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________________________________________________________________ 

The European Union (EU) Renewable Energy Directive, from 2009,  has legally 

binding targets for the renewable energy share of final energy consumption in 

individual member states. Especially 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 market players: consumers, wind, solar and conventional 

power producers. The calculation is done by the realistic Power Model based on 

Baltic, Nordic and German power market data. The Power Model consists of price 

following conventional power production, import/export between areas, climate 

normal and perfectly inelastic forecasts for consumption, wind and solar production 

and grid topology. The objective is to maximize social welfare when increasing 

variable renewable energy deployment in the power market with energy exchange to 

the neighboring regions. 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 reduction, and TSOs congestion income are evaluated.  

Due to the nonlinearity of the problem, a step-by-step 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 by increasing wind power production, decreases area prices. Reduced 

and reshaped area prices connected to the use/generation of power determine the 
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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.  

Significant prices, values and value factor changes are directly connected to 

investments and congestion in the interconnectors between spot price areas. 

Carbon-free wind power energy spreads in the power system and decreases 

conventional power production in the power system. Market price volatility will 

increase, and increased volatility will increase the cost of mitigating price risk in 

general. TSOs have a critical role on the road to climate neutral economy.  TSOsõ 

congestion incomes should be invested in the interconnectors 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 

inside each region. Current VRE power expansion plans are massive enough to 

change the price profiles of the whole power system. Expansion in neighboring 

regions might dramatically impact the other areas' price curves. The entire power 

system and the renewable energy policies in the neighboring countries should be 

acknowledged with existing energy exchange possibilities when a massive amount of 

VRE production is planned. 

In this study, the forecasts are perfectly inelastic hourly forecasts, and the study 

concentrates on a day-ahead market and cross-country electricity exchange. The 

main shortcoming of the model is the absence of flexibility in demand and VRE 

production, i.e. demand-side management, load shifting and peak shaving and lack 

of storage. Therefore, negative spot prices are not allowed. These should be included 

in the Power 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 energy share of final energy consumption in 

individual member states, including Norway and Iceland. The EU's 2030 climate and 

energy framework incorporate EU-wide targets and policy objectives from 2021 to 

2030. The goal is to transfer the EU to a climate-neutral economy and meet the Paris 

Agreement1 by updating its National Determined Contribution. In European Green 

Deal, the Commission proposed in September 2020 to raise the 2030 Greenhouse 

Gas Emission Reduction Target 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 target. Three key targets to meet for 

2030 from 1990 levels are at least 40% cuts in greenhouse gas emissions, at least 32% 

share of renewable energy, and at least 32,5% improvement in energy efficiency. The 

EU Emissions Trading System, the Effort Sharing Regulation with Member States' 

emissions reduction targets, and the Land use, land-use change, and forestry 

Regulation are implemented to meet the greenhouse gas target. These actions ensure 

that all sectors contribute to the target by reducing emissions and increasing 

removals. (European Union, 2022) Especially two first targets, the decrease of 

greenhouse gas and the increase of renewable energy production, affect the Variable 

Renewable Energy (VRE) production investment in the EU power markets.  

Carbon-free VRE production replaces conventional power production. VRE 

production will lower the market price in the energy-only market for different 

reasons. VRE production can be prioritized or offered to the spot market with a low 

or even zero offer price. Due to the VREõs offer price, VRE production changes the 

intersection of demand and supply in power. VRE production shifts the meeting of 

the demand and supply curve to a lower marginal price level, and the spot price of 

electricity is reduced.  

 
1 https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement 
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Economically there is no difference if all cost components when integrating more 

VRE production in the system are valued as increasing cost (ôcost perspectiveõ) or 

decreasing value (ôvalue perspectiveõ) of VRE production. The latter is used in this 

study. In optimal VRE production, the revenue from the resulting market should 

cover all the generation costs. (Hirth, et al., 2015) 

1.2 Research questions 

Increased market prices and decreased LCOE of wind power have 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 energy-only market: 

consumers buying electricity from the hourly spot market and wind, solar and 

conventional power producers earning revenues from the same source. The study 

concentrates on a spot market by optimizing conventional power production and 

cross-country electricity transaction. As 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 realistic Power Model based on 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 

maximized with increasing wind power production, growing consumption, planned 

changes in low marginal cost baseload production, and interconnection. The 

weather-dependent consumption, wind, and solar power forecasts are perfectly 

inelastic hourly 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 carbon-neutral renewable energy be transferred and 

consumed, and how the emission be reduced?  

4. What will be the role of TSOs?  
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This study answers the research questions, through analyzing impacts of increases 

in wind power production, in the case studies by maximizing social welfare in the 

energy-only market in a realistic power system with nonlinear price curves 

approximating the power supply curve, i.e. merit order curve. Work maximizes the 

sum of consumers' and sellers' benefits and will cover the redistribution effects 

caused by the increasing share of wind power production on prices, energy value, 

value factors, emission reduction, congestion income, and price volatility 

expectations. The study includes cases where market prices, interconnectors, low 

marginal cost base load and consumption changes. This study optimizes social 

welfare in the 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 welfare maximizing is a concept used in the various analysis of power systems. 

For example, the social welfare of the power system is defined as the sum of total 

benefits of buyers and sellers, so maximizing social welfare means changing the 

demand side profits, seller side revenue and generation side cost (Gore, et al., 2016). 

Different components, like  TSOõs congestion rent, can be included in the problem 

formulation (Abhindranatha & Tiwari, 2015) (NEMO Commitee, 2020). With social 

welfare maximizing, local phenomena like residual load, merit order curve and values 

of VREs can be connected to the neighboring power systems by cross-country 

electricity trading.   

There are variations in problem formulation for social welfare in power systems. 

Daily, from Finland to Portugal, day-ahead hourly spot prices are established from 

the total market value of the day-ahead auction, including the consumer surplus, the 

supplier surplus, and the congestion rent (NEMO Commitee, 2020). Social welfare-

maximizing is used in optimizing cross-border trading with different market 

structures, i.e. energy-only and energy-capacity markets with different capacity 

allocation and capacity payment policies schemes (Gore, et al., 2016), (Ochoa & van 

Ackere, 2015), (Ochoa & van Ackere, 2015a), the intersection of national renewable 

energy policies in common power markets (Zakeri, & Syri, 2016), profitability 

analysis of different submarine HVDC interconnections between power markets 
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(Zakeri, et al., 2018) and calculation of the wind-pumped storage hydro plant of two 

different operating strategies (Abhindranatha & 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 should be noticed (Zakeri, & Syri, 2016). With large share of 

renewable energy sources simulations show the reduced operation of thermal power 

plants, higher hydropower production variability, increased exchange among the 

areas, and electricity prices becoming more volatile, but electricity prices average 

decrease (Jaehnert & Doorman, 2014). 

Price modelling, merit order curve and effect 

Spot prices in the energy-only power market are determined as a function of supply 

and demand. The energy supply is based on the merit order of power generation, 

and the timing of power demand specifies the demand curve. Fundamental electricity 

price modelling 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 from neighboring countries' supply situations like 

hydro balance (Smolen & Dudic, 2017).   

The merit 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 purposes. For example, the analytical merit order curve is modelled 

and tested with four models (exponential, hyperbolic sine, dual exponential, and fuel-

adjusted heat-rate models) (He, et al., 2013). The fuel-adjusted heat-rate model 

handles the different shapes of the price curve during low and high demand, fuel, 

and CO2 prices and explicitly models the market's heat-rate curve. The fuel-adjusted 

heat-rate model has the best fit for in-sample and out-of-sample performance in the 

German market. The fuel-adjusted heat-rate model is also used to estimate renewable 

power effects on Germany's price levels based on hourly spot 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 will change in and the merit order impact will change. 

Increasing renewable energy production, changes in nuclear energy capacities, and 

volatile fuel and CO2 prices affect the intersection of the merit order curve and 

demand curve. The merit order effect is called spot price changes due to increasing 

renewable production. The merit order effect can result that even the low marginal 
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cost baseload might produce power for fewer hours. (Sensfuß, et al., 2008), (Brunner, 

2014), (Cludius, et al., 2014), (Deane, 2015), (Woo, et al., 2016), (Figueiredo & da 

Silva, 2019), (Maciejowska, 2022) Keeping load following production fleet 

unchanged, changes in low marginal cost production fleet moves merit order curve 

horizontally. Rising fuel and CO2 prices increase the merit order curve vertically. 

The change of intersection point of the supply and demand curve described with the 

price curve model with changing residual load due to increasing VRE production, 

low marginal cost (mc) power fleet, and fuel and CO2 prices are in  Figure 1. 

 

 
Figure 1 The price curve for supply (black) and demand (black) are affected by changing residual 
load2, i.e. merit order effect (red), low marginal cost power fleet change (blue), and increase in fuel 
and CO2 prices (green).  
 

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 loss-making marginal cost if the startup/shut-down costs are higher than 

the losses of loss-making production (Hogan, 2017). Increasing VRE production has 

 
2 residual 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 formation (Sensfuß, et al., 2008).  

The merit order effect is lower in areas with more interconnections than in 

peripheral areas with fewer interconnector points (Ochoa & van Ackere, 2015). Also, 

elastic demand and direct storage will change the demand curve's position and shape 

and even participate in price formation when the low marginal cost of VRE 

production is high (Brunner, 2014).  

In Germany, VRE production increases, and the moratorium on nuclear 

production decreases the likelihood of negative spot prices, indicating the 

importance of energy policies promoting renewable energies and the nuclear 

moratorium (Gerster, 2016). Stochastic renewable production from wind and solar 

is explicitly modelled in the German day-ahead -market by withdrawing wind and 

solar power production 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 German day-ahead market. Wind power has a 

more significant impact than solar power during peak loads, which correlates with 

the estimated production. (Wagner, 2014) Increasing 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 levels. (Maciejowska, 

2022) The merit order effect at the Hellenic wholesale market was modelled and 

revealed to the electricity retailers by comparing actual spot and spot without VRE 

production, i.e. virtual spot prices. The wholesalers were exposed to the merit order 

effect caused by VRE production. (Loumakis, et al., 2019)  

Hourly spot prices were modelled with a linear regression model from 2007 to 

2009 on European Energy Exchange (EEX) 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 indicated that one GWh must-run VRE 

power decreased spot prices by 2,33 euro/MWh in 2008.  The forecasted 2020 price 

reduction estimate was 15 euro/MWh. (von Roon & Huber, 2010) Merit 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, 2015). A study, an analysis  with or without renewables,  to quantify 

the effect of renewables from the historic German spot prices in 2011-2013 

identified up to 52,9 euro/MWh increase in market price due to the absence of non-

renewable power production, i.e. revealing that the missing money problem has been 

at the market before the VRE-boom (Dillig, et al., 2016).  
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Value, market value and value factor of renewable energy 

The Levelized Cost of Generated Electricity (LCOE)3 is widely used when 

comparing the competitiveness of production. The LCOE will lead to wrong 

conclusions if the technologies are not comparable. Most conventional power 

production technologies (e.g., coal, gas combined cycle) are dispatchable. In contrast, 

VRE productions (e.g., wind, solar) are intermittent and not used for shut-ups/start-

down operations following load and price signals.  

Market value is defined as generators' earnings 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 production. (Hirth, 2013)  

Marginal Levelized Cost of Variable Energy, ὒὅὕὉ,  of the onshore wind 

production was estimated to be 39,4-82,9 euro/MWh in 2021 and 34,0-69,7 

euro/MWh in 2040 with full load hours 3200h-1800h, correspondingly, and for 

offshore,  58,7-96,6 euro/MWh in 2040 with full load hours 4500h-3200h, likewise 

(Kost, et al., 2021).   

VREsõ market value is affected by the share of production, total demand, 

network, conventional production in the area, and fuel energy complex, including 

CO2 prices.  Three main phenomena affect the market value of VRE outside the 

market. Firstly, the production of VRE-production is variable (i.e. time depending). 

Electricity is a time-heterogeneous good, and its value depends on production time. 

Secondly, the power production of VRE-production is unsure and creates forecast 

errors until the production time, and it can develop costs (i.e., balancing cost). 

Thirdly, VRE-generation's value depends on the place of production (i.e., grid-

related cost).  In addition, the VRE-productions interaction with the rest of the 

power system also introduces costs. These costs or value reductions can be separated 

into profile, balancing, grid-related, and residual costs. (Joskow, 2011), (Hirth, 2013) 

The more the generated wind energy is assumed to have a capacity value, the higher 

the value of wind energy (Räkköläinen, et al., 1995).   

