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The European Union (EU) Renewable Energy Directive, from 2009, has legally
binding targets for the renewable enstge of final energy consumption in
individual member stat&specially two targets, the decrease of greenhouse gas and
the increase of VRE production, affect the VRE production investment in the EU
power markets.

The study involves four marlddyers: consumers, wind, solar and conventional
power producers. The calculation is donthéyealistic Power Modahsed on
Baltic, Nordic and German power market ddta PowerModel consistof price
following conventionapower productionimport/export between argeadimate
normal and perfectly inelastic forecastsdesumptionwind andsolarproduction
and grid topologyThe objective is tonaximizesocial welfare when increasing
variable renewable energy depéoynm the power market with energy exchange to
the neighboringregions. The optimized solution will be found in changes in
conventional power production and trading between regions. Prices, values, and
value factors of renewable energy connected to merit order and correlation effect,
redistribution of emission redict, and TSOs congestion income are evaluated.
Due to the nonlinearity of the problem, a-figptep approach is used to determine
the change's consequence.

This work answers the question: "Who else than wind power investors benefit
from increasing variable renewable production?" The market price is naturally the
main driver for increasing profitable wind power investments. The merit order
effect, caused bycireasing wind power production, decreases area prices. Reduced
and reshaped area prices connected to the use/generation of power determine the



beneficiary and can change who will benefit. Consumers generally benefit from the
price reduction caused by wind energy. At the same time, producers suffer from
declining revenues, and the change in price curve shape can change profitability.
Significantprices, values and value factor changes are directly connected to
investments and congestion in the interconnectors between spot price areas.
Carbonfree wind power energgpreads in the power system aedreases
conventional power production in the posgstem. Market price volatility will
increase, and increased volatility will increase the cost of mitigating price risk in
gener al . TSOs have a critical role on
congestion incomes should be invested in theadntegctors enabling energy
trading between areas.

This work shows that focusing only on the area where investment is planned is
insufficient when investing significantly in wind power. The residual load includes
the changes caused by renewable energy in the area, but it is not enough to look only
insideeach region. Current VRE power expansion plans are massive enough to
change the price profiles of the whole power system. Expansgighboring
regions might dramatically impact the other areas' price curves. The entire power
system and the renewablergg policies in theeighboringcountries should be
acknowledged with existing energy exchange possibilities when a massive amount of
VRE production is planned.

In this study, the forecasts pegfectly inelastiwourly forecasts, and the study
concentrates on a dalgead market and crasgintry electricitgxchangeThe
main shortcoming of the model is the absence of flexibility in demand and VRE
production, i.e. demassile management, load shifting and peak shaving and lack
of storage. Therefore, negative spot prices are not allowed. These should be included
in thePower Model in future work.
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1 INTRODUCTION

1.1 Motivation

The European Union (EU) Renewable Energy Directive, from 2009, has legally
binding targets for the renewable enstgyeof final energy consumption in
individual member states, including Norway and Ic&laa&U's 2030 climate and
energy framewolikcorporate Ebvide targets and policy objectives from 2021 to
2030. Theoalis to transfer the EU to a climaieutral economy and meet the Paris
Agreemernitby updating its National Determined Contribution. In European Green
Deal, the Commission proposed in September 2020 to raise teidduse
GasEmissionReductionTarget to at least 55% compared to 1990.

The Commission started to make legislative proposals by 2021 to motivate all
sectors, including renewable energy, to meet the targetkdntargets to meet for
2030 from 1990 levels aréeast 40% cuts in greenhouse gas emissions, at least 32%
shareof renewable energynd at least 32,5% improvement in energy efficidmecy.
EU Emissions Trading System, the Effort Sharing Regulation with Member States
emissions reduction targetsd the Land use, lande changeand forestry
Regulatiomreimplematedto meethegreenhouse gas targétese actions ensure
that all sectors contribute to the target by reducing emissions and increasing
removals(European Union, 202Bspecially two first targets, the decrease of
greenhouse gas and the increassnefvable energyoduction, affect theéariable
Renewabl&nergy YRE) production investment in the EU power markets.

Carbonfree VRE production replaces conventional power production. VRE
production will lower the market price in the ependly market for different
reasons. VRE production dagprioritizedor offered to the spot market waHow
oreverzeroo f f er pri ce. Du e VREprotiubtierchehBdghé s o f f
intersection of demand and supply in polRE production shifts th@eetingof
the demand and supply curve to a lower marginal price level, and the syot price
electricity is reduced.

1 https://lunfccc.int/processandmeetings/theparisagreement/thgarisagreement
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Economically there is no difference if all cost components when integrating more
VRE production in the system are valued as increasin@asispérspectigeor
decreasing valu@dlue perspecti§eof VRE productionThe latteris used in this
study.In optimal VRE productiorthe revenue from the resulting market should
cover all the generation cottirth, et al., 2015)

1.2 Research quest®on

Increased arket priceanddecreased LCOE of wind powsve increased at the

level where onshore and even offshore wind power production investments are
profitable. In this study, four market players are involved in the@mlgnparket:
consumers buying electricity from the hourly spot market and wardarsbl
conventional power producers earning revenues from the sameT$msustedy
concentrates on spotmarketby optimizing conventional power productorml
crosscountry electricity transactiAs natural monopolies, Transmission System
Operators (TSOs) provide transmission services, collect transmission service fees,
earn congestion incomes, and are responsible for the transmission network.

This work introduces a realigiower Modebasedon data from the Baltic,
German and Nordic power markets. This work studies the Power Model's
redistribution effect created by increasing wind production. Social welfare is
maximizedvith increasing wind power production, growing consumption, planned
changes in low marginal cost baseload production, and interconféaion.
weatheidependent consumption, wind, and solar pderecasts arperfectly
inelasticourly forecasts

This work aims to answer the following questions:

1. Who will benefit, in addition to wind power investors, from the increasing
wind power production?

2. How will the changes in the power system affect the beneficiary?

3. Where will the new carboeutral renewable energy be transferred and
consumed, and how the emission be reduced?

4. What will be the role afSO®
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This study answetige research questiptisoughanalyzingmpacts of ina@ases
in wind power productigin thecase studidsy maximizingsocial welfare the
energyonly marketin a realistic power system witbnlinear price curves
approximating the power supply curve, i.e. merit order \@louemaximizeshe
sum of consumers' and sellers' benefitswadlhdover theredistributioneffects
caused byhe increasing share of wind power produdioprices, energy value,
value factors, emission reduction, congestion income, and price volatility
expectationsThe study includes cases where market prices, interconnectors, low
marginal cost base load and consumption changes. This study optimizes social
welfare inlhe Power Model with increasing wind power investment, but the same
approach could be used for other VRE investments.

1.3 Literature review
Social welfare in power systems

Social welfammaximizing ia conceptsed irthevariousanalysis giower systems.
For example, theosial welfare of theowersystem is defined as ten oftotal
benefits of buysrand sellers, smaximizingsocial welfare means chagghe
demand sidprofits,seller sideevenuend gearationside cosfGore, et al., 2016)
Different component s, i ke TSOO0s con;q
formulation(Abhindranatha & Tiwari, 20{B)EMO Commitee, 2020)Vith social
welfaranaximizinglocal phenomena like residual load, merit order curvalaed
of VREs can be connected to theighbeoing power systemby crosscountry
electricity trading

There are variations in problem formulation for social welfare in power systems.
Daily, from Finland to Portugal, emtyead hourly spot pricase established from
the total market value of the @dnead auction, including the consumer surplus, the
supplier surplysind the congestion rfNEMO Commitee, 2020%0ocial welfare
maximizing is used in optimizing cfoseder trading with different market
structurs, i.e.energyonly and energgapacity markets with different capacity
allocation and capacity payment policies scli@ores et al., 201§Dchoa & van
Ackere, 2015)jOchoa & van Ackere, 2015&k intersection of national renewable
energy policies in common power mark&ekeri, & Syri, 2016profitability
analysis of different submarine HVDC interconnections between power markets
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(Zakeri, et al., 2018nd calculation of the wipdimped storage hydro plant of two
different operating strateg{@®hindranatha & Tiwari, 2015)

A study of an interconnection between two markets finds the potential
distributional effect of social welfare in connected markets when utilizing policies
and developing infrastructure. When planning uniform energy policies, this
distributional effect shoultk noticedZakeri, & Syri, 2016)Vith large share of
renewable energy sourggailations show theduced operation of thermal power
plants, highehydropower production variabilitgcreased exchange among the
areasandelectricity prices becorg more volatile, buglectricity priceaverage
decreas@laehnert & Doorman, 2014)

Pricenodelling, merit order curve and effect

Spot prices in thenergyonly power market are determined as a function of supply
and demandrhe energy supplg based on the merit order of power generation
and thaiming of power demand specifiesdtemandurve Fundamental electricity

price modiing and forecasting methods based on residual loads explain spot price
formation in the Czech electricity market even if there are limitations like missing
startup costs and information frameighbeing countriessupply situations like

hydro balancé&Smolen & Dudic, 2017)

Themerit order curve orders the power plants in ascending marginal electricity
generation costs. The merit order curve can be approximated with the analytical price
curve for analysis purpodes: examplehte analytical merit order curve is nlede
and tested with four models (exponential, hyperbolic sine, dual exponential, and fuel
adjusted heatate modelsjHe, et al., 2013Yhe fueladjusted heaate model
handleghe different shapes of the price curve during low and high demand, fuel
and CO2 prices amxplicitly models the market's hreds: curveThe fueldjusted
heatrate modethas the best fit for isample and owtf-sample performance in the
German markeThefueladjusted heatate model is also used to estimate renewable
power effects on Germasprice levels basedlmurlyspot market data from 2011
to 2013 Dillig, et al., 2016)

Merit order impact is a short term impact, as power system evolves, the long term
impact on the generation mix wilangen and the merit ordémpact wilichange.
Increasing renewable energy production, changes in nuclear energy eapacities,
volatile fuel and CO2 prices affect itersectiorof the merit order curvand
demand curve. The merit order effect is called spot price changes due to increasing
renewable productiomhe merit order effecan result that even the low marginal
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costbaseloadhight produce powéor fewer hourgSensful3, et al., 20d8yunner,
2014) (Cludius, et al., 2014beane, 2015}Woo0, et al., 201,§Figueiredo & da
Silva, 2019)(Maciejowska, 202Xeeping load following productiofieet
unchanged, changes in low marginal cost production fleet moves merit order curve
horizontally Rising fuel and CO2 prices increagamerit order curveertically
The change of intersection point of the supply and demandesecvibed with the
price curve model witthanging residual load duencreasing VRE production,
low marginal cost (mc) power fleetd fuel and CO2 prices areFigurel.

euro/MyWh

120 Original intersecton
100 [ increase in VRE produ ction—)ll‘.l'(— - b
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Figurd The price cuoresupp{ilack and demanth¢k) araffected dhyanging residual
load i.e. mrit order effesg), (low marginal poster flebtandblug andncreasefuel
and CO2 pricgseén

A rising share of VRE production directly connects to the unit commitment of
conventional power production. The load following plants run for fewer hours and
even with a logmaking marginal cost if the startup/stiatvn costs are higher than
thelosses dbssmaking productio(Hogan, 2017ncreasing VRE production has

2residual load= demand + VRE production, VRE production has negative sign in this work.
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increased worries about how to maintain inadequate investment signals and even the
spot price formatio(Sensful3, et al., 2008)

The merit order effect is lower in areas with more interconnectionis than
peripheral areas with fewer interconnector p@actsoa & van Ackere, 201Als0,
elastic demand and direct storage will change the demasgositien and shape
and even participate in price formation when the low marginal cost of VRE
production is higkBrunner, 2014)

In Germany,VRE production increase andthe moratorium on nuclear
production decrease the likelihood of negative spot prijcésdicatingthe
importance ofenergy policies promotingnewable energies and the nuclear
moratorium(Gerster, 2016%tochastic renewable production from wind and solar
is explicitty modked in the German daheadmarket by withdrawing wind and
solarpowerproduction from the demand. The rest of the demand, residual load,
will be covered by conventional power production. Wind production has a more
substantial effect than solar in the Germaraklestd marke¥Wind power has a
more gynificantimpact than solar powduring peak loads, which correlates with
the estimated productiofWwagner, 2014)icreasing wind and solar power output
have a similar decreasing effect on price levels and impact on the merit order effect.
Still, their impact on volatility is different depending on load (dtatsejowska,
2022)The merit order effect at the Hellenic wholesale market walkethaael
revealed to the electricity retailers by comparing actuahdppotwithout VRE
production i.e. virtuaspot prices. The wholesalers were exposed to the merit order
effect caused by VRE productifimoumakis, et al., 2019)

Hourly spot prices were mdddwith a linear regression model from 2007 to
20090n European Energy Exchan@&EX) with an observable correlation with
coefficients of determination from 0,54 to 0,77 between the residual load and the
normalized spot market prices. The results indicatexh#@Wh mustrun VRE
power decreased spot prices by 2,33 euro/MWh in 2008. The forecasted 2020 price
reduction estimate was 15 euro/M\(vbn Roon & Huber, 201®)erit order effect
caused by VRE on the EU level in 2030 and 2050 results in downward pressure on
the wholesale prices of an average of 1,6 euro/MWh in 2030 and 4,2 euro/MWh in
2050(Deane, 2015A study an analysis with or without renewaltiegjuantify
the effect of renewables from the historic German spot prices H20AGRL1
identified up to 52,9 euro/MWh increase in market price dueasiecef non
renewable power production, i.e. revealing that the missing money problem has been
at the market before the VRIBom(Dillig, et al., 2016)
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Value market value and valuefastewalglieergy

The LevelizedCost of GeneratedElectricity (LCOB) is widely used when
comparing the competitiveness of production. OGOE will lead to wrong
conclusions if the technolegare not comparable. Most conventional power
production technologies (eapal, gasombined cycJare dispatchable. In contrast,
VRE productions (e,gvind, solar) are intermittent and not used forgbs/start
down operations following load and price signals.

