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Introduction 

The surge in electricity prices in European electricity markets in the second half of 2021 has 
intensified the continuing debate over the implications of EU energy and climate policy. Short-term 
electricity price hikes have been observed in different countries, but also one-year forward 
contracts for baseload power in 2022 show that the price is almost double in most countries 
compared to the previous year [1]2. To protect low-income consumers already hit by the economic 
consequences of the Covid-19 pandemic, governments in some Member States have introduced 
support mechanisms or tax exemptions to reduce final electricity bills [2]3. In response to the 
increase in wholesale energy prices, the European Commission introduced a “toolkit” [3] with a set 
of short- and medium-term initiatives that Member States can adopt under existing EU rules to 
minimize the impact of the situation on consumers and the economy. 

While the Member States are still struggling to cope with the post-pandemic energy price 
hikes, the war between the Russian Federation (hereafter “Russia”) and Ukraine exacerbated the 
energy crisis in Europe. The physical blockade and the sanctions imposed on Russia have 
disrupted the energy trade and further increased energy prices. According to the World Bank, 
energy prices are expected to increase by more than 50% in 2022 [4]. As the EU has significant 
energy imports from Russia – around 40% of natural gas, 25% of crude oil, and 50% of coal 
imported to the EU came from Russia in 2019 – the geopolitical conflict has raised serious 
debates between the Member States on effective energy policies that could enhance the energy 
security at an affordable cost while maintaining a relatively ambitious climate target of the Union.   

There have been various causes of the recent electricity price hike in Europe. According to 
the European Commission [5], one of the main drivers is the growth in demand for natural gas 
globally as economies are emerging from the Covid-19 pandemic, which resulted in the rise in 
prices of natural gas worldwide4. This was followed by the bans and disruptions in the gas supply 
from Russia to the EU in the aftermath of the Russia-Ukraine war, which impacted countries most 
dependent on Russian gas, such as Germany [6]. In contrast to coal and oil, this dependency 
cannot easily be ameliorated in the short term due to limited capacity of both pipelines to other gas 
exporting countries and LNG import terminals. Commentators have also pointed to other reasons 
for the price hikes such as the rise in CO2 prices in the European Emission Trading System 
(ETS)5, the limited size of gas storage capacity in Europe, the decreased supply of gas from 
Russia as the main gas exporter to Europe even before the war, lower-than-expected wind 
electricity generation in 2021, and the retirement or phase-out of baseload coal and nuclear 
power, among other reasons [1,2,7,8].  

Amidst the debate over the short-term implications of soaring energy prices, questions have 
been raised as to what extent European energy and climate policy is responsible for the recent 
situation: While some experts believe this surge in power prices is a sign that the EU energy 
market mechanisms are failing in their role of securing sufficient power capacity at an affordable 
price, others consider the event as a temporary side-effect of the EU renewable energy transition, 

 

2 1-year forward contracts for baseload power marked 109 euro per megawatt-hour (€/MWh) in France, €112 in UK 
and €105 in Germany. 

3 For example, the government considers sending a one-off €100 payment to more than 5.8 million low-income 
households in France, while Spain has plans to bring consumer prices down to 2018 levels by tax cuts. 

4 At the Dutch Title Transfer (DTT), Europe’s leading benchmark, natural gas prices surpassed 50 €/MWh in Sep 2021 
(cf. pre-pandemic price of 10 €/MWh in Jan 2020). 

5 ETS CO2 prices reached 85-90 €/tonne in Dec 2021, which is three times higher than prices recorded in Jan 2021 
[127]. 
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which will be recovered in long term [9,10]. Member States are divided in this respect too. Some 
countries, including France and Spain, are calling for a structural reform of the EU energy market, 
while others including Germany are confident that an overhaul of the Union’s energy policy is not 
needed and the situation is not long lasting [11]. 

EU energy policy has been centred around increasing the share of renewable energy 
sources (RES) in final energy consumption, with the latest target for a 40% share by 2030 having 
been agreed by the European Council in June 2022 [12]. In addition to the mitigation of 
environmental impacts such as Greenhouse Gas (GHG) emissions, the main objectives of EU 
energy policy are to improve the competitiveness and transparency in the market, to enhance the 
energy security of Member States by reducing fossil fuel imports, to decrease energy prices for 
consumers by optimal use of shared resources, and to create local jobs in the clean energy 
industry, among others. This has resulted in a significant growth in the share of electricity from 
RES; 37.5% of gross electricity consumption in EU-27 originated from RES in 2020 (cf. ~ 14% in 
2005), with variable renewable energy (VRE) constituting nearly half of RES-based electricity – 
36% wind and 14% solar photovoltaic (PV) [13].  

The implications of such energy transitions from fuel-based power systems to VRE have 
been a subject of debate in Europe for more than two decades, for example, with respect to: the 
impact of VRE on price volatility [14]; flexibility, balancing and storage requirements for integrating 
VRE [15–17]; the operation and phase-out of thermal (including nuclear) power plants in the 
presence of VRE [18]; market design for accommodating high shares of VRE [19]; and policies for 
self-consumption of VRE onsite [20]. The impact of the renewable energy transition in Europe on 
the formation of electricity prices is another policy question discussed extensively, but is difficult to 
answer, especially regarding the quantification of the share of each electricity generation 
technology in setting electricity prices at the European scale. This paper seeks to answer this 
question. In the following, we review the literature on this topic and explain the contribution of this 
study. 

1.1 Renewable energy and the formation of electricity prices  

In EU’s energy-only markets, a power plant with a higher merit, i.e., lower marginal cost of 
electricity generation, is always given a higher priority in dispatch and access to the grid compared 
to a more expensive one [21]. On the other hand, the electricity price is set by the most expensive 
supply bid accepted in the market, typically from technologies with a relatively high marginal cost 
and located “at the margin”, i.e., at the far-right side of the marginal-cost driven supply-cost curve 
[22]. As low-cost RES such as wind and solar PV are growing in the power supply mix, more 
expensive generation plants such as fossil fuels are being pushed outside the supply mix or 
further at the margin – a phenomenon known as the “merit order” effect [23,24]. However, these 
high marginal cost, fossil-fuel, thermal power plants, which are at the margin, come online in many 
hours a year, especially at times of peak demand and low electricity supply from RES [25]. 

The impact of the renewable energy transition on the dynamics of electricity prices has been 
widely studied in the past: to name a few, the merit order effect of renewables in the Austro-
German electricity market is studied in [26]; the role of VRE in electricity price formation is shown 
in [27,28]; the impact of cross-border interconnectors and VRE on price volatility in North-West 
Europe is analysed by [29,30]; and different market designs to accommodate high shares of VRE 
in the system have been discussed in [31,32]. Moreover, the impact of renewables on end-user 
prices and the affordability of electricity to consumers has been discussed, both from the 
perspective of feed-in-tariffs [33,34], dynamic retail pricing [35], and onsite generation [36]. 

Previous work has considered the concept of plants at the margin (or marginal plants) in 
different countries. Germeshausen and Wölfing [37] explores the impact of lignite on marginal 
prices in Germany between 2015-2017. They apply a combination of quantity- and price-based 
approaches to estimate the time of year a power plant can be at the margin. Staffell [38] measures 
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the progress and implications of decarbonising the British electricity system, considering the 
marginal generation mix displaced by wind and solar PV without explicitly considering the role of 
these plants in the electricity price. Blume-Werry et al. [39] analyse price-setting power plants in 
the power market by modelling a future Dutch system, emphasizing the role of cross-border 
interconnectors on final electricity prices. Using long-term simulations, Green and Staffell [40] 
demonstrate that fossil fuel-based generation will remain an important portion of the least-cost 
generation mix in UK for decades to come, even in high-share RES scenarios with strong carbon 
pricing. They infer that thermal power plants will play an important role at the margin due to the 
needs for flexibility and dispatchable generation.  

These and similar studies have improved our understanding of the formation of electricity 
prices and the role of renewable energy transitions in it. However, most of the reviewed literature 
on marginal shares has been focused either on one or a few countries, e.g., Portugal [24], Spain 
[33], Germany [23], and/or derive their conclusions based on simulations of power systems into 
the future without analysing historical data, e.g., UK 2020-2040 [41], EU 2020 [42] and EU 2030 
[43]. Those studies with a focus on historical data are either limited in geographical scope, e.g., to 
Germany 2007-2012 [27], and Germany-France 2015-2017 [37], or the conclusions may be 
outdated if at the European scale, e.g., EU-27 1990-2010 [14]. As such, there seems to be a need 
for a systematic analysis of the energy transitions in Europe based on recent historical data in 
relation to (i) the role of different electricity generation technologies in the formation of electricity 
prices, and (ii) the implications of this for energy security and affordability in Europe. We aim to 
contribute to this, and to the ongoing policy debate in Europe, by applying an econometric analysis 
of historical data for EU276 plus United Kingdom (UK) and Norway (NO) over the past five years 
(see more details in the following and Section 3). 

1.2 Contribution of this study 

We analyse the impact of energy transitions in Europe on the marginal generation of different 
power plants, including fossil-fuelled and low-carbon (nuclear and renewables) electricity 
generators over the period of 2015-20197. We analyse hourly electricity load, prices, and 
generation by different types of power plants in EU-27 plus UK and NO comparatively. We 
systematically explore the share of each electricity generation type that has been responsible for 
setting the electricity price in the examined countries and overall, in Europe. The focus of the 
literature to date has been primarily on the impact of fossil-fuel and renewable electricity on energy 
security alone [44], or geopolitical conflicts with regions exporting fossil fuels to Europe [45]. 
Furthermore, we discuss the question of energy security beyond geopolitical aspects of import 
dependency by studying the role of fossil fuels on international dependence of electricity prices. 
This dependency induces risks of currency exchange rate fluctuations affecting the affordability of 
electricity to consumers. 

The advent of near-zero marginal cost renewables is driving down baseload electricity prices 
[46], but fuel-based electricity generation is likely to continue to set peak prices, so will profoundly 

 

6 In this paper, EU-27 refers to the EU Member States after Brexit, abbreviated as AT: Austria, BE: Belgium, BG: 
Bulgaria, CY: Cyprus, CZ: Czech Republic, DE: Germany, DK: Denmark, EE: Estonia, ES: Spain, FI: Finland, FR: 
France, GR: Greece, HR: Croatia, HU: Hungary, IE: Ireland, IT: Italy, LT: Lithuania, LU: Luxembourg, LV: Latvia, MA: 
Malta, NL: Netherlands, PL: Poland, PT: Portugal, RO: Romania, SE: Sweden, SI: Slovenia, SK: Slovakia. For hourly 
data analysis, three countries are excluded due to lack of data or their island situation, namely, LU, CY, and MA. 

7 At the time of preparing this manuscript the data for 2020 for most countries and 2021 for some countries were 
available. However, because of the disruptive changes in electricity demand and prices in 2020-21 due to the spread 
of Covid-19 respiratory disease and related lockdown measures and economic slowdown, and abnormal price hikes in 
the second half of 2021 due to the economic recovery; we exclude 2020-21 from our analysis as these years may not 
represent a normal year in long-term energy transitions. 
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affect the final electricity wholesale price. Wholesale costs are the largest component of electricity 
costs for European consumers [47], typically making up more than a third of final bills [48]. Hence, 
this paper can be useful in assisting policymakers to design measures aimed to limit the influence 
of fossil fuel electricity generators on electricity prices, and to reduce consumer bills. This will 
become increasingly important, as the share of renewables grows, while carbon-intensive 
generators such as natural gas still provide the flexibility required to integrate VRE into the grid. 

The remainder of this work is structured as follows. Section 2 provides background 
information about European renewable energy policy and progress in the past decade. Section 3 
presents our methodology and data, and the limitations of this study. Section 4 explores our main 
results, which are discussed in Section 5. Concluding remarks are in Section 6. 