The relative value factor is defined as the ratio of the hourly wind-weighted 

average wholesale electricity price and average baseload price. The relative VRE 

value factor compares the value of actual varying power to constant baseload 

production.  In economic terms, it is a VRE's relative price where the fundamental 

good is the baseload price. A value factor of VRE below 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 lifetime. (Anon., 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 comparable.  (Ueckerdt, et al., 2013), (Hirth, 2013), (Hirth, 

et al., 2015), (Hirth, 2015)  

1.4 Limitations of the study 

There are a bunch of limitations to this study. All the areas are considered to be 

copperplates4 inside areas. This assumption neglects, for example, the optimization 

of system-friendly wind turbines and geography diversification within areas (Klie & 

Madlener, 2022). In addition, The Central Western Europa (CWE) power system is 

used as a big copperplate. The effects of the changes in the CWE power system are 

outside this study. In addition, the HVDC links (Nord Sea Link, The West Coast 

project, (Energinet, Fingrid, Statnet, Svenska Kraftnet, 2021)) from the Nordic area 

to Great Britain and the effects of the energy balance and social welfare are neglected 

in the Power Model (Doorman & Frøystad, 2013), (Zakeri, et al., 2018).  

The load following power production fleet is assumed unchanged. In the long 

run, the load-following fleet adopts the new VRE generation, affecting the 

distribution of VRE's market value, changes, and green gas emission intensity in 

electricity generation.  

The hourly forecasts are perfectly inelastic. The aim is not to find the solution for 

the system inflexibilities, i.e. VRE production's limited capacity to react, lack of 

demand-side management and storage, and start-up/shut-down/ramping of 

generators. Also, forecasting errors after the spot market's gate 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 transportõs electricity consumptionõs effect on 

residual loads is unknown. This growth could be partly off-grid solutions, and the 

heavy deployment of storage and demand-side management is needed if the 

conventional power production fleet is unchanged. The shape of the residual load 

will change, and the storage and demand management will participate in the price 

formation (Brunner, 2014). These are not included in Power Model.  

Last but not least, the price curve fits in the price models were based on the year 

2019 actual data, which was a somewhat normal weather year in the Nordics. The 

 
4  ôcopperplateó: the area have enough transmission capacity to ensure that all hourly  volumes of 
electricity can be transported inside the area 



 

21 

dynamics of different hydro years with changing water values in the Nordic hydro 

production-based system are not modelled. 

In addition, existing more detailed power models like EMPS (Sintef Energy, 

2022), EnergyPLAN (Aalborg University, 2022),  Enerallt  (The Energy Efficiency 

and Systems Laboratory, Department of Mechanical Engineering, Aalto University, 

2018) and PRIMES (E3-Modelling, 2022) are 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. Chapter 2 provides a brief outlook of the 

current and future Baltic, German, and Nordic power markets and is the basis for 

this study's Power Model and cases. In Chapter 3, The Power Model in the energy-

only market is presented based on the aggregated topology of the Baltic, Nordic and 

German power systems. The model uses the 2019 power market actual data 

(ENTSO-E, 2022), (ENTSO-E Regional Group Nordic, 2020), (Svenska Kraftnet, 

2020). The curve fit analysis for the price model is based on the actual spot price,  

consumption and VRE production hourly data in 2019  (ENTSO-E, 2022). The 

social welfare-maximizing problem is optimized with an analytical and realistic 

Power Model developed in this work. In Chapter 3.2, because variable renewable 

energy reshapes residual load differently in the regions, the correlation and a duration 

curve analysis from forecasts with VRE production clarify the phenomena caused 

by climate-normal consumption and VRE forecasts. The climate-normal forecasts 

based on data in 2019 from a service provider5 in defined locations predict the most 

likely conditions to be experienced before the weather conditions are known (World 

Meteorological Organization, 2017). The 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 wind production placement. The increase 

of wind power is deployed in 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 volatilities. Chapter 6 concludes the 

work. 

 
5 https://www.energyquantified.com/ 

https://www.energyquantified.com/
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2 BALTIC, GERMAN AND NORDIC POWER 
MARKET 

The recent development and prospects of the Baltic, German and Nordic power 

markets are presented in this chapter. The focus is on VRE power production and 

new transmission lines between areas.  

2.1 Baltic power market 

Baltic TSOs have agreed on deeper integration of the Baltic power grids with the 

rest of the EU. This agreement includes synchronizing the Bastic power system 

towards EU neighbours' power systems and de-coupling from Russia/Belarus's 

power systems. Currently, the Baltics are synchronized in the EU power system only 

via Poland's power system. The other connections are HVDC links. Subject to this 

project, transmission line investment decisions are not known. (Purvins, et al., 2017) 

In 2020 Estonia installed VRE capacity is 26%, in  Latvia, 62%, and in  Lithuania, 

27% of installed electricity production capacity (International Renewable Energy 

Agency, n.d.). Baltic states will meet their 2020 renewable energy targets. Offshore 

wind power in Baltics has growth potential due to good wind conditions in 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. Since the Ignalina Nuclear plant's decommission in 2010, nuclear production 

has not been in Baltic counties.  (European Commission, Directorate-General for 

Energy, 2019)  

The Baltic electricity system has an everyday spot energy market connected to the 

rest of the European spot market, including Germany and Nordic. The spot market 

operates as an energy-only market. 
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2.2 German power market 

Germany is the Europan leading wind energy market, and wind energy has the 

leading role in Germany's energy transition. Before the nuclear suspension and 

moratorium in Germany after Fukushima on 11.3.2011, Germany had already 

invested significantly in VRE production, which accelerated after Fukushima.  

There are 63 GW installed wind generation capacity, and the share of wind energy 

in 2021 was 23% of the German electricity production. Germany's new coalition 

government has announced ambitious wind energy expansion targets supported by 

accelerated construction of on- and offshore wind turbines at new sites. Germany'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 80%. Offshore wind energy capacity 

will be increased to 70 GW in 2045 and installed onshore capacity to 100 GW by 

2030. A new onshore wind power act rises and contributes to wind energy expansion. 

The Wind Act remove existing restrictions on wind power sites.  (Germany 

trade&invest, n.d.) As a consequence of Russia's invasion of Ukraine, Germany's 

government published in April 2022 the Easter Package of renewable energy policy 

reforms targeting a share of renewables of 80 % in 2030 and 100 % in 2035, which 

equals 215 GW installed by the end of the decade (Wehrmann, 2022). Germany is 

also one of world's the biggest solar power producers, 4th, with over 58  GW installed 

capacity in 2021 (International Renewable Energy Agency, n.d.).  

The German electricity system has an everyday spot energy market connected to 

the rest of the European spot market, including the Nordic and Baltics. Hansa Power 

Bridge, 700 MW (expected in operation in 2025/2026) HVDC subsea cable between 

Southern Sweden and Germany will increase connection to the Nordic power system 

(Energinet, Fingrid, Statnet, Svenska Kraftnet, 2021). The spot market operates as 

an energy-only market. 

2.3 Nordic power market 

The Nordic area's total consumption has remained stable since 2005. VRE 

production has replaced fossil-based production. Nordic electricity systems 

(excluding Iceland) are highly interconnected and have an everyday spot 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 trade 
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excess produced energy to the neighbouring countries. The spot market operates as 

an energy-only market. 

In Nordic countries, electricity consumption is more than three quaters from 

renewable sources. For comparison, the consumption of renewables in the EU is 

one-third simultaneously. From 2010 to 2019, the total share of renewable energy 

consumption in the Nordic area rose 1,3% per year,  about three times compared to 

the EU average.  A significant part of the Nordic renewable electricity is produced 

by hydro production, about 235 TWh in 2019. The production share of biomass is 

29,9 TWh, wind 27,9 TWh, and solar  1,8 TWh. In the Nordic, the natural resources 

of each country are projected by the use of resources. Norway's hydropower-based 

consumption share is 60% (140 TWh) of the Nordic area's total hydropower. 

Sweden consumes 43% (21 TWh) of the actual wind power-based production, 

Finland 44% of biomass-based consumption (12 TWh) because of the forest 

industry and Denmark more than 50 % of the Nordic area's solar energy production. 

Denmark has also traditionally had a high wind production capacity. Iceland has 

geothermal energy production as a share of over 50% of other renewables. Nordic 

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 needs in renewable energy.  The 

expansion of VRE production in the Nordic region will continue strong with the 

growing energy consumption. (Nordic Energy Research, 2021) 

The estimated electricity consumption forecast is from 400 TWh in 2021 to 530 

TWh (33%) by 2030 and 655 TWh (65%) by 2040, averaging about 13,5 TWh annual 

linear growth (about 3,2% annual linear growth). General consumption will remain 

stable, around 225 TWh, consumption in the industry will increase to almost 50 

TWh, and transport's electricity consumption is assumed to reach 50 TWh from 3 

TWh in 2021. The most significant growth is hydrogen/P2X electricity consumption 

from zero to over 100 TWh in two decades.  In the same period, VRE production 

capacity will grow from the current 85 GW in 2021 to 145 GW (70%) in 2030 and 

189 GW (122%) by 2040, averaging about 5GW annual linear growth (6% annual 

growth). (International Renewable Energy Agency, n.d.) 

Hydroelectric power production is assumed to be stable in large-scale 

hydropower output, with only some increase in small hydro plants and increasing 

inflow due to climate change. Wind power onshore and offshore energy production 

will be central to the VRE growth. Onshore wind production is expected mainly in 

Finland and some of Sweden. Photovoltage production growth rate is expected to 
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be slower than wind production and, in absolute terms, relatively small compared to 

wind production. (Nordic Energy Research, 2021) 

In Finland, nuclear power production, Olkiluoto 3, will be finally commissioned6 

in 2022, and nuclear plants in Lovisa seek a lifetime extension till 20507. Forsmark I 

(985 MW), the oldest nuclear plant in Sweden, might be decommissioned during the 

subsequent decades. Still, there has also been discussion about the lifetime expansion 

of nuclear production in Sweden. Due to Russia's invasion of Ukraine, the western 

sanctions have increased the Russian electricity import trade insecurity to Finland, 

Lietuva and Norway 8, and the import is stopped at the time of writing. (Nordic 

Energy Research, 2021) 

Due to future changes in VRE production, consumption and base load fleet, 

Nordic TSOs plan to build over 10 000 km of new transmission lines and over 100 

new substations, worth around 25 billion euros (2021 value). Among these 

investments, there are two new cross-border connections, the Aurora line, 900/800 

MW (expected in operation in 2025), the interconnection between Northern Sweden 

and Finland and Hansa Power Bridge, 700 MW (expected in operation in 

2025/2026) HVDC subsea cable between Southern Sweden and Germany. In 

Sweden, tens of projects (scheduled to be in process between 2025-2040) will 

increase the transmission capacity from 7300 MW to 10 000 MW in a north-south 

direction (i.e. SE2-SE3) (Energinet, Fingrid, Statnet, Svenska Kraftnet, 2021).  

 
6 
https://www.tvo.fi/en/index/news/pressreleasesstockexchangereleases/2022/thestartofol3epr8217
sregularelectricityproductionpostponedtoseptember.html 

7https://www.fortum.fi/tietoa-
meista/yhtiomme/energiantuotantomme/voimalaitoksemme/loviisan-voimalaitos/fortum-hakee-
uutta-kayttolupaa-loviisan-ydinvoimalaitokselle 

8 https://www.fingridlehti.fi/pitka-yhteistyo-on-tullut-tiensa-paahan/  

(translated òlong-co-operation has come its wayó) 
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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 Aggregated price areas and grid topology 

This study aggregates the Baltic, German, and Nordic power markets  (Figure 2 and 

Figure 3) into six price areas (Figure 4). Finland (FI) represents one single area in the 

model, A1. A1 has interconnections to areas A2, A3 and A4. There is also an 

explicitly9 used connection point (import/export) to area A1. The share of installed 

capacity of hydropower is 18%, nuclear power 16%, VRE generation 14% and the 

rest 42%.  The conventional installed generation capacity is 14 830 MW. The details 

of production capacity in A1 are listed in appendix 7.2.1. 

Estonia, Latvia and Lithuania (EE, LV, LT), i.e. Baltic countries, are grouped into 

a single area, A2. A2 unifies three price areas of Baltic countries. Area A2 is 

connected to A1 and A3, not outside the Power Model. The share of installed 

capacity of hydropower is 18%, VRE generation 13% and the rest 69%. The 

conventional installed generation capacity is 8 067 MW. The details of production 

capacity in A2 are listed in appendix 7.2.2. 