Market value is defined as generaarsings from the market without subsidies
The market value of energy production considers the price of produced energy, the
amount of production, and the production timing. For example, wind power
production probably has a different profile than solar produ@tioth, 2013)
Marginal Levelized Cost of Variakleergy 0 ¢ 0 ‘O, of the onshorewind
productionwas estimated to b#9,482,9 euro/MWh in 2021 and 3469,7
euro/MWh in 2040 with full load hours 32a0800h, correspondingly, and for
offshore, 58;86,6 euro/MWh in 2040 with fudladhours 4500{3200h, likewise
(Kost, et al., 2021)

VREs @narket value is affected by the share of producttiaa, demand
network,conventionaproductionin the areaand fuel energy complex, including
CO2 prices.Threemainphenomena affect the market value of \dR&ide the
marketFirstly,the production of VREproduction is variab(ee. time depending
Electricity is a timketerogeneous good, and its value depends on production time
Secondly, the power production of VR®&duction is unsure and creates forecast
errors until theproduction timgandit can develop costs (i.balancing cost).
Thirdly, VREgeneratios value depends on the place of productiond(ie-
related cost).In addition, the VREproductions interaction with the rest of the
power system also introduces cdsisse cosbor value reductions candeparated
into profile, balancing, gridlated, and residual cogisskow, 2011(Hirth, 2013)

The more the generated wind energy is assumed to have a capacity value, the highe
the value of wind ener@fiyakkolainen, et al., 1995)

The relative value factordsfinedas the ratio of the hourly wiagighted
average wholesale electricity price and average baselodtieriertive/RE
value factor compares the value of actual varying power to constant baseload
production. In economic terms, it is a \ARiElative price where the fundamental
good is the baseload pricevauefactor of VREbelow one implies that the value

3 The levelized cost of electricity (LCOE) is a measure of the average net present cost of electricity
generation for a generator over its lifetjfagon., 2022)
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of VRE is less valuable than a baseload generation. The relative value factors for
consumption and load following conventional production are derived against
baseload to make changes compar@igekerdt, et al., 201@}irth, 2013)(Hirth,

et al., 2015}Hirth, 2015)

1.4 Limitations of the study

There are dunchof limitationsto this study. All the areas are considered to be
copperplatésnside area¥his assumption neglects, for example, the optimization
of systenfriendly wind turbines and geography diversification withinldliea&
Madlener, 2022n addition,The Central Western Eurof2\WE) power system is
used aabig copperplatélhe effects othe changes ihe CWE power system are
outside this studyn addition, he HVDC links (Nord Sea Link, The West Coast
project,(Energinet, Fingrid, Statnet, Svenska Kraftnet,)Zf#t)the Nordic area
to Great Britain and the effects of the energy balance and social welfare are neglected
in the Power Mod€éDoorman & Frgystad, 2018Jakeri, et al., 2018)

The load following power productifieetis assumed unchanged. In the long
run, the loadfollowing fleet adopts the new VRE generation, affettieg
distribution ofVREs market valyehanges, and green gas emission intensity in
electricity generation

The hourly forecasts are perfectly inelastecaiim is not to find the solution for
the system inflexibilitiese. VRE productida limited capacity to react, lack of
demaneside management and storaged startup/shut-down/ramping of
generatorsAlso, forecasting errors after the spot markete closure and actual
VRE production, power balance management or reserve market is not in the scope
of this study.

The shape of hydrogen/ P2X and transpo
residual loads is unknown. This growth could be partlyidffolutions, and the
heavy deployment of storage and dersa®d management is needed if the
conventional power pradtion fleet is unchanged. The shape of the residual load
will change, and the storage and demand management will participate in the price
formation(Brunner, 2014Yhese are not included in Power Model.

Last but not least, the price cuitgein the price modeisere based on the year
2019 actual data, which was a somewhat normal weather year in the Nordics. The

4 6 c 0 p p & themteahdveenough transmissiarapacity to ensure that hourly volumes of
electricity can be transporiaside the area
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dynamics oflifferenthydro years with changing water values in the Nordic hydro
productionbased system are not modelled.

In addition, gistingmore detailegppower modeldike EMPS(Sintef Energy,
2022) EnergyPLAN(Aalborg University, 2022Enerallt(The Energy Efficiency
and Systenmisaboratory, Department of Mechanical Engineering, Aalto University,
2018)and PRIMES([E3-Modelling, 2022are generally used for energy system
modelling. Still, they are beyond the reach of this study, and the developed Power
Model is used.

1.5 Contents of this document

This work has the following structure. Chapterovides a briefoutlook of the

current and future Baltic, German, and Nordic power markets and is the basis for
this study's Power Model and cases. In Cladiee Power Modeh the energy

only markeis presentetiased on thaggregateopology of the Baltic, Nordic and
German power systems. The model tise2019 power market actual data
(ENTSOE, 2022)(ENTSOE Regional Group Nordic, 202(Bvenska Kraftnet,

2020) The curve fit analydisr the price modas based on the actisqlot price,
consumptiorand VRE production hourlgatain 2019 (ENTSO-E, 2022)The

social welfarenaximizing problens optimized withen analytical andealistic

Power Modetleveloped in this worka Chapter3.2 becauseariablerenewable

energy reshapes residual load differently in the rédggarmyrelation and a duration

curve analysis from forecasts with VRE production clarify the phenomena caused
by climatenormal consumption and VRE foreca$te climatenormal forecasts

based omlatain 2019%rom a service providen defined locatiorsredict the most

likely conditions to be experienced before the weather condéiomsamn(\World
Meteorological Organization, 20If)e correlation and duration curve analysis
does not account for power exchanges in the other areas. In Chapter 5, eight cases
are presented with changes in market prices, low marginal cost power generation
fleet, interconnectors, consumption and windytion placement. The increase

of wind power is deployad multiple areas. Results are analyzed subject to area
prices, values and value factors in the area, redistribution of emission reduction,
TSOs congestion income and hourly spot price velatiiaptei6 concludes the

work.

5 https://www.energyquantified.com/
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2 BALTC, GERMAN ANNIDRDIC POWER
MARKET

The recent development and prospects of the Baltic, German and Nordic power
markes arepresented ithis chapterThe focus i®n VRE power production and
new transmission linbstweerareas

2.1 Baltic power market

Baltic TSOs havagreedn deeper integration of the Baltic power grids with the
rest of the EU. This agreement includes synchronizing the Bastic power system
towards EU neighbourpower systems and-deupling from Russia/Belatsis
power systems. Currently, the Baltics are synchronizedEU power systeomly
viaPoland power system. The other connections are HVDC links. Subject to this
project, transmission line investment decisions are not KRovumns, et al., 2017)

In 2020 Estonia installed VRE capas$% in Latvig 62% andin Lithuania
27% of installed electricity production capdbitgrnational Renewable Energy
Agency, n.d.Baltic states will meet their 2020 renewable energy targets. Offshore
wind power in Baltics has growth potenti&l togood wind conditions the Baltic
sea, reasonable wind power construction costs and a fair market value of wind
power. Offshore wind power in the best sites can be worth investing in already in
2030.Sincethe Ignalina Nuclear pl&tdecommission in 20XWclear production
has not beein Baltic counties(European Commission, Director&teneral for
Energy, 2019)

The Baltielectricity system $an everydagpot energy market connected to the
rest of the European spot marketluding Germany and Norditie spotmarket
operates aanenergyonly market.
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2.2 German power market

Germany is the Europan leading wind energy marieetwind energy has the
leading role in Germdsyenergy transitio®efore the nuclear suspension and
moratorium in Germany after Fukushima on 11.3.2011, Germany had already
invested significantly in VRE productihichacceleratedter Flkushima
There are 63 GW installed wind generatipacityand the share of wind energy
in 2021 was 23% of the German electricity produ@iemmanis new coalition
government has announced ambitious wind energy expansion targets supported by
accelerated construction of and offshore wind turbines at new siBEymany's
coalition plans to add at least 100 TWh/year of renewable energy by 2030, lifting the
target share of renewables in the power mix to@f8hore wind energy capacity
will be increased to 70 GW in 2045 iasthllecdonshorecapacityo 100 GW by
2030. A new onshore wind poweriets and contributes to wind energy expansio
The Wind Act remove existing restrictions on wind power s{tBsrmany
trade&invest, n.dAs a consequence of Russiavasion of Ukraine, Germany
government published in April 2022 the Easter Package of renewable energy policy
reforms targeting a share of renewables @f iB®030 and 10% in 2035, which
equals 215 GW installed by the end of the dédsgtemann, 2022permany is
also one oivorldsthe biggest solar power producersyth over 58 GW installed
capacity in 201International Renewable Energy Agency, n.d.)
TheGermarelectricity system $ian everydagpot energy market connected to
the rest of the European spot marketludingheNordic and Balticélansa Power
Bridge, 700 MW (expected in operation in 2025/2026) HVDC subsea cable between
SoutherBweden and Germanill increase connection to the Nordic power system
(Energinet, Fingrid, Statnet, Svenska Kraftnet,. 20#43potmarket operates as
an energgnly market.

2.3 Nordic power market

The Nordic arés total consumption has remained stable since Y&
production has replaced fossised production. Nordic electricity systems
(excluding Iceland) are highly interconnected and haaweiydagpot energy

market connected to the rest of the European spot market. This cooperation
strengthens the security of supply, decreases the costs and makes it possible to trad
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excess produced energy to the neighbouring courttiespotmarket operates as
an energpnly market.

In Nordic countries, electricigprsumptian is more tharthree quaterfrom
renewablsourcesFor comparisonhe consumption of renewables in the EU is
onethird simultaneouslyrrom 2010 to 2019, the total share of renewable energy
consumption in the Nordic anesse 1,3% per year, about three times compared to
the EU averageA significant prt of the Nordic renewable electricity is produced
by hydro production, about 235 TWh in 2019.grbductionshare obiomasss
29,9 TWhwind 27,9 TWh, and sol&r8 TWh. In the Nordic, the naturaloeses
of each countrgreprojecedby the use of resources. Norwdnydropowebased
consumptionshae is 60% (140T'Wh) of the Nordic are& total hydropower.
Sweden consumes 43% ([@¥h) of theactualwind powetbased production,
Finland 44% ofbiomassased consumption (IRNVh) because of the forest
industry and Denmark more than 50 % ofNtbedicare& solaenergyroduction.
Denmark has alswadiiondly had ahigh wind production capaciiceland has
geotherma¢nergyproduction as a sharemfer50%of other renewableblordic
countries have met their renewable energy targets two years in advance. Comparing
20% EU renewable targets in 2020, Island has 72%, Norway 67,5%, Sweden 49%,
Finland 38% and Denmark 30% targets in their neeedsawable energyrhe
expansion o¥RE productionin the Nordic regon will continuestrongwith the
growingenergy consumptiofNordic Energy Research, 2021)

Theestimate@ectricityconsumption forecastfiom 400TWhin 2021 to 530
TWh @33%) by 2030 and 658Vh (65%) by 2048veraging abo@8,5TWh annual
linear growth{about3,2% annualineargrowth. General consumption will remain
stable, around25 TWh, consumptiom the industry will increage almost50
TWh, and transpos electricitgonsumption is assumed to reach \BG Trom 3
TWh in 2021Themost significargrowth ishydrogen/P2Xelectricity consumption
from zero to over 100 TWh two decadesin the same perio¥ RE production
capacity will grow from the cemt 85GW in 2021 v 145GW (70%) in 2030 and
189 GW(122%) by 204@veraging abo®GW annual linear growi{g% annual
growth) (International Renewable Energy Agency, n.d.)

Hydroelectric power production is wwsed to be stablen largescale
hydrgoweroutput with only someincreasen small hyb plants and increasing
inflow due to climatehangeWind power onshore and offshamergyroduction
will becentrakto the VRE growthOnshore wind production is expeategiry in
Finland andsomeof SwedenPhotovoltage productiaggrowth rate is expected to
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be slower than wind productiand in absolu¢terms relativel\smallcompared to
wind production(Nordic Energy Research, 2021)

In Finlandnhuclear power productip@lkiluoto 3 will befinallycommissione#l
in 2022andnuclear plants Lovisaseelkalifetimeextensioriill 2050. Forsmark |
(985 MW, the oldest nuclear plantSwedemight be deaomissionediuringthe
subsequérdecadesStill therehas also beetiscussion abothe lifetime expansion
of nuclear produah in Swede. Due toRussi& invasion of Ukraine, the western
sanctions have incredslke Russian electricity import trade insectoifinland
Lietuvaand Norwayg, and the import is stopped at the time of wri(iNgrdic
EnergyResearch, 2021)

Due to future changes in VRE production, consumption and base load fleet
Nordic TSOslanto build over 10000 kn of new transmission lines and over 100
new subtions, worth around 25 billion euros (2021 vaAmpng these
investmentghereare two new crossorder connectionthe Aurora ling 900/800
MW (expected in operatian2025, theinterconnectiobetween Northern Sweden
and Finland andHansa PoweBridge 700 MW (expected in operation in
2025/2026)HVDC subseacable between Southern Sweden and Gerrmany.
Swedenjens of projectgschedwdd to be in processbetween 2023040)will
increase theansmission padty from 7300 MW to 1000 MWin a north-south
direction(i.e.SE2SEJ (Energinet, Fingrid, Statnet, Svenska Kraftnet,.2021)

6

https://www.tvo.fi/fen/index/news/pressreleasesstockexchangereleases/2022/thestartofol3epr8217
sregularelectricityproductionpostponedtoseptember.html

"https://www.fortum.fi/tietoa
meista/yhtiomme/energiantuotantomme/voimalaitoksemme/lowiisamalaitos/forturshakee
uuttakayttolupadoviisanydinvoimalaitokselle

8 https:/lwww.fingridlehti.fi/pitkayhteistyeon-tullut-tiensgpaahan/
(translated Ingeco-operation has come its Wway
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3 MODELLING A POWER SYSTEM FOR
MAXIMIZING THE SOCIAL WELFARE
WITH INCREASING VRE PRODUCTION

This chapter presents Power Model for maximizing social welfare when VRE
production increases in the power system. The Power Model is needed to combine
consumption and VRE production forecasts, conventional power production and
import/export to each area.

3.1 Aggregatedipe areas and grid topology

This study aggregathe Baltic, Genan, and Nordic power markéfgure2 and
Figure3) into six price areaBigured). Finland (FI) represents one single area in the
model, A1.A1 has interconnections to areas A2, A3 and A4. There is also an
explicitly usedconnection point (import/export) to area Al. The share of installed
capacity of hydropower is 18%, nuclear power 16%, VRE generation 14% and the
rest 42%. The conventional installed generation capacBgsM%W .The details
of production capacity inlAre listed in appendixX2.1

Estonia, Latvia arldthuaniaEE, LV, LT) i.e Baltic countriesre grouped into
a single area, A2. A2 unifies three price areas of Baltic countries. Area A2 is
connected to Al and ABot outside thd”ower Model. The share of installed
capacity of hydropower is 18%, VRE generation 13% and the rest 69%. The
conventional installed generation capacitp63 81W. The details of production
capacity in A2 are listed in apped>2

Southern Sweden (SE3, SE4), with nuclear power and Northern Sweden (SE1,
SE?2), with hydropower dominance, estatiisinareas. Irarea A3, two southern
Swedish price areas are coupled. A3 is in the middle RdwbeModel with
connections to the regions Al, A2, A4, A5 and A6. The share of installed capacity
of nuclear power is 36%, hydropower 13%, VRE generation 24% and the rest 27%.

