potential limit the optimal portfolio with the highest
average produion while the potential gains for realisable portfolioherdly reduced. In the other
hand, transmission constraints do not lisignificantly the highest average production portfolio but
reduce considerably the potential gains in average productiafi fevels of variability.

Figure 7 : Constrained and unconstrained efficient frontiersi objective n° 1
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18 This line is computed as the Reference Demand + Export Capacity [MW]. This represents roughly the
maximum wind power capacity that can be installed in a country without having risk eéfépilind enegy,

i.e. when wind power production exceds local demand and transmission export capacities.

9 This line is computed usirthe ransmission Constraints line in MW exgsed in terrs of total wind power

installed capacity.
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Figure 8 shows the weights of the constrained optimal portfolios for the objecfivainimising
balancing variabilityboth resource angetwork constraints)-or low variability portfolios, Spain and
France have the higheseights in the optimal crossountry portfolios The Denmarkweigtt is the
most impacted byhe transmissiorconstraints. In the one haridenmark presents good perfmnce

in terms of average production and variability. the other hand, givethe limited crossborder
transmission capacity (compared to local demand), wind power installed capdegymark cannot
be higher than 12% of total installed capacity for @0Zhis limits the participation of Denmark
mostly in portfolios with high average productigkustriad sveightin optimal portfoliosis the most
impacted by the resource potential constraiwith(a weigh in optimal portfolios down #% of the
total ingalled capacity)The portfolio with the highest performance in terms of average production
hasa high weight for Spain as Spain is the country witlthe best properties in terms of average
production and variability.

Figure 8 : Weights of constrained opimal portfolios i objective n°1
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3.4.2 Objective n° 2: Maximising wind power contribution to system reliability

Figure 9 represerd theconstrained and unconstrained effi@girontiers for the second objective to
maximise wind power contribution to systenliability during peak hoursEven if the constrained
efficient frontier is considerabljowered compared to the theoretical unconstrained portfdles
projected portfolio for 2020s still far from the constrainecefficiency frontier. Moreover,the impat
of resource and networkontraints on the efficient frontiewhen usingthe reliability objective
function seems to be much more important than for the first objegthieh did not limit to peak
hours Potential gaingire reduced to onlybaut 3% to 46 (as comparedo 8% to 11%respectively
for the unconstrained efficient frontiersuggesting that thé&ransmissioncapacity and resource
availability constraints explain a large part of the sub optimality of projected portfolios for 2020.
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Figure 9: Constrained and Unconstrainedefficient frontiers 1 obj. 2: reliability
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Figure 10 shows the weights of the constrain@oth resource and transmissionnstraints)optimal
portfolios for the objectivef maximisingwind contribution to systemeliahlity over peak hourg=or

low variability portfolios, Spain and France have tireatest weigis in the crosgountry optimal
portfolios. Denmark and Austriaveights in the optimal portfoliosare themost impacted bythe
constraints. Denmark and Austrizepent good performance in terms of average production and
variability during peaking hourdut thelimited transmission capacity (compared to local demand)
and the limited wind resource potentiiahits wind power installed capaciiy Denmarkand Austra

to 12% andd% respectivelyof total installed capacity for 2020. &be constraints therefolienit the
participation of Denmark and Austria in all portfolios. When considering the objdotineximise
wind power contribution to system reliabilitthe prtfolio with the highest performance in terms of
average production has a higleight for France asFrance is the country witlthe best properties in
terms of average production and variability during peaking hours.

Figure 10: Weights of constrained gtimal portfolios 1 obj. 2: reliability
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To sumup, whentaking into accountresource and transmissi@onstraints in the construction of
optimalwind powerportfoliosaccross the five countrigthe efficient fronties for both objective are
significanty lowered suggesting that the transmission capacity and resource availability constraints
explain a large part of the swiptimality of projected portfolios for 202GHowever thereremains
considerable room tamprove the efficiency of the projected ZDRortfoliosthroug a more efficient
geographic location of wind farmeitherto increag average output aio redu@ output variability.
Moreover,we find thatthe resource and transmissigonstraints do not impact in the same way all
the countriesandthatdependingvhether the focus is on output optimisation or on the maximisaiton
of wind power contribution to system reliabilityhe optimal geographical distributiorof wind
portfolio variesto a great extent