Southern Sweden (SE3, SE4), with nuclear power and Northern Sweden (SE1, 

SE2), with hydropower dominance, establish their areas. In area A3, two southern 

Swedish price areas are coupled. A3 is in the middle of the Power Model with 

connections to the regions A1, 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 i.e. the usage of interconnector is known beforehand 
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The conventional installed generation capacity is 16 852 MW. The details of 

production capacity in A3  are listed in appendix 7.2.3. 

In area A4, two Northern Sweden price areas are coupled. A4 is also highly 

connected with transmission lines to the areas A1, A4 and A5.  The share of installed 

capacity of hydropower is 70%, VRE generation 25% and the rest 5%.  The 

conventional installed generation is 14 293 MW. The details of production capacity 

in A4  are listed in appendix 7.2.4. 

 

 
Figure 2 Physical areas (modified from https://www.nordpoolgroup.com/en/maps/#/nordic) 

Norway (NO1, NO2, NO3, NO4, NO5) with hydropower dominance is 

aggregated into one area. Area A5 combines Norway's five price areas into one spot 

area. A5 is also highly connected to the Power Model 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 appendix 7.2.5. 

German (GE) and Danmark (DK1, DK2) represent CWE in the Power Model. 

Area A6 is the most significant copperplate which balances the system. In the study, 

this area has unchanged consumption and VRE production and is used as a sink, 

which offsets the Power Model, i.e. area A6 only balances the Power Model. A6 is 

connected with interconnectors to A3 and A5. There are no connections and 

dependencies from A6 to the other part of Europa in the Power Model. The share 

of installed capacity of hydropower is 7%, nuclear 4%, VRE generation 48% and the 

https://www.nordpoolgroup.com/en/maps/#/nordic
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rest 31%.  The conventional installed generation is 123 3972 MW. The details of 

production capacity in A6 are listed in appendix 7.2.6. 

In Table 1 are listed the names of areas in the Power Model. Table 2 presents the 

maximum transmission capacities of the modelled interconnection lines between the 

regions following the maximum transmission capacity data from 2020 (ENTSO-E 

Regional Group Nordic, 2020). Installed conventional generation (total installed 

capacities-VRE capacities) are in Table 3. The calculated volume-weighted 

greenhouse gas emission intensity of electricity generation in the Power Model, in  

2019 value, is shown in Table 4 (European Environment Agency, 2019). 

 

 

Figure 3 Maximum interconnection capacities in MW (ENTSO-E Regional Group 

Nordic, 2020) 
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Figure 4 Topology in the Power Model with six areas 

 
Table 1 The areas in the Power Model 

Area Geography Price area

A1 Finland FI

A2 Baltics EE, LV, LT

A3 Southern Sweden SE3, SE4

A4 Northern Sweden SE1, SE2

A5 Norway NO1, NO2, NO3, NO4, NO5

A6 Germany, Denmark DE, DK1, DK2

Areas in the Power Model
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Table 2 Maximum transmission capacities between the areas in the Power Model (ENTSO-E 
Regional Group Nordic, 2020) 

Interconnection Area a Area b MW MW MW MW Total MW Changes Total MW Change

T1 A1 A2 1 016 1 016 1 016

T2 A1 A3 1 200 1 200 1 200

T3 A1 A4 1 500 1 500 800 2 300 Aurora

T4 A2 A3 700 700 700

T5 A3 A4 7 300 7 300 2 700 10 000 SE2-SE3

T6 A4 A3 700 250 600 1 550 1 550

T7 A3 A3 2 145 2 145 2 145

T8* A3 A6 600 615 1 700 715 3 630 700 4 330 Hansa

T9 A5 A6 723 1 632 2 355 2 355

* SE4-PL 600MW included

Interconnection Area a Area b MW MW MW MW Total MW Changes Total MW Change

T1 A1 A2 1 016 1 016 1 016

T2 A1 A3 1 200 1 200 1 200

T3 A1 A4 1 100 1 100 900 2 000 Aurora

T4 A2 A3 700 700 700

T5 A3 A4 7 300 7 300 2 700 10 000 SE2-SE3

T6 A4 A3 600 300 1 000 1 900 1 900

T7 A3 A3 2 095 2 095 2 095

T8* A3 A6 600 615 1 300 715 3 230 700 3 930 Hansa

T9 A5 A6 723 1 632 2 355 2 355

* SE4-PL 600MW included

Max transmission capacities to 

Area a

Max transmission capacities to 

Area b

 
 

Table 3 Installed generation capacities (Total installed capacity -VRE capacity) in the Power 
Model 

Area MW

A1 14 830 7 %

A2 8 067 4 %

A3 16 852 8 %

A4 19 076 9 %

A5 29 310 14 %

A6 123 972 58 %

Total 212 107

Installed conventional 

generation capacities in the 

areas in the Power Model
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Table 4 Volume weighted greenhouse gas emission intensity of electricity generation, value 2019 

kg CO2/MWh

A1 86

A2 322

A3 8

A4 8

A5 19

A6 323  

3.2 Power Model 

This chapter shows in detail the Power Model developed in this work. The base data 

(hourly spot prices, consumptions, generation capacities) is based on Baltic and 

Nordic power market data combined with the German power market from 2019 

(Nordpool ASA, 2022), (ENTSO-E Regional Group Nordic, 2020), (Svenska 

Kraftnet, 2020).  

2019 was chosen because it is the latest year without being disturbed by non-

normal conditions. Following several price-increasing 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 year. Also, the financial markets were 

stable during 2019 in the front products and further ahead. The year 2020 was 

affected by the Covid-19-pandemic and had a steep decrease in price at the beginning 

of the year. During the year 2021, market prices were divided into two parts. The 

first part of the year was still under pandemic pressure. The last part of 2021 escalated 

with a sharp increase in prices based on European energy complex worries causing 

record high market prices and volatility market prices caused by geopolitical insight. 

3.3 Price curve models in the areas 

In the Power Model, the fuel-adjusted heat-rate hourly power price model, ὴὬȟ  at 

price area, Ὥ , is the following 
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Equation 1 

where ίȟὥȟὦȟȟὧȟὨ  and Ὤ are the parameters and ί , ὦ, Ὠ π  form a curve fit least-

squares analysis from the aggregated hourly spot price data.  ὼὬ is hourly 

conventional production at area Ὥ  (He, et al., 2013). The shape of the price model 

curve is presented in Figure 1. 

The fuel-adjusted heat-rate hourly power price model (Equation 1) is an analytical 

and continuous price model which can be derived and integrated. The main 

advantages of the fuel-adjusted heat-rate hourly power price model are that it 

captures the different curvature at low and high demand, the integral taken estimate 

of the producers' costs and the changes in fuel- and CO2 -prices can be included in  

ί, which is the heat rate coefficient at the area.  The model can empirically estimate 

the heat-rate curve implied by the market data in each price area. The structural 

changes in the low marginal cost power fleet move the price model horizontally (i.e. 

ὼ ὼ ὧὬὥὲὫὩ Ὥὲ ὴέύὩὶ ὪὰὩὩὸ. The fuel-adjusted heat-rate hourly power price model 

can also capture negative spot prices due to the system's inflexibilities. Still, in this 

study, the spot prices are defined as nonnegative. 

The curve-fit calculation is based on actual hourly spot prices and residual loads. 

Residual load (Equation 2) is the share of consumption that must be covered by 

conventional load-following power production and import/export. Residual load is 

usually modelled by taking VRE productions10, i.e. wind and solar power, from the 

total demand 

 
Ὀ Ὤ ὈὬ Ὣȟ Ὤ 

 

Equation 2 

where Ὀ  is residual demand at hour Ὤ, ὈὬs total demand at hour Ὤ and 

Ὣ Ὤ is VRE generation from source r (i.e. wind, solar) at hour Ὤ. 

In the curve-fit optimization for parameters in Equation 1 for the areas, hourly 

consumption, wind, and solar power, actual data from 2019 is used (ENTSO-E, 

2022). On each site, residual loads are calculated from Equation 2. Based on the 

areas explained in Chapter 3.1, energy-weighted spot prices are calculated from 

hourly residual loads and hourly area prices. On each area exponential, i.e.  ὥὩ , 

 
10  Note: Consumption and production have opposite signs. VRE generation has negative sign in this 
work. 
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hyperbolic sine i.e. (½ Ὡ Ὡ Ὤ ), dual exponential i.e. ½ Ὡ Ὡ Ὤ  , 

and fuel-adjusted heat-rate i.e.. ίϵὩ Ὡ Ὤ models were curve-fitted and 

analyzed. 

The fuel-adjusted heat-rate model is chosen for a reason. The fuel-adjusted heat 

rate model is the best curve fit for five areas out of six. In the fuel-adjusted- heat-

rate model, fuel and CO2  price levels can be changed with an additional variable, 

which changes the power production price levels. Furthermore, the fuel-adjusted- 

heat-rate model can also be moved horizontally, assuming that the rest of the 

production fleet is unchanged, describing a change in the low marginal production 

cost fleet as the nuclear production. These phenomena in the supply curve are 

presented in Figure 1. 

Compared to the dual exponential model, one additional variable in the fuel heat 

rate model does not improve the model's fitness significantly. In area A1, the best fit 

was a hyperbolic sine model, but for practical reasons, all price curves are modelled 

with the fuel-adjusted heat rate model (Equation 1). In the fitting parameter 

optimization, negative spot prices were excluded at area A6 and residual load 

extremes, over 5 GWh/h at area A4. Excluding two high volumes in area A4, it can 

be grouped with the remaining areas A1-A3 and A5 (Figure 5, left). More studies on 

the curve-fitting problem would create a more liable price curve, but that is not in 

the range of this study.  

When identifying price curve parameters from 2019 actual data, area A6 is the 

most significant area; the magnitude is about the same size as the rest of the regions 

(Table 5). A6's duration curves are typical for a system with a lot of VRE production. 

The residual load curve with VRE production is steeper than the conventional 

duration curve because VRE production typically replaces mid-loads (Figure 5, left). 

The price duration curve in A6 is somewhat flat, with spikes at both ends of the 

curves (Figure 5, right).  A6 is the only area with negative prices during 2019.  

The result of the calculation of the curve-fit parameters for the fuel-adjusted heat 

rate curve is shown in Table 6. These parameters are used in The Power Model in 

price curve models (Equation 1). The goodness of fit results from the curve fit 

optimization is presented in Table 61 in appendix 7.3.  The price curves are pictured 

in Figure 6. 
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Figure 5 Hourly relative residual load and spot price duration curves  

 

Table 5 Residual loads and average prices in the curve fitting 

GWh min max average stdev

A1 4,18 13,98 8,86 1,63

A2 1,42 4,58 2,89 0,61

A3 4,75 20,08 11,31 2,76

A4 -0,71 6,51 2,04 0,91

A5 8,60 22,72 14,64 3,13

A6 3,41 76,37 38,44 12,70

euro/MWh min max average stdev

A1 0,12 199,98 44,04 15,29

A2 0,12 200,03 46,10 15,72

A3 0,12 109,45 38,67 10,44

A4 0,12 107,67 37,94 9,89

A5 5,15 91,63 39,01 7,90

A6 -80,62 120,00 37,80 15,30  

 

 
Table 6 Results from the curve fitting for the areas in the Power Model 

A1 A2 A3 A4 A4 A6

a = 10,12 3,95 9,93 -2,34 12,33 39,12

b = 0,92 1,14 2,23 1,33 2,99 10,50

c = 14,67 9,61 28,24 1,57 49,94 92,57

d = 2,23 1,79 5,46 1,00 12,92 24,92

h = 45,42 56,11 52,17 64,74 30,50 15,94

s = 1,17 1,38 0,92 0,47 1,59 3,24  
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Figure 6 The curve fits in the Power Model's areas. Green price/residual load points are excluded 
from curve fitting optimization in A4 and A 6. 

3.4 The market value and value factors of VRE production 

In this study, when integrating more VRE production in the power system, as value 

perspective is used, all cost components reduce the value of VRE production. 

Market players earn values, and they can be compared with value factors.  
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Figure 7 Separated integration cost of VRE production (Hirth, et al., 2015) 

This study defines the merit order effect as changing hourly spot prices due to 

VRE.  If the installed VRE capacity is non-marginal, the VRE power production 

reduces the hourly prices during windy and sunny hours by shifting the residual load 

curve to the left. This change is called the merit order effect.  