9 Explicit usag.e.the usage of interconnector is known beforehand
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The conventional installed generation capacity is 16 852IiMWletails of
production capacity in A3 are listed in appehaig

In area A4, two Northern Sweden price areas are coupled. A4 is also highly
connected with transmission lines to the areas Al, A4 and A5. The share of installed
capacity of hydropower is 70%, VRE generation 25% and the rest 5%. The
conventional installed geawgon is 14 293 MW. The details of production capacity
in A4 are listed in appendiR.4

Figur@ Physical areas (modifidditpsiiiwww.nordpoolgroup.com/en/maps/#/nordic

Norway (NO1, NO2, NO3, NO4, NO5) with hydropower dominance is
aggregateidto one area. Area A5 combines Nofsvlye price areas into one spot
areaAb is also highly connected toRbeverModel with transmission lines to areas
A3, A4 and A6. The share of installed capacity of hydropower is 94%, VRE
generation 4%, and the rest 2%. The installed generation is 29 310 MW. The details
of conventional production capacity in A5 are listed in diggeR.5

German (GE) and Danmark (DK1, DK2) represaWEdn the Power Model.

Area A6 is the most significant copperplate which balances the system. In the study,
this area has unchanged consumption and VRE prodact@used as a sink,

which offsets the Power Modieé. area A6 only balances the Power Mflés.
connected with interconnectors A@ andA5. There are no connections and
dependencies from A6 to the other part of Europa in the Power Vioelshare

of installed capacity of hydropower is 7%egand%, VRE generation 48% and the
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rest 31%. The conventional installed generation is 123 3972 MW. The details of
production capacity in A6 are listed in appehdig

In Tablel arelistedthe names of areas in the Power Mdadlle2 presentshe
maximum transmission capacities of the modelled interconnection lines between the
regions follomg the maximum transmission capacity data from @IRUSO-E
Regional Group Nordic, 2020hstalled conventional generation (total installed
capacitie¥RE capacities) are imable 3. The @lculated Mumeweighted
greenhouse gas emission intensity of electricity generation in thigl@uelén
2019valueisshown inTable4 (European Environment Agency, 2019)

Figure8 Maximum interconnection capacitie$ENT@®¥E Regional Group
Nordic, 2020)
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Figurd Topology in the Power Model with six areas

Tabld The areas in the Power Model

Al
A2
A3
A4
A5
A6

Areas in the Power Model
Area Geography

Finland

Baltics

Southern Sweden
Northern Sweden
Norway

Price area

Fl

EE, LV, LT

SE3, SE4

SE1, SE2

NO1, NO2, NO3, NO4, NO

Germany, Denmark DE, DK1, DK2
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Tabl& Maximum transmission capacities between the areas in(EeTEE@er Model
Regional Group Nordic, 2020)

Area a
Interconnection  Area a Area b MW MW MW MW Total MW Changes Total MW Change
T1 Al A2 1016 1016 1016
T2 Al A3 1200 1200 1200
T3 Al A4 1500 1500 800 2300 Aurora
T4 A2 A3 700 700 700
5 A3 A4 7 300 7 300 2700 10 000 SE2-SE
T6 A4 A3 700 250 600 1550 1550
T7 A3 A3 2145 2 145 2145
T8* A3 A6 600 615 1700 715 3630 700 4330 Hansa
T9 A5 A6 723 1632 2 355 2 355
*  SE4-PL 600MW included
Area b
Interconnection  Area a Area b MW MW MW MW Total MW Changes Total MW Change
T1 Al A2 1016 1016 1016
T2 Al A3 1200 1200 1200
T3 Al A4 1100 1100 900 2000 Aurora
T4 A2 A3 700 700 700
5 A3 A4 7 300 7 300 2700 10 000 SE2-SE
T6 A4 A3 600 300 1000 1900 1900
T7 A3 A3 2095 2 095 2095
T8* A3 A6 600 615 1300 715 3230 700 3930 Hansa
T9 A5 A6 723 1632 2 355 2 355

*  SE4-PL 600MW included

Table3 Installed generation capacities (Total install&REceppadify) the Power
Model

Installed conventional
generation capacities in the
areas in the Power Model

Area MW

Al 14 830 7%
A2 8 067 4 %
A3 16 852 8 %
A4 19 076 9%
A5 29 310 14 %
A6 123972 58 %
Total 212 107
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Tablel Volume weiglgednhouse gas emission intensity of electricity generation, value

kg CO2/MWh
Al 86
A2 322
A3 8
A4 8
A5 19
A6 323

3.2 Power Model

Thischapteshowsn detail thé®ower Modeatlevelopedh this work. The base data
(hourly spot prices, consumpt®rgeneration captes is based on Baltic and
Nordic power market data combined with the German poeset from 2019
(Nordpool ASA, 2022XENTSOE Regional Group Nordic, 202@pvenska
Kraftnet, 2020)

2019waschosen becauseistthe latest yearitivout beingdisturbed by non
normal conditions. Following several pinceeasing years, the market stabilized in
2019. The average Nordic spot price was lower than in 2018. There were no extreme
weather conditions, and hydro balance did not have strong trends indicating
balanced demand and precipitation during the yearth&lémancial markets were
stable durin@019in the front products and further ahe&te year2020 was
affected by the CovitB-pandemic and had a steep decragggeceat the beginning
of the yearDuring the yea?021 market pricesveredivided into two parts. The
first part of the year was still under pandemic pressure. The last part of 2021 escalatec
with a sharp increase in prices based on European energy complex worries causing
record highmarket prices analaility market pricesaused by geopolitical insight.

3.3 Pricecurvamodelsn the areas

In the Power Modethe fueladjusted heatitehourlypower pricenode)n, "Qhat
price areaq is the following
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Q ‘Q 0 Equatiod

wherd hofbdoiQ andQ are the parameters andb, @« form a curve fit least
squares analysis from thggregatedhourly spot price dataw @ is hourly
conventionaproductionat areaq (He, et al., 201.3)he shape of the price model
curveis presented iRigurel.

The fueladjusted heaatehourlypower pricenodel(Equationl) is an analytical
and continuais price modelvhich can be derived atttegrated The main
advantages of the feadjusted heatte hourly power pricemodel are that it
captures the different curvature at lowragkd demand, the integtalkenestimate
of the producetgosts and the changes infaed CO2prices can be included in
i , which is the heat rate coefficient at the diea.modetan empirically estimate
the heatate curvamplied by the market data in each price area. The structural
changes in the low marginal cost powerrfleeethe price model horizontally (i.e
o o e am ¢ o @ ' Qdbe fueladjusted heattehourlypower pricenodel
can also capture negative spot prices due to the'systeribilities Still, in this
study, the spot prices alefined asonnegative.

The curvdit calculation is based on actual hourly spot prices and residual loads.
Residual loacEQuation2) is the share of consumptittrat mustbe covered by
conventional loatbllowing power production and impestport. Residual load is
usually modelled bgkingVRE productions, i.e. wind and solar pow&om the
totaldemand

0O Q 071Q Q] Q Equatio@

whereo is residual demand at hano "os total demand at hourand
"Q "Qis VRE generation from source r (i.e. wind, solar) athour

In the curvdit optimizationfor parameters iBquationl for the areas, hourly
consumption, wind, and solar poveatual data from 2019 usedENTSOE,
2022) On eaclsite residual loadare calculated frolquation2. Based on the
areasexplainedn Chapter3.], energyweighted spot priceme calculated from
hourly residual loads and hourly area prices. On each area expganedibia)

10 Note: Consumption and production have opposite signs. VRE generation has negative sign in this
work.
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hyperbolic sine i.ez@— @ — 'Q), dual exponential ile.a— o Q,
and fueldjusted heatte i.ei ¢ O~ @ 'Q models were cunfited and

analyzed

The fueladjusted heatite modeis chosen for a reasofhefueladjusted heat
rate model is the best curve fit for five areas out.dh she fueladjustedheat
rate modelfuel and CO2 price levels can be changed with an additional, variable
which changes the power production price levels. Furthermore, -tdjusieldl
heatrate model can also be moved horizon@adiguming that the rest of the
production fleet is unchangeé@scribin@ change in the low marginal production
cost fleet as the nuclear guotion. These phenomena in the supply curve are
presented ifrigurel.

Compared to the dual exponential model, one additional variable in the fuel heat
rate modetloesnot improve the modsilfitness significantly. area Al, the best fit
was a hyperbolic sine model, but for practical reasons, all price curves are modelled
with the fueldjusted heat rate modglquation1). In the fitting parameter
optimization, mgative spot pricesere excluded at area A6 and residual load
extremes, over 5 GWh/h at area E4cluding two high volumes in area A4, it can
be grouped with themainingareas AJA3 and A5Figure, left) More studies on
the curvditting problem would create a more liable price curve, but that is not in
the range of this study.

Whenidentifyingprice curve parameters from 2019 actual data, areth@6
most significant arednemagniude isabout the same size as the rest of the regions
(Table5). A6sduration curves are typical for a system with a lot opxRIgction.
The residual load curve with VRE production is steeper than the conventional
duration curve because VRE production typically replackmdsgFigures, left)
The price duration curve in A6 is somewhatviigth spikes at both ends of the
curveskigureb, righ). A6isthe only area with negative prices during 2019.

The result of theadculation of the cunfé parameterfor the fueladjusted heat
rate curve is shown Trable6. These parameters are usethiePower Model in
price curve model&€quationl). The goodness of fiesults from theurve fit
optimization is presentedliable61in appendix’.3 The price curves are pictured
in Figuree.
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Figuré& Hourly relative residual load and spot price duration curves

Tablé& Residual loads and average prices in tipe curve fittin

GWh min
Al 4,18
A2 1,42
A3 4,75
A4 -0,71
A5 8,60
A6 3,41

euro/MWh min
Al 0,12
A2 0,12
A3 0,12
A4 0,12
A5 5,15
A6 -80,62

max
13,98
4,58
20,08
6,51
22,72
76,37

max
199,98
200,03
109,45
107,67
91,63
120,00

average
8,86
2,89
11,31
2,04
14,64
38,44

average
44,04
46,10
38,67
37,94
39,01
37,80

stdev
1,63
0,61
2,76
0,91
3,13
12,70

stdev
15,29
15,72
10,44
9,89

7,90

15,30

Tablé Results from the curve fitting for the BoseciModieé

w T Q0 T

Al A2 A3 A4
10,12 3,95 9,93 -2,34
0,92 1,14 2,23 1,33
14,67 9,61 28,24 1,57
2,23 1,79 5,46 1,00
45,42 56,11 52,17 64,74
1,17 1,38 0,92 0,47
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Ad
12,33
2,99
49,94
12,92
30,50
1,59

A6
39,12
10,50
92,57
24,92
15,94

3,24




250

© yAlvs.xA1
A1_2019_entso_ HR

* YA2vs. xA2
A2_2019_entso_HR

150

200 =

@
=)

euro/MWh A1
euro/MWh A2

250

200 /

euro/MWh A3
euro/MWH A4
g

150

© yAB VS XAG

Excluded yAB vs. XAG

AB_2019_entso_HR
1o

100

@
3

euro/MWh
euro/MWh yAG

8 10 12 14 16 18 20 22 24 0 10 20 30 40 50 60 70 80
GWh A5 GWh xA6

Figur® The curve fits irPhveeModét area&reen price/residual loadapeiaksiuded
from curve fitting optimization in Aé.and A

3.4 The market valuend value factors ®RE production

In this studywhen integrating more VRE production ingbe/ersystemas value
perspective is usedll cost components reduce the value of VRE production.
Market players earn valuesdtheycan be compared with value factors.
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Figur@ Separatedegration cost of VRE proddutioret al., 2015)

This study defines the merit order effeath@sging hourly spot prices due to
VRE. If the installed VRE capacity is foarginal, the VRE power production
reduces thkourlypricesduring windy and sunny hours by shifting the residual load
curve to the leffThis change is called tnerit order effect

Furthermore, the correlation effect in this study is defined as a combination of
the hourly spot pricenergyand timeThe positivecorrelation effect occurs when
VRE productionis produced simultaneously with the high gpces(i.e. in
production' average revenue'Eiguation4). If a VRE generation is positively
correlated withhigh wholesale pricesid theproduced volume/RE receives a
higher price than a baseload of elect(i@tyvalue factor Equationt).

The cosboptimal deployment of VRE is reached when the total costs of a power
system are atminimum. The revenue of VRE production is a decreasing function
of installed capacithdding one new VRE production unit will decrease the
marginal revenue of that umihen demand, its flexibility, and conventional
generation and its flexibility stays const@aptimal VRE deployment exists where
VRE's marginal costs are equal to $REarket value, whielignswith economic
theory. The downwaloping marginal revenue ensures that the optimal share of
VRE production at any given LCOE of VRE levedtexf the income before the
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added production unit is higher than thé ¢ ‘0 of added VRE production. If not,
then outof-themarket action (i.e. policyiaos like feedh tariffs) are needed.

average cost of a conientional power system
,1 L ""“-.,_____.___%- .

o
(=]
T

1

o
(=]
i

marginal levelized cost of VRE, LCOE
marginal value of VRE, mv

market price pu euro/MWh
o
e

0.2 8
Optimanl energy production from VRE———>

0 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

optimal quantity of VRE energy

Figur® The optimal quantity of VRE energy derived from the markefHighie of VRE
2013)

The optinal VRE production market share is at the intersection where the
marginal cost @t new investedRE production equals the marginal revenue of the
added production unit.

o Loov o Equatio

wherea v is the marginal value of VRE production @ad 0 is the marginal
Levelized cost of VREroduction.