2 Energy transition in Europe 

The objectives of EU Energy policy to date have been dominated by the 2020 targets, 
implemented in 2009 [49].  These targets comprised a 20% target for carbon emission reduction 
(against 1990 emissions), a 20% target for improving energy efficiency, and a 20% share of RES 
in final energy demand.  The EU  achieved the renewable energy target, having increased its 
share of RES in final energy demand from 8.5% in 2005 to more than 21% by the end of 2020 [50] 
(for RES-Electricity from 16% to 34%) [51]8.  For the carbon target, the EU is significantly ahead of 
this objective, having reduced carbon emissions by 24% from 1990 to 2019 [52].  These 
achievements underline the significant shift in the energy sector in the last decade driven by EU-
level policy (See Appendix, Figure A1).  

However, EU countries imported more than 58% of their energy needs from outside the 
Union in 2019, including mainly petroleum products and natural gas [53]. Many Member States 
have adopted different national energy policies to meet the EU energy targets, mainly by relying 
on the growth in the share of RES, improving energy efficiency, and complying with EU energy 
market regulations, such as the liberalization of electricity markets and joining the single European 
market [54]. Targets for 2030 were proposed in 2016 as part of the Clean Energy for Europeans 
package (CEP), and fully implemented into legislation by 2019. The carbon target for 2030 was set 
at 40%, and the Renewables target for “at least” 32% [55].  However, these targets are now being 
superseded as part of the EU Green Deal; the proposal for a new EU Climate Law within this 
package aims to reach carbon neutrality by 2050 and increases the 2030 carbon reduction 
objective to 55% [56]. It is suggested that renewable energy should reach between 37.5% and 
39%, and up to 67% for RES-Electricity [57]. Whilst this proposal is not yet implemented, it is very 
clear that the pace of progress towards a high-renewable, low-carbon energy system will 
significantly accelerate in the next years, against the already rapid progress in the past decade. 

In the following, we shortly review the energy policy and the development of renewable 
energy in a few European countries to represent possible different energy pathways for increasing 
the share of renewable energy. This includes the largest European countries based on GDP, in 
addition to Norway, Denmark, and Ireland each of which has a specific energy policy. 

2.1 Renewable-based Electricity in Selected European Countries 

Denmark has one of the most ambitious renewable energy targets worldwide, aiming at 
supplying 50% of the country’s total energy consumption by renewables by 2030 and being carbon 
neutral by 2050. Moreover, Denmark is the pioneer country in Europe in integrating wind energy in 
the power grid. In 2019, 47% of electricity consumed in the country was generated by wind 

 

8 These figures are for the post-Brexit EU-27 without UK. 
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turbines. Wind and solar PV reached a new record in this year making up half of the electricity 
demand of the country. This high-level integration of VRE in the grid, together with the increasing 
role of biomass fuelled combined heat and power (CHP) power plants has made Denmark a 
special case in analysing low-carbon electricity grids globally. Figure 1 shows the share of each 
electricity generation mode in the selected countries in 2015-2019. 

France uses very small amounts of coal (2%) and gas (6%) in electricity generation, in a 
system dominated by nuclear power (71%). In 2019, roughly 20% of electricity in France came 
from renewables, particularly from hydro (11%) followed by 6% wind and 2% solar, making the 
country’s power system 92% low-carbon, which is the least carbon-emitting power system among 
large economies in Europe and globally. Nuclear power has been the backbone of the country’s 
power system for decades, making electricity relatively cheap for the end user and making the 
country one of the largest net electricity exporters to neighbouring countries. 

Germany has an ambitious energy strategy pathway through to 2050, including an 
accelerated phase-out of nuclear power by 2022. The country has one of the largest coal-fired 
generation fleets in the examined countries (30% of the total electricity mix in 2019) [58]. It also 
burns a substantial amount of gas (15%), but very little oil (1%). The national energy strategy has 
the goals of 50% electricity supply from RESs and coal phase-out by 2038. Germany has a high 
share of renewables in the electricity generation mix, i.e., 40% in 2019, of which most comes from 
wind (21%) and solar PV. 

Ireland is one of a few EU countries which could not meet their 2020 renewable energy 
targets, with renewables accounting for 11% of gross final energy consumption (target is 16%) 
[59]. However, wind integration in Ireland is one of the most successful examples in Europe, being 
only second after Denmark. In 2018, 33% of the country’s electricity generation originated from 
renewable sources, with wind being the source of 28% of the electricity going through the national 
grid. Ireland has an ambitious target of 70% renewables in the electricity mix by 2030, mainly 
relying on wind, which makes the country an interesting example in this paper. 

Italy’s electricity generation is dominated by gas (42%), with coal (15%) also playing a 
substantial role. Oil-fired generation stands at 4%. Renewables account for 39% of total electricity 
generation, which mostly derives from hydro (15%) as well as solar and biofuels (both 8%). 

Netherlands: Electricity generated in the Netherlands is still very carbon-intensive, with fossil 
fuels accounting for 77% of total generation. Gas provides 46% of total generation, whereas coal 
and oil supply 30% and 1%, respectively. Renewables represent 22% of total electricity generated 
in 2019, with most deriving from wind (7%), solar PV (9%), as well as biofuels and waste (6%). 

Portugal has one of the highest shares of RES in the electricity generation mix, with 56% in 
2019 and an ambition to reach targets of 80% renewable electricity by 2030 and a carbon neutral 
economy by 2050. The main RES in Portugal is wind followed by a significant share of hydro, and 
significant potential for solar in one of the high-solar insolation countries in Europe. Larger 
interconnection capacity with other European countries is planned to achieve the country’s 
ambitious targets. 

Spain: The Spanish electricity system utilizes a significant share of fossil-fired generation, 
particularly gas (20%), as well as coal (14%). Oil still makes up 6% of total generation, which 
represents the highest share of oil-fired generation among the major European electricity markets. 
Renewables provide 39% of total generation, with most coming from wind (18%), hydro (13%) and 
solar (5%).  
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Figure 1 Gross electricity generation by fuel type and electricity imports relative to annual electricity demand in selected European 
countries in 2015-2019 (raw data from ENTSO-E [60] and Eurostat [61], data curation, calculations and visualization by the authors) 

UK: Electricity in UK was for decades primarily produced by burning fossil fuels. In 2019, less 
than 50% of electricity was generated from fossil fuels, most of which was from natural gas (45%) 
and coal (2%) [62]. The volume of electricity generated by coal and gas-fired power stations varies 
every year, and some generators tend to switch between the two depending on those fuels’ prices 
(i.e., their differential) plus their carbon cost.9 About 22% of UK electricity derives from nuclear 
fission reactors. Renewable energy – including hydro, wind, and solar – made up just below 31.4% 
of electricity generation in 2019, the largest ever share for UK.10 The UK is interconnected to the 
electricity systems of France, the Netherlands and Ireland, through which it imported 16% of 
electricity demand in 2019. 

2.2 Share of low-carbon electricity in Europe 

Figure 2 shows the share of fossil fuel-based and low-carbon electricity generation in EU-27 
plus UK and Norway in 2019. The values are calculated based on the published hourly data on the 
ENTSO-E platform, subject to data curation and corrections which will be explained in Section 3.3. 
The European countries have a very diverse set of electricity generation mixes based on their 
energy resources and low-carbon transition pathways. While in some countries like France and 

 

9 Generators in UK paid the European Union Emission Trading System (EU ETS) carbon price until 1 April 2013, 
when the Carbon Price Floor was introduced, which acts as a premium top-up to the EU ETS price [100].  

10 The UK met its EU target of generating 30% of electricity from renewable sources by 2020. 
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Norway the power system is largely carbon-free, other countries such as Netherlands and Poland 
are still largely dependent on fossil fuels. The type of fossil fuel used in the countries varies too, 
from shale oil in Estonia, to coal mainly in Germany and Poland, and natural gas mostly in Italy, 
Greece, Netherlands, and UK. The share of fossil fuel generation varies substantially between 
European countries from 87% in Poland to 2% in Norway. Coal generation has reduced in all 
countries and has been almost eliminated in Spain and the UK. At the EU level, fossil fuels 
account for 37% of electricity generation, and the rest comes from low-carbon generation. 

 

Figure 2 Share of fossil-based, renewable, and nuclear electricity in annual domestic power generation mix of EU-27 + UK and 
Norway in 2019. The values on top of each stacked bar show the total sum of the percentages of that bar. 

2.3 Impact of fossil fuels on electricity prices in Europe 

The prices of fossil fuels have a substantial role in determining the market price of electricity 
in Europe. This is because of the market design that incentivizes pricing based on the short-term 
marginal costs of production, which is mainly dominated by fuel costs. As fossil fuels (oil, coal, and 
natural gas) are traded in global markets, their prices are subject to variations following global 
demand-supply dynamics. In electricity markets where fossil fuels determine the price of 
electricity, this means the power price is also in constant change in different time scales.  In 
Europe, natural gas and coal are the most dominant fossil fuels used for electricity generation (see 
Figure 2). Aside from market prices of fossil fuels, the relative competitiveness of these fuels is 
affected by the carbon emission price.  

European countries have historically imported most natural gas by pipeline from the North 
Sea or Russia. Since storing and transporting gas is more expensive than for oil or coal, natural 
gas markets are less liquid and more volatile [63]. In recent years, however, the development of 
international LNG trading has led to natural gas becoming a globally traded commodity, and a 
number of import terminals have been constructed across Europe.  Yet the EU remains highly 
dependent on pipeline gas from non-member countries [64]. 

Coal prices are lower than oil and gas but are also volatile. For example, in 2016, driven by 
low oil prices, both the price and consumption of coal fell substantially. This was followed by a 
substantial price rise, which was attributed to the increase in Chinese coal consumption [65]. 
Since coal has a higher carbon content per unit of energy than natural gas or oil, the coal price is 
most susceptible to carbon taxes. 
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Between 2012 and 2017, the EU ETS price remained broadly stable at around €5/tCO2, and 
this was too low to influence the competitiveness of coal. However, the price of CO2 started to 
grow significantly in 2018 due to the tightening of the supply of emission allowances through the 
Market Stability Reserve. The carbon price reached 30 €/tCO2 in 2019, the highest level since 
2008, and eventually over 80 €/tCO2 in December 2021. This increase has had a positive impact 
on the competitiveness of existing gas power plants compared to coal plants in long term. 
Consequently, carbon emissions from the electricity sector in the EU27 declined by 16% in the 
year following the introduction of the Market Stability Reserve [66]. 

3 Methods and data 

In the day-ahead electricity markets in Europe, demand and supply bids are received one 
day ahead of delivery, and the electricity price is derived based on market equilibrium rules for 
each hour of the actual delivery day [67]. In a marginal price-based market design, the system 
electricity price is equal to the largest accepted supply bid in a specific delivery time, which is the 
results of crossing many supply bids with the electricity demand curve. The electricity generation 
plants whose bid determines the system price are called “price setter”, or “price maker”, or “plants 
at the margin”, while those with bids lower than this price are called “price taker” or “infra-marginal” 
plants. Figure 3 illustrates how electricity price is typically determined in a specific hour based on 
crossing electricity demand and supply bids. 

 

Figure 3 A simplified schematic of electricity supply-cost curve and the position of price setter power plants (plants at the margin) 
compared to plants with lower bids (inframarginal) at the left and higher bids at the right side. Letters L and P denote load and the 

system price in this hour. 

Understanding the role of each generation mode in the formation of electricity prices, or the 
marginal share11 of that generator, is an important topic in power market analyses for different 
reasons. Estimating future electricity prices is one of the motivations for determining the marginal 
share of different power plants, with respect to their age and possible retirement in the coming 
year [68]. Knowing which thermal generators are at the margin will help analysts to estimate the 
impact of CO2 prices on the power prices and profitability of different generators [69]. Electricity 
generators estimate future prices and monitor the outcome of the market to apply different bidding 

 

11 By “marginal share”, we refer to the share of an electricity generator at the margin in a certain period. For example, 
a marginal share of 40% for technology A in a year means that technology has been at the margin (setting electricity 
prices) 40% of hours a year. 
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strategies to maximize their profits [70]. The system operator follows prices closely to ensure the 
market is functioning well with affordable prices for consumers and sending the right signal for 
prospective investors and suppliers [71]. In the following, we briefly review different methods for 
estimating marginal shares with respect to their limitations and advantages (Section 3.1), the 
proposed method in this study (Section 3.2), and the data analysis steps (Section 3.3).  