Furthermore, the correlation effect in this study is defined as a combination of 

the hourly spot price, energy and time. The positive correlation effect occurs when 

VRE production is produced simultaneously with the high spot prices (i.e. in 

production' average revenue' in Equation 4). If a VRE generation is positively 

correlated with high wholesale prices and the produced volume, VRE receives a 

higher price than a baseload of electricity (i.e. value factor in Equation 6).  

The cost-optimal deployment of VRE is reached when the total costs of a power 

system are at a minimum. The revenue of VRE production is a decreasing function 

of installed capacity. Adding one new VRE production unit will decrease the 

marginal revenue of that unit when demand, its flexibility, and conventional 

generation and its flexibility stays constant.  Optimal VRE deployment exists where 

VRE's marginal costs are equal to VRE's market value, which aligns with economic 

theory.  The downward-sloping marginal revenue ensures that the optimal share of 

VRE production at any given LCOE of VRE level exists if the income before the 
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added production unit is higher than the  ὒὅὕὉ of added VRE production. If not, 

then out-of-the-market action (i.e. policy actions like feed-in tariffs) are needed.  

 
Figure 8 The optimal quantity of VRE energy derived from the market value of VRE (Hirth, 
2013) 

The optimal VRE production market share is at the intersection where the 

marginal cost of a new invested VRE production equals the marginal revenue of the 

added production unit.  

 άὺ ὒὅὕὉ 

 

Equation 3 

where άὺ  is the marginal value of VRE production and ὒὅὕὉ is the marginal 

Levelized cost of VRE production. 

The VRE production market value (euro/MWh) is the revenue that the producer 

earns by selling electricity to the power market under the perfect and complete 

market assumptions, i.e. at the VRE production weighted market price ὴӶ  . The 

average revenue of VRE production is 

 ὴӶ ίόάὴὫȾίόάὫ 

 

Equation 4 
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where Ὣ is the hourly power generation profile, ὴ is the hourly spot prices, 

ίόάὴὫ), i.e. the sum of hourly spot prices times hourly VRE generation, is revenue 

from the same period ὸȟ and  ίόάὫ is the amount of production in the same period. 

The same stands for consumption and load following production. For comparison, 

the baseload price ὴӶ from the same period can be calculated from with Equation 4, 

keeping the production constant at each hour. ὴӶ  is equal to area price where the 

power is produced. When comparing yearly figures, ὸ is equal to 8760 hours, but this 

does not restrict the use of different periods. By inserting Equation 4 to Equation 3, 

the optimal cost/revenue is the point where the average income of VRE production 

in euro/MWh equals the marginal Levelized cost of VRE production (euro/MWh). 

 ὴӶ ὒὅὕὉ 

 

Equation 5 

The relative value factor of VRE production is defined as the ratio of the average 

revenue of the VRE production to the baseload price. 

 ὺ ὴӶ Ⱦὴ 

 

Equation 6 

The relative value factor is calculated as the ratio of the hourly wind-weighted 

average wholesale electricity price and average baseload price. For example, the 

relative wind value factor compares the value of actual varying wind power to 

constant baseload production in a specific spot price area where wind power is 

produced.  In economic terms, it is a VRE's relative price where the fundamental 

good is the baseload price. A value factor of VRE, ὺ  , 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 make them comparable.  (Ueckerdt, et al., 2013), (Hirth, 2013), (Hirth, 

et al., 2015), (Hirth, 2015) 

3.5 Social welfare in Power Model 

In this work, social welfare, Ὓὡ, of the power system consists of buyers who buy 

electricity when it is profitable and sellers who produce power with costs and receive 

income when the hourly spot price is worthwhile. Social welfare is defined as the 

sum of producer surplus, ὖὛ, and consumer surplus, ὅὛ (Gore, et al., 2016). The 

object function to be maximized is 
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ὓὥὼ ὖὛÈ ὅὛÈ  

 

Equation 7 

 

where producer surplus, ὖὛ(h), on area i and hour h  is 

 
ὖὛÈ ὴὼÈ ὼÈ ὴὼÈ ὨὼὬ 

 

Equation 8 

and consumer surplus, ὅὛ on area i and hour h, is   

 ὅὛÈ ὠὕὒὒὴὼÈ Ὀȟ È 

 

Equation 9 

where ὴ  is the hourly spot price, ὠὕὒὒ is the value of lost load and Ὀȟ È ) is 

the the residual load of area. ὼÈ is the hourly conventional power production in 

the area. 

ὛέὧὭὥὰὡὩὰὪὥὶὩ ὢ Ὢὢ ὖὛὬ ὅὛὬ ȟ 

 

Equation 10 

where the producer's and consumer's surplus in the areas are defined in Equation 8 

and Equation 9. In Equation 8 and Equation 9 ὴÈ is the electricity price at price 

area Ὥ calculated from Equation 1. Placing the price model from Equation 1 in the 

regions the social welfare to be maximized is  

 

 

 

 

 

 

 

 

 

Equation 11 
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Ὢὢ  

ί
ρ 

ς
Ὡ Ὡ   Ὤ ὼὬ

Ὠί
Ὡ Ὡ

ς
ὬίὼὬ

 

ὦίὩ Ὡ ρ

ς

Ὀȟ Ὤ ὠὕὒὒ

ί
ρ 

ς
Ὡ Ὡ   Ὤ  

 

 

Producers' income: 

ὴὼÈ ὼÈ  

Producersõ costs: 

᷿ ὴὼÈ Ὠὼ 

 

Consumersõ surplus: 

ὠὕὒὒ

ὴὼÈ Ὀȟ È 

 

Finally, the objective function to be maximized11 is   

 ὓὥὼὪὢ  

 

Equation 12 

The price model (Equation 1) and its use in the producersõ (Equation 8) and 

consumersõ surplus (Equation 9) as a part of the objective function (Equation 11) 

make the social welfare-maximizing problem a nonlinear optimizing problem.  

 
11 Note: Matlabõs fmincon-solver seeks the minimum, -f(X) should be used in the solver.    
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Figure 9  Social welfare of two interconnected areas (Gore, et al., 2016) 
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The assumption is that VRE investors make individual investment decisions 

based on market value without out-of-the-market action. In VRE investors' 

decisions, TSOsõ congestion income and redistribution of emissions are not 

connected, and the possible external cost (TSO:s congestion income and 

redistribution of CO2 emissions) is not included in the objective function but can 

be calculated from the results.  

3.5.1 Hourly spot prices between areas 

If the interconnectors are used implicitly12 and not congested, every physically 

connected area has equal hourly spot prices i.e. ὴὬ ὴ Ὤ π. This requirement 

will be removed if the transmission line between areas is congested. If , for example, 

the transmission line from A2 to A3 is congested, but all the other interconnectors 

are not, A2 will get the exact spot price as the rest of the system from A1. If the 

transmission line from A2 to A1 is also congested, the spot price at area A2 will be 

calculated by keeping the power balance13. TSOõs congestion incomes can be 

calculated from area prices. 

 Using the price model defined in Equation 1 and the notation in Figure 4, the 

nonlinear equality area price constraints in the Power Model,  are  

 

 ὝὭȟὮὴὬ ὴ Ὤ π 

ὝὭȟὮ ί
ρ 

ς
Ὡ Ὡ   Ὤ

ί
ρ 

ς
Ὡ Ὡ   Ὤ

 πȟ  

where possible ὭȟὮ  combinations are 

ὭȟὮ ρȟςȟρȟσȟρȟτȟςȟσȟσȟτȟσȟυȟσȟφȟτȟυȟυȟφ ȟ  

Equation 13 

 
12 Implicit usage= the energy flow in interconnector is not known beforehand 

13 Power Balance will be defined in Chapter 3.5.3 
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and  

ὝὭȟὮ
ρȟ ὭὪ ὸὬὩ ὸὶὥὲίάὭίίὭέὲ ὰὭὲὩȟ Ὥί ὲέὸ ὧέὲὫὩίὸὩὨ

πȟ ὭὪ ὸὬὩ ὸὶὥὲίάὭίίὭέὲ ὰὭὲὩȟ Ὥί ὧέὲὫὩίὸὩὨ
Ȣ 

3.5.2 Positive consumer surplus requirements 

Value of lost load at each area, ὠὕὒὒ, is included 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 consumersõ surplus is positive and 

placing the price curve models (Equation 1) to the consumersõ surplus definitions, 

the constraint restricting high spot prices at the areas is defined as follows 

 

 ὠὕὒὒÐὬ Ὀ ȟὬ πȟὭ ρ ὸέ φ 

 

  ÐὬ ὠὕὒὒȟὭ ρ ὸέ φ 

 

 ØὬ

ςὩὠὕὒὒὬ
ί

ὥ
ὦ

ὧ
Ὠ

ρ
ὦ

ρ
Ὠ

 

 

Equation 14 

  

where ί , ὦ, Ὠ and π. 

 

This constraint could be coupled with each areaõs maximum production capacity 

limits. In this study, they were modelled separately because the decision is connected 

to the consumerõs behavior and the maximum production capacity to the producersõ 

investment decisions. The maximum production is a variable limit in each area and, 

ὠὕὒὒ,  is modelled as the linear inequality constraints. 
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3.5.3 The power balance in the area 

In the Power Model, a power balance must be met each hour, i.e. the power 

production and the exchange between other connected areas must meet the residual 

load every hour.  Each area has a residual load Ὀ ȟȟ Ὤ (Equation 2) i.e. 

ὦὩήὬ Ὀ ȟ Ὤ. Power balances14 in the Power Model, which have to 

be met on each hour Ὤ ρ ὸέ Ὤέόὶί (notation from Figure 4) is following: 

 

Ὀ ȟ Ὤ ὼ Ὤ  ὼ Ὤ ὼ Ὤ ὼ Ὤ 

Ὀ ȟ Ὤ ὼ Ὤ  ὼ Ὤ ὼ Ὤ 

Ὀ ȟ Ὤ ὼ Ὤ ὼ Ὤ ὼ Ὤ

ὼ Ὤ  ὼ Ὤ ὼ Ὤ 

Ὀ ȟ Ὤ ὼ Ὤ ὼ Ὤ ὼ Ὤ ὼ Ὤ 

Ὀ ȟ Ὤ ὼ Ὤ ὼ Ὤ ὼ Ὤ ὼ Ὤ 

Ὀ ȟ Ὤ ὼ Ὤ ὼ Ὤ ὼ Ὤ 

ὼὬ ὼ Ὤ πȟ   Ὥ χȟωȟȣȟςσȢ 

 

Equation 15 

The last line, ὼὬ ὼ Ὤ π in Equation 15 determines the volume and the 

direction of optimized energy volumes between the areas. 

3.5.4 Implementation 

This chapter introduces the objective function, variables, limits, and constraints to 

construct the Power Model. Matlab's nonlinear problem solver, fmincon, is 

 
14 Power balance is depending on the grid topology and has to defined specifically for the grid in 
question. 
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implemented to optimize social welfare. The problem solver is defined to find a 

minimum of a specified constrained multivariable function by 

 

 ÍÉÎὪὢ 

Subject to  

 

ὰὦὼ όὦ
ὧὩήὼ π
ὃ ὼz ὦ

 ὃὩήzὼ ὦὩήȟ

 

 

Equation 16 

 

where ὃ and ὃὩή are matrices, ὦ and ὦὩή are vectors, and  ὧὩήὼ are functions that 

return vectors, and Ὢὢ is a function that returns a scalar. Functions Ὢὢ and ὧὩήὼ 

can be nonlinear functions. ὼ , ὰὦ and  όὦ  are vectors or matrices. (MathWorks, 2022). 

Variable vector  ὼ includes the conventional power production in each area and the 

power exchanges between areas. The Power Model's topology and notation are 

presented in Figure 4. 
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4 CONSUMPTION AND VRE PRODUCTION 
FORECASTS 

Consumption is generally connected to typical weather with social patterns like 

heating, cooling, lighting and industrial processes. Wind and solar power production 

have a daily and seasonal rhythm that differs in regions. To estimate future 

development, hourly consumption and solar and wind power production forecasts 

in a geographical place are needed. In this work, climate normal forecasts are used. 

Correlation and duration curves in different geographical regions are analyzed. The 

analysis follows the area structure, which will be described in Chapter 3.1. 