The VRE production market valigeiro/MWHh) is the revenue that the producer
earns by selling electricity to the power market under the perfect and complete
market assumptions, i.ette VRE production weighted market prige . The
average revenue of VRE production is

nt L odQn odo Equatiod
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whereQis the hourly power generation profiles the hourlyspot prices
i 6@ "Q i.e.the sum of hourly spot prices tihmgly VRE generation,risvenue
from the same perigtandi ¢ &Q is theamount ofproduction in the same period.
The same stands for consumption and load following production. For comparison,
the baseload priggrom the same periazhn be calculated from wiElquatior4,
keeping the production constant at each hpis.equal to area price where the
power is producethen comparing yearly figuegs,equal to 8760 hours, but this
does not restrict the use of different periods. By insEduragiord to Equation3,
the optimal cost/revenue is the point where the avieayee of VRE production
in euro/MWh equalghe marginalevelized cost of VRE productiguro/MWh)

nr 06060 Equatiob

The relative value factor of VRE production is defined eatithef theaverage

revenue oftheVRE production tdhebaseload price.
0 e am Equatiob

The relative valuactor is calculated as the ratio of the hourly-waghted
average wholesale electricity price and average baselo&wrpexample,he
relative wind value factor compares the value of actual varying wind power to
constant baseload productiona specific spot price area where wind power is
produced. In economic terms, it is a VRHEelative price where the fundamental
good is the baseload pricevaduefactor of VREp , below one implies that the
value of VRE is less valuable than a baseload generation. The relative value factors
for consumption and load following conventional production are derived against
baseload to makkemcomparable(Ueckerdt, et al., 201@)lirth, 2013)(Hirth,
et al., 2015§Hirth, 2015)

3.5 Social welfare in Power Model

In this work, ecial welfareyd of the power system consists of buyers wiyo
electricity when it is profitaleiad sellers who produce power with Grstisreceive
incomewhenthe hourly spot price is worthvehiSocial welfare is definedtias
sum ofproducer surplug “yand consumer surplus;y(Gore, et al., 2016)he
object function to be maximized i
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0o BYE 6 COYE Equatioid

where producer surplus;¢), on areaand houh is

OVE feE et N oE Qa0 Equatio8

and consumer surplés,yon areaand houm, is
0 "YE w0 00N w E 0O E Equatiod

wheren is the hourly spot price 6 ¢ is the value of lost load aog E)is
the the residual load of amea is the hourly conventional power production in
the area.

Equatiod0

=

YE OQOA OO D Q 0YQ 0'YQ

where heproduces and consumersurplus in the areas are definétjumationd
andEquation9. In Equation8 andEquation9n E is theelectricityprice at price
areaccalculated frorkquationl. Placing the price model frdaguationl in the
regiors the social welfat@ be maximized is

Equatiod1
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Qo

P . . Producerdncome
i —Q Q Q wQ e s
q n o weE
oX Q Q 0G0 Producer&costs:
¢ R GE Qo
i’ Q p
C
On QwbLD Consumens surplus:
i 2og Q o) wouo .
q n w E 0O E
Finally, the objective function tomeaximizett is
L @ w0 Equatiot2

The price modelEquationl) and its use in the produsdiEquation8) and
consumes surplus Equation9) as a part of the objective funct{@guationi1)
make the social welfar@ximizing problem a nonlinear optimizing problem.

11Not e : Ma t | a&divérseels thé mirdnonifX) should be used in the solver.
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The assumption is that VRE investors make individual investment decisions
based on market valweithout outof-themarket action. In VRE investors'
decisions, TSOsd congestion i ncome an
connected, andheé possible external cost (TSO:sgestion income and
redistribution ofCO2 emissions$ not included in the objective function but can
be calculated from the results

3.5.1 Hourlyspot prices between asea

If the interconnectorare used implicitB/and not congested, every physically
connected area has equal hourly spot pricgsa.e.n '@ m This requirement
will be removed if the transmission line between areas isaxhifgést example,
the transmission line from A2 to A3 is congebtédll the otheinterconnectors
are not, A2 will get thexactspot price as the rest of the system from Athelf
transmission line from A2 to Al is also congested, the spot price at area A2 will be
calculated by keeping the power batanteSO6s congestion inc
calculated frorarea prices.

Using the price model defineddquationl andthe notation inFigure4, the
nonlinear egplityarea priceonstraintsn thePowerModel, are

Equatiod3
YEQR Q QT

where possiblégio combinationsire

4Q  plt hplo hph helo hoft holv hofp hthv hulp h

12|mplicit usage the energy flown interconnector is not known beforehand
13 Power Balance will be definecChapteB.5.3
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and

O ph QMO & i & Wik MWt O¢ & "Q'QSi
m QEMO I GE i G RIOK MEE & QQi O

3.5.2 Positive consumer surphegjuirements

Value of lost load &acharean 6 0,lisincluded in the optimization with the linear
inequality constraints by adding spot price limits to meet the requirement that
consumers will stop using power if the consumer surplus is negative. By assuming
that consumers continue using electricity if the con€ismensis is positivend

placing the price curve moddégyationl) to theconsume@surplus definitions,

the constraint restricting high spot prices at the areas is defined ss follow

wi00D QO O mhHQ po ép
D0 w00 po

QU 00
i

1%
&)

Equatiot4

€1e
fo/FoN

P
Q
whergd ,»,Qand — — T

This constraint could be coupledwita ch ar eads maxi mum p
limits. In this study, they were modelled separately because the decision is connected
to the oahaveame rtdlse maxi mum producti on
investment decisioriBhe maximum production is a variable limit in each area and,

0 0,0is modelled as the lineaequalityconstraints.
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3.5.3 The pwerbalance in the area

In the Power Model, a power balance must be met each hewthe power
production and the exchange between otirerected areas must meet the residual
loadevery hour.Each area has a residual I0ad "Q (Equation?) i.e.
axeli) 0 P Q. Power balanckedn the Power Model, which have to
be met on each hon po & ¢ i(notation fronFigured) is following:

Equatiod5

®Q ® 0 mhQ xhiBhk 8

The lastling @ @ & '@ min Equation15 determines the volume and the
direction ofoptimized energy volumestween the areas.

3.5.4 Implementation

This chapter introduces the objective function, variables, limitenstrdints to
construct the Power ModeMatlabs nonlinear mblem solver, fminconis

14 Power balance is depending on the grid topology and has to defined specifically for the grid in
guestion.
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implemented t@ptimizesocial welfare. The problem solver is defined to find a
minimum of a specified constrained multivariable function by

Equatiot6
Subject to
c‘x~03(b 6@
WwQp 1

0 Qo wlm

whered ands Q &re matricesranda Q are vectorsand d'Qe are functions that
return vectors, andé is a function that returns a scalar. Functimnando Qe

can be nonlinear functionsa @andé ¢are vectors or matricéslathWorks, 2022)
Variable vectotincludeghe conventional power production in each area and the
power exchanges between ar€hs. Power Modal topology and notation are
presented ifigured.
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4 CONSUMPTIONAND VRE PRODUCTION
FORECASTS

Consumption is generally connected to typical weathesonidh patters like
heating, cooling, lighting and industrial procésss$and solapower production
have a daily andseasonal rhythrthat differs in regions.To estimate future
developmenthourlyconsumption and solar and wind power produéticatasts
in a geographical pleexeneededin this work climatenormal forecasts are used.
Correlation anduration curvem differentgeographicakgionsareanalyzedrhe
analysidollows the areastructurewhich will bedescibhed inChapter3.1

4.1 Climate normals as forecasts

In general, climateormals® are used for two main reasons. Firstly, the climate
normalsare a benchmark against observations providing a basis for climate datasets
like temperatures. Seconthg, climateormals predict the condition, which will be
notified or measured in a geographical plefcege the weather is knowworld
Meteorological Organization, 201#) this study, the weatherormals for
consumption, wind and solar power producéiomused for the latter purpose as a
predictor of the energy consumption and VRE production in a specified location at
the power market produced by the service prddWeathenormalsare averages

of 40 weather years from 138P019weather datdor comparisora single year

data from year 2019 was used in price curve modelling.

The forecastsin this study are the average of 40 weather wéhrslata
smoothing taking into account the social pattern of consumption, the installed
capacity and the spatial distribution of windmills and the changes in these parameters
(Energy Quantified, 202@)singtheclimate normdbrecastsvill neglect the effect

156 A n odralsmaréferred to as a seasonal normal (when affected by weathedseasen)
expected value for a given point in time or period, when you have no prior information on the weather
status. 6 https:// app. baseaicteylduant i fied. com/ knowl

16 Energy Quantified
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of load spikes and other operative actions, which are consequextesmef
weather conditionfyrecast errors and the inflexibilities of the power system.

The share of wind power in areasd&lvaries betwednr7%of the total of wind
enegy prodiction at the are#otaling 19% of the total wind production foredasts
the Power ModelRelative solar power production forecasts in areA$ Afe
practically zero. Area A5 does not have solar power production forecasts for the year
2019. The minimum and maximum power shares are similar compared to the energy
shares.

Area A6 also has dominant shares of wind power production (81%) and solar
production (99%). Area A6consumption is about 58% of the total consumption.
Energies, maximum and minimum power in forecasts are shiattei Hourly
consumption, wind and solar production and residual’laesiglepicted iRigure
10

17 Redilual load is defined Equation2
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Tabl& Consumption, wind and solar production fomdcasisi2 @19

Al
A2
A3
A4
A5
A6
Sum

Al

A3
A4
A5
A6
Sum

Al
A2
A3
A4
A5
A6
Sum

Energy forecasts, TWh

Consumption Wind  Solar

83,5
255
111,2
26,3
130,8
520,9
898,1

-51
-2,0
-11,3
-9,9
-3,3
-130,6
-162,2

0,0 78,4
-0,1 23,3
-0,1 99,8
0,0 16,4
0,0 1275
-38,0 352,4
-38,3 697,7

Pmax forecasts, MW

Consumption Wind  Solar

solar, A1

10000

MWh

residual load, A1

0 2000 4000 6000

h

0
8000 0

2000 4000 6000 8000
h

Residual load

Residual load

1000

12 601 -798 -17 11834
4182 -332 -85 3873
18828 -1895 -61 17 217
4157 -1754 -4 2845
21136 -505 0 20 649
79651 -22948-21737 60041
140555 -28232-21904 116 459
Pmin forecasts, MW
Consumption Wind Solar Residual load
5746 -292 0 5316
1628 -120 0 1470
7147 -760 0 6271
1980 -639 0 1030
9299 -227 0 9070
37100 -8370 0 15814
62900 -10408 O 38971
consumption, A1 0 wind, A1
-200
é%a A
-600
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0
0

Energy forecasts %

Consumption Wind

9%
3%
12%
3%
15%
58 %

3% 0% 11%
1% 0% 3%
7% 0% 14 %
6% 0% 2%
2% 0% 18 %
81 9% 99 % 50 %

Pmax forecasts %

Consumption Wind

9%
3%
13%
3%
15%
57 %

3% 0% 10 %
1% 0% 3%
7% 0% 15%
6% 0% 2%
2% 0% 18 %
81 9% 99 % 52 %

Pmin forecasts %

Consumption Wind

9%
3%
11 %
3%
15%
59 %

consumption, A2

3% 0% 14 %
1% 0% 4%
7% 0% 16 %
6% 0% 3%
2% 0% 23 %
80% 0% 41 %

wind, A2
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Figura0Consumption, wind power, solar power andoesohsts load

4.2 Correlations between forecasts

Consumption is generatlgnnected to typical weather with heating, coalidg
lighting and industrial process@#eather dependencies in fiiecasts change the
residual loadshape locally, affecting the correlatibos.example, wind power
production in the Nordidsas a seasonal rhythm with higher production potential

during winterFurthermore,

aar productiomaturally hashe highespotential

during summer daySorrelation® in the VRE production between ttiéferent
regionsare presented rable8 andrable9.

18 Used in this studBobbit, 2020)
Absolute value dfA

M< 0.25

0.25 <M< 0.5

0.5 <M< 0.75

Strength of relationship
No relationship
Weak relationship

Moderate relationship
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The @gregatd regions' wind production forecaatsd the solar production
forecastarepositively correlatedith strong relationstsgwind M= 0,87 0,98

solarm\=0,950,99 Table8). The VRE productiogorrelationis close but not the
same in tharea,which willaffectthe residual loads of thegiors differently

In the forecastbetween the consumption and wind produdfi@ble9), the
northern areas Al, A3, A4 and A5 have netpatoreclationsvith amoderate ta

strong relationshi@\=-0,62- -0,88) and positive correlatiobsit no réationship
between the consumption and the solar produ@tier®,090,24). The wind and

solar productions have negatigrelationsvith a moderate relationsi=-0,53
- -0,6). Firstly,calculatectorrelations indicate thhigh consumptiortimesin
winter arewindier than lower consumption times during summertime. Secondly,
solar power has peak production during summémedawhile consumption is
highest during winter and daytime. Thirdly, it can be noted that solar and wind
production are not peaking at the same seasonal time.

In the forecasishe southern areas, A2 and A6, have negative correlations

no to weak relationshipetween consumption and both VRE productidns (

consumption/wind= -0,18- -0,4, M\ consumption/solar-0,21- - 0,37). The
correlation between consumption and wind production is less significant in the
southern part (A2, A6) thantire rorth. The correlation between consumption and
solar production is greater and opposite in the southerm tin@nnorthern part.
Correlation in the southern pasthows less seasonal shagpmilarities in
consumption and wind and longer solar produdtiestin autumn and spring.

In the northern areas Al, A3 and A5, when correlations were calculated between
the forecasted residual loads and VRE prody@iadute9, right), correlations were
less negatively correlated between the residual load and the wind production and less
positively correlated between the residual load and the solar production. The VRE
productiondecreases correlatiand relationshige these areas when the shape of
the residual load changes due to increasing VRE production.

It should be highlightetiat n area A4, the share of forecaste& production
compared to the atsgredicted consumption is more thantbire. This higher
share has shaped the residual load and changed the sign of correla¥i®tts. The

M>0.75 Strong relationship

19 Consumption is positive aW&E production negative in the forecasthe Power ModeT hat is
the reason why negative correlation between consumption and wind prodlicatanthat during
wintertime with high consumption tbé also high wind production.
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correlations decresbin area A6 between residual load and wind aodresidual
load and solar production.

