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Abstract
To achieve ambitious energy-climate targets, all EU member states have introduced policies to support the market introduction 
of renewable energy sources (RES) generation. Motivated to close the gap of the merit order effect (MOE) in less mature 
Central and South East European electricity markets, we empirically confirm economic theory predictions that in the short 
run, an increase in RES generation reduces electricity prices. The merit order effect is initially econometrically confirmed 
and quantified. Different econometric model specifications are estimated to differentiate the MOE caused by wind and solar 
generation and to differentiate the MOE on high-load and low-load days. In addition, we simulate the adjustment of the 
realised day-ahead electricity prices to the no-RES generation scenario. Modern statistical methods are applied to bridge the 
gap in the limited public data availability to solve simulation models used in the power system or agent-based simulations. A 
family of data mining algorithms is applied for the merit order estimation used in the dynamic adaptation of the generation 
mix to the omitted RES generation. The estimated energy imbalance caused by the excluded RES generation is therefore 
compensated by the additional conventional generation dispatch according to the estimated power plant merit order. The 
estimated supply curves for each generation technology assist the reasoning behind the established MOE in econometric 
models. Based on our findings, policymakers should prioritise policies that facilitate the integration of RES into their 
electricity markets, which would in turn accelerate energy transition. With increasingly growing shares of renewables in the 
system, the governments need to rethink the support scheme, where the emphasis should be placed on efficiently integrating 
renewables in the power system by taking into account temporal and spatial dimensions.

Keywords Renewable energy sources · Merit order effect · Data mining · Day-ahead electricity prices · Central and South 
East Europe

Introduction

Growth in electricity generation from renewable energy 
sources (RES) to achieve a less polluting and import-
dependent energy sector in the EU member states 
has influenced electricity market dynamics. National 
promotion strategies triggered by the Directive 2001/77/
EC on renewable energies in the electricity sector have 
been the major driving force for this development. All 
EU member states have introduced policies to support the 
market introduction of RES (Ragwitz and Held 2007). 
Guaranteed feed-in-tariffs have been most successful to 
stimulate investments in renewable energies, as investors 
receive their income on the basis of the set up renewable 
promotion scheme and not from the electricity sold on spot 
markets with highly volatile prices (Sensfuß et al. 2008). 
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Consequently, increased renewable generation of electricity 
crowds out other high(er) marginal-cost technologies and 
results in lower electricity prices in the wholesale electricity 
market (Keles et al. 2013). The crowding out of generation 
from conventional (non-renewable) energy sources with 
higher marginal costs is recognised in the literature as a 
merit order effect (MOE). Lower prices result from the 
fact that renewables bid into wholesale electricity markets 
at almost-zero prices, and therefore shift the electricity 
supply curve to the right (Keles et al. 2013). The MOE is 
in general a heavily researched topic of interest that aims 
to explain the reduction of marginal costs of energy due 
to the penetration of renewable sources evidenced from 
wholesale electricity markets. Past researches have explored 
the evidence of the MOE for several countries, such as in the 
context of Germany (Cludius et al. 2014), for Portugal and 
Spain (Figueiredo and da Silva 2019), for India (Pradhan 
et al. 2021), for the Czech Republic (Luňáčková et al. 2017), 
for Italy (Clò et al. 2015), and for Australia (McConnell 
et al. 2013).

The novelties of our paper are twofold. First, an empirical 
analysis is conducted in order to confirm and quantify merit 
order effect in Hungarian, Romanian, and Greek electricity 
markets. While the phenomenon of renewable energy sources 
displacing conventional generation has been extensively 
studied in advanced EU energy markets, we extend the 
analysis to investigating the MOE in less mature Central 
and South East European day-ahead electricity markets. 
This expansion is crucial as it enriches the understanding 
of MOE in regions with evolving energy transitions. There 
exist relatively few studies that address the presence of the 
merit order effect in less mature EU markets, e.g. the merit 
order effect in the Greek electricity market has been studied 
by Loumakis et al. (2019), who modelled the electricity 
demand curve and the electricity production separately in 
the day-ahead market to analyse the effects of renewable 
penetration on wholesale electricity prices. Second, by 
utilising modern statistical methods, the research offers a 
framework that simulates electricity price adjustments in 
response to scenarios devoid of RES generation, overcoming 
data limitations and enhancing the accuracy of simulation 
models. This methodology innovation has the potential to 
bridge data gaps and yield insights akin to more complex 
power system or agent-based simulations, thus further 
advancing applied power market research.