3.1 Different methods for estimating marginal shares 

Different modelling methods have been applied to analyse price-maker strategies at the 
power plant level, including bi-level optimization [72], risk-based two-stage stochastic modelling 
[73], and mixed integer programming [74]. At the national level, modelling methods based on 
aggregation of power plants or analysing the past data are needed to study the price impact of 
each generation mode. Macedo et al. [24] analyse wholesale electricity prices and the merit-order 
effect of renewable energy sources in Portugal by considering two different samples of wind and 
solar power using daily data from 2011 until 2019. Ciarreta et al. [33] adopt a GARCH model for 
investigating the role of renewables in setting prices in Spain. These studies typically focus on the 
utilization rate of thermal power plants, e.g., increased generation or lower capacity factors due to 
market transitions and reforms, without specifying the marginal share of such generators. There 
are two main groups of approaches in estimating/quantifying the marginal share of generators in 
power markets. 

The first approach is based on application of fundamental operation and dispatch power 
system models. Using models with a high temporal-spatial resolution and representing power 
plants in a country or a region, one can estimate the marginal share of each generation type ex 
ante, i.e., by back-casting from the model output. The literature is rich in this area, with many 
sophisticated models analysing future scenarios mainly relying on optimization algorithms and 
applying open or black-box computer software packages (e.g., [75–78]). The advantage of such 
model-based analyses of marginality is the detail, sometimes at the individual plant level, and the 
flexibility to represent different states of the power system. Some examples of applying models for 
analysing marginal shares ex ante can be found in [42]. The study calculates marginal shares of 
different power generation modes, including cross-border power exchange, in many European 
countries for the modelled year of 2020. In another example, Härtel and Korpås [79] examines the 
role of cross-sectoral demand bidding and RESs in electricity price formation using a model-based 
analysis. They quantify the price-setting share of both consumers and producers within a region as 
opposed to the role of power exchange.  

The drawback of using power system models for analysing marginality relates to two 
aspects. From the process perspective, building a complex model requires adequate modelling 
skills and a sophisticated tool [80], relies on many assumptions and modelling judgements (e.g., 
related to future carbon and energy prices) [81]), may be biased by model structure [82], and if not 
validated remains at the theoretical level [83]. Such modelling tools and underlying data are not 
always open access [84]. Moreover, concerning the outcome of such models, the calculated 
marginal shares are ex ante, i.e., they do not reflect what may happen during the market operation 
in real life, e.g., loss of a large power plant or interconnector, forecast errors in load and variable 
RES, etc. 

The second group of approaches are based on applying econometric and statistical methods 
to analyse the outcome of a given electricity market for estimating the marginal shares ex post. 
These approaches are not typically based on plant level data but using time series of the market 
data, e.g., load, generation, and prices, at the national level or for a pricing area. There exist many 
examples of this approach for analysing the merit order effect, e.g., on formation of prices [24], 
generation of certain power plants [85], impact of carbon price on electricity prices [69], role of 
power exchange in formation of prices [86], and market power [87]. Germeshausen and Wölfing 
[88] offers a good example of this method for the analysis of marginal shares. They quantify the 
marginal share of lignite power plants in Germany, by analysing equilibrium prices and quantities. 
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Their method is a combination of two different dimensions based on (i) quantities, e.g., available 
capacities and demand, and (ii) observed prices resulting from the intersection of supply and 
demand. The advantage of such statistical approaches lies in their simplicity, better availability of 
data, reproducibility, and more importantly, the inclusion of past events and actual market 
clearance information in calculated marginal shares. The limitation of such approaches is the 
dependence on granular data, which most often requires treating the power market at an 
aggregate level, e.g., considering all gas generators under one umbrella, which may neglect 
technological constraints at the plant level.  

There are a few studies based on a hybrid approach, e.g., applying a statistical/econometric 
analysis to validate the results of a power system model-based analysis or vice versa. For 
example, Bublitz et al. [89] examine the role of different price drivers in the decline of electricity 
prices in Europe. They apply an agent-based power system model coupled with a regression 
analysis to verify model results by comparing both methods. Our approach fits in the second group 
of reviewed methods and is explained in more detail in the following Section. 

3.2 A price-generation differential method  

We apply a simple but robust regression analysis based on marginal electricity generation 
and prices as described in this Section. This method is useful for calculating the share of hours 
each year in which different types of generators are at the margin. 

The balance between generation and demand for electricity in a power market can be shown 
by Eq. (1), in which 𝐿𝑡 is load in each time slice (t) in a year (Y); 𝐺𝑡 is generation; and 𝐼𝑡 𝑎𝑛𝑑 𝐸𝑡 are 
import and export of electricity at each time. 

𝐿𝑡  ≤  𝐺𝑡 +  𝐼𝑡 −  𝐸𝑡                              ∀𝑡 ∈ 𝑌                                     Eq. (1) 

In each time slice (t), generators whose bid is accepted generate electricity. The electricity 
generation of these generators can be divided into two main parts: (i) generation from plants with 
lower marginal cost 𝐺𝑙,𝑡, or cheaper supply bid, than the market price and (ii) generators at the 

margin 𝐺𝑚,𝑡 , whose bid sets the market price (see Eq. (2)).  

𝐺𝑡 =  ∑ 𝐺𝑙,𝑡𝑙∈𝐿 +  ∑ 𝐺𝑚,𝑡𝑚∈𝑀                              ∀𝑡 ∈ 𝑌                                     Eq. (2) 

However, as shown in Figure 3, the electricity price (P) in each time slice (t) is derived based 
on the bidding price of a generator at the margin (𝐺𝑚). Generators at the margin can set and 
change the electricity price by their marginal generation. Hence, if changing the electricity 
generation of a generator between two consecutive time slices will drive the change in the 
electricity price, it is likely that this generator is at the margin. Let us give an example: if generator 
type A is generating constantly 1000 MWh/h in 24 hours a day and the prices in these hours vary 
significantly, this generator is not setting electricity prices nor following the load. But if generator B 
is changing its generation in each hour, and when it increases its generation prices go higher and 
vice versa, it can be concluded that (i) this generator is following the load and/or (ii) this generator 
has an impact on power prices. Generator type B represents a plant at the margin. Eq. (3a) shows 
this relationship between the change in electricity price in each hour and the marginal generation 
of a plant at the margin. 

 ∆𝑃𝑡 = 𝑓(∆𝐺𝑚,𝑡)                        ∀𝑡 ∈ 𝑌                                     Eq. (3a) 

Assuming a linear regression, we derive Eq. (3b) for calculating the marginal share (m) for 
each generation type as the slope of the changes in prices relative to changes in generation (∝ is 
the intercept): 

∆𝑃𝑡 = 𝑚. ∆𝐺𝑚,𝑡+ ∝        Eq. (3b) 
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  𝑤ℎ𝑒𝑟𝑒:   ∆𝐺𝑚,𝑡 = 𝐺𝑚,𝑡2 − 𝐺𝑚,𝑡1 , ∆𝑃𝑡 = 𝑃𝑡2 − 𝑃𝑡1  ,    ∀𝑡1, 𝑡2 ∈ 𝑌 , 𝑡2 = 𝑡1 + 1        

As generation of different plants depends on their total installed capacity and overall 
availability, marginal generation of each generator (g) needs to be normalized by average 
generation of the respective generation mode in a year. Eq. (4) shows how normalized generation 
(𝐺𝑔,𝑛) is calculated. 

𝐺𝑔,𝑛 =
∑ 𝐺𝑔,𝑡

8760
𝑡=1

8760
                        ∀𝑔 ∈ 𝐺       Eq. (4) 

 

Therefore, the marginal share of a certain generator (𝑚𝑔) can be derived as the linear 

relationship between change in electricity prices (∆𝑃) and normalized change in generation of that 
generator as expressed in Eq. (5). 

𝑚𝑔~
 (𝑃𝑡2− 𝑃𝑡1)

(𝐺𝑔,𝑡2− 𝐺𝑔,𝑡1)/𝐺𝑔,𝑛
                        ∀𝑡1, 𝑡2 ∈ 𝑌; 𝑡2 = 𝑡1 + 1; 𝑔 ∈ 𝐺        Eq. (5) 

Using Eq. (5), the marginal share (m) for each type of generator in each year is calculated as 
the ratio between the difference of a technology’s output and the hourly difference12 of electricity 
prices. In other words, this is the amount that the electricity price can change by varying a 
technology’s output from one hour to the next. Figure 4 shows this Ordinary Least Squares (OLS) 
regression analysis for UK in Feb 2019. The change in electricity prices is mostly correlated with 
changes in generation of gas fuelled plants, nuclear with a minor impact while solar generation is 
found to have negative correlation with prices. 

 

Figure 4 Relationship between changes in hourly electricity prices and (a) changes in generation of non-fossil types (solar and 
nuclear, left), and (b) changes in generation of fossil fuel modes (gas and coal, right) in Feb 2019 in UK. 

The results of the regression analysis, i.e., dependency of electricity prices on the marginal 
generation of different generators, can be normalized and presented as percentages for the 
examined time horizon, e.g., a year (8760h). It should be noted that the regression analysis 
proposed here is not to determine which generation type is at the margin in a specific hour. This 

 

12 A first difference is here defined as a change from an hour to the next. Most electricity markets in Europe run on an 
hourly basis, while the UK market runs every half-hour. For consistency, we therefore focus on hourly changes. 
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method is suitable to approximate the percentage of time in a certain period, e.g., a year (8760 h), 
that a generation type could have been at the margin. Therefore, the results should be interpreted 
as aggregated indicators showing the trends and not for predicting the behaviour of a specific 
generation type or their pricing strategy. 

3.2.1 Limitations of the proposed method 

Estimating marginal shares of different electricity generators using national level data has 
several drawbacks and limitations, some of which are discussed in this Section. Treating 
generation modes only by their fuel type in an aggregated way does not capture technical 
differences that may lead to different pricing strategies by generators. For example, there are 
different gas-fuelled power plants (namely combined- and open-cycle gas turbines, and steam 
turbine) with different technical and operational characteristics (efficiencies, ramping rates, 
minimum load, etc.), which may play different bidding strategies, but all grouped as “natural gas 
generation” in national statistics and in this study. Moreover, power plants of the same mode may 
have different sizes, ages, capacity factors, and consequently different (short-term) marginal 
costs, which would result in a slightly different pricing strategy. Such plant level specificities are 
overlooked in aggregated methods as introduced here. 

In addition to technical characteristics, there may be some functional differences in power 
plants with the same generation mode, which is not captured in this study. Some utility companies 
own a diverse set of power plants, e.g., hydro, gas, coal, etc., and offer electricity or capacity to 
different marketplaces, e.g., future-forward, day-ahead, intraday, balancing, etc. Hence, the offer 
of such energy companies to the market is the resultant of a complex internal optimization of their 
assets, which may be very different from the offer of a single generator participating in one 
marketplace. Some of these energy companies run combined heat and power (CHP) plants, of 
which a certain share is must-run CHP13 with fixed electricity output when online, i.e., not adjusting 
the output based on electricity demand or price. This is similar to the pricing behaviour of some 
industry-based power plants, which are used primarily autonomously, but offer their extra available 
electricity/capacity to the market with lower flexibility to vary the output [90]. The output of such 
must-run and inflexible thermal power plants exhibits no or little correlation with variations in power 
prices, even if these plants would be already at the margin. The above-mentioned thermal power 
plants are typically grouped together with flexible plants based on their fuel type in national 
statistics used in this study. Therefore, our analysis may underestimate the marginal share of 
thermal power plants, as a fraction of such plants fall into must-run and inflexible generation. 

The role of infra-marginal power plants should not be neglected in formation of electricity 
prices. These generators are not at the margin, but some can change their output and push 
another generator with a higher bid to the margin, hence, setting prices indirectly. A prime 
example of such behaviour is the role of Norwegian, and to a lesser extent Swedish, hydropower 
plants in the Nordic region. Benefiting from a large reservoir, these plants vary their production 
significantly during the day to maximize their revenues based on the concept of water value14. 
Therefore, even though the results of our analysis may show that hydropower plants have been at 
the margin for most of the time a year, by referring to their generation differential from one hour to 

 

13 Must-run combined heat and power (CHP) refers to those CHP plants whose main product is process heat or 
district heat (DH), with electricity being a by-product. These typically small- to medium-sized plants make the main 
part of their revenues from heat sales, as such, offering their output power with a relatively low price to the market 
[128]. 