Tablé Correlation between the forecasted VRE production

Wind production forecests

Al A2 A3 A4 A5 A6
Al 1
A2 0,98 1
A3 0,97 0,99 1
A4 0,93 0,92 0,96 1
A5 0,96 0,97 0,96 0,87 1
A6 0,95 0,98 0,97 0,91 0,95 1

Solar production forecasts

Al A2 A3 Ad A5 A6
Al 1
A2 0,99 1
A3 0,98 0,98 1
A4 0,99 0,98 0,99 1
A5
A6 0,95 0,96 0,99 0,97 1
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Tabl® Correlation between forecasted consumption, VRE production and residual loads

Correlations in the area

Al Al Al Al Al Al

Al  Consumg 1 Al Residual load 1

Al Wind 0,77 1 Al wind 0,72 1

Al  Solar 0,24 -0,61 1 Al Solar 0,19 -0,61 1
A2 A2 A2 A2 A2 A2

A2 Consumg 1 A2 Residual load 1

A2  Wind -0,40 1 A2 wind 0,33 1

A2  Solar -0,21 -0,52 1 A2 Solar -0,24 -0,52 1
A3 A3 A3 A3 A3 A3

A3  Consumg 1 A3 Residual load 1

A3 Wind -0,70 1 A3 Wind 0,64 1

A3  Solar 0,09 -0,53 1 A3 Solar 0,04 -0,53 1
A4 A4 A4 A4 A4 A4

A4 Consumg 1 A4 Residual load 1

A4 Wind -0,62 1 A4 wind 0,83 1

A4 Solar 0,20 -0,59 1 A4 Solar -0,16 0,20 1
A5 A5 A5 A5 A5 A5

A5  Consumg 1 A5 Residual load 1

A5  Wind -0,88 1 A5 wind -0,88 1

A5  Solar A5 Solar
A6 A6 A6 A6 A6 A6

A6  Consumg 1 A6 Residual load 1

A6  Wind -0,18 1 A6 wind 0,10 1

A6  Solar -0,37 -0,45 1 A6 Solar 0,05 -0,45 1

The correlation calculation from the forecasted consumptions and VRE
productions indicates that entering a new VRE productiamarilyje correlations
i.e. the shape dtfieresidual loadl'he correlation calculation from the forecasted
residual load and VRE production restéisionstates that the effediffersin
different geographical locations and the volume of VRE load. Thisnef$¢oe
considered when VRE politics expand in other aréhas. correlation analysis
includes information on how much the incréaséRE productionchanges the
residual load of that ar@at does not include any informationtba energy trading
between regions.

4.3 Duration curvefrom forecasts
Traditionally, a load duration curve of consumption describes the relation between

the maximum load needed to be covergubiwer production and the utilization of
the entireconsumption loadJsually, the generation to cover loads in the duration
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curve is divided into base, load following and peak load generation. The share of
each generation can dggimized for example, with a screening curve method or
other methodgPhillip, et al., 1969De Jonghe, et al., 201(®hang & Baldick,

2017) Theprimaryscreening curve method provides the optimal mix of production
capacities but issed in the greenfiedédpproach. A prerequisite of the screening
curve method is the knowledge of the cost of the production dystesimplicity,

in the following duration curve example, it is assumed that the baseload capacity is
up to 65%, thenid-load capacity is from 65% to 90 % and the peak load capacity is
the rest of 10% of each dsemaximum power.

A load factorcalculated from a load duration curve describes how much energy
is used compared to maximum usage. The increase in VRE production also
decreases the areamnsumption and residual Idddad factors. This change is
more evident in areas A4 and A6, where VRE production share is higher than in the
other regions, but the decrease can be nadgdmuegion These results show that
the VRE production is generated 4hoiads and does not cut the peak load
significantly

Residual loadkad factoindicatsrelatively stable wind production during the
year.Solar production load factors are around 0,2 in every area. The solar production
load factomeanghat solar production has a lot of zero or-zeew production
hours during the year. The load factors are shovablelQ

TabldOLoad factors inRbeeModel

ConsumptionWind Solar Residual loac
Al 0,76 0,72 0,19 0,76
A2 0,70 0,68 0,19 0,69
A3 0,67 0,68 0,19 0,66
A4 0,72 0,64 0,19 0,66
A5 0,71 0,75 0,70
A6 0,75 0,65 0,20 0,67

If the generation fleet is unchanged, VRE production sifts energy away from the
peak load and the load following produciiogating the missing money problem
Also, the baseload generation production hours and the load factor.&mrease

2020greenfieldd indicates the process of devel
never been developed.

21 Missing money = prices for energy produced may not fully reflect the value of maintaining the
current production and making new investment, for exérdggean, 2017)
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peak load generations have zero production hgumsreasing VRE production
duringforecastedperatios. During the noswindy periods at high load hours, peak
load generation should be availtdslbackupEnergy usage and production hours
with peak load, load following and baseload generatidoredtfistedonsumption
and residual loadare shown inTable 11 The duration curves from the
consumptions and residual load are picturéigjumel 1

Tablell Energy usages and production hours with peak load, load following and be
generation with consumption and résregaklsad

Generation, consumptior Generation, Residual loac
forecast forecast

Peak Load followingBase Peak Load following Base
Al 1% 15% 85 % 0% 11 % 89 %
A2 1% 12 % 88 % 0% 8 % 92 %
A3 1% 10 % 89 % 0% 6 % 94 %
Ad 1% 12 % 87 % 0% 0 % 100 %
A5 1% 12 % 87 % 1% 11 % 88 %
A6 1% 15 % 85 % 0% 1% 99 %

h h h h

Al 1273 6957 418 6015
A2 840 5158 78 4179
A3 826 4728 18 3076
A4 957 5760 0 424
A5 1156 5040 857 4741
A6 1415 6183 0 1010

Likewise asin the correlation analysis from the consumpinainesidual loads,
thestudy of consumptiohand residual loddsad factos doesnot consider energy
trading between areas. Instead, load faettmulationsfrom the optimized
conventionaproductionlink the information orthe changes in VRE production,
correlationsthe merit order effects apdwer exchangégtween areasrom the
produced conventional enerdye ewduaion of CO2 emissions produced can be
estimated with the regievidegreenhouse gas intensities in electricity production
(European Environment Agency, 201B) this studythe share othe optimized
hourly conventional powgsroduction in the aregersusthe maximum installed
conventional power productiofaple3) is defined as the load factor
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5 CASESTUDIES

In this chapter, eight cases are presented. The focus is on areas Al and A2. Other
areas may be too simplified to make any conclusions. For examptgmytated

Norway is aggregated in a single &favithout any reservoir and water value
dynamics, likewise Northern Sweden, A4. Also, CWE, A6, has no connection to the
rest of the European power system in the Power Model.

The purpose is to highlight the outcome of wind power production and
consumption changes in a nonlinear power production environment where energy
exchange between areas is exechida. power is unchanged in all cases an are
relatively small share wital productionDue to the nonlinearity, stbg-step
changes are required to determine the change's consequence. In Case 1, the 2019
market price level is utilized to estimate the maximum deploymentmdwend
one area. From Case 2 to Case 4, the market price increase doubled compared to the
2019 level, change of interconnectors (i.e. Aurora line, Hansa Power Brdge, SE2
SE3) and evolution of base power fleet@ileluoto 3, Forsmark 1, import from
Russia) are deployed in the model. In Cases 5 and 6, prices and values are calculated
with a synchronized increasing wind energy productiautiple areas. In Case 7,
the consumptionds annual growth is derg
increase found inaSe 6. Finally, Case 8 wraps up the development by maximizing
the wind power production in multiple areas with consumption growth, higher
market price level, new interconnectors and baseload fleet change.

I n each <case, Ald6s residual | oad chan
consumption grows in the area because there are no new VRE investments. In Cases
1 to 6, wind energy investment starts in the greenfield of wind power in area A1 and
o n | yresidliabl@ad changes. The wind power investment begins at the 2019 wind
production level in Case 7 to Casén8ase 7 and Case 8, the annual growth rate
of 3,2 % is estimated from the consumptifumecasts for 2019 ablel2shows a
summary of cases.

22| inear annual growth rate 3,2% of consumption was estiroatéorecast¢Energinet, Fingrid,
Statnet, Svenska Kraftnet, 2021)
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Tabld 2 Calculatedss

Parameters
4
o < =]
sg 28 & 8
2Q 25 5 <
S E—- O S
£ S ® £ <)
= @3 £ e
£ES SE g 3¢
CaseArea Cases £8 8& & 2t Change
1 A1 wind power increase from 0 to max 1 0,00% no  no Optimal value of VRE, 25 euro/tCO2
2 Al wind power increase from 0 to max 2 0,00% no no Case 1+ change in fuel prices, 50 euro/t
3 Al wind power increase from 0 to max 2 0,00% no yes Case 2 + change of interconnectors
4 Al wind power increase from 0 to max 2 0,00% yes yes Case 3 + change of base load fleet
. . 0
5 Al vymd power. increase from 0 to max 2 0,00% yes yes Case 5 + effect of expanding wind to 4
A3 wind power increase from 0 to mmax 2 0,00% yes yes
i i 0,
6 Al W!nd power !ncrease from 2019 0 to max 2 0,00% yes yes Case 5 + effect of expanding wind to £
A3 wind power increase from 2019 0 to max 2 0,00% yes yes and Ad
A4 wind power increase from 2019 0 to max 2 0,00% yes yes
. . o
7 Al W?nd power ?ncrease 45TWh 2 3,20% yes yes Case 6 +3,2% annual consumption gro
A3 wind power increase 25TWh 2 3,20% yes yes R
. . rate in areas A1-A5
A4 wind power increase 25TWh 2 3,20% yes yes

Al wind power increase 5 TWh from 2019-level to ma@ 3,20% yes yes
8 A3 wind power increase 2,5 TWh from 2019-levelto 2 3,20% yes yes
A4 nind power increase 2,5 TWh from 2019-level to 2 3,20% yes yes

Case 6 + 3,2% annual consumption gro
rate in areas A1-A5, wind +10 TWh/y

fleetchange= Olkiluoto 3 1,6GW, Forsmark 1 -0,985GW, no external import to A1
new interconnectors= Aurora, Hansa, SE2-SE3

When a new wind investment is deployed, conventional production and power
exchanges are optimized, and the area prices, consumer costs, and wind and sola
production revenues are calculated. The general changes in the hourly area prices
due to wind produin, i.e. the merit order effect and the correlation effect affecting
values, change values and value factors when wind investment is deployed. The
redistribution and values of emissions are calculated based on each area's
conventional production load fact and greenhouse gas intensities in electricity
generation. Al so, the TSO86s congestio
hourly spot prices®6 volatilities are |

Theconsequences of nawwnd powedeployment areptimized by maximizing
social welfardn Cases-86, n the first iteration, th&ind production increase is
linear ab TWI3annuallyln thesecond iteration, the optimal solution is found by
increasing wind power lmneTWh annualljrom the last feasible solutitmCases

23 Linear annual growth, 5TWhly, of wind power was estimateddreaast¢Energinet, Fingrid,
Statnet, Svenska Kraftnet, 2028nd https://tuulivoimayhdistys.fi/fen/wingbowerin-
finland/projectsunderconstruction
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7-8, the annual consumption growth is inywar steps, and the optimum is located

in the second run in oiyear yearly growth. This iteration process is done fer time
saving computational reasons. More info about the optimization process can be
found inAppendix7.1

In this study, th& 0 U O of wind is 40 euro/MWHho demonstrate the
procedure used in the 2019 figures in Case 1. In the rest of the cases, the optimization
stops before the value of VREs is baloiv 0 O. Differentd 6 U ‘O's could be
deployed, for example, if offshore wind power investment projects dominate. Value
of loss loadw 6 ¢ © v ma6 TEWQ, was above tHeurly spot prices in each case.

The computed cases create a cap sack of results, and only a few are highlighted.
The results are presented in the following order. Firstly, the level of conventional
production, the value of wind power, and the value change rate are calculated.
Secondlyhte merit order effect in areas (average area prices and hourly spot prices),
average costs of consumption and revenue of wind, solar and conywienal
production Equation 4) and value factor ofonsumption, wind, solar and
conventionapowerin A1 and A2Kquation6) areanalyzedocusing on wind and
solar powet. Thirdly, the reduction and redistribution of emissicesalculated
from changes in conventional production. The emission reduction value is calculated
by emission reduction multiplied by the greenhouse gas intensity in electricity
production in 2019 values. The focus is on Al and A2 because being the most
sign fi cant CO2 emitters i f A6 is exclude
presentedThe congestion incomeal cul ati on f ol |l ®®ws Nor
Finally, the predictability of the changes in conventional production with increasing
wind power is shown by hourly spot price calculated standard de¥iations
correlations and figures.

24 For clarification, area prices describe the price level development in general but not the value. The
values of wind, solar, consumption, and conventional power inform the area's cost or revenues (i.e.
prices*volumes) on area. In addition, the valuedaascribe the value relation of components inside

the area.

2Nor di ¢ T SFngrad, 2028)@oenlge st i on i nc o maouryflow bnjJday= ¢ o mme
ahead market [MW] *hourlyar ea pr i ce dh]fTEGs rbetweenevhdsdisysidmtthe
congestion income has arisen, share the congestionegeaife It is assumed that TSOs will use
congestion incomes to gimyestments

26 Higher standard deviationrrespondo higher volatility; is equal to higher option prices; is equal

to higher hedgeost to option buyers. Higher volatility &isoeasesollateral costs in margin call.
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5.1 Optimizedwind productionnvestmentvith 2019 values

In Casel (Tableld), the value of wind prodtion drogs below40 euro/MWhin a

15 TWh/y increasen new wind powerandthe optimal solutioris foundat 14

TWhly growth of new wind energy Al. At an increase of 15 TV in wind
production the value of wind power is 39,9 euro/MWig(rel2 top) andthe

yealy average conventional power produdgeelin Alis7,8 GWh/h The speed

of thewind powed wluedrop acceleratéamore wind power is established due to
increasing the first derivative of the price curve after the optimum amount of wind
power(Figurel2 bottom)

Tabld3Case 1 parameters

Parameters

times price level

in 2019

CaseArea Cases

1 Al wind power increase from O to max 1

consumption
annual grow

3 fleetchange
interconnectors

new

Note
Optimal value of VRE, 25 euro/tCC

o
[=]
o
>
o

Conventional production in Case 1, A1
T T |m | I| T T T T : T //
80 P~ & | price curve, Al l .
- nll -
<60 = - |
= I o
Sl __ =" 39.9
2 : : value of VRE in 15TWh
=] L
©oop L = Il g i
~ Il
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Figurd2Value of wind production id.@&séWy increagewind production dropped
ro/MWhelow 6 6 © in AL The average conventional

the value of wind prod88i®eu
production7i8GWh/h
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The mrerit order effealecreasdbearegriceq Tablel4, Figure 1% In A1 and
A2, valuegdecrease stalleigurel5 lef&right, top), and value factors are stable
(Figurelhs left&right, bottom) when increasinglBTWHy wind energy in Al.
Wind power production has more value than baseleadorrelation effect
increases the valwé wind power Consumetsvalue factor stayaboveone
indicating aimilar correlation effelctwindproductiorbuttheoppositeThe value
factor of solar energyis below one, less than wind poyregurels lef&right,
bottom). There is o significanimpad except thesteadymerit order effectvith
decreasing prices.