The analysed electricity markets of Central and South 
East Europe given their characteristics qualify for a merit 
order effect analysis. Greek and Romanian electricity 
markets have higher RES generation shares in their 
electricity generation mix, and clearly qualify as interesting 
case study examples. In contrast, Hungary has a low share of 
renewable generation and serves as a control country. Due to 
its direct interconnection to the Romanian market, it could be 

considered as a natural price cap for the expected Romanian 
prices in the no-RES generation scenario simulation. We 
expect to confirm that the increase in RES generation 
crowds out conventional generation sources and in the short 
run reduces the price of electricity. Further, based on the 
no-RES generation simulation results, we investigate the 
effect of RES generation on the electricity price levels, price 
volatility, and electricity net export.

The empirical MOE analysis is executed to supplement 
the existing literature focused on key EU energy areas 
in terms of installed renewable capacity and electricity 
market development. Prior studies considering empirical 
confirmation and quantification of the MOE typically 
address the German (Neubarth et al. 2006; Sensfuß et al. 
2008; Weigt 2009; Würzburg et al. 2013; Benhmad and 
Percebois 2018), Spanish (Sáenz de Miera et  al. 2008; 
Gelabert et al. 2011; Gil et al. 2012; Figueiredo and Silva 
2019), and Danish (Jónsson et al. 2010; Unger et al. 2018) 
electricity markets. Based on the literature review, there is 
no similar study investigating the MOE in the EU member 
countries in Central and South East Europe regions.

In this paper, we empirically confirm and quantify MOE 
by a multivariate regression model similar to Würzburg 
et al. (2013) analysing the MOE in the German and Austrian 
electricity markets. Going beyond the existing empirical 
methodology, we also simulate adjusting the realised day-
ahead electricity prices to the no-RES generation scenario. 
For the preparation of simulated no-RES generation 
scenario, we have further estimated the influence of 
RES generation on the country electricity net export and 
aggregated supply curves for different electricity generation 
technologies. Part of the domestic RES generation is 
typically exported to neighbouring countries. Therefore, 
only a domestically absorbed RES generation share causes 
MOE and reduces domestic electricity prices. The influence 
of RES generation on country electricity net export is 
quantified by a multivariate regression model. According 
to the economic theory, supply curve quantity and price 
pairs are determined by the short-run marginal costs of 
different electricity generation technologies. Aggregated 
supply curve for the individual generation technology is 
estimated based on the observed day-ahead electricity prices 
and reported electricity dispatch. Due to the prominent 
non-linear behaviour of the electricity price signals (Weron 
2014), we estimate aggregated supply curves by employing 
data mining algorithms. The estimated energy imbalance 
caused by the excluded renewable generation is compensated 
by the additional conventional generation dispatch. The 
required additional conventional generation dispatch to 
maintain energy balance is priced according to the estimated 
aggregated supply curves. Based on the no-RES generation 
simulation results, we can study the effect of RES generation 
on electricity price levels and volatility.
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The paper is structured as follows. “Merit order effect” 
section looks more closely into the MOE theory and pro-
vides literature review. “Methodology” section outlines the 
methodology and its application. Data, data availability, 
and country electricity generation mix features are summa-
rised in the “Data” section. “Results and discussion” section 
reports and discusses the empirical results. Finally, “Conclu-
sion” section presents concluding remarks with summarised 
key research findings.