4  CONCLUSION AND POLICY IMPLICATIONS

Thereis a large discrepancy in the wind resource across European countries, and the correlation
between wind output decreases with the distance between two wind farms, such that there should be
some benefits in coordinated deployment policies across Europaatriesto encourage investment

in geographic locations with good wind output properties from a system persp€aivweentional
investmeritplanning models lack the capability to represent the intermittent nature of renenedble

the impact of correlatianin wind power output on total wind portfolio output and variability. Wind
power intermittency has implications both for wind integration costs into the electricity system
(balancing costs) and for the costs associated with maintaining an equivalenoflesydtem
reliability (back up costs)This paper introduced aew modellingapproachborrowed from the
financial literaturevhich captures the benefits of geographical diversification of wind farms to reduce
output variability. We demonstratdhow MeanVariance Portfolio theory can be usedoptimise

wind powerportfolios across different European countrieise paper uskhistorical wind production

data fromfive European countries (Austria, Denmark, France, Germany, and Spain) andl applie
MeanVariance Portfolio theory to identify portfolios that minimise the total variance of wind
production for a given level of production. The methodolagsthen elaborated further to derive

more realisticoptimal constrained portfolioof wind power deploymenfior 2020 under a range of
constraints including national wind resource poteintransmission constraints.

Though highly simplified, our modelling exercise demonstrated the usefulness of Meanc¥
Portfolio theory for wind power planning and provideduamber of interesting insights relevant to the
current policy debateVe found that projected portfolios for 2020 for the five countries are far from

the efficiency frontier representing optimal portfolios, suggesting that there could be large benefits in
a more coordinated European deployment policy providing incentives for location of new wind farms
so as to maximise the efficiency of the overall European wind portfolio. These findings are relevant to
the current policy debate on the burden sharing@Bhropean Commission renewables deployment
targets to 2020, and suggest that the national deployment targets should take into account the benefits
arising from geographical diversification, as well local wind resource constraints. Our findings also
show that there would be large system efficiency gains in a flexible approach to national deployment
targets by putting in place a mechanism for renewable credit trading across cowiaies
specifically, our modelling exercise suggests that a number of peliare key to optimize wind

power geographic deployment across European countries, including: i) coordination of national
support schemes for renewables; ii) improving the support scheme designs and market designs; iii)
removing potential barriers to crossrder flows (e.g. transmission interconnection); and iv) pursuing

the European electricity market integrationurGnodelling resultandeedshow thattransmission
network and wind resource limitations can reduce considerably the potential of efficiginsy g
through geographic portfolio optimisation gains by combining different wind production patterns
across countries. Relieving cross border network constraints and better European market integration
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are priorities to enable an optimal geographic wind groseployment across European couniiés

also demonstrated howptimal geographicwind power portfoliosdiffer dependingon whetherthe
focus is on minimising overall wind power volatility or whether the focus is on maximising the
contribution of wind pwer to system reliability during peak hours. These two objectives can be
interpreted respectively asinimisingsystembalancing costs or maximising thentribution ofwind
powerto system reliability Policy makers shoulthereforeconsider which objente is more relevant

for wind power developmergicross Europand orientate support policies in order to drive investment
toward efficientgeographical location of wind farms.

Finally, coordinatingand harmonisingiational support schemésr renewabless critical to create a
level playing field that would lead investots integrate the portfolio effectassociated with
locatioral aspectsn the deploymentof wind power. Support schemes that make a link between
revenue and electricity prices give incea to portfolio improvements (e.g. green certificates,
premium, etc.), provided that electricity market design incorporate locational p(idsapla et al
2008) More ambitiouspoliciescould alsoconsiderintroducing some locational incentives in &g
coordinated support schemesich as for exampla feedin-tariff (or premium) witha locational
component that would integrate the portfolio effects or an EU green certificates sehameavould
integrate geographigortfolio effects.
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