Tablé 4 Calculatecea price statisti€ase 1

starndard
. deviaton in minimum prices | maximum prices
prices euro/MWh prices, euro/MWh euro/MWh
euro/MWh
= < = < = < = <
= 2 8|2 E |2 E g|E & g
S 2 8l 2 gl 2 8|3 2 &
E 2 olg B ol B ol B o
Aea | = = 5|32 2 5|3 = 5|3 2 5
Al 40,04 39,32 -0,725,53 5,40 -0,14] 29,03 28,25 -0,78 60,91 53,20 -7,72
A2 40,09 39,32 -0,77]5,57 5,40 -0,17] 29,03 28,25 -0,78 60,91 53,20 -7,72
A3 40,01 39,32 -0,69 5,51 5,40 -0,11 29,03 28,25 -0,78 54,42 53,20 -1,23
A4 140,02 39,34 -0,67]5,49 5,36 -0,13}30,66 30,66 0,00(54,42 53,20 -1,23}
A5 40,01 39,32 -0,695,51 5,40 -0,11} 29,03 28,25 -0,78 54,42 53,20 -1,23]
A6 40,03 39,50 -0,52/5,71 5,59 -0,1324,23 24,23 0,00|54,42 53,20 -1,23
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Area prices in Case 1
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Spot prices, A1 Spot prices, A2

Wind OTWh in A1 Wind OTWh in A1
Wind 14TWh in A1 Wind 14TWh in A1

euro/MWh
euro/MWh

0 1000 2000 3000 4000 5000 6000 7000 8000 0 1000 2000 3000 4000 5000 6000 7000 8000

h
Spot prices difference

h
Spot price differences

thaa)

n

-5

euro/MWh
euro/MWh

10

10
) 1000 2000 3000 4000 5000 6000 7000 8000 ) 1000 2000 3000 4000 5000 6000 7000 8000

h h

Figuré4 Changeshaurlpriceis A1 and A2ncreasing wind powerticecmté@sorder
effeeinddecreasesximum andnimurourlgpoprices.
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Values in Case 1, A1 Values in Case 1, A2
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Figuré5 Changesvaluesnd value fadtofSaseith A1 and A2Merit order effect,exists
wind powem®realuable than basedoadolar powadess vauo changiise to
correlation effects.

Increasing wind production in A1 decreases conventional prodotiioein
Al andelsewhere in the modebad factors ofonventional prodiion decrease
in every areae.the decrease conventionaproductionisredistributeé@roundand
replaced by wind eneligyportedirom Al. Yearlyl4 TWh addition in wind power
decrease emissiby about 2,2 million tCO2valuedat gpproximatelyb5 million
eurosThe decreased emission value is about 3,9 million euros per one TWh increase
in wind productionA2 has the highest greenhouse gas emitting factor, and A2 will
benefit from increasing wind power in @dnventional production in A2 decreased
by aboutathird compared to Al, but theduction oemission value is at the same
level Areas A3A4 and A5 have marginal changésavalue oémissiomeduction
because the greenhouse gas intemsigilesticity productiorare lowThe notable
reduction flows to A6Recalculated load factors, changes in conventional
production, emissions redistribution, trekemission value Case 1 arshownin
Tablel5

Case 1 is straightforward becalgerterconnectoxsan transfethe additional
wind energyto the neighboringareasi.e. no significant changes in congestion
(Figurel6). The congestion income to TSOs remains relatively stablesiatiliely
low increase of wind productiorablel6, leff), while marginal income decreases
(Tablelg righ). The congestion income decreasen to zerm TSO in Al and
A2 as increasing wind power balances theTgiide16 showsTSOs congestion
income when increasing BTWHy wind energy in Al.
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Tabld5Load factors, change in conventional production, emissions amaakie of emis
1

5
e
1) < g
g 5 s :
o — = Yo}
K - N 3\
kel =3 Q [N -
s o © o) )
S L0 2 Q 3
Case 1, wind TWh 0 14 % % %
Al 0,54 0,53 98,20 % -1,3 9,00 % 86 -108 283 -2 707 065 4,90 %
A2 0,32 0,31 98,40 % -0,4 2,60 % 322 -116532 -2913295 5,30 %
A3 0,71 0,69 97,80 % -2,3 16,70 % 8 -18665 -466620 0,90 %
A4 0,17 0,16 9520% -1 7,10% 8 -7934 -198340 0,40 %
A5 0,52 0,51 97,60 % -3,2 23,10 % 19 -61349 -1533728 2,80 %
A6 0,32 0,32 98,30 % -5,8 41,60 % 323 -1 881 572-47 039 29885,70 %
-14 -2 194 334-54 858 345
Value of emssion reduction, euro/TWh,wind 3918 453

Tabled6 TSOscongestion inco@ase 1

Conguestion income to
TSO, million euro
Case 1, wind TWh 0 5 10 15

TSO_Al 06 00 00 01
TSO_A2 04 00 00 00
TSO_A3 6,2 57 57 59
TSO_A4 03 01 01 02
TSO_AS5 39 39 40 41
TSO_A6 96 96 96 99

TSO_Total 209 193195 201

5 The TSOs congestion income and the value of wind in Case 1 The Esotmngestlnn income per wind TWh and the value of wind in Case 1
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Figurd 6 The congestion imcwhibe value of imilCas#&, million eurd$e congestion
incomis relatively stableatditd5TWlhy increase wind powerhile marginabine
decrease.

Spot price volatilities remain at the same level (Table 14, standard deviations in
prices). Conventional production is predictable because of the lack of congestion in
the grid. Interconnectors to A6 are congested at a low conventional production level
in Al. A1 and A2 are positively correlated in changes in conventional production
with a strong relationsh{pable17).The rest correlation against A1 and A2 have
weak or no relationships. Relationships from A5 to A3 or A4 have positive
correlations with madate relationships. The redistribution of conventional
production can be observed visually from the shapes of differences in conventional
production inFigurel7 andFigurel8

In Case lpew investments wind powerare not beneficial if investments
increase from 14TVih at 2019 price levelsyyers benefit from decreasing prices
and produers revenue decreas€onventional power production is predictable
andvolatilitystable keepinghedging coststableThe enission reductiowill not
stay in Al buspread aroundespecially in22and A6.The gid balance does not
changeand TSOgongestion incorseemainstable.

Tabld7 Correlations in the change of conventional productions, Case 1.

Al A2 A3 A4 A5 A6
Al 1

A2078] 1
A3 0,35 0,33 1
A4 -0,23-0,06 0,28 1

A5 -0,07 0,10{ 0,75 0,73] 1

A6 0,20 0,00 -0,22-0,39-0,44 1
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Conventional production in A2, A3, A4, A5, A6 Conventional production in A1, A2, A3, A4, A5
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Conventional production, A1, GWh/h, Case 1 Conventional production in A6, GWh/h, Case 1

Figurd7 Conventional prodetomdomparedctmventional producAdrfléft) and
A6 (right)n Case 1
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Duration curve conventional production, A1 Duration curve conventional production, A2
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Figuré8Reshaped duration cuase i#h4 has 145 h (Wind 0TWh)2dh (Wind
14TWh) of zero production hours.

5.2 Increase imarket pricéo doublecompared to 2019
In Case 2vith doublemarkefpricesconpared to 201@ ablel8), thehighemarket

price boosthiewwind investments'he implementation of new wind generation
stopsin thefirst-round iteration at 45TWh because the 50TWhtry created
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negativespot pricexs. The optimal increase of wind power produdsdoundin
the47TWHy . In Case 2wind productio's valueloes notrop below) 6 0 ‘O of
wind productionThe value of wind power is 72,2 euro/MWig(rel9, top), and
theyearlyaverage conventional power produdgeslin Alis73 GWh/h.

Tabld 8 Cas@ parameters
Parameters
K 4
2 S 3 5} g
[ = O D Q
L 2 5 c <
5o E — s s
o g 2 8 S o
] o 0 3 - z =
= = 3 3 2
CaseArea Cases = £ o ® = c £ Note
2 Al wind power increase from 0 to max 2 0,00 % no no Case 1+ change in fuel prices, 50 euro/tC'

Conventional production in Case 2, A1

T :‘\‘? T | I| m = T T || T : T A1 /},
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Figurd9 Valueof wind produdtioBase i 72,2 euro/M\Wdited5TWh/y wind power
investmemhe @erage conventional produg@uviisin AL

The merit order effect generally existseasing wind power decreadlesea
priceqFigure2Q Tablel9). Thespeed o¥aluedropsin new wind power investment

27 Negative prices stopped the optimizatiorthéreal word on@egative price is not barrier &or
investment.
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in Al increasgabout trifoldcompared to Case BRigurel9, bottom).The higher
first derivative of the price modelcaused by the higher market price level and

lower level o€onventional production

There is a significant charggween 3@0TWHy after the newvind power

investmentin Alin A10 and AD area prices\round 35TWHy increase of wind

power, theareaprices in A1l and A2 collapse's areapricescollapseaven more

than in Al By definition Equation2), the wind power increase in A1 does not

change the residdahdin A2, but the price shape reflects from Al to A2, creating

the same effecis both areas
Solar powevaluesdecreasénearly(Figur@2, lefi&right, top) with decreasing

prices Around 30 TWHl of increasein wind power the correlatin effect

accelerateshe value factor of solarags to increase rapidiyglue factors of

consumption and convential production ineaseand the valuéactor of wind

power decreagBigur@? left&right, bottom) Additional wind power production

at a high level supports the solar power value.fickoe c r e as e s
factor by changing the shape of the residuaindst whichreflectsin A2. With
increasing windower production utingthe production time of solar eneriipe
prices are highendmore valuable thasuringwind power productionAt the
same timghe onsumersand conventiongroducersvalue &ctos increaseThe

consumer value factor increaseakingenergy costly.

Tablé 9 Calculatedea price statisti€ase 2

Area
Al
A2
A3
A4
A5
A6

Wi

prices euro/MWh

Wind 0TWh
Wind 47TWh

difference

80,08 69,38 -10,70
80,22 68,26 -11,949
80,02 75,86 -4,15
80,04 75,99 -4,04
80,02 75,86 -4,15

80,05 77,04 -3,02

starndard
deviaton in priceq
euro/MWh

Wind 0TWh
Wind 47TWh

difference

11,07 13,64 2,57
11,19 19,42 8,23
11,03 10,41 -0,61
10,99 10,20 -0,79
11,03 10,41 -0,61

11,43 10,95 -0,47

minimum prices
euro/MWh

Wind 0TWh
Wind 47TWh

difference

58,05 -1,94 -59,99
58,05 9,35 -48,7(¢
58,05 53,21 -4,85
61,33 61,33 0,00
58,05 53,21 -4,85

48,46 48,46 0,00

maximum prices
euro/MWh

Wind 0TWh
Wind 47TWh

difference

132,52 94,68 -37,84
132,52 103,42 -29,10
-5,42
-5,42
-5,42
-5,42

108,84 103,42
108,84 103,42
108,84 103,42
108,84 103,42
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Area pricesin Case 2
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Figur@0Changesaregrice CaseA2eaprices collaps&l and A2after a 30 TWh
increagewind eneigyAl.

Spot prices, A1 Spot prices, A2

euro/MWh
euro/MWh

———— Wind OTWh n A1
Wing 47TWh in A1

————Wind OTWh in A1
Wind 47TWh in A1

0 1000 2000 3000 4000 5000 6000 7000 8000 0 1000 2000 3000 4000 5000 6000 7000 8000
h h

Spot price differences

o Spot prices differences
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euro/MWh
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Figur@1 Changeshourly arpaicéen A1 and A2 inCase after 47 TWy increse of
wind investments inTA&hourly spot price in Alstedpw zestaring low consumption
duringhe Christmas holidays.

In total 47TWHy increase of wind power in Al crated 7,1 million $+CO2
emissions reduction valued around 356 million €ne@sTWh increase in wind
production generatabout7,6 million euros decrease in emission value. Because of
the grid congestion, increasing wind power stays in A1 and A2 and decreases the
conventional production and the value of wind shafpBas Al and A2
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significantly reduce emissidog to the most significant decrease in load factors of
conventional productioandthe hi g he st emi ssion intensi
emission decreases with the growing wind power in Al. Areas A3, A4 and A5 have
marginal changes in emission redistribution affected by low greenhouse gas
intensities. Again, a significant share of emissiocticn flows to A6. A4 has an
increasing zero production hours in conventional production.

Values in Case 2, A1 Values in Case 2, A2

[
@ —— 8

—

auro/Mwn A1

30TWh /

20TwWh

w HM0TWHh
© FMOTWHh
20TWh
~ [30TWh
40TWh

4 5 6 7 8 9 10 ] 2 4 5 6 B 9 10

Value factors in Case 2, A’ Value factors in Case 2, A2

lue factor A1

£

=]

@ F20TWh
~ r30TWh
40TWh

@ HO0TWh— 7

o F20TW
~ r30TWh
40TWh

2 3 a

a 9 10 4 6 [ 9 10

Figur@2 Changesvalueand value factors in Gas&l2and A2Valuesn wind
energyllapse afi80 TWhy increase. Solargpaslue fact@mesdue to increasing wind
and wind p desreadedce cuwashapechange ;mtAbreflects A2, and the sola
value factor change is more significant in A2.

Table20shows recalculated load factors, changes in conventional productions,
emissions redistribution, and emission value when increasing 47TWh/y wind energy
in Al.

Tabl0Load factors, change in conventional production, emissions anGaséue of emissit
2

5
e
n < e
g S : :
3] o = o
S > N )
he] = Q N Y
g g o o) e
S L 2 e 3
Case 2, wind TWh 0 47 % % %
Al 0,54 0,48 89,50 % -7,3 15,6 % 86 -631842 -31592 100 8,9 %
A2 0,32 0,28 89,90% -2,3 48% 322 -729 008 -36 450400 10,2 %
A3 0,71 0,66 93,20% -7,1 152 % 8 -57080 -2854000 0,8%
A4 0,17 0,14 8490% -3,1 6,7% 8 -25120 -1256000 0,4 %
A5 0,52 0,48 92,50 %-10,1 21,5% 19 -192394 -9619700 2,7%
A6 0,32 0,31 95,20 % -17 36,1 % 323 -5 487 124-274 356 200 77,0 %
-47 -7 122 568-356 128 400
Value of enssion reduction, euro/TWh,wind 7 577 200
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The congestionincomeis relatively stable decreasdsetween {80TWHy of
additonal wind powem Al (Figure23 and boomsin A1-A49 $SOsaround
35TWHy, indicaing the lack of transmission capabilities to tramsfieawind
energyfrom Al andvia A2. Congestion incomes in A5 and A6 remain relatively
stable and the boosting effe@ absent Table21 and Figure23 show TS
congestion income increasirgbdWHy wind energy in Al.