14 “Water value” defines the bidding strategy of hydropower plants in electricity markets, which is based on the 
opportunity-cost of releasing one unit of water from the reservoir in a certain hour or keeping it for an hour in the 
future. This strategy shadow-prices water in the reservoir in competition with the bid of a thermal power plant that 
could be accepted in the market in the same hour [129].  
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another, this may not be completely true. For example, Norwegian hydropower plants shadow-
price their offers to the market in off-peak hours based on the price of coal or lignite generation in 
Germany, pushing these thermal plants at the margin [42]. Therefore, our analysis overestimates 
the marginal share of hydropower, either run-of-the-river with limited storage size or large 
reservoirs, especially in hydro-dominant countries like Norway. 

Considering the above-mentioned points, i.e., the underestimation of the role of must-run 
thermal power plants at the margin and the overestimation of the role of flexible inframarginal 
plants such as hydropower, results of our analysis for the marginal share of fossil fuel types should 
be interpreted as more conservative values compared to real markets. 

3.3 Data 

The provision of open data has contributed to the analysis of energy transitions significantly 
in recent years [91]. The data used in this paper is the open, hourly data of EU-27 countries 
(excluding Malta, Cyprus, and Luxembourg) plus Norway and UK in 2015-2019, obtained from the 
European Network of Transmission System Operator for Electricity (ENTSO-E) Transparency 
Platform [60]. The following datasets and data curation procedure have been applied to construct 
time series and conduct regression analysis: 

- hourly electricity day-ahead electricity prices for each country in each year are obtained 
from [60]. In the case of countries with more than one price area the data from the two 
geographically furthest price areas of that country is averaged for each hour to represent the 
country. 

- hourly electricity demand and generation of different fuel types for each country in each 
year is fetched from [60]. In those cases where the data has big chunk of missing values, these 
values are possibly corrected based on national and regional electricity market datasets, such as 
Nord Pool [92], EPEX Spot [93], RTE [94], ESOIS [95], and OMIE [96]. The annual electricity 
demand, generation and share of each generation mode is checked with national statistics. 

- the installed power capacity of each generation type for each country in each year is 
obtained from [60], and amended and corrected with national statistics if data is missing. 

- harmonization of hourly data to a unique time zone (Central Europe) and treatment of winter 
and summer daylight-saving adjustments. 

- data curation and fixing, including filtering out abnormal data, and interpolating the hourly 
data for missing values. 

After these steps, we apply the regression analysis for each country separately to derive 
marginal shares. For EU-27, we derive the marginal shares by applying a weighted average of 
marginal shares relative to the generation of each generator type in all countries included.  

3.4 Analysis of electricity price volatility 

We analyse hourly wholesale electricity prices (€/MWh) in the examined countries between 
2015 and 2019. In 2019, the average prices show the minimum in Germany with 37.7 €/MWh, 
followed by Denmark (39.2) and France (39.5) (see Table 1). These countries have a relatively 
high share of renewable energy and cheap baseload, coal in Germany and nuclear in France. The 
yearly average electricity prices have been growing in most examined countries since 2015. In 
some countries like Denmark and Germany, the mean electricity price has been growing at a 
significant rate of 15.3% and 5.3% per year, respectively, followed by Ireland with 11.1% growth. 
These three countries have the highest share of wind power in the examined countries. The 
average electricity price is also dependent on the weather condition and overall electricity demand 
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in a year. The highest mean electricity prices during the period 2015-19 were recorded in Greece 
(54.8 €/MWh), followed by UK (51.7) and Italy (51.5), three power systems with a sizable share of 
fossil fuels especially natural gas, acting as the determinant of power prices more often than other 
countries. 

Table 1 Average wholesale electricity prices and annual growth rate in mean electricity prices between 2015 and 2019  

Country DE DK ES FR GR IE IT PT UK 

Average price 2019 37.7 39.2 47.7 39.5 63.9 50.5 52.3 47.9 48.9 

Average price 2015-
2019 

34.9 33.4 49.5 42 54.8 49.4 51.5 49.5 51.7 

Annual growth rate 
(2015-2019) 

5.3% 15.3% 0.8% 2.0% 6.6% 11.1% 2.4% 1.0% 3.4% 

 

Figure 5 shows the electricity prices for each market in the form of median, standard 
deviation, and range between 2015 and 2019. The electricity price data were cleaned of outliers, 
defined as values below 0.5% or above 99.5% of the range. The results are compared with 
Norway, which has the lowest power prices in Europe due to large capacity of hydropower with 
low marginal costs, which reduces power prices. Comparing the results shows that Germany and 
Denmark have the lowest prices on a year-to-year comparison, followed by France. The median 
electricity price has been growing in all examined markets between 2015 and 2019. Moreover, the 
volatility of prices, shown as standard deviation, has been increasing since 2015 in Denmark, 
Germany, Ireland, and UK, which are the countries with increased share of VRE generation. In 
some cases, like Spain and Portugal the price volatility has slightly decreased in the examined 
period. In each year, the largest electricity price volatility occurred in France and Ireland. The high 
electricity price volatility in France is likely due to the high proportion of inflexible nuclear 
generation used and the widespread use of electric heating that creates demand spikes in winter, 
while in Ireland this is mainly due to wind variability. 

 

Figure 5 Day-ahead electricity prices of the examined European markets in 2015 and 2019. Boxes show 25th-75th percentile, 
whiskers extend from minimum 0.5% to maximum 99.5% of data in each sample. Underlying data from [60]. 



 

 17 

4 Results 

We calculate the annual mean shares at the margin for different electricity generation types. 
These marginal shares, presented as percentages, indicate the fraction of time in a year in which 
each technology sets the wholesale electricity price in a power system (i.e., percentage of time a 
technology has been at the margin). 

4.1 Share of each fuel type in setting wholesale electricity prices in Europe 

We compare the marginal shares of fossil fuel-based electricity generators with non-fossil 
and electricity imports in EU-27, UK, and Norway in 2019 (see Figure 6). The results show that in 
some Nordic countries like Sweden and Norway, hydropower plants set the electricity price nearly 
all year round. Even though hydropower may be considered a generation mode with near zero 
marginal costs, but hydropower generation companies typically apply a bidding strategy in the 
electricity market based on the concept of “water value” [97]. This means these power producers 
offer their generation with a price tag that reflects the value of water in the dam, which is usually 
based on the opportunity-cost of supplying hydropower that could be otherwise replaced with the 
most expensive thermal generator at the margin [98]. 

 

Figure 6 Marginal shares of fossil fuel, non-fossil, and cross-border electricity imports in different European countries in 2019. EU+ 
represents EU-27 plus UK and Norway. The marginal shares represent the dependency of electricity prices on each generation 

type as % of the time in one year. The results for EU+ are based on the weighted average of the marginal shares of the European 

countries, i.e., the marginal share of each European country multiplied by electricity generation in that country. 

In many European countries, cross-border electricity imports play a strong role in 
determination of electricity prices. Countries like Hungary, Croatia, and Lithuania with electricity 
imports more than 50% of their annual demand are among those countries highly dependent on 
the price of imported electricity. The electricity prices in Denmark are also highly dependent on the 
prices in the neighbouring countries, namely, Norway, Sweden, and Germany, making Denmark 
price-dependent on these countries 62% of the time in 2019. Domestic generation in Denmark is 
largely based on wind and solar PV with near-zero marginal cost, as well as combined heat and 
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power plants mostly running on their heat demand output. Hence, the domestic generation is only 
38% at the margin in one year. 

Nevertheless, fossil fuels determine electricity prices in many countries for most of the hours 
in 2019. Coal-based generation shapes electricity prices more than 90% of the time in Poland and 
Bulgaria, around 82% in Czech Republic, and approximately 75% in Germany. Natural gas plays a 
big role in formation of electricity prices in Belgium, Spain, Italy, Netherlands, and UK. 

Overall, fossil fuels set electricity prices in 66% of hours in 2019 in EU-27 plus UK and 
Norway. This means, even though 63% of electricity generation in Europe was from non-fossil 
power generation in 2019, these plants defined the electricity price in Europe only 34% of the time. 

4.1.1 Fossil vs. non-fossil generators at the margin between 2015 and 2019 

Table 2 compares the share of fossil fuel, low-carbon generation (nuclear and renewables), 
and electricity imports in setting electricity prices in 2015 versus 2019 in a few countries. Germany 
shows the highest share for dependency on fossil fuels in electricity prices among the examined 
countries in this analysis. In 2015, fossil fuels were responsible for electricity prices 96% of the 
time in Germany. This share was reduced to 91% in 2019 thanks to renewables yet leaving 
Germany with the highest dependency on fossil fuels in determining power prices. France is the 
country with least dependency on fossil fuels when it comes to power prices, only 3% in 2015 with 
a slight growth to 7% in 2019. After France, Italy, Portugal, and Spain had the highest shares of 
non-fossil-based electricity prices in 2015, with 30%, 27% and 23%, respectively. The marginal 
share of non-fossil generators in these three countries has significantly declined in 2019, e.g., due 
to the phase-out of nuclear in Spain, and hydropower being at the margin lower in Italy and 
Portugal compared to 2015. 

Table 2 The marginal share of fossil-fuelled and non-fossil electricity generation in the examined European electricity markets in 
2015 and 2019. 

 2015 2015 2015 2019 2019 2019 

 Fossil fuel Non-fossil Imports Fossil fuel Non-fossil Imports 

Germany (DE) 96% 4% 0% 91% 7% 2% 

Denmark (DK) 72% 0% 27% 25% 13% 62% 

Spain (ES) 76% 23% 1% 89% 6% 5% 

France (FR) 3% 97% 0% 7% 93% 0% 

Ireland (IE)a 87% 2% 11% 61% 1% 38% 

Italy (IT) 65% 30% 5% 86% 11% 3% 

Greece (GR) 49% 0% 51% 77% 0% 23% 

Portugal (PT) 73% 27% 0% 87% 13% 0% 

United Kingdom (UK) 89% 1% 10% 84% 1% 15% 

a Values for Ireland are from 2016 instead of 2015. 

The share of electricity imports in setting domestic electricity prices has increased between 
2015 and 2019 for most of the examined markets. This shows the success of European electricity 
market integration. The electricity price in some countries like Denmark is shown to be dependent 
on imports from neighbouring countries almost 65% of the time in 2019, which is higher than any 
other country in this Table. Ireland is another country with a successful wind integration between 
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2015 and 2019, and with an increased dependency of electricity prices on cross-border electricity 
imports, rising from 11% in 2015 to 36% in 2019. 

4.2 Trends in marginal generators 

Variations in the generator at the margin between 2015 and 2019 are shown in Figure 7 for 
nine selected countries over the past five years. In France, nuclear power generation dominated 
the marginal price throughout the period. The flexibility of French nuclear power depends on the 
fuel cycle and hence there might be some flexibility between 70–100% capacity early in the fuel 
cycle [99]. Coal and gas dominated in the other countries in 2015. In almost all the examined 
countries, the share of coal power plants in setting electricity prices has declined between 2015 
and 2019. The marginal share of coal in UK has decreased from 23% in 2012 to 11% in 2017, and 
almost to zero in 2019. Germany’s electricity sector is very much coal-intensive, which makes coal 
power generators the main price setters in the country (75% of the time in 2019). 

 

Figure 7 Share of each electricity generation type in determining electricity prices in each year in selected European countries 
between 2015 and 2019 (for Ireland the data are available from 2016). 

In Denmark, the role of coal-based electricity generators in forming electricity prices has 
been reduced dramatically, from near 60% in 2015 to less than 20% in 2019. In Portugal and 
Greece, the share of coal has steadily declined, but depending on electricity imports (in Greece) 
and hydropower availability (in Portugal), coal plays a role in setting electricity prices. 