Merit order effect

Guaranteed feed-in-tariffs support for RES electricity gen-
eration has led to growth in the installed capacity of sup-
ported technologies. Throughout the article, wind and solar 
electricity generation are addressed by the RES electricity 
generation. Theoretical consideration introduced by Jensen 
and Skytte (2002) suggests that renewable electricity gen-
eration results in lower electricity prices. Electricity price 
is determined at the intersection of the aggregated demand 
and supply curves. Electricity is an essential commodity, and 
as such, in the short term exhibits inelastic demand (vertical 
line D in Fig. 1) (Cerjan et al. 2013). The profile of the sup-
ply curve is defined by the ranking of the generation units by 
their short-run marginal costs in increasing order, together 
with the dispatched energy, in a merit order (Sensfuß et al. 
2008). In Fig. 1, electricity price is determined at the price 
level P at the intersection with the gas power plant short-
run marginal costs (Fig. 1; 1. Merit order − electricity price 
determination).

The price reducing impact is called a “merit order effect” 
and can be explained with the right shift of the supply curve 
when RES generation with low variable costs is integrated 

into the supply curve (Fig.  1). Assuming an inelastic 
demand, electricity price as an intersection between supply 
and demand will thus decrease to price P′ associated with 
the short-run marginal costs of nuclear technology (Fig. 1; 
2. Merit order effect + NetExport). The gradient of the sup-
ply curve depends mainly on technologies, efficiencies, fuel 
prices, start-up costs, and CO2 price (Keles et al. 2013).

The shift towards renewable energy can also be attributed 
to other factors, i.e. CO2 prices, policy measures, and human 
development. The response of electricity demand to price 
changes is discussed by Fleschutz et al. (2021) for a wide 
sample of European countries. They show that an increas-
ing carbon price generally elevates the estimated merit 
order effects. Thus, they conclude that price-based demand 
response can be an effective economic and environmen-
tal improvement tool. Other factors contributing to higher 
renewable energy consumption were studied for the sample 
of BRICS countries (Sachan et al. 2023). The authors find 
that the factors related to environmental policy stringency 
and human development statistically significantly and posi-
tively contribute to the demand for renewable energy.

Electricity interconnections have become increasingly 
common as a means of integrating electricity markets (Mac-
edo et al. 2021). In general, countries tend to (net) export 
greater amount of electricity if domestic RES generation 
increases (Croonenbroeck and Palm 2020). In Fig. 1, this is 
illustrated with the increase of electricity price from P′ to 
P″. Price movement from P′ to P″ is induced by the foreign 
demand (NX) for cheaper electricity due to the MOE, which 
increases the final demand for electricity (D + NX). New 
electricity price P″ is associated by the short-run marginal 
costs of coal electricity generation technology.

Table  1 summarises day-ahead electricity prices in 
the analysed period. The influence of German electricity 

Fig. 1  Merit order based on 
marginal costs, merit order elec-
tricity price setting, and merit 
order effect
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prices on electricity prices across the other regions is 
confirmed in many studies (Bunn and Gianfreda 2010; 
Lindström and Regland 2012; Ziel et al. 2015). Table 1 
confirms this stylised fact, as the electricity price levels 
of the analysed perimeter follow German price dynamics.

Figure 2 presents electricity generation mixes of Hun-
garian, Romanian, and Greek power systems. RES have 
insignificant contribution to the Hungarian generation mix, 
as there is no solar generation, whereas wind accounts for 
less than 2.5% of total generation on a yearly basis. In the 
Romanian generation mix, on average, 10% of electricity 
is generated by the wind and 2.5% in solar power plants. 
In Greece, 10% and 7.5% of electricity are generated by 
the wind and solar power plants, respectively. Based on 
the observed wind and solar maximum generation outputs 
in the analysed power systems, we can conclude that the 
installed RES capacity remained relatively constant over 
the 2015–2018 period (Table 4 of the Appendix). Romania 
with 12.5% and Greece with 17.5% RES share in genera-
tion mix clearly qualify as good candidates for the MOE 
analysis.