Tabl1The congestion int@ase 2

Congestion income to TSO, million euros
Case 2, wind TWh 0 5 10 15 20 25 30 35 40 45
TSO_Al 11 01 01 021 0,2 03 0,6 32 19,6 64,2
TSO_A2 10 00 00 00 0,0 0,0 0,2 19 135 395
TSO_A3 12,411,411,411,7 12,3 13,2144 17,8 31,2 60,7
TSO_A4 05 03 02 03 04 06 08 19 73 221
TSO_A5 79 79 80 82 87 94 10,211,2 12,3 13,2
TSO_A6 19,2 19,1 19,2 19,8 20,8 22,2 24,0 26,3 28,8 30,9
TSO_Total 42,0 38,8 39,0 40,2 42,5 45,7 50,1 62,2 112,6 230,6

__ The TSOs congestion income and the value of wind in Case 2 The TrSDq;.congeslian income per wind TWh and the value of wind in Case 2
250 = T B - . | - . 8 - ' ' - . | - .

TSOAT
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Figur23 The congestion imcwhibealue of wimdCase, 2Znillion eurd$ie congestion
incomeoostaftea 35TWhy increagewind powétarginatongestiononmeacreasas
the same timspecially inAd

Price volatility wiltlisein ALand A22whi | e the rest of th
decreasefTable 19 stawmlard deviation in pricedhcreasing wingroduction
vanishes the predictability cafnventionapower (Figure24). Correlatiosin the
change of conventional productiare weakor do not existsexceptfor the
moderate positey relatioship betweenA5 to A3 or A4 (Table 22). The
redistribution of conventional production can be observed visually from the shapes
of differences in conventional productiofigure24and Figure25.
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Tabl@2 Correlations in the change of conventional productions, Case 2

Al A2 A3 A4 A5 A6
Al 1
A2 0,21 1
A3 0,10 -0,15 1
A4 -0,17 0,32 0,19 1

A5 -0,20 0,111 0,72 0,68 1

A6 0,32 0,04 -0,16-0,43-0,44 1

Conventional production in A2, A3, A4, A5, A6 Conventional production in A1, A2, A3, A4, A5
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GWh/h

2l o Lseus
4 5 ] 7 8 9 10 1 12 13 14 20 25 30 35 40 45 50 55 60 65
Conventional production in A1, GWh/h, Case 2 Conventional production in A6, GWh/h, Case 2

Figur&4 Conventional prodsicbamparedctmventional productdn (left) and A6
(right)inCase. Gr i d congestion affegts conven

In Case 2, nemvestments in wind power are profitable, but tbatine spt
prices stomewinvestment, buyers benefit from decreasing prices and producers'
revenue decreas€he ®lar power value factor increases aboveTdreemission
reduction will not stay in A1 but spread around, especially in A2 and A6. Annual
wind energy increase above 35 IWMdongest the grid, deteritavind energy
value and increase price volatility due to unpredictable conventional production and
decreasing spot prices.
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Duration curve conventional production, A1 Duration curve A2
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Figur@5Reshapedo n v e nt i odaratibn cprire@ageu2c A4 ihas 145 @ (Wind
O0TWHy) and 470 h (Wind 47TWof zero production hours.

5.3 New interconcters

In Case 3with new interconnectorflable 23), the new investments wind
generatiostoppedin thefirst-rounditeration abOTWh/y because thesbWhy -
solutiongeneratedegative spot priceand he maximumfoundsin the52TWhly
additionIn Case 3wind productiols value des notdrop below) 6 U ‘O of wind
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production.The value of wind power is 73,0 euro/M(Flgure26 top), and he
yearlyaverage conventional power produdgeelin Alis 75 GWh/h.

Table3Cas8 parameters
Parameters
K 4
2 s 3 5} g
) = O <) Q
L 2 5 c <
5o E — s s
PR 2 8 S o
I o 0 3 - =z =
= S £ 3 z 2
CaseArea Cases = £ o ® = c £ Note
3 Al wind power increase from 0 to max 2 0,00 % no yes Case 2 + change of interconnectors

Conventional production in Case 3, A1

| | qu N | | | rice t:ur\lfe Al r/
_ 150 “E L E F =
E o ] L
Z 100 + . e .
e N R 73
= 1 value of VRE in 50TWh
o S0 T Lo b
yd Lo
0 - | | | i | | | | |
4 5 6 7 8 9 10 11 12 13 14
GWh/h A1
T T LrJI Im T T T T T
80 | ™~ g : : g 1st derivative |/
— =1 = 2nd derivative [ |
E 60 *‘\\. D) .,-i;
= 40 S~ [ :
= T ([
s T e e A
= | T——
L g g Y B ey e i B g
-20 _-I_ | | : :I | | | | | ]
4 5 6 7 8 9 10 11 12 13 14
GWh/h A1

Figur@6 Value of wind produsti@@ase. 3he value of wind power production is 73,0
euro/MWhaftera 50 TWh/y wind power investrAeetage conventional production is
75GWh/hin Al.

The merit order effect decreases area pfigese?7, Table24). Still, therasa
considerabldecrease in tteea prices in A1 and A2arting a0 TWhy of new
wind productionA2s prices droggainmore than in A1The phenom®on is
similar to Case 2 bsiiarsabout 10 TW/y laterdue to new interconnectpvghich
generally decrease grid congestion.
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The samedevelopment in the value fact@man beobserved(Figure 29
left&right, bottom) asin Case ZThe correlation effecpusheghe \alue factor of
solar power abovene the value facta of consumption and conventional
production increasdowly andthe valuefactorof wind powedeterioratebelow
one.A2 is more affected tharl feven if theesidual load in A2 is unchanged.

In total 52ZTWhly increase of wind power in Al cra&® million tCO2
emissionseduction valued aroud®9 million eurosabout 50 million euros and
one million tCO2 more than in Case 2. One TWh increase in wind production
decreases emission value is about 7,9 million Axgas.A1 and Agignificantly
reduce emissions, but less than in CaSa 2. | | , A2ds emi ssi
increasing wind power in A& significant emission reduction flows to A6 assisted
by strengthened interconnectdigble25shows recalculated load factors, changes
in conventional productions, emissions redistribution, and emission value when
increasin2TWh/y wind energy in A1

on

Tabl@4 Calculatetea price statisti€ase 3

starndard minimum prices maximum prices
prices euro/MWh | deviaton in prices euro/MWh euro/MWh
euro/MWh
- = = < = < < =
= :|E 2 os|lE f s|E E @
°© o S|l°o b Fle » g|o i o
s £ 21 £ 21 £ & S = £
Area = = = = = 5|3 = S > = S
Al |80,05 70,54 -9,50(11,06 12,63 1,57|57,58 -0,07 -57,65 108,84 94,65 -14,19
A2 |80,05 69,44 -10,61)11,06 17,58 6,51|57,58 13,75 -43,83 108,84 102,44 -6,41
A3 80,05 75,44 -4,61|11,06 10,39 -0,68 57,58 52,78 -4,80|108,84 102,44 -6,41
A4 |80,07 75,62 -4,45|11,02 10,11 -0,91§61,33 61,33 0,00 |108,84 102,44 -6,41
A5 |80,05 75,44 -4,61|11,06 10,38 -0,68 57,58 52,78 -4,80|108,84 102,44 -6,41
A6 [80,05 76,40 -3,65|11,33 10,83 -0,50/50,04 48,98 -1,06|108,84 102,44 -6,41

75



- Area prices in Case 3
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Figur@7 Changesarearices and value factOese Blew interconnesiforiie drop
about 10 TWhlatethan in Case 2.
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Figur@8Hourly sppticeim A1 and A2n Case A1 facesegative hourly spogfieces
52 TWhy of wind investments.
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Values in Case 3, A1

Values in Case 3, A2
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Figur@9 Changesvalueand value fadimiGase i8 A1 and AZThecorrelatieffect
escalates at 40/Wdhincreasewind powe&olar powgroductidrslue factor baves
onen Al and AZand the vaoéwind pow#art to decrease

The congestion income is relatively stable betw#@hWhy of new wind
powerinvestmentn Al (Figure30. Arounda £TWHhYy increase of wind power,
the congestion income boommsthe prices in A1 and A2 collapiselicaing the
lack of transmission lines capabilities to transfer additional power fromtil and
A2. Congestion income to TSOs in A3 and A4 increases. Congestion incomes in A5
and A6 remain relatively stable, and the boosting effect is absent. In the end,
congestion income is about 30 million euros less than in Case 2 and starts boosting
about 10 TWh/y ker, with increased interconnectdeble26 andFigure30show
TSOs congestion income increasisfgDVHy wind energy in Al

Tabl5Load factors, change in conventional production, emissions anGasd¢ue of emi:
3

5
e
< s
g = s s
S = = o
8 > N 0
k=] = Q o~ -
g g o o) e
3 wm 2 Q 3
Case 3,wind TWh 0 52 % % %
Al 0,54 0,48 90,30 % -6,8 13,10 % 86 -584112 -29 205600 7,10 %
A2 0,32 0,29 90,80 % -2,1 4,00 % 322 -662 032 -33101 600 8,10 %
A3 0,71 0,65 92,50 % -7,9 15,10 % 8 -62992 -3149600 0,80 %
A4 0,17 0,14 83,10 % -3,5 6,70 % 8 -28048 -1402400 0,30 %
A5 0,52 0,48 91,70 % -11,2 21,60 % 19 -213161 -10658 050 2,60 %
A6 0,32 0,3 94,10 % -20,6 39,50 % 323 -6 638 619-331 930 95081,10 %

-52

Value of enssion reduction, euro/TWh,wind
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Tabl26 The congestion inc@ase 3

Congestion income to TSO, million euros
Case3,windTWhO 5 10 15 20 25 30 35 40 45 50
TSO_A1l 00 01 01 01 02 03 04 0,7 1,8 13,8 584
TSO_A2 00 00 00 00 00 00 00 00 04 68 291
TSO_A3 86 85 85 89 94 10,2 11,2125 14,5 23,1 479
TSO_A4 01 03 02 03 04 06 08 12 20 7,7 281
TSO_A5 49 49 49 51 55 60 67 75 85 96 106
TSO_A6 13,4 13,2 13,3 13,8 14,7 15,9 17,5 19,5 21,9 245 26,9
TSO_Total 27,1 27,0 27,0 28,2 30,2 33,0 36,7 41,5 49,2 85,6 201,0

__. The TSOs congestion income and the value of wind in Case 3
w0 ~ T T T T The TSOs)congestion income per wind TWh and the value of wind in Case 3
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Figure80 The congestion inno@ese. 3rhe congestion imcormases rapidly after a
40TWHhy increase in windrpGaregestion increafdsA 4.

Hourly spot price volatilities increase again in Al, especially in A2, and the rest
of t he volylitesdecmasd Gble24 standard deviation in pricéSase 3
naturallyincrease the export of energy from Al. Because of the congestion,
increasing wind power stays in Al, decreasing emissions in electricity production.
Increasing wind production to 52Tk/hn Al vanishes the predictabilitytioé
conventional pluedoveak admo relate<hipim cortelationsn
production change®©nly A5 to A3 or A4 relationshigs&avemoderate positive
correlations(Table 27). The redistribution of conventional production can be
observed visually from the differences in conventional produdtigiie31and
Figure32
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Tabl@7 Correlations in the change of conventional productions, Case 3

Al A2 A3 A4 A5 A6
Al 1
A2 0,21 1
A3 0,00 -0,31 1
A4 -0,18 0,27 0,17 1

A5 -0,27 0,00[0,71 067] 1

A6 0,25 -0,11 0,04 -0,33-0,26 1

Conventional production in A2, A3, A4, A5, A6 Conventional production in A1, A2, A3, A4, A5
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Conventional production in A1, GWh/h, Case 3 Conventional production in A6, GWh/h, Case 3

Figurg&1 Conventional prodsicbomparedctmnventional productii(l@it) and6
(right)in Case3. Production levels linaré about 1,5GWhhigher due to added
interconnectdtdy emission reductioghahan in Case 2.

In Case 3, new investments in wind power are profitable, but the negative spot
prices stop investment, buyers benefit from decreasimgnd producers' revenue
decreasesThe ®lar power value factor increases aboveiron®l and A2.
Decreasing conventional production load factors indicates that the emission
reduction will not stay in A1 but spread around, especially in A2 and A6. Annual
wind energy increase abd%dWh/y congested the grid, deteriorated wind energy
value and increased price vohatdite to unpredictable conventional production
and decreasing spot prices.
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Duration curve conventional production, A1

Duration curve conventional production, A2
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Duration curve conventional production, A4
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0TWh) and 477 h (Wind 47TWh) of zero production hours.

5.4 Change ibase load feet and import

In Case 4with the deploymendf new nuclear productior (1,6GW)andthe
absene of constantimport (-1,3GW)in Al, a nuclearplant decommission (
0,985GW) in A3Table28), the implementation afnewwindgeneratiostopsin
the first round iteration atOTWh/y because thd5 TWh/y- solution created
negative spot pricesidthe optimal increaseundsin the42TWh/y addition.In
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Case 4wind productiots value des notdrop belowthe 0 6 0 O of wind
productionThe value of wind power i%,0 eur&/MWh (Figure33 top), andhe
yearlyaverage conventional power produdgeelin Alis 8,8 GWh/h.

Table8 Casd parameters
Parameters
K] 4
2 S =z o g
[ = O D Q
L 2 5 c <
5o E — s 5
o g 2 8 S o
I o 0 3 - z =
= = 3 z 2
CaseArea Cases = £ o ® = c £ Note
4 Al wind power increase from 0 to max 2 0,00 % yes yes Case 3 + change of base load fleet

Conventional production, A1

gl Iw'c

100 o= o E e -
- ol | e
< NPl 71
e _
= P ' value of VRE in 40TWh
S ol Lo _
3 R
= d | |
3 / o

i | | | price curve, Al |
0 1 1 d 1 1 | 1 I 1 1 1 1
4 5 6 7 8 9 10 11 12 13 14
GWh/h A1
T T T T T T T T T
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S s0f R _
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Figur83Valueof wind produdtiddase #he value of wind power is 71,0 eullt/@1\Wh.
average conventional prod@gauvha.