Moreover, in most of the examined countries the marginal share of natural gas has increased 
in 2015-2019, with UK, Italy and Spain being the countries with the highest dependency of 
electricity prices on natural gas. In more than 80% of the time in 2019, electricity prices in these 
three countries were following the supply bids of gas generators. Denmark is one of the few 
countries where natural gas has lost its importance in setting electricity prices over the examined 



 

 20 

period. This role of gas in setting prices in Denmark has been displaced partly by biomass-based 
combined heat and power plants, and to a larger extent by electricity imports from other countries. 
This situation has been observed in Ireland too, where the role of natural gas in the formation of 
electricity prices has not increased significantly, but imported electricity has replaced coal-based 
marginal shares. Between 2016 and 2017, there has been the steepest increase in the annual 
marginal share of gas plants in Spain, Greece, Portugal, and UK. 

4.3 Natural gas as a generator at the margin in Europe 

The marginal share of natural gas has increased in most of the examined countries. Belgium, 
the UK, Italy, and Spain have the highest dependency, with gas being the marginal fuel for 
between 81% and 92% of the year in 2019 (Figure 8). 

Figure 8 Share of natural gas electricity generation in determining wholesale day-head electricity prices in different countries in 
Europe in 2015 and 2019, sorted from highest to lowest values in 2019. The percentage on each bar shows the marginal share of 
gas in 2019. The dashed line shows the marginal share of gas for EU+ (EU-27 plus the UK) in 2019, which is the average of the 

marginal share of gas in all examined countries weighted relative to the electricity generation in each country. 

From countries with a major increase in VRE between 2015 and 2019, the gas share has 
only decreased in Denmark and Ireland, which have both become more dependent on imports for 
price setting. Latvia is the only other European country with a reduced share of gas between 2015 
and 2019. A few countries showed significantly increased dependency on gas as the marginal 
generator, e.g., Spain from 36% to 85% and Netherlands from 25% to 76%, between 2015 and 
2019. Gas has become the key determinant of the European electricity wholesale price and in 
2019 was on the margin almost 40% of the time across Europe overall (the weighted average of 
the marginal share of gas in all examined countries relative to total electricity generation in each 
country). This share has been increasing since 2015, as gas has risen to the greatest share of the 
generation mix, and especially the greatest share of flexible, dispatchable capacity. This 
development was largely due to the decline in the price of natural gas globally and in Europe, until 
2021 when price of natural gas soared after the pandemic, as well as the sharp increase in CO2 
price, which strongly favored gas over coal.  

Figure 9 shows the development of the marginal shares of different electricity generation 
types in EU-27 plus UK and Norway between 2015 and 2019. The results indicate that while the 
share of fossil fuels in the generation mix is declining overall, due to their high marginal costs, 
these carbon-intensive generators are still the most influential determinants of electricity prices. 
More specifically, the share of natural gas power plants in setting electricity prices in Europe has 
increased from 25% in 2015 to 40% of the time in 2019, which is more than any other technology. 
This happens while the share of gas in electricity generation is 20% in 2019.  
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Figure 9 Share of each generation type in (a) annual electricity generation and (b) in formation of electricity prices in Europe 2015-
2019. The share in generation is directly calculated by dividing generation of each plant by total generation. The marginal shares 

are the weighted average of marginal shares in European countries relative to generation in each country. 

5 Discussion 

5.1 European energy transitions and displacing coal with gas 

We find that the EU electricity wholesale price level is most strongly influenced by fossil fuel-
based generators, and mainly natural gas. The share of gas in determining prices has been 
increasing since 2015, as gas has risen to both a higher share in the generation mix, and, 
especially, the greatest share of flexible, dispatchable capacity complementing electricity from 
VRE. This development was also due to the decline in the price of gas before post-pandemic price 
hikes in 2021, and the sharp increase in CO2 prices, which strongly favors gas over coal. 

In contrast, the role of coal in setting electricity prices is declining in most of the examined 
countries. This is partly due to higher carbon prices in the European ETS starting in 2017. Also, 
the EU Large Combustion Plants Directive15 has forced some older coal plants to close since 
2015.  Fossil fuel plants continue to operate at the margin in many countries, and therefore, set 
electricity prices for much of the year, a finding that bears out that in other studies [25] [38]. We 
have found that the proportion of time that gas plants are the marginal generators has increased 
replacing coal power plants in many countries. The very low marginal share of coal reflects its 
diminishing role in the fuel mix, and the relative higher flexibility of gas plants and lower carbon 
emissions may explain why natural gas prevails as the major price-setter in European markets. 
The aging coal fleet in many countries is inflexible, which further reduces operational hours in a 
market with increasing demand for flexibility. We have found that coal has continued to dominate 
marginal costs in a small number of European countries, especially Germany and Poland, which is 
confirmed by other studies [100], but its role has transitioned from baseload generation to 
providing peak capacity at times of high demand. However, lignite has persisted as baseload in 
Germany, at least until 2020. 

Since natural gas markets are more localized than global coal markets, this potentially 
increases energy security concerns for European electricity systems. The extensive influence of 

 

15 The EU's Large Combustion Plant Directive (LCPD) required all coal-fired and oil-fired plants whose owners were 
not willing to fit sulphur-scrubbing equipment to close by the end of 2015. 
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gas generators on the electricity price therefore makes consumers heavily exposed to several risk 
factors that will be discussed in this Section.  

A second difference between natural gas and coal is that gas is used for heating in many 
homes in Europe.  If supply were constrained in Europe in winter, since it is unlikely that the 
supply for heating would be rationed, it would be necessary to either ration gas or electricity to 
non-residential customers, or to keep non-gas generation capacity in reserve so the electricity 
system industry could switch to alternative fuels, but at a cost.  Similarly, if gas prices rise, as 
happened in the second half of 2021 in Europe, consumers must pay more for both heating and 
electricity if gas is the marginal fuel for electricity generation. This could reduce energy affordability 
and access for European citizens. 

5.2 Geopolitical risk of natural gas lock-in 

As most EU countries import their gas from outside Europe, by pipeline, security of supply is 
affected by regional geopolitics. Geopolitical conflicts between countries that are the import 
corridors of natural gas to Europe, such as those between Ukraine and Russia, have affected the 
availability and price of natural gas to EU countries a few times [45]. More recently, the sanctions 
and disruptions in import of gas from Russia in the aftermath of the war in Ukraine have created 
significant concerns over the impact on prices in the short run [101]. 

The risk of dependency on natural gas imports in Europe has been the subject of much 
debate within the EU. To reduce the current dependency on a small number of gas suppliers, the 
EU is seeking to find new gas supply routes and to diversify supplies. This has made the Union 
become more active in political and economic cooperation with gas exporting regions, which 
requires changed foreign policy in establishing long-term relations and forming new coalitions 
[102]. Therefore, natural gas interconnectors and LNG infrastructure has become a lever in the 
policy debate, which makes the construction, completion, and commissioning of such multi-billion-
euro projects dependent on the prevailing political environment between the EU and other 
countries. Nord Stream 2, a sub-sea gas interconnector between the Russia and Germany is a 
good example of this geopolitical risk, when in 2019, the US pressed companies involved in the 
construction of the pipeline to stop working on the project by threatening sanctions. Later in the 
European natural gas price crisis in 2021, it was argued that Russia has reduced gas supply to 
Europe through other lines as leverage to push the final approval of Nord Stream 2 by the 
European Commission. Ultimately, the commissioning of the line was withdrawn by the German 
side as a consequence of the Russia-Ukraine war in 2022 [103]. 

Reducing dependency on fossil fuel imports was one motivation of the EU energy transition, 
which aims to enhance energy security by increasing the role of renewable energy [45]. However, 
since the European energy transition has replaced coal in large part with natural gas in the power 
system, this has led to a natural gas lock-in in major power systems in the Union, such as 
Germany [104], increasing the vulnerability of the European electricity system. This is an indication 
of the complex nature of energy security, with a variety of conflicting objectives and innate trade-
offs: it requires insight and vision to be able to decrease emissions and costs while increasing 
reliability and sovereignty. 

5.3 Risk of volatility in fossil fuel prices and exchange rates 

Importing natural gas from overseas exposes electricity generation prices to two major risk 
factors: changes in prices of imported gas and currency exchange rate variations. According to the 
Office of Gas and Electricity Markets (Ofgem), the volatility in peak electricity prices in the UK is 
54% correlated with the variations in the market price of natural gas [105]. As natural gas prices 
are cleared based on cross-continental supply-demand imbalances, and partly indexed to the 
global prices of crude oil, any fluctuation in crude oil prices or transitions in exporting regions 
influences the natural gas price in European markets as well [106].  
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Fluctuations in the currency exchange rate create another risk factor related to the 
dependency on fossil fuel imports. The volatility of currency exchange rates can influence the 
electricity price of fossil fuel generators in Europe [107]. For example, it has been shown that the 
Spanish electricity spot prices are dependent on both the USD/EUR exchange rate and fossil fuel 
prices in the global markets [108].  

The impact of Brexit on electricity prices in the UK is another example. Mean day-ahead 
power prices were nearly 18% higher in the UK in the year after the EU referendum compared to 
the previous year. As shown in [25], the dominant influence was through the exchange rate impact 
on the cost of inputs to generation linked to the drop in the GBP/EUR and GBP/USD exchange 
rates, which fell by 15% in the year after the vote. With wholesale costs accounting for over a third 
of the final electricity bills in the UK, the impact of the referendum on exchange rates thereby 
appears to correspond almost exactly to the increase of 5.7% in retail electricity prices from 2016 
to 2017 [48], adding about two billion pounds to energy bills in a single year [109]. This clearly 
depicts the risk of exchange rate fluctuations for countries whose electricity prices widely depend 
on the exchange rate.  

5.4 Carbon prices and marginal generation 

Carbon emission prices have increased in Europe since 2017. This has increased the 
marginal cost of carbon-intensive generators, particularly by reducing the competitiveness of coal 
power plants in recent years, even in countries like Germany where the price of hard coal and 
lignite are typically low [110]. The subsequent reduction in coal generation across Europe has 
caused the carbon intensity of electricity generation to reduce substantially between 2017 and 
2019. While this trend has contributed to achieving emission and renewable energy targets, the 
combination of higher zero-marginal-cost VRE in the power system and higher carbon prices has 
increased the dependency of electricity prices on the cost of carbon emissions from flexible, fossil-
based power plants. This is expected to continue as EU carbon prices are predicted to increase to 
between 80 and 200€/t by 2030 [111]. Carbon-intensive generation is likely to continue its 
dominance as a price setter in Europe in the future [112], even with increased carbon prices, as 
they remain the major dispatchable and flexible generators. 

The carbon emissions from the electricity sector in the EU27 declined by 16% in 2019 
compared to 2018 [66]. The impact of higher carbon prices on wholesale electricity prices was 
partially moderated by declining fossil fuel prices, reduced electricity demand and the rising share 
of renewable generation. However, in countries with greater reliance on fossil fuels, electricity 
prices grew. More notably, the cost of coal-based generation increased in 2019-2020, which 
together with plummeting gas prices before 2021 resulted in gas prices falling below coal-to-gas 
(and even lignite-to-gas) switch price levels in North West Europe in 2020 [110]. This resulted in 
an unprecedented displacement of coal and lignite with natural gas in Germany. 

5.4.1 Climate impacts of natural gas 

As natural gas is historically considered a “bridge fuel” in energy transitions to phase-out coal 
and provide flexibility for integration of VRE. However, the natural gas lock-in in Europe, with 
significant investments in gas fueled electricity generation, gas network, and LNG infrastructure 
taking place in different countries across the continent, poses a risk in achieving EU climate goals 
such as carbon neutrality by 2050 [113]. While the level of carbon emissions from natural gas 
combustion is relatively low compared to coal and oil, the climate impact of methane leakage from 
the natural gas supply chain may counter-balance the benefits of gas if not controlled adequately 
[114]. This has raised a debate over the taxonomy in the European Commission’s decision for 
labelling natural gas together with nuclear as “green” investments under some conditions 
[115,116]. This demonstrates the complex and multidimensional motivations of some member 
states in supporting natural gas-based infrastructure [104], while being a part of an integrated 
European energy market with EU-level energy and climate targets.  
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5.5 Alternatives to natural gas for balancing variable renewable energy 

France, Sweden, and Norway have low or zero marginal shares from fossil-fueled plants, 
which demonstrates that it is possible to run an electricity system with low shares of carbon-
intensive generation at the margin. Yet their strategies are unlikely to be adopted by other 
countries. France produces 73% of its electricity with nuclear, while Norway generates 97% using 
hydropower. Nuclear is being widely phased out across Europe [117] due to safety, economic and 
socio-political concerns. Hydropower potential depends on geography and most large sites in 
Europe have already been exploited. 