According to Würzburg et al. (2013), key MOE studies 
can be classified in simulation-based and empirical analy-
sis studies. Simulation studies are based on the simulation 
models (e.g. unit commitment model) using real past or 
hypothetical data, whereas empirical studies are generally 

performed with econometrics models on real past data. Due 
to fundamental difference in approaches, drawing general 
conclusions and result comparison of different papers should 
be done with special care.

Important simulation-based studies typically rely on 
information rich and flexible simulation models used for 
power system or agent-based simulations. With an agent-
based simulation platform, Sensfuß et al. (2008) analysed 
German electricity prices with and without RES generation. 
RES generation caused a price reduction by 1.7 to 7.8 €/
MWh. Woll and Weber (2012) simulated the German elec-
tricity system by 34 generation technologies for electricity 
generation, fuel prices, and CO2 prices. In the no-RES gen-
eration, scenario electricity prices are 4.04 €/MWh higher 
compared to the base scenario with wind generation. Fürsch 
et al. (2012) simulated merit order effect for Germany based 
on the DIME model (Dispatch and Investment Model for 
Electricity Markets in Europe). This model accounts for the 
international flows and dynamic adaptation of generation 
mix to increased RES generation. Due to the predicted RES 
generation growth, they predicted in years 2015, 2020, 2025, 
and 2030 a price reduction of 2 €/MW, 4 €/MWh, 5 €/MWh, 
and 10 €/MWh, respectively. Sáenz de Miera et al. (2008) 
report in the Spanish market simulation analysis between 
years 2005 and 2007 a price reduction caused by the wind 
generation of 7.08 €/MWh to 12.44 €/MWh.

With the increased market transparency and ex-post data 
availability, number of published empirical studies quan-
tifying the impact of RES generation on electricity prices 
significantly increased. Neubarth et al. (2006) estimated 
by the univariate econometric model the impact of wind 
generation on German electricity day-ahead prices in years 
2004 and 2005. They find that the electricity price drops 
by 1.89 € for each additional GW of wind power genera-
tion. Using time-series regression analysis, Cludius et al. 

Table 1  Day-ahead electricity 
prices in €/MWh

Source: ENTSO-E TP (2020)

Year DE HU RO GR

2015 31.8 40.6 36.4 51.9
2016 29.0 35.5 33.4 42.8
2017 34.2 50.4 48.2 54.7
2018 44.5 51.0 46.5 60.4

Fig. 2  Electricity generation 
mixes in percentages.  Source: 
ENTSO-E TP (2020)
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(2014) estimated a price drop caused by RES generation in 
Germany by 6 €/MWh in 2010, 10 €/MWh in 2012, and a 
projected price drop of 14–16 € in year 2016. Furthermore, 
Deane et al. (2017) conducted an ex-post and ex-ante study 
of the influence of renewable energy on energy prices in 
European countries over the past few years and between 
2030 and 2050. They estimated that the electricity prices 
in Europe would generally decline over the medium term as 
renewable energy production will likely increase the supply 
of electricity.

Macedo et al. (2021) estimated by using a SARMAX/
GARCH time-series econometric approach the impact 
of RES generation and net export on Swedish day-ahead 
electricity prices from 2016 to 2020. They estimated a 
model for each hour of the day individually and confirmed 
homogenous negative impact of RES generation on 
electricity price. A 1% increase in RES generation decreased 
the electricity price by 0.0609%. Macedo et  al. (2020) 
expanded preceding study to the Portugal electricity market. 
They estimated that the 1% increase in RES generation 
on average decreased the Portuguese electricity price by 
0.056%. Figueiredo and Silva (2019) based on historical 
Spain and Portuguese (Iberian market) electricity power 
exchange data quantified the MOE with the GARCH 
econometric model. For the period from 2013 to 2017, they 
confirmed a MOE of 13.11 €/MWh for wind generation and 
8.79 €/MWh for solar generation.