4.1 Climate normals as forecasts 

In general, climate normals15 are used for two main reasons. Firstly, the climate 

normals are a benchmark against observations providing a basis for climate datasets 

like temperatures. Secondly, the climate normals predict the condition, which will be 

notified or measured in a geographical place before the weather is known. (World 

Meteorological Organization, 2017) In this study, the weather normals for 

consumption, wind and solar power production, are used 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 producer16. Weather normals are averages 

of 40 weather years from 1980 ð 2019 weather data. For comparison, a single year 

data from year 2019 was used in price curve modelling. 

The forecasts in this study are the average of 40 weather years with data 

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, 2022). Using the climate normal forecasts will neglect the effect 

 
15 óA normal ð also referred to as a seasonal normal (when affected by weather/season) ð is the 
expected value for a given point in time or period, when you have no prior information on the weather 
status.ó https://app.energyquantified.com/knowledge-base/articles/13 

16 Energy Quantified 
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of load spikes and other operative actions, which are consequences of extreme 

weather conditions, forecast errors and the inflexibilities of the power system. 

The share of wind power in areas A1-A5 varies between 1-7% of the total of wind 

energy production at the area, totaling 19% of the total wind production forecasts in 

the Power Model. Relative solar power production forecasts in areas A1-A5 are 

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 A6's consumption is about 58% of the total consumption. 

Energies, maximum and minimum power in forecasts are shown in Table 7. Hourly 

consumption, wind and solar production and residual loads17 are depicted in Figure 

10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
17 Residual load is defined in Equation 2 



 

48 

Table 7 Consumption, wind and solar production and residual forecasts in 2019 

Consumption Wind Solar Residual load Consumption Wind Solar Residual load

A1 83,5 -5,1 0,0 78,4 9 % 3 % 0 % 11 %

A2 25,5 -2,0 -0,1 23,3 3 % 1 % 0 % 3 %

A3 111,2 -11,3 -0,1 99,8 12 % 7 % 0 % 14 %

A4 26,3 -9,9 0,0 16,4 3 % 6 % 0 % 2 %

A5 130,8 -3,3 0,0 127,5 15 % 2 % 0 % 18 %

A6 520,9 -130,6 -38,0 352,4 58 % 81 % 99 % 50 %

Sum 898,1 -162,2 -38,3 697,7

Consumption Wind Solar Residual load Consumption Wind Solar Residual load

A1 12 601 -798 -17 11 834 9 % 3 % 0 % 10 %

A2 4 182 -332 -85 3 873 3 % 1 % 0 % 3 %

A3 18 828 -1 895 -61 17 217 13 % 7 % 0 % 15 %

A4 4 157 -1 754 -4 2 845 3 % 6 % 0 % 2 %

A5 21 136 -505 0 20 649 15 % 2 % 0 % 18 %

A6 79 651 -22 948 -21 737 60 041 57 % 81 % 99 % 52 %

Sum 140 555 -28 232 -21 904 116 459

Consumption Wind Solar Residual load Consumption Wind Solar Residual load

A1 5746 -292 0 5316 9 % 3 % 0 % 14 %

A2 1628 -120 0 1470 3 % 1 % 0 % 4 %

A3 7147 -760 0 6271 11 % 7 % 0 % 16 %

A4 1980 -639 0 1030 3 % 6 % 0 % 3 %

A5 9299 -227 0 9070 15 % 2 % 0 % 23 %

A6 37100 -8370 0 15814 59 % 80 % 0 % 41 %

Sum 62 900 -10 408 0 38 971

Energy forecasts, TWh Energy forecasts %

Pmax forecasts, MW Pmax forecasts %

Pmin forecasts, MW Pmin forecasts %
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Figure 10 Consumption, wind power, solar power and residual load forecasts  

4.2 Correlations between forecasts 

Consumption is generally connected to typical weather with heating, cooling and 

lighting, and industrial processes. Weather dependencies in the forecasts change the 

residual loads' shape locally, affecting the correlations. For example, wind power 

production in the Nordics has a seasonal rhythm with higher production potential 

during winter. Furthermore, solar production naturally has the highest potential 

during summer days. Correlations18 in the VRE production between the different 

regions are presented in Table 8 andTable 9. 

 
18 Used in this study (Bobbit, 2020):  

Absolute value of ʍ  Strength of relationship 

ʍ < 0.25    No relationship 

0.25 < ʍ < 0.5   Weak relationship 

0.5 < ʍ < 0.75   Moderate relationship 
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The aggregated regions' wind production forecasts and the solar production 

forecasts are positively correlated with strong relationships (wind ʍ= 0,87- 0,98, 

solar ʍ =0,95-0,99, Table 8). The VRE production correlation is close but not the 

same in the areas, which will affect the residual loads of the regions differently.  

In the forecasts between the consumption and wind production (Table 9), the 

northern areas A1, A3, A4 and A5 have negative19 correlations with a moderate to a 

strong relationship (ʍ =-0,62 - -0,88) and positive correlations but no relationship 

between the consumption and the solar production (ʍ =0,09-0,24). The wind and 

solar productions have negative correlations with a moderate relationship (ʍ =-0,53 

- -0,61). Firstly, calculated correlations indicate that high consumption times in 

winter are windier than lower consumption times during summertime. Secondly, 

solar power has peak production during summer daytime, while 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 forecasts, the southern areas, A2 and A6, have negative correlations with 

no to weak relationship between consumption and both VRE productions (ʍ 
consumption/wind = -0,18 - -0,4, ʍ, consumption/solar =-0,21 - - 0,37). The 

correlation between consumption and wind production is less significant in the 

southern part (A2, A6) than in the north. The correlation between consumption and 

solar production is greater and opposite in the southern than in the northern part. 

Correlation in the southern part shows less seasonal shape-similarities in 

consumption and wind and longer solar production times in autumn and spring.  

In the northern areas A1, A3 and A5, when correlations were calculated between 

the forecasted residual loads and VRE production (Table 9, 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 

production decreases correlation and relationships in these areas when the shape of 

the residual load changes due to increasing VRE production. 

 It should be highlighted that in area A4, the share of forecasted VRE production 

compared to the area's predicted consumption is more than one-third. This higher 

share has shaped the residual load and changed the sign of correlations. The VRE 

 

ʍ > 0.75    Strong relationship 

 

19 Consumption is positive and VRE production negative in the forecasts in the Power Model. That is 
the reason why negative correlation between consumption and wind production indicate that during 
wintertime with high consumption there is also high wind production.   
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correlations decreased in area A6 between residual load and wind power and residual 

load and solar production. 

 
Table 8 Correlation between the forecasted VRE production. 

 

 

 

 

 

 

 

A1 A2 A3 A4 A5 A6

A1 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

A1 A2 A3 A4 A5 A6

A1 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

Wind production forecests

Solar production forecasts
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Table 9 Correlation between forecasted consumption, VRE production and residual loads 

 

The correlation calculation from the forecasted consumptions and VRE 

productions indicates that entering a new VRE production will change correlations, 

i.e. the shape of the residual load. The correlation calculation from the forecasted 

residual load and VRE production results demonstrates that the effect differs in 

different geographical locations and the volume of VRE load. This effect must be 

considered when VRE politics expand in other areas.  The correlation analysis 

includes information on how much the increase in VRE production changes the 

residual load of that area but does not include any information on the energy trading 

between regions. 

4.3 Duration curves from forecasts 

Traditionally, a load duration curve of consumption describes the relation between 

the maximum load needed to be covered by power production and the utilization of 

the entire consumption load. Usually, the generation to cover loads in the duration 

A1 A1 A1 A1 A1 A1

A1 Consumption1 A1 Residual load 1

A1 Wind -0,77 1 A1 Wind -0,72 1

A1 Solar 0,24 -0,61 1 A1 Solar 0,19 -0,61 1

A2 A2 A2 A2 A2 A2

A2 Consumption1 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 Consumption1 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 Consumption1 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 Consumption1 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 Consumption1 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

Correlations  in the area
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curve is divided into base, load following and peak load generation. The share of 

each generation can be optimized, for example, with a screening curve method or 

other methods (Phillip, et al., 1969), (De Jonghe, et al., 2011), (Zhang & Baldick, 

2017). The primary screening curve method provides the optimal mix of production 

capacities but is used in the greenfield20 approach. A prerequisite of the screening 

curve method is the knowledge of the cost of the production system. For simplicity, 

in the following duration curve example, it is assumed that the baseload capacity is 

up to 65%, the mid-load capacity is from 65% to 90 % and the peak load capacity is 

the rest of 10% of each area's maximum power. 

A load factor calculated from a load duration curve describes how much energy 

is used compared to maximum usage. The increase in VRE production also 

decreases the areas' consumption and residual loads' load 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 noted in every region. These results show that 

the VRE production is generated mid-loads and does not cut the peak load 

significantly. 

 Residual loads' load factor indicates relatively stable wind production during the 

year.  Solar production load factors are around 0,2 in every area. The solar production 

load factor means that solar production has a lot of zero or near-zero production 

hours during the year. The load factors are shown in Table 10. 

 
Table 10 Load factors in the Power Model. 

ConsumptionWind SolarResidual load

A1 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 production, creating the missing money problem21. 

Also, the baseload generation production hours and the load factor decrease. Some 

 
20 õgreenfieldõ indicates the process of developing a new power plant in the power system that has 
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 example (Hogan, 2017) 
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peak load generations have zero production hours by increasing VRE production 

during forecasted operations. During the non-windy periods at high load hours, peak 

load generation should be available for backup. Energy usage and production hours 

with peak load, load following and baseload generation with forecasted consumption 

and residual loads are shown in Table 11. The duration curves from the 

consumptions and residual load are pictured in Figure 11. 

 
Table 11 Energy usages and production hours with peak load, load following and baseload 
generation with consumption and residual load forecasts. 

Peak Load followingBase Peak Load following Base

A1 1 % 15 % 85 % 0 % 11 % 89 %

A2 1 % 12 % 88 % 0 % 8 % 92 %

A3 1 % 10 % 89 % 0 % 6 % 94 %

A4 1 % 12 % 87 % 0 % 0 % 100 %

A5 1 % 12 % 87 % 1 % 11 % 88 %

A6 1 % 15 % 85 % 0 % 1 % 99 %

h h h h

A1 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

Generation, consumption 

forecast

Generation, Residual load 

forecast

 

 

Likewise, as in the correlation analysis from the consumption and residual loads, 

the study of consumptions' and residual loads' load factors does not consider energy 

trading between areas. Instead, load factor calculations from the optimized 

conventional production link the information on the changes in VRE production, 

correlations, the merit order effects and power exchanges between areas. From the 

produced conventional energy, the evaluation of CO2 emissions produced can be 

estimated with the region-wide greenhouse gas intensities in electricity production 

(European Environment Agency, 2019).  In this study, the share of the optimized 

hourly conventional power production in the area versus the maximum installed 

conventional power production (Table 3) is defined as the load factor. 
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Figure 11 Load duration curves (blue= consumption, read=residual load) and assumed optimal 
shares of the base, load following and peak generation in the areas 
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5 CASE STUDIES 

In this chapter, eight cases are presented. The focus is on areas A1 and A2. Other 

areas may be too simplified to make any conclusions. For example, hydro-dominated 

Norway is aggregated in a single area, A5, without 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 executed. Solar power is unchanged in all cases an are 

relatively small share of total production. Due to the nonlinearity, step-by-step 

changes are required to determine the change's consequence. In Case 1, the 2019 

market price level is utilized to estimate the maximum deployment of wind power in 

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 Bridge, SE2-

SE3) and evolution of base power fleet (i.e. Olkiluoto 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 production in multiple areas. In Case 7, 

the consumptionõs annual growth is deployed with the maximum wind energy 

increase found in Case 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.  

In each case, A1õs residual load changes. A2õs residual load changes only when 

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 

only A1õs residual load changes. The wind power investment begins at the 2019 wind 

production level in Case 7 to Case 8.  In Case 7 and Case 8, the annual growth rate 

of 3,2 % is estimated from the consumption22 forecasts for 2019.  Table 12 shows a 

summary of cases. 

 

 

 
22 Linear annual growth rate  3,2% of consumption was estimated from forecasts (Energinet, Fingrid, 
Statnet, Svenska Kraftnet, 2021). 
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Table 12 Calculated cases.  

  
 

When a new wind investment is deployed, conventional production and power 

exchanges are optimized, and the area prices, consumer costs, and wind and solar 

production revenues are calculated. The general changes in the hourly area prices 

due to wind production, 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 factors and greenhouse gas intensities in electricity 

generation. Also, the TSOõs congestion incomes are evaluated.  Changes in the 

hourly spot pricesõ volatilities are presented.   