There is a significant charafeger25TWhly of new wind capacity in AThe
same phenomena occur as a merit order effect decreases arsggmiges area
prices dropnore than in A. Still, theres a sibstantiatlecrease in the value of wind
after25 TWh/y of additional wind productidirigure36, lefi&right, top)and area
prices Figure34, Table29). The phenomena are similar to Cagad®Case But
start aboul5 TWh/y earlier tham Cas& whennew interconnectors are deployed
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The orrelationeffect increasdle solar value factor versihe wind value factor

and the value factors afrsunption and conventional production incre&ggute

36 lefi&right, bottom). Table 30 shows recalculated load factors, changes in
conventional productions, emissions redistribution, and emission value when
increasing2ZTWh/y wind energy in Al

Tabl@9 Calculatecea price statigti€ase 4

starndard minimum prices maximum prices
prices euro/MWh | deviaton in priceq P P
euro/MWh euro/MWh
euro/MWh
< < = < < < = <
= £ s|Z E g|E E gl|E E ¢
[aV] (V] (V] (V]

o g c o g c o g c o g c
=] o o g =] g o] g
© © © o
s £ g £ £ 2| £ £ 2 £ £ 2

Aea |3 2 5|3 = 5|3 = 5|3 = 5

Al 79,53 67,71 -11,82411,04 15,16 4,12|56,56 -3,84 -60,39 108,09 93,99 -14,10
A2 79,53 67,31 -12,22411,04 20,80 9,77|56,56 1,87 -54,69108,09 103,65 -4,43
A3 79,53 76,10 -3,43|11,04 10,50 -0,53 56,56 52,98 -3,58]108,09 103,65 -4,43
A4 79,56 76,24 -3,32|10,98 10,28 -0,6961,33 61,33 0,00 |108,09 103,65 -4,43
A5 79,53 76,10 -3,43|11,04 10,50 -0,53 56,56 52,98 -3,58]108,09 103,65 -4,43
A6 79,64 76,92 -2,72|11,29 10,85 -0,43 50,04 50,04 0,00 |108,09 103,65 -4,43
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Area prices in Case 4
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Figur84 Changesarearicaa Case 4. The area price drop escalatésaitinbieaiée
inwind power.
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Figur&5 Hourly argaricesn A1 and A2 in Case 4. Al faegatiwpot prices after
42TWHhy wind energy investments.
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Tabl&0Load factors, change in conventional production, emissions anGas¢ue of emissit

5
)
n < e
8 B s 3
3] = < o
8 > N )
- = o N N
g g o 9 g
S i} 2 Q ]
Case 4,wind TWh O 42 % % %
Al 0,64 0,58 90,90 % -7,6 18,10 % 86 -654718 -32 735 90010,00 %
A2 0,31 0,28 90,00 % -2,2 5,30 % 322 -718382 -3591910011,00 %
A3 0,64 0,6 93,80% -59 14,00 % 8 -47072 -2353600 0,70 %
A4 0,16 0,14 87,40% -2,6 6,10 % 8 -20616 -1030800 0,30 %
A5 0,52 0,49 93,80 % -8,3 19,90 % 19 -158479 -7923950 2,40 %
A6 0,32 0,31 95,60 % -15,4 36,60 % 323 -4 959 665-247 983 25075,60 %

-42

4Va|ue of enssion reduction, euro/TWh,wind

-6 558 932-327 946 600
7 808 066

The congestion income is stalél 25TWh/y of additional wind power in Al
(Figure3d7). Around25TWhly increase of wind power, thieegorices in A1 and A2
collapse and the congestion income bowmAl-A4, indicaing the lack of
transmission lines capabilities to transfer additional power from AituaAg.
Congestion incomes in A5 and A6 remain relatively, stadblthe boosting effect
is lackingln the endcongestion income &bout70 million euros higher than in
Case 2 antDOmillion eurghigherandstarts boosting about 15 T¥NFearliethan
in Case. Table31andFigure37showcongestion income witk4D TWHh wind
energyn Al, new interconnectors increas®l base load fleet change
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Tabl81The congesticnmnia Case 4

Congestion income to TSO, million euros

Case4,windTWh O 5 10 15 20 25 30 35 40
TSO_A1 01 02 02 04 07 18 95 384 1044
TSO_A2 00 00 00 00 01 0,7 53 223 484
TSO_A3 89 9,0 93 99 108125188 36,7 69,7
TSO_A4 02 03 04 06 08 16 54 181 500
TSO_A5 51 52 55 58 64 71 79 87 92
TSO_A6 13,9 14,1 14,6 15,5 16,8 18,4 20,4 22,3 23,8
TSO_Total 28,3 28,8 30,1 32,3 35,6 41,9 67,2 146,5 305,5

The TrSDg.congeslian income per wind TWh and the value of wind in Case 4
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Figur&7 The congestion ircairibe value of windipdase. Fhe congestion income
increases rapidly after a B5ih¢vbase in wind power.

In Case 4, congestion in the grid starts earlier compared to Case 2 and Case 3 due
to areducedaseload in the fleétourly spot priceolatilities increase again in A1
and A2 and decreasédhe rest of the systeiiraple29). Increasing wind production
to 42TWHy in Al vanishes the predictability of conventional production. With
wesk or no correlationsn the changes in conventional produdiioAl and &,
theconventiongbroductionoutputsare unpredictab{€able32). Positive moderate
correlaibns remain between 5Ato A3 andto A4. The redistribution of the
conventional output can be observed visually from the shapes of differences in
conventional production iRigure38andFigure39

In Case 4, new investments in wind power are profitable, but the negative spot
prices stop new investment, buyers benefit from decreasing costs and producers'
revenue decreases. The solar power value factor increases above one in A1 and A2
Decreasing caentional production load factors indicates that the emission
reduction will not stay in A1 but spread around, especially in A2 and A6. Annual
wind energy increase above 35 TWh congested the grid, deteriorated wind energy
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value and increased price volatility due to unpredictable conventional production
and decreasing spot prices.

Tabl&2 Correlations in the change of conventional productions, Case 4

Al A2 A3 A4 A5 A6
Al 1
A2 0,21 1
A3 0,00 -0,31 1
A4 -0,18 0,27 0,17 1

A5 -0,27 0,00[0,71 0,67] 1

A6 0,25 -0,11 0,04 -0,33-0,26 1

0 Conventional production in AZ, A3, A4, A5, A6 - Conventional production in A1, A2, A3, A4, AS

FHEER
FEIRX

GWh/h

4 5 [ 7 8 9 10 " 12 13 14 20 25 30 35 40 45 50 55 60 85
Conventional production in A1, GWh/h, Case 4 Conventional production in A6, GWh/h, Case 4

Figur&8 Conventional prodsictomparecctmventional producdnnnCasé. Grid

congestion affects conventional power
Al arghe same level as in Case 3.
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Figur89Reshaped duration curves in the Poweaddated4 has 189 h (Wind 0TWh)
and 477 h (Wind 42TWh) of zero production hours.

5.5 Increase o¥ind production ingghboringrea

In Case5, the new wind production investmeatsmadein A1 andA3. With
synchronouslexpandingnew wind power to neighboringregiors, A1 and A3
(Table33), the implementatiostopsin the first round iteration 46TWh/y in Al



because th80 TWhly- solution created negatispot pricesand the optimal
increase of wind power productfonndsin the90TWhly (2*45TWh/y) addition.
In Case 5, the valuewind production doesot drop belowhed ¢ 0 ‘O of wind
production.The value of wind power is 72,1 euro/MWIlg(re40, top), andtie
yearlyaverage conventional power produdgeelin Alis 8,8 GWh/h.

Tabl83Casé parameters
Parameters
°
& c
g S8 o
L2 S5 c
IS g = s
= =] S
I 22 3
CaseArea Cases Ec 3 & 2
5 Al wind power increase from 2019 level to max 2 00% yes
A3 wind power increase from 2019 level to max 2 00% yes

Conventional production, A1

W

interconnectors

e

Note

< N
(1)
7]

Case 5 + effect of VRE-poli
yes

ww| e I
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Figurd0Valueof wind produdtio@ase.5The value of wind power is 72,1 euro/MWh in

Al. The werage conventional pro@gBuvihsin AL

The nerit order effect decreasbe area pricdfigure4], Table34). A2s area

prices dropagainmore than in Alindicaing the lack of transmission lines

capabilities to transfer additional poin@n Al andviaA2. Still, theras astart of
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adecrease in the value of wiirmverafter70TWh/y of increasedind production
(Figure43 lef&right, top) The phenomena are similathe previou€ases 2- 4

in valuesbut not thatsignificantThe main difference is thiéie increasing solar
valuefactorincreases steadlibut the decreasing wind vdamorin A1 and A2are
missing(Figure43 left&right, bottom) The orrelation effect keepgi nd power
value factor above one Isiill supports the solar power value facttwe value

factors of onsunption and conventional power productsteyabove one.

Tabl&4 Calculatetea price statisti€ase 5

starndard deviato

. L minimum prices maximum prices
prices euro/MWh in prices, euro/MWh curo/MWh
euro/MWh
£ £ £ £
< < < <
s E 4|5 E a|s5E s|ls B s
s ¢ sl g glge sls5 8§ 8
* c * c * c E c
o N ™M [) o N ™M [} o N ™M [} o N ™M [0}
T T é o T © é ° T © g o e ) g oy
E £3 e £ £ £ E £ = = £ X =
Aea [ 2 =< T |2 2< B2 =< = = =< ©

Al 80,04 67,66 -12,3911,07 13,29 2,22|57,11 -0,23 -57,34 108,78 92,66 -16,12
A2 80,04 66,01 -14,03 11,07 16,54 5,47|57,11 2,57 -54,594108,78 95,25 -13,53
A3 80,04 71,22 -8,82|11,07 9,46 -1,61]55,21 49,59 -5,63]108,78 95,25 -13,53
A4 80,07 71,72 -8,35|11,06 8,74 -2,3161,33 61,33 0,00 [157,37 95,25 -62,12
A5 80,04 71,27 -8,77|11,07 9,44 -1,6357,11 49,59 -7,53]108,78 95,25 -13,53
A6 80,06 73,78 -6,27|11,33 11,36 0,03|50,04 19,19 -30,84 108,78 100,97 -7,81
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Area prices in Case 5
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Vakues in Case 5 Values in Case 5
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Figurd3 Changes in prices and value Gaser® Al and AZThe alar powealue
factoncreasesastilyand e valdact@of wind povaegstable

In total 90TWiy (2*45TWhly) increase of wind power in &Ahd A3crated
134 million tCO2emissions reduction valued aro@¥® million euros.The
decreased emission value is about 7,5 million euros per one TWh increase in wind
production Areas A1 and Agignificantly reduce emissial® tothe lowerload
factors in conventional production atige highest greenhouse gas emission
intensity Thesignificant decreasetie conventional production load facssrow
presentait A3and 45, but due tdow greenhouse gas irdggn reduced emission is
lackingin these areas. A6 benedignificantlyfrom the increased wind egg a
majorshare of emission reduction and its vah still benefitdrom declining
emission output from the increasing wind production elsewhbte35 shows
recalculated load factors, changes in conventional productions, emissions
redistribution, and emission value when incre&Sivgh wind energy inoth A1
and A3

Tabl&5Load factors, change in conventional production, emissions anGasd¢ue of emi:

5
Q
%) < IS
s H 2 ®
o = = (=}
8 > Y 0
=] = Q N >
g g © o) g
S fin} 2 Q 3
Case 5, wind TWh 0 9 % % %
Al 0,58 0,52 90% -84 9,30% 86 -718186 -35909 300 5,30 %
A2 0,32 0,28 88% -2,8 3,10% 322 -895804 -44 790200 6,70 %
A3 0,69 0,58 84% -15 16,70 % 8 -120112 -6005600 0,90 %
A4 0,17 0,11 66 % -7,1 7,90 % 8 -56544 -2827200 0,40 %
A5 0,52 0,44 84 % -22 24,50 % 19 -418627 -20931350 3,10 %
A6 0,32 0,29 90 % -34,7 38,60 % 323 -11 222 958-561 147 90083,60 %
-90 -13 432 231-671 611 550
5Value of enssion reduction, euro/TWh,wind 7 462 848
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Case 5, witBOTWhYy new wind production, balances the grid in. The
congestion income increases relatively stable beth@ewhly of additional wind
power in A1l and ARAn 80TWHy increasén wind poweicauseshe prices in Al
and A2 to collapsand the change the congestion income increases. TSOs in A3
and A5 have the highest congestion indbrAe6 s TSO i s ignored
income increases in all TSO, but the boosting effect is lacking until after the
80TWhly increasdn the end, theangestion income is about 120 million euros less
than in Case 4, having the same infrastructure in place, showing that the transmission
system is more balanced with more dispersed wind prodlehi@36andFigure
44 show congestion income witB-90 TWh/y wind energyn A1 and A3 new
interconnectors increasad base load fleet change

Tabl86 The congestion int@ase 5

Congestion income to TSO, million euros

Case 5, wind TWh10 20 30 40 50 60 70 80 90
TSO_Al 01 01 03 05 08 15 34 73 215
TSO_A2 00 00 00 00 00 02 11 3,0 109
TSO_A3 89 88 99 11,814,819,3254 344 521
TSO_A4 03 03 06 10 15 25 42 7,2 153
TSO_A5 51 51 58 7,1 89 11,7155 20,4 26,3
TSO_A6 13,8 13,8 15,3 18,3 23,0 29,5 37,8 48,8 62,5
TSO_Total 28,2 28,1 31,8 38,7 49,1 64,7 87,4 120,9 188,5

_.. The TSOs congestion income and the value of wind in Case 5 The TSOs)¢ongestion income per wind TWh and the value of wind in Case 5
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Figurd4The congestion int@agse Fhe congestion income anc #aeesio boasy
effect.
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Hourly spot volatilities increase again in A1 and A2 and decrease elEabere (
34, standard deation in pricésIincreasing wind production@0TWh/y in A1 and
A3 balances therid. The predictabilityncreaseslue to moderatepositive
correlationdbetween Al and A& A3 in the change of conventional production
Positive moderatrrelations betweerbAo A3 or A4 remain(

Table37). The redistribution of the conventional output can be observed visually
from the shapes of differences in conventional productibigine45andFigure
46

Conventional production in AZ, A3, A4, A5, A6

4 5 [ 7 8 9 10 " 12 13 14
Conventional production in A1, GWh/h, Case 5

Figurd5Conventional production compéedt) and1A6 (rightCase. Grid congestion
affects conventional power producti on:¢

Tablg7 Correlations in the change of conventional productions, Case 5

Al A2 A3 A4 A5 A6
Al 1
A2]1052] 1
A3]0,52]0,09 1
A4 -0,15 0,29 0,01 1

A5 0,01 0,16] 0,63 0,56] 1

A6 0,33 0,16 -0,01 -0,17-0,25 1

In Case 5, new investments in wind power are profitable, but the negative spot
prices stop investment, buyers benefit from decreasing costs and producers' revenue
decreases. The solar power value factor increases above one in Adrahthé\2
other value factors remabove one.Decreasing conventional production load
factors indicates that the emission reduction will not stayamdA43but spread
around, especially ilbAAnnual wind energy increase al@WBNh/y congested
the grid, deterioratedimd energy value and increased price volatility due to
unpredictable conventional production and decreasing spot prices.
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