Azofra et al. (2014) estimated the MOE in the Span-
ish electricity market using a data mining regression tree 
(M5P) algorithm. For year 2012, they have estimated a price 
drop between 7.42 and 10.94 €/MWh caused by the wind 
generation. Clò et al. (2015) estimated the MOE of wind 
and solar generation in the Italian power market. They have 
reported that in the years 2005–2013 for each additional GW 
of solar and wind generation the electricity prices on aver-
age dropped by 2.3 €/MWh and 4.2 €/MWh, respectively. 
Janda (2018) investigated the influence of solar generation 
on Slovak day-ahead electricity price in years 2011–2016. 
The estimated multivariate model indicates that, ceteris 
paribus, 1% increase in solar generation is associated with 
a spot price decrease from 0.016 to 0.067%. Given the lit-
erature review of the most important studies on MOE in 
European electricity markets, we aspire to close the gap of 
yet unresearched MOE in Central and South East European 
electricity markets.

Methodology

The presence of MOE in Hungary, Greece, and Romania is 
initially statistically verified by a multivariate regression 
model. Then, we simulate the adjustment of the realised 

electricity prices to the no-RES generation scenario. The 
applied no-RES generation simulation approach intui-
tively takes as an example the DIME model (Dispatch and 
Investment Model for Electricity Markets in Europe) used 
by Fürsch et al. (2012). The DIME model accounts for the 
international flows and dynamic adaptation of the genera-
tion mix to changes in RES generation.

Econometric merit order effect verification

To statistically verify the presence of the MOE, we 
estimate a multivariate regression model similar to 
Würzburg et al. (2013). Neubarth et al. (2006) found that 
with daily average values RES explanatory variables tend 
to be more relevant for the definition of day-ahead prices 
in the German market area. Therefore, to eliminate ad hoc 
anomalies and short-term noise, all model variables are 
calculated as the daily average values. In Eq. 1, electricity 
price ( Pelec,d) is the dependent variable, whereas the 
explanatory variables are the previous day electricity price 
( Pelec,d−1) , realised German electricity price ( PDE,d ), the 
demand for electricity ( Loadd ), wind and solar generation 
( RESd ), the net export of electricity ( NXd ), and standard 
error term ( �d) . In Eq. 1, Δ represents the first difference 
operator and d stands for daily observations:

According to Weron (2014), AR-type models provide 
the backbone of all time-series electricity price models; 
therefore, the autoregressive explanatory variable 
( Pelec,d−1) is used in the model. The German–Austrian 
market features an important renewable capacity that is 
obviously related to the strong renewable support scheme 
that has been in place for many years (Würzburg et al. 
2013). Explanatory variable PDE,d is added into the 
models, as the influence of German electricity price on 
electricity prices across other regions is confirmed in 
other studies (Bunn and Gianfreda 2010; Lindström and 
Regland 2012; Ziel et  al. 2015). Germany is a highly 
developed economy where the energy markets are linked 
either through substitution possibilities for consumers or 
through input factor influences (such as gas-fired power 
plants) (Würzburg et al. 2013). For the studied perimeter, 
we could not find appropriate public coal and gas price 
indexes; therefore, variable PDE,d is used as an indicator 
for the fuel and CO2 price levels in Greek, Hungarian, 
and Romanian markets. The electricity demand Loadd 
is inelastic, but with high seasonality and sensitivity to 
weekly patterns of consumption. The MOE in Eq. (1) is 
controlled by the variable RESd measuring the daily wind 
and solar electricity generation.

(1)ΔP
elec,d = �

o
+ �1ΔPelec,d−1 + �2ΔPDE,d + �3ΔLoadd + �4ΔRESd + �

d



120068 Environmental Science and Pollution Research (2023) 30:120063–120084

1 3

Electricity price simulation in the no‑RES generation 
scenario

In the no-RES generation simulation, we adjust observed 
hourly electricity prices by eliminating present merit order 
effect and adjusting net export levels. Therefore, simulation 
requires estimation of the power plant merit order and elec-
tricity export dependency on RES generation. In the no-RES 
generation scenario, an additional quantity that must be sup-
plied from the conventional power plants is equal to the sum 
of realised RES generation and net export implied by the 
RES generation (foreign demand for cheaper energy). The 
power system characteristic is that the electricity supply and 
demand must always be balanced. Therefore, we can equate 
the required volume of additional conventional generation 
to secure the power system balance in the simulated no-RES 
generation scenario by Eq. 2:

The electricity demand is deemed to be inelastic; there-
fore, we can reconstruct the realised intersection of the 
aggregated supply and demand curve as a function of the 
observed electricity day-ahead price and the estimated merit 
order of the system power plants. The simulated electric-
ity price in the no-RES scenario corresponds to a shift of 
the supply and demand curve. The left shift of the supply 
curve is equal to the realised RES generation, whereas the 
demand shift is equal to the estimated change in the net 
export ( ΔN̂X ) triggered by the RES generation. Therefore, 
estimated energy imbalance ( ̂EnergyImbalance ) caused by 
the excluded RES generation is filled by the additional con-
ventional generation supply, according to Eq. 3:

The estimated ̂EnergyImbalanceh is the required addi-
tional conventional supply that secures the power system 
balance and is priced according to the estimated system 
merit order. The simulated market clearing electricity price 
is equal to a price in the last price-quantity pair that fills 
estimated ̂EnergyImbalance quantity.

Impact of the RES generation on electricity net export

Traber and Kemfert (2009) confirmed that the neighbour-
ing countries with lower RES generation in their generation 
mix (high CO2 intensity) benefit by the electricity imports 
from countries with higher RES generation in the genera-
tion mix (low CO2 intensity). The impact of RES generation 
on net export is estimated by the multivariate regression 
model (Eq. 4). According to economic theory, the electric-
ity net export should be lower in no-RES generation sce-
narios. Therefore, it is crucial to quantify the impact of RES 

(2)ΔConventionalSupplyh = ΔLoadh + ΔNXh − ΔRESh

(3)̂EnergyImbalanceh = ΔN̂Xh − ΔRESh

generation on electricity net export and account for it in the 
no-RES generation scenario. In Eq. 4, electricity net export 
( NXh ) is the dependent variable, whereas the explanatory 
variables include the 24-h-lagged electricity net export 
(NXh−24) and the realised wind and solar generation ( RESh ), 
whereas �h represents the standard disturbance term. In the 
multivariate regression model, defined by Eq. 4, Δ repre-
sents the first difference operator and h stands for the hourly 
observations:

The influence of RES generation on net export, i.e. inter-
national trade, is controlled by the NXh variable calculated 
as a sum of all country inflows and outflows (Eq. 5):

The impact of RES generation on net export is estimated 
by the 7-day rolling-window approach over the available 
data set. Therefore, each model is estimated on 168 hourly 
data points.

Merit order estimation

The ranking of the generation units by their short-run mar-
ginal costs in the increasing order, together with the dis-
patched energy, can be efficiently simulated by the unit 
commitment models1 that minimises the total dispatch costs 
of the power plant fleet (Schill et al. 2017). For the consid-
ered time-period and analysed country scope, we could not 
obtain the required data.2 With our publicly available data 
source, we were limited to the reported aggregated hourly 
output for each type of power plants (presented in Fig. 2) 
and hourly day-ahead power prices. Therefore, we model 
short-term economic dispatch of gas, lignite, nuclear, and 
other power plants on the aggregate level. Due to the low 
marginal costs of generation, the supply of the hydro and 
nuclear technology is predominantly defined by the hydrol-
ogy levels and nuclear availability. The economic dispatch of 
the hydro and nuclear power plants in the no-RES generation 
scenario is due to low marginal costs of generation deemed 
to be unchanged. The merit order of gas, lignite, nuclear, 
and other power is modelled according to Eq. 6, where 
Pelec,i,h is the day-ahead electricity price, OutputSharei,h is 