The consequences of new wind power deployment are optimized by maximizing 

social welfare. In Cases 1-6, in the first iteration, the wind production increase is 

linear at 5 TWh23 annually. In the second iteration, the optimal solution is found by 

increasing wind power by one TWh annually from the last feasible solution. In Cases 

 
23 Linear annual growth, 5TWh/y, of wind power was estimated from forecasts (Energinet, Fingrid, 
Statnet, Svenska Kraftnet, 2021) and https://tuulivoimayhdistys.fi/en/wind-power-in-
finland/projects-under-construction. 
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Change

1 A1 wind power increase from 0 to max 1 0,00 % no no Optimal value of VRE, 25 euro/tCO2

2 A1 wind power increase from 0 to max 2 0,00 % no no Case 1+ change in fuel prices, 50 euro/tCO2

3 A1 wind power increase from 0 to max 2 0,00 % no yes Case 2 +  change of interconnectors

4 A1 wind power increase from 0 to max 2 0,00 % yes yes Case 3 + change of base load fleet

5 A1 wind power increase from 0 to max 2 0,00 % yes yes

A3 wind power increase from 0 to mmax 2 0,00 % yes yes

6 A1 wind power increase from 2019 0 to max 2 0,00 % yes yes

A3 wind power increase from 2019 0 to max 2 0,00 % yes yes

A4 wind power increase from 2019 0 to max 2 0,00 % yes yes

7 A1 wind power increase 45TWh 2 3,20 % yes yes

A3 wind power increase 25TWh 2 3,20 % yes yes

A4 wind power increase 25TWh 2 3,20 % yes yes

A1 wind power increase 5 TWh from 2019-level to max2 3,20 % yes yes

A3 wind power increase 2,5 TWh from 2019-level to max2 3,20 % yes yes

A4 wind power increase 2,5 TWh from 2019-level to max2 3,20 % yes yes

fleetchange= Olkiluoto 3 1,6GW, Forsmark 1 -0,985GW, no external import to A1

new interconnectors= Aurora, Hansa, SE2-SE3

8

Case 5 + effect of expanding wind to A3

Case 5 + effect of expanding wind to A3 

and A4

Case 6  + 3,2% annual consumption growth 

rate in areas A1-A5

Parameters

Case 6  + 3,2% annual consumption growth 

rate in areas A1-A5, wind +10 TWh/y
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7-8, the annual consumption growth is in five-year steps, and the optimum is located 

in the second run in one-year yearly growth. This iteration process is done for time-

saving computational reasons. More info about the optimization process can be 

found in Appendix 7.1. 

In this study, the ὒὅὕὉ of wind is 40 euro/MWh to 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 below ὒὅὕὉ. Different ὒὅὕὉ s could be 

deployed, for example, if offshore wind power investment projects dominate. Value 

of loss load,  ὠὕὒὒυππ ὩόὶέȾὓὡὬ , was above the hourly 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. 

Secondly, the merit order effect in areas (average area prices and hourly spot prices), 

average costs of consumption and revenue of wind, solar and conventional power 

production (Equation 4) and value factor of consumption, wind, solar and 

conventional power in A1 and A2 (Equation 6) are analyzed focusing on wind and 

solar power24. Thirdly, the reduction and redistribution of emissions are calculated 

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 A1 and A2 because being the most 

significant CO2 emitters if A6 is excluded. Fourthly, TSOõs congestion incomes are 

presented. The congestion income calculation follows Nordic TSOõs model25.  

Finally, the predictability of the changes in conventional production with increasing 

wind power is shown by hourly spot price calculated standard deviations26, 

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 value factors describe the value relation of components inside 
the area. 

25 Nordic TSOõs model (Fingrid, 2022):  Congestion income [û/h] = commercial hourly flow on day 
ahead market [MW/h ] * hourly area price difference [û/MWh/h ]. TSOs, between whose systems the 
congestion income has arisen, share the congestion income equally. It is assumed that TSOs will use 
congestion incomes to grid investments. 

26 Higher standard deviation corresponds to higher volatility; is equal to higher option prices; is equal 
to higher hedge-cost to option buyers. Higher volatility also increases collateral costs in margin call. 
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5.1 Optimized wind production investment with 2019 values 

In Case 1 (Table 13),  the value of wind production drops below 40 euro/MWh in a 

15 TWh/y  increase in new wind power, and the optimal solution is found at 14 

TWh/y  growth of new wind energy in A1. At an increase of 15 TWh/y  in wind 

production, the value of wind power is 39,9 euro/MWh (Figure 12, top) and the 

yearly average conventional power production level in A1 is 7,8 GWh/h. The speed 

of the wind powerõs value drop accelerates if more wind power is established due to 

increasing the first derivative of the price curve after the optimum amount of wind 

power (Figure 12, bottom).  

 
Table 13 Case 1 parameters 
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Note

1 A1 wind power increase from 0 to max 1 0,00 % no no Optimal value of VRE, 25 euro/tCO2

Parameters

 

 
Figure 12 Value of wind production in Case 1. 15 TWh/y increase in wind production dropped 
the value of wind production, 39,9 euro/MWh, below  ὒὅὕὉ  in A1.  The average conventional 
production is 7,8GWh/h.  
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The merit order effect decreases the area prices ( Table 14, Figure 14). In A1 and 

A2, values decrease stable (Figure 15, left&right, top), and value factors are stable 

(Figure 15, left&right, bottom) when increasing 0-15TWh/y  wind energy in A1.  

Wind power production has more value than baseload, i.e. correlation effect 

increases the value of wind power. Consumers' value factor stays above one, 

indicating a similar correlation effect to wind production but the opposite. The value 

factor of solar energy is below one, less than wind power (Figure 15, left&right, 

bottom). There is no significant impact except the steady merit order effect with 

decreasing prices.  

 
Table 14 Calculated area price statistics in Case 1 
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A1 40,04 39,32 -0,72 5,53 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 40,02 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 -0,69 5,51 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 -0,13 24,23 24,23 0,00 54,42 53,20 -1,23

prices euro/MWh

starndard 

deviaton in 

prices, 

euro/MWh

minimum prices 

euro/MWh

maximum prices 

euro/MWh

 
 



 

61 

 
Figure 13  Changes in area price Case 1. All area prices decrease smoothly with increasing 

wind power in A1. 

 

 
 Figure 14  Changes in hourly prices in A1 and A2. Increasing wind power creates the merit order 
effect and decreases maximum and minimum hourly spot prices.  
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Figure 15  Changes in values and value factors in Case 1 in A1 and A2. Merit order effect exists, 
wind power is more valuable than base load, but solar power has less value- no changes due to 
correlation effects.   

Increasing wind production in A1 decreases conventional production volume in 

A1 and elsewhere in the model. Load factors of conventional production decrease 

in every area, i.e. the decrease in conventional production is redistributed around and 

replaced by wind energy imported from A1. Yearly 14 TWh addition in wind power 

decrease emission by about 2,2 million tCO2, valued at approximately 55 million 

euros. The decreased emission value is about 3,9 million euros per one TWh increase 

in wind production. A2 has the highest greenhouse gas emitting factor, and A2 will 

benefit from increasing wind power in A1. Conventional production in A2 decreased 

by about a third compared to A1, but the reduction of emission value is at the same 

level. Areas A3- A4 and A5 have marginal changes in the value of emission reduction 

because the greenhouse gas intensities in electricity production are low. The notable 

reduction flows to A6. Recalculated load factors, changes in conventional 

production, emissions redistribution, and the emission value in Case 1 are shown in 

Table 15.  

Case 1 is straightforward because the interconnectors can transfer the additional 

wind energy to the neighboring areas, i.e. no significant changes in congestion 

(Figure 16). The congestion income to TSOs remains relatively stable in the relatively 

low increase of wind production (Table 16, left), while marginal income decreases 

(Table 16, right).  The congestion income decreases even to zero in TSO in A1 and 

A2 as increasing wind power balances the grid. Table 16 shows TSO's congestion 

income when increasing 0-15TWh/y  wind energy in A1.  
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Table 15 Load factors, change in conventional production, emissions and value of emission  in Case 
1 
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Case 1, wind TWh 0 14 % % %

A1 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 -116 532 -2 913 295 5,30 %

A3 0,71 0,69 97,80 % -2,3 16,70 % 8 -18 665 -466 620 0,90 %

A4 0,17 0,16 95,20 % -1 7,10 % 8 -7 934 -198 340 0,40 %

A5 0,52 0,51 97,60 % -3,2 23,10 % 19 -61 349 -1 533 728 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 3 918 453
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Table 16 TSO's congestion income in Case 1 

Case 1, wind TWh 0 5 10 15

TSO_A1 0,6 0,0 0,0 0,1

TSO_A2 0,4 0,0 0,0 0,0

TSO_A3 6,2 5,7 5,7 5,9

TSO_A4 0,3 0,1 0,1 0,2

TSO_A5 3,9 3,9 4,0 4,1

TSO_A6 9,6 9,6 9,6 9,9

TSO_Total 20,9 19,3 19,5 20,1

Conguestion income to 

TSO, million euro
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Figure 16 The congestion income and the value of wind in Case 1, million euros. The congestion 
income is relatively stable with a 0 -15TWh/y increase in wind power, while marginal income 
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 A1. A1 and A2 are positively correlated in changes in conventional production 

with a strong relationship (Table 17). The rest correlation against A1 and A2 have 

weak or no relationships. Relationships from A5 to A3 or A4 have positive 

correlations with moderate relationships. The redistribution of conventional 

production can be observed visually from the shapes of differences in conventional 

production in Figure 17 and Figure 18. 

In Case 1, new investments in wind power are not beneficial if investments 

increase from 14TWh/y  at 2019 price levels, buyers benefit from decreasing prices 

and producers' revenue decreases. Conventional power production is predictable 

and volatility stable, keeping hedging costs stable. The emission reduction will not 

stay in A1 but spread around, especially in A2 and A6. The grid balance does not 

change, and TSOs congestion incomes remain stable. 
 

Table 17 Correlations in the change of conventional productions, Case 1. 

A1 A2 A3 A4 A5 A6

A1 1

A2 0,78 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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Figure 17 Conventional production around compared to conventional production in A1(left) and 
A6 (right) in Case 1 
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Figure 18 Reshaped duration curves in Case 1. A4 has 145 h (Wind 0TWh) and 217 h (Wind 
14TWh) of zero production hours. 

5.2  Increase in market price to double compared to 2019 

In Case 2, with double market prices compared to 2019 (Table 18), the higher market 

price boosts new wind investments. The implementation of new wind generation 

stops in the first-round iteration at 45TWh/h  because the 50TWh/y -try created 
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negative spot prices27. The optimal increase of wind power production is found in 

the 47TWh/y . In Case 2, wind production's value does not drop below ὒὅὕὉ of 

wind production. The value of wind power is 72,2 euro/MWh (Figure 19, top), and 

the yearly average conventional power production level in A1 is 7,3 GWh/h.  

 
Table 18 Case 2 parameters 
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Note

2 A1 wind power increase from 0 to max 2 0,00 % no no Case 1+ change in fuel prices, 50 euro/tCO2

Parameters

 

 

 
Figure 19 Value of wind production in Case 2 is 72,2 euro/MWh after 45TWh/y wind power 
investment. The average conventional production is 7,3GWh/h in A1.   

The merit order effect generally exists; increasing wind power decreases all area 

prices (Figure 20, Table 19). The speed of value drops in new wind power investment 

 
27 Negative prices stopped the optimization. In the real word one negative price is not barrier for an 
investment. 
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in A1 increases about trifold compared to Case 1 (Figure 19, bottom). The higher 

first derivative of the price model is caused by the higher market price level and 

lower level of conventional production.  

There is a significant change between 30-40TWh/y  after the new wind power 

investments in A1 in A1õs and A2õs area prices. Around 35TWh/y  increase of wind 

power, the area prices in A1 and A2 collapse. A2's area prices collapse even more 

than in A1. By definition (Equation 2), the wind power increase in A1 does not 

change the residual load in A2, but the price shape reflects from A1 to A2, creating 

the same effects in both areas.  