Historically, power demand has been inelastic, and supply has responded to changes in 
demand. However, as the share of generation from VRE has increased, price volatility in many 
European markets has also increased. For example, the number of hours with negative electricity 
spot prices in Germany broke all records in 2020,16 whereas UK witnessed price peaks of almost 
£1,500/MWh in early 2021. If VRE generation increases to high levels then these technologies 
alone will provide generation needs throughout much of the year instead of natural gas, at very 
low marginal cost. While historical trends would suggest a need for more rather than less flexible 
generation, there are other ways to balance supply and demand. 

One apparent source of flexibility is strengthening the European internal energy market via 
cross-border transmission lines, which is also one of the core targets of EU energy security 
strategy [118]. Despite a temporal correlation in wind or solar conditions within Europe [119,120], 
the intermittency is less pronounced across a larger spatial area and an interconnected grid 
[121,122]. Moreover, higher interconnectivity increases the pool of peak-load reserves, while 
reducing the need for flexible generation as peaks occur at different times of the day in different 
countries. Consequently, cross-border transmission capacity is estimated to grow significantly 
within the next decades [123]. Figure 10 shows that those countries with a high level of 
interconnectivity (e.g., Denmark) or notable hydropower capacity have been able to integrate 
higher shares of VRE with low reliance on gas. But others like Italy, UK, Ireland, Spain have kept 
gas as a flexible generation source. 

However, if the imported electricity is originated from fossil fuels, the interconnectivity may 
increase overall carbon emissions, such as the import of coal baseload electricity from Germany to 
Denmark [124] or the UK-Europe interconnections with different carbon prices [125]. Energy 
storage systems are other sources of flexibility. Norway has large lakes feeding hydropower 
generators, enabling over 80 TWh of multi-year hydropower storage, and this has contributed to 
integrating intermittent renewables in neighboring countries. The geography of Norway is unique in 
Europe in this regard, and most countries at most have some pumped hydro schemes linking two 
small lakes at different heights. The competitiveness and role of batteries in providing flexibility 
has received much attention in the literature, but large-scale batteries are only just starting to be 
deployed in global electricity markets [126].  There is increasing interest in aggregating consumer 
appliances (e.g., battery electric vehicles) to act as battery storage for the power system. Demand-
side response can also contribute to load switching. 

There is always likely to be a need for flexible generation, no matter what other technologies 
are deployed. Ultimately, even if gas continues to set the marginal price throughout much of the 
year, Europe could improve energy security by minimizing the volume of gas needed through 

 

16 A large share of the negative power prices is attributed to subsidy schemes that do not encourage ramping down 
wind farms during over-supply. This is being addressed in many markets. Another factor in some markets is the 
closure of factories and subsequent loss of demand over the Christmas holiday, but with the electricity supply 
remaining high as a result of CHP generation in heat network schemes. 
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restricting gas use to flexible generation at times of high demand and low VRE supply, or by 
replacing gas turbines with hydrogen-powered turbines. 

 

Figure 10 Relationship between the share of variable renewable energy (VRE), mainly wind and solar, in European countries and the 
cross-border power transmission and domestic natural gas capacity. The size of circle shows the share of VRE from annual electricity 
demand in 2019, while the two axes show the capacity of gas (vertical) and cross-border interconnector (horizontal), both normalized 

by peak electricity demand in each country. The colour of the circles is only for visual distinction between countries. 

6 Conclusions 

Given substantial efforts to decarbonize European electricity systems, the post-Covid hikes in 
electricity prices seen across Europe, followed by the natural gas price shocks after the war 
between Russia and Ukraine in 2022, have raised the question of whether fossil fueled generation 
is still dominating in setting power prices. We have analyzed hourly electricity generation data by 
fuel type, electricity prices, and the generation mix in the EU-27, UK, and Norway. Using 
econometric techniques, we estimated the shares of fossil-fueled and fossil-free generation in 
determining European electricity wholesale prices.  

We find that the share of carbon-free electricity from renewables has grown during 2015–
2019 in most European countries, while fossil fueled electricity generation has fallen to 37%.  
However, carbon-intensive plants were responsible for setting electricity prices 66% of the time in 
2019. The increased shares of wind and solar PV have reduced the share of coal at the margin, 
and the role of natural gas as a more flexible and cleaner form of generation has increased. The 
competitiveness of coal has further been reduced due to increasing carbon prices and variable 
renewable electricity generation with lower marginal costs that have downsized the baseload 
market. As a result, coal generation has been partially phased out in many countries and replaced 
by more natural gas. This trend has led to higher dependency on electricity imports in Ireland and 
Denmark, leading to an increased price dependence on interconnected electricity markets.  

The share of natural gas in power generation has increased from 13% in 2015 to 20% in 
2019 in Europe. The share of natural gas in determining electricity prices is, however, much higher 
than its role in electricity generation. Gas-fueled power plants were at the margin for 40% of the 
time in 2019 across European electricity markets. Electricity prices in Europe have never been so 



 

 26 

often set by gas prices during the last decade as they are now. As most natural gas is imported to 
Europe, this increasing reliance on natural gas makes European electricity prices subject to 
geopolitical risks, international natural gas price volatility, and currency exchange rate fluctuations. 
While increased generation from renewables and natural gas have replaced coal and reduced 
European carbon emissions, mean electricity prices and volatility have increased during 2015–
2019 due to the rising cost of gas. 

7 Acknowledgements 

B.Z. acknowledges the support from International Institute for Applied Systems Analysis 
(IIASA), and the RE-INVEST project, Aalborg University, Denmark for his contribution. G.C.G. 
acknowledges the financial support from Ofgem for the ACE project (Con-Spec-2018-006). I.S. 
acknowledges support from the Engineering and Physical Sciences Research Council for the 
IDLES programme (EP/R045518/1).  

We express special gratitude to Prof. Derek Bunn (London Business School), Prof. Donald 
Lawrence and Jakub Radomski (UCL), Prof. Richard Green (Imperial College), Prof. David 
Newbery (University of Cambridge), Prof. Sanna Syri (Aalto University, Finland) for useful advice. 

References 

[1] EURACTIVE. Why Europe is facing an energy price surge. 2021. 

[2] Liboreiro J, de Filippis A. Why Europe’s energy prices are soaring and could get much 
worse. Euronews 2021. 

[3] European Comission. Tackling rising energy prices: a toolbox for action and support 2021. 
https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=COM%3A2021%3A660%3AFIN&qid=1634215984101 (accessed 
November 4, 2021). 

[4] The World Bank. Commodity Markets Outlook: The Impact of the War in Ukraine on 
Commodity Markets. Washington DC: 2022. 

[5] European Commission. EU Energy prices | Energy 2021. 
https://ec.europa.eu/energy/topics/markets-and-consumers/EU-energy-prices_en (accessed 
December 19, 2021). 

[6] Eckert V, Käckenhoff T. Explainer: What happens if Germany’s Russian gas flows stop. 
Reuters 2022. https://www.reuters.com/business/energy/what-happens-if-germanys-russian-
gas-flows-stop-2022-07-11/ (accessed July 14, 2022). 

[7] Alvarez CF, Molnar G. What is behind soaring energy prices and what happens next? – 
Analysis. IEA 2021. 

[8] Sesini M, Giarola S, Hawkes AD. Strategic natural gas storage coordination among EU 
member states in response to disruption in the trans Austria gas pipeline: A stochastic 
approach to solidarity. Energy 2021;235:121426. 
https://doi.org/10.1016/J.ENERGY.2021.121426. 

[9] Vives X. Commentary: Europe’s recent electricity price surge inevitable if it wants green 
energy. CNA 2021. 

[10] Samseth E, Stockhausen F, Veillard X, Weiss A. Five trends reshaping European power 
markets | McKinsey. McKinsey Co 2021. 



 

 27 

[11] Abnett K. EU countries split over joint response to energy price spike. Reuters 2021. 

[12] European Council. “Fit for 55”: Council agrees on higher targets for renewables and energy 
efficiency. Consilium 2022. https://www.consilium.europa.eu/en/press/press-
releases/2022/06/27/fit-for-55-council-agrees-on-higher-targets-for-renewables-and-energy-
efficiency/ (accessed July 21, 2022). 

[13] Eurostat. Shares (Renewables) - Energy 2022. 
https://ec.europa.eu/eurostat/web/energy/data/shares (accessed July 21, 2022). 

[14] Haas R, Auer H, Resch G, Lettner G. The Growing Impact of Renewable Energy in 
European Electricity Markets. vol. 4. Elsevier Inc.; 2013. https://doi.org/10.1016/B978-0-12-
397891-2.00005-5. 

[15] Cross S, Ten Berge H. Renewable Energy 2020 and beyond: Delivering on the EU targets 
and defining a pathway to a low-carbon energy future. In: Jones C, editor. EU Energy Law 
Vol. III – B. Three Eur. Renew. Energy Yearb., Belgium: Claeys & Casteels; 2010, p. 103–
53. 

[16] Pusceddu E, Zakeri B, Castagneto Gissey G. Synergies between energy arbitrage and fast 
frequency response for battery energy storage systems. Appl Energy 2021;283:116274. 
https://doi.org/10.1016/j.apenergy.2020.116274. 

[17] Steinke F, Wolfrum P, Hoffmann C. Grid vs. storage in a 100% renewable Europe. Renew 
Energy 2013;50:826–32. 

[18] Ross MT. The future of the electricity industry: Implications of trends and taxes. Energy 
Econ 2018;73:393–409. https://doi.org/10.1016/j.eneco.2018.03.022. 

[19] Zappa W, Junginger M, van den Broek M. Can liberalised electricity markets support 
decarbonised portfolios in line with the Paris Agreement? A case study of Central Western 
Europe. Energy Policy 2021;149:111987. https://doi.org/10.1016/J.ENPOL.2020.111987. 

[20] Zakeri B, Cross S, Dodds PE, Gissey GC. Policy options for enhancing economic 
profitability of residential solar photovoltaic with battery energy storage. Appl Energy 
2021;290:116697. https://doi.org/10.1016/j.apenergy.2021.116697. 

[21] Newbery D, Strbac G, Viehoff I. The benefits of integrating European electricity markets. 
Energy Policy 2016;94:253–63. https://doi.org/10.1016/j.enpol.2016.03.047. 

[22] Doorman G, Nygreen B. Market price calculations in restructured electricity markets. Ann 
Oper Res 2003;124:49–67. https://doi.org/10.1023/B:ANOR.0000004762.31449.33. 

[23] Kolb S, Dillig M, Plankenbühler T, Karl J. The impact of renewables on electricity prices in 
Germany - An update for the years 2014–2018. Renew Sustain Energy Rev 
2020;134:110307. https://doi.org/https://doi.org/10.1016/j.rser.2020.110307. 

[24] Macedo DP, Marques AC, Damette O. The impact of the integration of renewable energy 
sources in the electricity price formation: is the Merit-Order Effect occurring in Portugal? Util 
Policy 2020;66:101080. https://doi.org/https://doi.org/10.1016/j.jup.2020.101080. 

[25] Castagneto Gissey G, Grubb M, Staffell I, Agnolucci P, Ekins P. Wholesale cost reflectivity 
of GB and European electricity prices. 2018. 

[26] Würzburg K, Labandeira X, Linares P. Renewable generation and electricity prices: Taking 
stock and new evidence for Germany and Austria. Energy Econ 2013;40:S159–71. 
https://doi.org/10.1016/j.eneco.2013.09.011. 



 

 28 

[27] Ketterer JC. The impact of wind power generation on the electricity price in Germany. 
Energy Econ 2014;44:270–80. 

[28] Maciejowska K. Assessing the impact of renewable energy sources on the electricity price 
level and variability – A quantile regression approach. Energy Econ 2020;85:104532. 
https://doi.org/https://doi.org/10.1016/j.eneco.2019.104532. 