Solar power values decrease linearly (Figure 22, left&right, top) with decreasing 

prices. Around 30 TWh/y  of increase in wind power, the correlation effect 

accelerates; the value factor of solar starts to increase rapidly, value factors of 

consumption and conventional production increase and the value factor of wind 

power decrease (Figure 22, left&right, bottom). Additional wind power production 

at a high level supports the solar power value factor. It decreases wind energyõs value 

factor by changing the shape of the residual load in A1, which reflects in A2. With 

increasing wind power production during the production time of solar energy, the 

prices are higher and more valuable than during wind power production.  At the 

same time, the consumers' and conventional producers' value factors increase. The 

consumer value factor increases, making energy costly.  

 
Table 19 Calculated area price statistics in Case 2 
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A1 80,08 69,38 -10,70 11,07 13,64 2,57 58,05 -1,94 -59,99 132,52 94,68 -37,84

A2 80,22 68,26 -11,96 11,19 19,42 8,23 58,05 9,35 -48,70 132,52 103,42 -29,10

A3 80,02 75,86 -4,15 11,03 10,41 -0,61 58,05 53,21 -4,85 108,84 103,42 -5,42

A4 80,04 75,99 -4,04 10,99 10,20 -0,79 61,33 61,33 0,00 108,84 103,42 -5,42

A5 80,02 75,86 -4,15 11,03 10,41 -0,61 58,05 53,21 -4,85 108,84 103,42 -5,42

A6 80,05 77,04 -3,02 11,43 10,95 -0,47 48,46 48,46 0,00 108,84 103,42 -5,42

prices euro/MWh

starndard 

deviaton in prices, 
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minimum prices 
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maximum prices 
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Figure 20 Changes in area price Case 2. Area prices collapse in A1 and A2  after a 30 TWh/y 
increase in wind energy in A1.  

 
Figure 21 Changes in hourly area price in A1 and A2 in  Case 2 after  47 TWh/y increase of 
wind investments in A1. The hourly spot price in A1 drops below zero during low consumption 
during the Christmas holidays. 

In total 47TWh/y  increase of wind power in A1 crated 7,1 million tCO2-

emissions reduction valued around 356 million euros. One TWh increase in wind 

production generates about 7,6 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 sharply. Areas A1 and A2 
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significantly reduce emissions due to the most significant decrease in load factors of 

conventional production and the highest emission intensity factors. Still, A2õs 

emission decreases with the growing wind power in A1. Areas A3, A4 and A5 have 

marginal changes in emission redistribution affected by low greenhouse gas 

intensities. Again, a significant share of emission reduction flows to A6. A4 has an 

increasing zero production hours in conventional production. 

 
Figure 22 Changes in values and value factors in Case 2 in A1 and A2. Values in wind 

energy collapse after a 30 TWh/y increase. Solar powerõs value factor rises due to increasing wind, 

and wind powerõs value factor decreases. Price curve shape change in A1 reflects A2, and the solar 

value factor change is more significant in A2.  

 

Table 20 shows recalculated load factors, changes in conventional productions, 

emissions redistribution, and emission value when increasing 47TWh/y wind energy 

in A1. 

 
Table 20 Load factors, change in conventional production, emissions and value of emission in Case 
2 
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Case 2, wind TWh 0 47 % % %

A1 0,54 0,48 89,50 % -7,3 15,6 % 86 -631 842 -31 592 100 8,9 %

A2 0,32 0,28 89,90 % -2,3 4,8 % 322 -729 008 -36 450 400 10,2 %

A3 0,71 0,66 93,20 % -7,1 15,2 % 8 -57 080 -2 854 000 0,8 %

A4 0,17 0,14 84,90 % -3,1 6,7 % 8 -25 120 -1 256 000 0,4 %

A5 0,52 0,48 92,50 % -10,1 21,5 % 19 -192 394 -9 619 700 2,7 %

A6 0,32 0,31 95,20 % -17 36,1 % 323 -5 487 124-274 356 200 77,0 %
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Value of enssion reduction, euro/TWh,wind 7 577 200
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The congestion income is relatively stable or decreases between 0-30TWh/y  of 

additional wind power in A1 (Figure 23) and booms in A1-A4õs TSOs around 

35TWh/y , indicating the lack of transmission capabilities to transfer extra wind 

energy from A1 and via A2. Congestion incomes in A5 and A6 remain relatively 

stable, and the boosting effect is absent. Table 21 and Figure 23 show TSO's 

congestion income increasing 0-45TWh/y  wind energy in A1.  

 
Table 21 The congestion income in Case 2 

Case 2, wind  TWh 0 5 10 15 20 25 30 35 40 45

TSO_A1 1,1 0,1 0,1 0,1 0,2 0,3 0,6 3,2 19,6 64,2

TSO_A2 1,0 0,0 0,0 0,0 0,0 0,0 0,1 1,9 13,5 39,5

TSO_A3 12,4 11,4 11,4 11,7 12,3 13,2 14,4 17,8 31,2 60,7

TSO_A4 0,5 0,3 0,2 0,3 0,4 0,6 0,8 1,9 7,3 22,1

TSO_A5 7,9 7,9 8,0 8,2 8,7 9,4 10,2 11,2 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

Congestion income to TSO, million euros

 

 

 
Figure 23 The congestion income and the value of wind in Case 2, million euros. The congestion 
income boosts after a 35TWh/y increase in wind power. Marginal congestion income increases at 
the same time, especially in A1-A4.  

Price volatility will rise in A1 and A2 while the rest of the systemõs volatility 

decreases (Table 19, standard deviation in prices). Increasing wind production 

vanishes the predictability of conventional power (Figure 24). Correlations in the 

change of conventional production are weak or do not exists, except for the 

moderate positive relationship between A5 to A3 or A4 (Table 22). The 

redistribution of conventional production can be observed visually from the shapes 

of differences in conventional production in Figure 24 and  Figure 25. 



 

72 

Table 22 Correlations in the change of conventional productions, Case 2 

A1 A2 A3 A4 A5 A6

A1 1

A2 0,21 1

A3 0,10 -0,15 1

A4 -0,17 0,32 0,19 1

A5 -0,20 0,11 0,72 0,68 1

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

 

 
 

Figure 24 Conventional productions compared to conventional production in A1 (left) and A6 
(right)  in Case 2. Grid congestion affects conventional power productionõs predictability. 

In Case 2, new investments in wind power are profitable, but the negative spot 

prices stop new investment, buyers benefit from decreasing prices and producers' 

revenue decreases. The solar power value factor increases above one.  The emission 

reduction will not stay in A1 but spread around, especially in A2 and A6.  Annual 

wind energy increase above 35 TWh/y  congest the grid, deteriorate wind energy 

value and increase price volatility due to unpredictable conventional production and 

decreasing spot prices.  
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Figure 25 Reshaped conventional productionsõ duration curves in Case 2. A4 has 145 h (Wind 
0TWh/y) and 470 h (Wind 47TWh/y) of zero production hours. 

5.3 New interconnectors 

In Case 3, with new interconnectors (Table 23), the new investments in wind 

generation stopped in the first-round iteration at 50TWh/y  because the 55TWh/y - 

solution generated negative spot prices and the maximum founds in the 52TWh/y  

addition. In Case 3, wind production's value does not drop below ὒὅὕὉ of wind 
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production. The value of wind power is 73,0 euro/MWh (Figure 26, top), and the 

yearly average conventional power production level in A1 is 7,5 GWh/h.  

 
Table 23 Case 3 parameters 
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Note

3 A1 wind power increase from 0 to max 2 0,00 % no yes Case 2 +  change of interconnectors

Parameters

 

 

 
Figure 26 Value of wind production in Case 3. The value of wind power production is 73,0 
euro/MWh after a 50 TWh/y wind power investment.  Average conventional production is 
7,5GWh/h in A1.  
 

The merit order effect decreases area prices (Figure 27, Table 24). Still, there is a 

considerable decrease in the area prices in A1 and A2, starting at 40 TWh/y  of new 

wind production. A2's prices drop again more than in A1. The phenomenon is 

similar to Case 2 but starts about 10 TWh/y  later due to new interconnectors, which 

generally decrease grid congestion.  
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The same development in the value factors can be observed (Figure 29, 

left&right, bottom) as in Case 2. The correlation effect pushes the value factor of 

solar power above one, the value factors of consumption and conventional 

production increase slowly, and the value factor of wind power deteriorates below 

one. A2 is more affected than A1, even if the residual load in A2 is unchanged. 

In total 52TWh/y  increase of wind power in A1 crated 8,2 million tCO2-

emissions reduction valued around 409 million euros, about 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 euros. Areas A1 and A2 significantly 

reduce emissions, but less than in Case 2. Still, A2õs emission decreases with the 

increasing wind power in A1. A significant emission reduction flows to A6 assisted 

by strengthened interconnectors. Table 25 shows recalculated load factors, changes 

in conventional productions, emissions redistribution, and emission value when 

increasing 52TWh/y  wind energy in A1. 

 
Table 24 Calculated area price statistics in Case 3 
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A1 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

prices euro/MWh

starndard 

deviaton in prices, 
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minimum prices 
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maximum prices 
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Figure 27  Changes in area prices and value factors in Case 3. New interconnectors sift the drop 
about 10 TWh/y later than in Case 2. 

 
Figure 28 Hourly spot prices in A1 and A2 in Case 3. A1 faces negative hourly spot prices after 
52 TWh/y of wind investments. 
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Figure 29  Changes in values and value factors in Case 3 in A1 and A2. The correlation effect 
escalates at 40TWh/y of increase in wind power: Solar power productionõs value factor booms over 
one in A1 and A2, and the values of wind power start to decrease.  

The congestion income is relatively stable between 0-40TWh/y  of new wind 

power investment in A1 (Figure 30). Around a 45TWh/y  increase of wind power, 

the congestion income booms as the prices in A1 and A2 collapse, indicating the 

lack of transmission lines capabilities to transfer additional power from A1 and thru 

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 later, with increased interconnectors. Table 26 and Figure 30 show 

TSO's congestion income increasing 0-50TWh/y  wind energy in A1. 

 
Table 25 Load factors, change in conventional production, emissions and value of emission in Case 
3  
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Table 26 The congestion income in Case 3  

Case 3, wind TWh 0 5 10 15 20 25 30 35 40 45 50

TSO_A1 0,0 0,1 0,1 0,1 0,2 0,3 0,4 0,7 1,8 13,8 58,4

TSO_A2 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,4 6,8 29,1

TSO_A3 8,6 8,5 8,5 8,9 9,4 10,2 11,2 12,5 14,5 23,1 47,9

TSO_A4 0,1 0,3 0,2 0,3 0,4 0,6 0,8 1,2 2,0 7,7 28,1

TSO_A5 4,9 4,9 4,9 5,1 5,5 6,0 6,7 7,5 8,5 9,6 10,6

TSO_A6 13,4 13,2 13,3 13,8 14,7 15,9 17,5 19,5 21,9 24,5 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

Congestion  income to TSO, million euros

 

 

 
Figure 30 The congestion income in Case 3. The congestion income increases rapidly after a 
40TWh/y increase in wind power. Congestion increases in A1-A4. 

Hourly spot price volatilities increase again in A1, especially in A2, and the rest 

of the systemõs volatilities decrease (Table 24, standard deviation in prices). Case 3 

naturally increases the export of energy from A1. Because of the congestion, 

increasing wind power stays in A1, decreasing emissions in electricity production. 

Increasing wind production to 52TWh/y  in A1 vanishes the predictability of the 

conventional productionsõ output due to weak or no relationship in correlations in 

production changes. Only A5 to A3 or A4 relationships have moderate positive 

correlations (Table 27). The redistribution of conventional production can be 

observed visually from the differences in conventional production in Figure 31 and  

Figure 32.   
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Table 27 Correlations in the change of conventional productions, Case 3 

A1 A2 A3 A4 A5 A6

A1 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  

 

 
Figure 31 Conventional productions compared to conventional production in A1(left) and A6 
(right) in Case 3. Production levels in A1 are about 1,5GWh/h higher due to added 
interconnectors. Still, emission reduction is higher than in Case 2. 

In Case 3, 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 A1 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 above 45 TWh/y  congested the grid, deteriorated wind energy 

value and increased price volatility due to unpredictable conventional production 

and decreasing spot prices.  
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Figure 32 Reshaped duration curves in the Power Model Model in Case 3. A4 has 189 h (Wind 
0TWh) and 477 h (Wind 47TWh) of zero production hours. 