[29] Jaehnert S, Doorman GL. The north European power system dispatch in 2010 and 2020: 
Expecting a large share of renewable energy sources. Energy Syst 2014;5:123–43. 
https://doi.org/10.1007/s12667-013-0088-y. 

[30] Gugler K, Haxhimusa A. Market integration and technology mix: Evidence from the German 
and French electricity markets. Energy Policy 2019;126:30–46. 
https://doi.org/https://doi.org/10.1016/j.enpol.2018.10.014. 

[31] Leslie GW, Stern DI, Shanker A, Hogan MT. Designing electricity markets for high 
penetrations of zero or low marginal cost intermittent energy sources. Electr J 
2020;33:106847. https://doi.org/https://doi.org/10.1016/j.tej.2020.106847. 

[32] Goutte S, Vassilopoulos P. The value of flexibility in power markets. Energy Policy 
2019;125:347–57. https://doi.org/10.1016/j.enpol.2018.10.024. 

[33] Ciarreta A, Pizarro-Irizar C, Zarraga A. Renewable energy regulation and structural breaks: 
An empirical analysis of Spanish electricity price volatility. Energy Econ 2020;88:104749. 
https://doi.org/https://doi.org/10.1016/j.eneco.2020.104749. 

[34] Schallenberg-Rodriguez J. Renewable electricity support systems: Are feed-in systems 
taking the lead? Renew Sustain Energy Rev 2017;76:1422–39. 
https://doi.org/10.1016/j.rser.2017.03.105. 

[35] Jia L, Tong L. Renewables and Storage in Distribution Systems: Centralized vs. 
Decentralized Integration. IEEE J Sel Areas Commun 2016;34:665–74. 
https://doi.org/10.1109/JSAC.2016.2525638. 

[36] Klingler AL. Self-consumption with PV + Battery systems: A market diffusion model 
considering individual consumer behaviour and preferences. Appl Energy 2017;205:1560–
70. https://doi.org/10.1016/j.apenergy.2017.08.159. 

[37] Germeshausen R, Wölfing N. How marginal is lignite? Two simple approaches to determine 
price-setting technologies in power markets. Energy Policy 2020;142:111482. 
https://doi.org/https://doi.org/10.1016/j.enpol.2020.111482. 

[38] Staffell I. Measuring the progress and impacts of decarbonising British electricity. Energy 
Policy 2017;102:463–75. https://doi.org/10.1016/j.enpol.2016.12.037. 

[39] Blume-Werry E, Faber T, Hirth L, Huber C, Everts M. Eyes on the Price: Which Power 
Generation Technologies Set the Market Price? Price Setting in European Electricity 
Markets: An Application to the Proposed Dutch Carbon Price Floor. SSRN Electron J 2019. 
https://doi.org/10.2139/ssrn.3313338. 

[40] Green R, Staffell I. “prosumage” and the British electricity market. Econ Energy Environ 
Policy 2017;6:33–49. https://doi.org/10.5547/2160-5890.6.1.rgre. 

[41] Castagneto Gissey G, Subkhankulova D, Dodds PE, Barrett M. Value of energy storage 
aggregation to the electricity system. Energy Policy 2019;128:685–96. 
https://doi.org/10.1016/j.enpol.2019.01.037. 



 

 29 

[42] Blume-Werry E, Faber T, Hirth L, Huber C, Everts  and M. Eyes on the Price: Which Power 
Generation Technologies Set the Market Price? Econ Energy Environ Policy 2021;Volume 
10. 

[43] Panos E, Densing M. The future developments of the electricity prices in view of the 
implementation of the Paris Agreements: Will the current trends prevail, or a reversal is 
ahead? Energy Econ 2019;84:104476. 
https://doi.org/https://doi.org/10.1016/j.eneco.2019.104476. 

[44] Keles D, Yilmaz HÜ. Decarbonisation through coal phase-out in Germany and Europe — 
Impact on Emissions, electricity prices and power production. Energy Policy 
2020;141:111472. https://doi.org/https://doi.org/10.1016/j.enpol.2020.111472. 

[45] Dyson T, Konstadinides T. Enhancing energy security in the EU: Pathways to reduce 
Europe’s dependence on Russian gas imports. Eur Law Rev 2016;41:535–56. 

[46] Hirth L. What caused the drop in European electricity prices? A factor decomposition 
analysis. Energy J 2018;39:143–57. https://doi.org/10.5547/01956574.39.1.lhir. 

[47] European Commission. Market analysis | Energy 2020. https://ec.europa.eu/energy/data-
analysis/market-analysis_en (accessed January 21, 2021). 

[48] National Statistics. Quarterly Energy Prices - GOV.UK 2020. 
https://www.gov.uk/government/collections/quarterly-energy-prices (accessed October 26, 
2020). 

[49] European Commission. 2020 climate & energy package 2020. 
https://ec.europa.eu/clima/policies/strategies/2020_en (accessed March 2, 2021). 

[50] European Environment Agency (EEA). EU achieves 20-20-20 climate targets, 55 % 
emissions cut by 2030 reachable with more efforts and policies n.d. 
https://www.eea.europa.eu/highlights/eu-achieves-20-20-20 (accessed January 10, 2022). 

[51] Eurostat. SHARES (Renewables) - Energy 2020. 
https://ec.europa.eu/eurostat/web/energy/data/shares (accessed March 2, 2021). 

[52] European Commission. Progress made in cutting emissions 2020. 
https://ec.europa.eu/clima/policies/strategies/progress_en (accessed March 2, 2021). 

[53] eurostat. EU imports of energy products - recent developments - Statistics Explained 2020. 
https://ec.europa.eu/eurostat/statistics-
explained/index.php/EU_imports_of_energy_products_-_recent_developments (accessed 
December 25, 2020). 

[54] European Commission. A fully-integrated internal energy market | European Commission 
2020. https://ec.europa.eu/commission/priorities/energy-union-and-climate/fully-integrated-
internal-energy-market_en (accessed December 25, 2020). 

[55] European Commission. The EU Renewable Energy Directive (EU) 2018/2001 2018. 
https://eur-lex.europa.eu/eli/dir/2018/2001/oj (accessed January 16, 2021). 

[56] European Commission. European Climate Law 2020. https://ec.europa.eu/clima/policies/eu-
climate-action/law_en (accessed March 2, 2021). 

[57] European Commission. Commission Staff Working Document SWD/2020/176: Impact 
Assessment on Stepping up Europe’s 2030 climate ambition Investing in a climate-neutral 
future for the benefit of our people | Knowledge for policy 2020. 



 

 30 

https://knowledge4policy.ec.europa.eu/publication/commission-staff-working-document-
swd2020176-impact-assessment-stepping-europe’s-2030_en (accessed March 2, 2021). 

[58] Statistisches Bundesamt. Gross electricity production in Germany 2020. 
https://www.destatis.de/EN/Themes/Economic-Sectors-
Enterprises/Energy/Production/Tables/gross-electricity-production.html (accessed February 
8, 2021). 

[59] SEAI. Renewables | Energy Statistics In Ireland | SEAI 2020. https://www.seai.ie/data-and-
insights/seai-statistics/key-statistics/renewables/ (accessed February 13, 2021). 

[60] ENTSOE. ENTSO-E Transparency Platform 2020. https://transparency.entsoe.eu/ 
(accessed November 23, 2020). 

[61] eurostat. Renewable energy statistics - Statistics Explained 2020. 
https://ec.europa.eu/eurostat/statistics-
explained/index.php/Renewable_energy_statistics#Share_of_renewable_energy_more_than
_doubled_between_2004_and_2019 (accessed December 25, 2020). 

[62] UK National Statistics. Energy Trends: UK electricity - GOV.UK 2020. 
https://www.gov.uk/government/statistics/electricity-section-5-energy-trends (accessed 
February 8, 2021). 

[63] Hailemariam A, Smyth R. What drives volatility in natural gas prices? Energy Econ 
2019;80:731–42. https://doi.org/10.1016/j.eneco.2019.02.011. 

[64] Eser P, Chokani N, Abhari R. Impact of Nord Stream 2 and LNG on gas trade and security 
of supply in the European gas network of 2030. Appl Energy 2019;238:816–30. 
https://doi.org/10.1016/j.apenergy.2019.01.068. 

[65] Reuters. After China-induced price spike, coal set to resume long-term decline | Reuters 
2017. https://www.reuters.com/article/us-coal-prices-analysis-idUSKBN1A91IJ (accessed 
February 27, 2021). 

[66] European Commission. Energy prices and costs in Europe 2020. https://eur-
lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:52020SC0951&rid=1 (accessed 
February 27, 2021). 

[67] Nord Pool Spot. Price formation 2020. https://www.nordpoolgroup.com/the-power-
market/Day-ahead-market/Price-formation/ (accessed February 8, 2021). 

[68] Lockwood M, Mitchell C, Hoggett R. Incumbent lobbying as a barrier to forward-looking 
regulation: The case of demand-side response in the GB capacity market for electricity. 
Energy Policy 2020;140:111426. https://doi.org/https://doi.org/10.1016/j.enpol.2020.111426. 

[69] Dagoumas AS, Polemis ML. Carbon pass-through in the electricity sector: An econometric 
analysis. Energy Econ 2020;86:104621. https://doi.org/10.1016/J.ENECO.2019.104621. 

[70] Motamedi Sedeh O, Ostadi B. Optimization of bidding strategy in the day-ahead market by 
consideration of seasonality trend of the market spot price. Energy Policy 2020;145:111740. 
https://doi.org/https://doi.org/10.1016/j.enpol.2020.111740. 

[71] Cramton P. Electricity market design. Oxford Rev Econ Policy 2017;33:589–612. 
https://doi.org/10.1093/oxrep/grx041. 

[72] Guo L, Ding Y, Bao M, Zeng D. A Bi-Level model for the bidding strategy of an inter-regional 
electricity trading aggregator considering reliability requirements and transmission losses. 



 

 31 

IEEE Access 2021;9:13476–87. https://doi.org/10.1109/ACCESS.2021.3051654. 

[73] Sheikhahmadi P, Bahramara S. The participation of a renewable energy-based aggregator 
in real-time market: A Bi-level approach. J Clean Prod 2020;276. 
https://doi.org/10.1016/j.jclepro.2020.123149. 

[74] Han X, Hug G. A distributionally robust bidding strategy for a wind-storage aggregator. 
Electr Power Syst Res 2020;189. https://doi.org/10.1016/j.epsr.2020.106745. 

[75] Maeder M, Weiss O, Boulouchos K. Assessing the need for flexibility technologies in 
decarbonized power systems: A new model applied to Central Europe. Appl Energy 
2021;282:116050. https://doi.org/https://doi.org/10.1016/j.apenergy.2020.116050. 

[76] Jimenez-Navarro J-P, Kavvadias K, Filippidou F, Pavičević M, Quoilin S. Coupling the 
heating and power sectors: The role of centralised combined heat and power plants and 
district heat in a European decarbonised power system. Appl Energy 2020;270:115134. 
https://doi.org/https://doi.org/10.1016/j.apenergy.2020.115134. 

[77] Zakeri B, Price J, Zeyringer M, Keppo I, Mathiesen BV, Syri S. The direct interconnection of 
the UK and Nordic power market – Impact on social welfare and renewable energy 
integration. Energy 2018;162:1193–204. https://doi.org/10.1016/J.ENERGY.2018.08.019. 

[78] Golombek R, Lind A, Ringkjøb HK, Seljom P. The role of transmission and energy storage in 
European decarbonization towards 2050. Energy 2022;239:122159. 
https://doi.org/10.1016/J.ENERGY.2021.122159. 

[79] Härtel P, Korpås M. Demystifying market clearing and price setting effects in low-carbon 
energy systems. Energy Econ 2021;93:105051. 
https://doi.org/10.1016/J.ENECO.2020.105051. 

[80] Gilbert N, Ahrweiler P, Barbrook-Johnson P, Narasimhan KP, Wilkinson H. Computational 
Modelling of Public Policy: Reflections on Practice. 2018:3:1 2018;21. 
https://doi.org/10.18564/JASSS.3669. 

[81] Chang M, Thellufsen JZ, Zakeri B, Pickering B, Pfenninger S, Lund H, et al. Trends in tools 
and approaches for modelling the energy transition. Appl Energy 2021;290:116731. 
https://doi.org/10.1016/j.apenergy.2021.116731. 

[82] Ruhnau O, Bucksteeg M, Ritter D, Schmitz R, Böttger D, Koch M, et al. Why electricity 
market models yield different results: Carbon pricing in a model-comparison experiment. 
Renew Sustain Energy Rev 2022;153:111701. 
https://doi.org/10.1016/J.RSER.2021.111701. 

[83] Pfenninger S, Hirth L, Schlecht I, Schmid E, Wiese F, Brown T, et al. Opening the black box 
of energy modelling : Strategies and lessons learned 2018;19:63–71. 
https://doi.org/10.1016/j.esr.2017.12.002. 

[84] Pfenninger S, Hirth L, Schlecht I, Schmid E, Wiese F, Brown T, et al. Opening the black box 
of energy modelling: Strategies and lessons learned. Energy Strateg Rev 2018;19:63–71. 
https://doi.org/10.1016/j.esr.2017.12.002. 

[85] Nolting L, Praktiknjo A. Can we phase-out all of them? Probabilistic assessments of security 
of electricity supply for the German case. Appl Energy 2020;263. 
https://doi.org/10.1016/j.apenergy.2020.114704. 

[86] Keles D, Dehler-Holland J, Densing M, Panos E, Hack F. Cross-border effects in 
interconnected electricity markets - an analysis of the Swiss electricity prices. Energy Econ 



 

 32 

2020;90:104802. https://doi.org/https://doi.org/10.1016/j.eneco.2020.104802. 

[87] Chen T, Pourbabak H, Su W. Electricity market reform. Energy Internet An Open Energy 
Platf to Transform Leg Power Syst into Open Innov Glob Econ Engines 2018:97–121. 
https://doi.org/10.1016/B978-0-08-102207-8.00005-9. 

[88] Germeshausen R, Wölfing N. How marginal is lignite? Two simple approaches to determine 
price-setting technologies in power markets. Energy Policy 2020;142:111482. 
https://doi.org/10.1016/J.ENPOL.2020.111482. 

[89] Bublitz A, Keles D, Fichtner W. An analysis of the decline of electricity spot prices in Europe: 
Who is to blame? Energy Policy 2017;107:323–36. 
https://doi.org/10.1016/j.enpol.2017.04.034. 

[90] Helin K, Käki A, Zakeri B, Lahdelma R, Syri S. Economic potential of industrial demand side 
management in pulp and paper industry. Energy 2017;141. 
https://doi.org/10.1016/j.energy.2017.11.075. 

[91] Chang M, Thellufsen JZ, Zakeri B, Pickering B, Pfenninger S, Lund H, et al. Trends in tools 
and approaches for modelling the energy transition. Appl Energy 2021;290:116731. 
https://doi.org/10.1016/j.apenergy.2021.116731. 

[92] Nord Pool Spot. Market data | Nord Pool 2020. https://www.nordpoolgroup.com/Market-
data1/#/nordic/table (accessed February 13, 2021). 

[93] EPEX. Market Data | EPEX SPOT 2020. https://www.epexspot.com/en/market-data 
(accessed February 13, 2021). 

[94] RTE. View data published by RTE - RTE Services Portal 2020. https://www.services-
rte.com/en/view-data-published-by-rte.html (accessed February 13, 2021). 

[95] ESOIS. Generation and consumption | ESIOS electricity · data · transparency 2020. 
https://www.esios.ree.es/en/generation-and-consumption (accessed February 13, 2021). 

[96] OMIE. Day-ahead hourly price | OMIE 2020. https://www.omie.es/en/market-
results/daily/daily-market/daily-hourly-price (accessed February 13, 2021). 

[97] Jahns C, Podewski C, Weber C. Supply curves for hydro reservoirs – Estimation and usage 
in large-scale electricity market models. Energy Econ 2020;87:104696. 
https://doi.org/10.1016/J.ENECO.2020.104696. 

[98] Electric Power Research Institute. Quantifying the Value of Hydropower in the Electric Grid: 
Modeling Results for Future Scenarios 2012:1–162. 

[99] Jenkins JD, Zhou Z, Ponciroli R, Vilim RB, Ganda F, de Sisternes F, et al. The benefits of 
nuclear flexibility in power system operations with renewable energy. Appl Energy 
2018;222:872–84. https://doi.org/10.1016/j.apenergy.2018.03.002. 

[100] Wilson IAG, Staffell I. Rapid fuel switching from coal to natural gas through effective carbon 
pricing. Nat Energy 2018;3:365–72. https://doi.org/10.1038/s41560-018-0109-0. 

[101] Tollefson J. What the war in Ukraine means for energy, climate and food. Nature 
2022;604:232–3. https://doi.org/10.1038/D41586-022-00969-9. 

[102] Rubino A. Euro-Mediterranean Gas Cooperation: Roles and Perceptions of Domestic 
Stakeholders and the European Commission. SSRN Electron J 2017. 
https://doi.org/10.2139/ssrn.2853359. 



 

 33 

[103] Delfs A, Krukowska E, Almeida I. Russia’s Contentious Nord Stream 2 Gas Pipeline Is Dead 
for Now? Bloomberg 2022. https://www.bloomberg.com/news/articles/2022-02-22/russia-s-
contentious-nord-stream-2-gas-pipeline-is-dead-for-now#xj4y7vzkg (accessed July 21, 
2022). 

[104] Brauers H, Braunger I, Jewell J. Liquefied natural gas expansion plans in Germany: The risk 
of gas lock-in under energy transitions. Energy Res Soc Sci 2021;76:102059. 
https://doi.org/10.1016/J.ERSS.2021.102059. 

[105] Ofgem. Wholesale energy market charts and indicators 2020. 
https://www.ofgem.gov.uk/data-portal/wholesale-market-indicators (accessed March 6, 
2021). 

[106] Zakeri B, Barreto-Gomez L, Boza-Kiss B, Gomez Echeverri L, Fritz S, Gielen D, et al. 
Bouncing Forward Sustainably: Pathways to a post-COVID world. Sustainable Energy 2020. 

[107] Krzemień A, Riesgo Fernández P, Suárez Sánchez A, Sánchez Lasheras F. Forecasting 
European thermal coal spot prices. J Sustain Min 2015;14:203–10. 
https://doi.org/10.1016/j.jsm.2016.04.002. 

[108] Muñoz MP, Dickey DA. Are electricity prices affected by the US dollar to Euro exchange 
rate? The Spanish case. Energy Econ 2009;31:857–66. 
https://doi.org/10.1016/j.eneco.2009.05.011. 

[109] The Independent. Brexit added £2bn to UK energy bills in year after referendum, report 
claims 2019. https://www.independent.co.uk/climate-change/news/brexit-energy-bills-gas-
electricity-exchange-rates-gbp-euro-ucl-ofgem-a8675211.html (accessed March 6, 2021). 

[110] BloombergNEF. German Power to See Record Coal-to-Gas Switch This Summer 2020. 
https://about.bnef.com/blog/german-power-to-see-record-coal-to-gas-switch-this-summer/ 
(accessed February 27, 2021). 

[111] Carbon Tracker. CTI Annual Review 19 2019. 
https://www.annualreview2019.carbontracker.org/ (accessed March 6, 2021). 

[112] Green R, Staffell I. Electricity in Europe: exiting fossil fuels? Oxford Rev Econ Policy 
2016;32:282–303. https://doi.org/10.1093/oxrep/grw003. 

[113] Zhang X, Myhrvold NP, Hausfather Z, Caldeira K. Climate benefits of natural gas as a bridge 
fuel and potential delay of near-zero energy systems. Appl Energy 2016;167:317–22. 
https://doi.org/10.1016/J.APENERGY.2015.10.016. 

[114] Hausfather Z. Bounding the climate viability of natural gas as a bridge fuel to displace coal. 
Energy Policy 2015;86:286–94. https://doi.org/10.1016/J.ENPOL.2015.07.012. 

[115] The Guardian. Fury as EU moves ahead with plans to label gas and nuclear as ‘green’ | 
European Commission n.d. https://www.theguardian.com/world/2022/jan/03/fury-eu-moves-
ahead-plans-label-gas-nuclear-green (accessed January 13, 2022). 

[116] Clifford C. Europe: natural gas, nuclear are green energy in some circumstances. CNBC 
2022. https://www.cnbc.com/2022/07/06/europe-natural-gas-nuclear-are-green-energy-in-
some-circumstances-.html (accessed July 19, 2022). 

[117] Meyer T. The debate on the future of nuclear energy in Germany, France and Sweden: 
analysis of the complexity of the system of protagonists for each country. 2018. 

[118] European Commission. EU Energy Security Strategy. 2014. 



 

 34 

[119] Goop J, Odenberger M, Johnsson F. The effect of high levels of solar generation on 
congestion in the European electricity transmission grid. Appl Energy 2017;205:1128–40. 
https://doi.org/10.1016/j.apenergy.2017.08.143. 

[120] Olauson J, Bergkvist M. Correlation between wind power generation in the European 
countries. Energy 2016;114:663–70. https://doi.org/10.1016/j.energy.2016.08.036. 

[121] Gils HC, Scholz Y, Pregger T, Luca de Tena D, Heide D. Integrated modelling of variable 
renewable energy-based power supply in Europe. Energy 2017;123:173–88. 
https://doi.org/10.1016/j.energy.2017.01.115. 

[122] Buttler A, Dinkel F, Franz S, Spliethoff H. Variability of wind and solar power – An 
assessment of the current situation in the European Union based on the year 2014. Energy 
2016;106:147–61. https://doi.org/10.1016/j.energy.2016.03.041. 

[123] ENTSO-E. Ten-year network development plans (TYNDP) 2020. 
https://tyndp.entsoe.eu/documents/ (accessed February 3, 2021). 

[124] Zakeri B, Virasjoki V, Syri S, Connolly D, Mathiesen BV, Welsch M. Impact of Germany’s 
energy transition on the Nordic power market – A market-based multi-region energy system 
model. Energy 2016;115. https://doi.org/10.1016/j.energy.2016.07.083. 

[125] MacIver C, Bukhsh W, Bell KRW. The impact of interconnectors on the GB electricity sector 
and European carbon emissions. Energy Policy 2021;151:112170. 
https://doi.org/10.1016/j.enpol.2021.112170. 

[126] Mallapragada DS, Sepulveda NA, Jenkins JD. Long-run system value of battery energy 
storage in future grids with increasing wind and solar generation. Appl Energy 
2020;275:115390. https://doi.org/10.1016/j.apenergy.2020.115390. 

[127] Carbon Price Viewer - Ember n.d. https://ember-climate.org/data/carbon-price-viewer/ 
(accessed December 20, 2021). 

[128] Helin K, Zakeri B, Syri S. Is District Heating Combined Heat and Power at Risk in the Nordic 
Area?—An Electricity Market Perspective. Energies 2018, Vol 11, Page 1256 2018;11:1256. 
https://doi.org/10.3390/EN11051256. 

[129] Graabak I, Jaehnert S, Korpås M, Mo B. Norway as a battery for the future European power 
system-impacts on the hydropower system. Energies 2017;10:1–25. 
https://doi.org/10.3390/en10122054. 

 

Appendix 

A.1. Energy Transition in Europe 

The EU reached the renewable energy target, having increased its share of RESs from 8.5% 
in 2005 to 19.7% in 2019 (for RES-Electricity from 16% to 34%) [51]17.  For the carbon target, the 
EU is significantly ahead of this objective, having reduced carbon emissions by 24% from 1990 to 
2019 [52].  These achievements underline the significant shift in the energy sector in the last 

 

17 These figures are for the post-Brexit EU-27 without UK. Including UK, the share of RESs and RES-electricity in 
2019 would be 18.9% and 34%, respectively. 
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decade driven by EU-level policy. Figure A11 depicts the evolution of the share of renewables in 
gross electricity generation in EU-27 + UK in the past two decades. 

 

Figure A11 Role of different generation types in gross electricity generation in Europe 2000-2018 (raw data from Eurostat [61], data 
curation, aggregation and visualization by the authors) 

 