5.4 Change in base load feet and import 

In Case 4, with the deployment of new nuclear production (+ 1,6GW) and the 

absence of constant import (-1,3GW) in A1, a nuclear plant decommission (-

0,985GW) in A3  (Table 28),  the implementation of a new wind generation stops in 

the first round iteration at 40TWh/y  because the 45 TWh/y - solution created 

negative spot prices and the optimal increase founds in the 42TWh/y  addition. In 
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Case 4, wind production's value does not drop below the ὒὅὕὉ of wind 

production. The value of wind power is 71,0 euros/MWh (Figure 33, top), and the 

yearly average conventional power production level in A1 is 8,8 GWh/h. 

 
Table 28 Case 4 parameters 
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Note

4 A1 wind power increase from 0 to max 2 0,00 % yes yes Case 3 + change of base load fleet

Parameters

 
 

 
Figure 33 Value of wind production in Case 4. The value of wind power is 71,0 euro/MWh. The 
average conventional production is 8,8GWh/h.   

There is a significant change after 25TWh/y  of new wind capacity in A1. The 

same phenomena occur as a merit order effect decreases area prices. Again, A2's area 

prices drop more than in A1. Still, there is a substantial decrease in the value of wind 

after 25 TWh/y  of additional wind production (Figure 36, left&right, top) and area 

prices (Figure 34, Table 29). The phenomena are similar to Case 2 and Case 3 but 

start about 15 TWh/y  earlier than in Case 3 when new interconnectors are deployed. 
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The correlation effect increases the solar value factor versus the wind value factor, 

and the value factors of consumption and conventional production increase (Figure 

36, left&right, bottom). Table 30 shows recalculated load factors, changes in 

conventional productions, emissions redistribution, and emission value when 

increasing 42TWh/y  wind energy in A1. 

 
Table 29 Calculated area price statistics in Case 4 
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Figure 34  Changes in area prices in Case 4. The area price drop escalates at 25TWh/y of increase 
in wind power.  

 
Figure 35  Hourly area prices in A1 and A2 in Case 4. A1 faces negative spot prices after 
42TWh/y wind energy investments.  
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Figure 36  Changes in values and value factors in Case 4 in A1 and A2. The price drop escalates 
at 25TWh/y of increase of wind power in A1. Solar power productionõs value factor again booms, 
but wind power's value factors are now relatively stable. Consumersõ and conventional power 
producers' value factors rise, especially in A2.  

Table 30 Load factors, change in conventional production, emissions and value of emission in Case 
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The congestion income is stable until 25TWh/y  of additional wind power in A1 

(Figure 37). Around 25TWh/y  increase of wind power, the area prices in A1 and A2 

collapse and the congestion income booms in A1-A4, indicating the lack of 

transmission lines capabilities to transfer additional power from A1 and thru A2. 

Congestion incomes in A5 and A6 remain relatively stable, and the boosting effect 

is lacking. In the end, congestion income is about 70 million euros higher than in 

Case 2 and 100 million euros higher and starts boosting about 15 TWh/h  earlier than 

in Case 3.  Table 31 and Figure 37 show congestion income with 0-40 TWh/h  wind 

energy in A1, new interconnectors increase, and base load fleet change. 
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Table 31 The congestion income in Case 4 

Case 4, wind TWh 0 5 10 15 20 25 30 35 40

TSO_A1 0,1 0,2 0,2 0,4 0,7 1,8 9,5 38,4 104,4

TSO_A2 0,0 0,0 0,0 0,0 0,1 0,7 5,3 22,3 48,4

TSO_A3 8,9 9,0 9,3 9,9 10,8 12,5 18,8 36,7 69,7

TSO_A4 0,2 0,3 0,4 0,6 0,8 1,6 5,4 18,1 50,0

TSO_A5 5,1 5,2 5,5 5,8 6,4 7,1 7,9 8,7 9,2

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

Congestion  income to TSO, million euros

 

 

 
Figure 37 The congestion income and the value of wind power in Case 4. The congestion income 
increases rapidly after a 25TWh/y increase in wind power. 

In Case 4, congestion in the grid starts earlier compared to Case 2 and Case 3 due 

to a reduced baseload in the fleet. Hourly spot price volatilities increase again in A1 

and A2 and decrease in the rest of the system (Table 29). Increasing wind production 

to 42TWh/y  in A1 vanishes the predictability of conventional production. With 

weak or no correlations in the changes in conventional production in A1 and A2, 

the conventional production outputs are unpredictable (Table 32). Positive moderate 

correlations remain between A5 to A3 and to A4.  The redistribution of the 

conventional output can be observed visually from the shapes of differences in 

conventional production in  Figure 38 and Figure 39. 

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 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 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.  

 
Table 32 Correlations in the change of conventional productions, Case 4 

A1 A2 A3 A4 A5 A6

A1 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  

 

 
Figure 38 Conventional productions compared to conventional production in A1 in Case 4. Grid 
congestion affects conventional power productionõs predictability. Conventional production levels in 
A1 are the same level as in Case 3. 
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Figure 39 Reshaped duration curves in the Power Model in Case 4. A4 has 189 h (Wind 0TWh) 
and 477 h (Wind 42TWh) of zero production hours. 

5.5 Increase of wind production in a neighboring area 

In Case 5, the new wind production investments are made in A1 and A3.  With 

synchronously expanding new wind power to neighboring regions, A1 and A3  

(Table 33), the implementation stops in the first round iteration at 45TWh/y  in A1 
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because the 50 TWh/y - solution created negative spot prices, and the optimal 

increase of wind power production founds in the 90TWh/y  (2*45TWh/y ) addition. 

In Case 5, the value of wind production does not drop below the ὒὅὕὉ of wind 

production. The value of wind power is 72,1 euro/MWh (Figure 40, top), and the 

yearly average conventional power production level in A1 is 8,8 GWh/h.  
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Note

5 A1 wind power increase from 2019 level to max 2 0,0 % yes yes

A3 wind power increase from 2019 level to max 2 0,0 % yes yes

Parameters

Case 5 + effect of  VRE-policy

 
 

 
Figure 40 Value of wind production in  Case 5.  The value of wind power is 72,1 euro/MWh in 
A1. The average conventional production is 8,8GWh/h in A1.  

The merit order effect decreases the area prices (Figure 41, Table 34). A2's area 

prices drop again more than in A1, indicating the lack of transmission lines 

capabilities to transfer additional power from A1 and via A2. Still, there is a start of 



 

89 

a decrease in the value of wind power after 70 TWh/y  of increased wind production 

(Figure 43, left&right, top).  The phenomena are similar to the previous Cases 2- 4 

in values but not that significant. The main difference is that the increasing solar 

value factor increases steadily, but the decreasing wind value factor in A1 and A2 are 

missing (Figure 43, left&right, bottom). The correlation effect keeps wind powerõs 

value factor above one but still supports the solar power value factor. The value 

factors of consumption and conventional power production stay above one.  

 
Table 34 Calculated area price statistics in Case 5 

Area W
in

d
 0

T
W

h

W
in

d
 2

*4
5
T

W
h
 i
n
 

A
1
&

A
3

d
iff

e
re

n
ce

W
in

d
 0

T
W

h

W
in

d
 2

*4
5
T

W
h
 i
n
 

A
1
&

A
3

d
iff

e
re

n
ce

W
in

d
 0

T
W

h

W
in

d
 2

*4
5
T

W
h
 i
n
 

A
1
&

A
3

d
iff

e
re

n
ce

W
in

d
 0

T
W

h

W
in

d
 2

*4
5
T

W
h
 i
n
 

A
1
&

A
3

d
iff

e
re

n
ce

A1 80,04 67,66 -12,38 11,07 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 -54,55 108,78 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 -2,31 61,33 61,33 0,00 157,37 95,25 -62,12

A5 80,04 71,27 -8,77 11,07 9,44 -1,63 57,11 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 -30,85 108,78 100,97 -7,81

prices euro/MWh

starndard deviaton 

in prices, 

euro/MWh

minimum prices 

euro/MWh

maximum prices 

euro/MWh

 
 



 

90 

 
Figure 41  Changes in area prices Case 5. The merit order effect exists, and the drop in area prices 
in A1 and A2 start to boom at a 70TWh/y increase in wind power in A1 and A3.  

 
Figure 42  Hourly area prices in A1 and A3 in Case 5. Negative spot prices in A1 emerged after 
2*45TWh/y wind power investment in A1 and A3.  



 

91 

 
Figure 43  Changes in prices and value factors in Case 5 in A1 and A2. The solar power value 
factor increases steadily, and the value factors of wind power are stable.  

In total, 90TWh/y  (2*45TWh/y ) increase of wind power in A1 and A3 crated 

13,4 million tCO2-emissions reduction valued around 672 million euros. The 

decreased emission value is about 7,5 million euros per one TWh increase in wind 

production. Areas A1 and A2 significantly reduce emissions due to the lower load 

factors in conventional production and the highest greenhouse gas emission 

intensity. The significant decrease in the conventional production load factor is now 

present at A3 and A5, but due to low greenhouse gas intensity, reduced emission is 

lacking in these areas. A6 benefits significantly from the increased wind energy, a 

major share of emission reduction and its value.  A2 still benefits from declining 

emission output from the increasing wind production elsewhere. Table 35 shows 

recalculated load factors, changes in conventional productions, emissions 

redistribution, and emission value when increasing 45TWh wind energy in both A1 

and A3. 

 
Table 35 Load factors, change in conventional production, emissions and value of emission in Case 
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Case 5, wind TWh 0 90 % % %

A1 0,58 0,52 90 % -8,4 9,30 % 86 -718 186 -35 909 300 5,30 %

A2 0,32 0,28 88 % -2,8 3,10 % 322 -895 804 -44 790 200 6,70 %

A3 0,69 0,58 84 % -15 16,70 % 8 -120 112 -6 005 600 0,90 %

A4 0,17 0,11 66 % -7,1 7,90 % 8 -56 544 -2 827 200 0,40 %

A5 0,52 0,44 84 % -22 24,50 % 19 -418 627 -20 931 350 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

Value of enssion reduction, euro/TWh,wind 7 462 848
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Case 5, with 90TWh/y  new wind production, balances the grid in.  The 

congestion income increases relatively stable between 0-40TWh/y  of additional wind 

power in A1 and A3. An 80TWh/y  increase in wind power causes the prices in A1 

and A2 to collapse, and the change in the congestion income increases. TSOs in A3 

and A5 have the highest congestion income if A6õs TSO is ignored. Congestion 

income increases in all TSO, but the boosting effect is lacking until after the 

80TWh/y  increase. In the end, the congestion 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 production. Table 36 and Figure 

44 show congestion income with 10-90 TWh/y  wind energy in A1 and A3, new 

interconnectors increase, and base load fleet change. 

 
Table 36 The congestion income in Case 5 

Case 5, wind TWh 10 20 30 40 50 60 70 80 90

TSO_A1 0,1 0,1 0,3 0,5 0,8 1,5 3,4 7,3 21,5

TSO_A2 0,0 0,0 0,0 0,0 0,0 0,2 1,1 3,0 10,9

TSO_A3 8,9 8,8 9,9 11,8 14,8 19,3 25,4 34,4 52,1

TSO_A4 0,3 0,3 0,6 1,0 1,5 2,5 4,2 7,2 15,3

TSO_A5 5,1 5,1 5,8 7,1 8,9 11,7 15,5 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

Congestion  income to TSO, million euros

 

 

 
 

Figure 44 The congestion income in Case 5. The congestion income increases, and there is no boosting 
effect. 
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Hourly spot volatilities increase again in A1 and A2 and decrease elsewhere (Table 

34, standard deviation in prices). Increasing wind production to 90TWh/y  in A1 and 

A3 balances the grid.  The predictability increases due to moderate positive 

correlations between A1 and A2 or A3 in the change of conventional production. 

Positive moderate correlations between A5 to A3 or A4 remain ( 

Table 37). The redistribution of the conventional output can be observed visually 

from the shapes of differences in conventional production in  Figure 45 and Figure 

46.  

 

 
Figure 45 Conventional production compared to A1(left) and A6 (right) in Case 5. Grid congestion 
affects conventional power productionõs predictability. 

Table 37 Correlations in the change of conventional productions, Case 5 

A1 A2 A3 A4 A5 A6

A1 1

A2 0,52 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 A1 and A2, and the 

other value factors remain above one.  Decreasing conventional production load 

factors indicates that the emission reduction will not stay in A1 and A3 but spread 

around, especially in A5.  Annual wind energy increase above 80 TWh/y congested 

the grid, deteriorated wind energy value and increased price volatility due to 

unpredictable conventional production and decreasing spot prices.  
















































