(4)ΔN̂Xh = �o + �1ΔNXh−24 + �2ΔRESh + �h

(5)NX
h
=
∑I

i
(Inflow

i
− Outflow

i
) where i ∈

{

Border1,… ,Border
I

}

1 Troha and Hauser (in Schill and Gerbaulet 2015) used unit commit-
ment model to evaluate the impact of start-up costs and grid opera-
tor on the UK power price equilibrium. Schill et al. investigated the 
impact of fluctuating RES generation on the start-up costs in Ger-
many (Schill et al. 2017).
2 Unit commitment models are reliable and efficient, but require 
exact set of data for each individual power plant (generation data, out-
ages data, start-up cost, efficiency factor, fuel prices,  CO2 price, etc.).
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the percentage output of the observed aggregate power plant 
capacity and �i,h is the error term. According to the electric-
ity market, economics observed day-ahead electricity price 
( Pelec,i,h ) corresponds to the generation marginal costs of the 
most expensive power plant serving electricity to the market. 
In Eq. 6, h stands for the hourly observations:

Non-linear electricity price behaviour fundamentally 
results from the profile of the supply curve. Therefore, we 
estimate model defined by Eq. 6 with predictive modelling 
approaches that can handle such non-linearities. We have 
estimated the merit order for the distinct types of power 
plants by three data mining algorithms: the k-nearest neigh-
bours algorithm (KNN),3 regression tree algorithm (M5P),4 
and the random forest algorithm (RFR).5 Merit order is esti-
mated by the 7-day rolling-window approach over the entire 
data set. The selected window size is large enough for the 
unbiased estimation and narrow enough to recognise for the 
temporary supply features. By the term “temporary supply 
features”, we specifically address non-accounted variables 
such as generation availability, fuel prices, CO2 prices, start-
up costs, and strategic behaviour.

Data

Data availability and accessibility historically limited 
applied power market research (Hirth et al. 2018). The situ-
ation in Europe has changed in 2015 with the commence-
ment of the Transparency Platform (TP) (ENTSO-E TP 
2020) operated by the European Network of Transmission 
System Operators for Electricity (ENTSO-E). The Hun-
garian, Greek, and Romanian working data sets span from 
1.1.2015 to 30.9.2018, resulting in a time series of 1368 days 
or 32,832 hourly observations.

With the available ENTSO-E TP data, we were limited 
to the reported aggregated hourly output for each type of 
power plants, scheduled commercial exchanges (net export), 
and hourly day-ahead power prices. In the data collection 
phase, we noticed that there are missing data points and non-
reported data types in the ENTSO-E TP data base. There-
fore, the Romanian data set is a blend of ENTSO-E TP data 
and Romanian national transmission system operator’s data 
source (Transelectrica 2020) for the reported aggregated 

(6)OutputSharei,h = �o + �oPelec,i,h + �i,h where i ∈ {Gas, Lignite, Other}

actual generation. With the blended data set, we can econo-
metrically confirm the MOE and quantify the RES genera-
tion effect on the country’s net exports. The no-RES gen-
eration simulation is structured upon the estimated merit 
order, as we could not find required data for solving unit 
commitment problem (historical power plant output, fuel 
prices, start-up costs, efficiency, etc.). Merit order estimation 
is performed with the family of data mining algorithms that 
can handle non-linearities associated with the profile of the 
supply curve and electricity prices. Due to the limited public 
data availability, the analysed countries can still be classified 
as less mature power markets.

Results and discussion

Econometric merit order effect verification 
and quantification

Multivariate regression models are estimated to econometri-
cally confirm and quantify merit order effect in Hungary, 
Greece, and Romania in the period from 2015 to 2018-Q3. 
For each country, we have estimated eight model specifica-
tions to quantify and confirm MOE. Model specifications 
1–4 are estimated on the individual calendar year data sam-
ples. Estimation on such data samples is done to observe 
possible differences due to varying penetrations of renew-
able sources and due to possible long-run adjustment of the 
electricity sector to merit order effects. In Fig. 2, we can 
observe that the electricity generation mix shares are vary-
ing in the analysed period. In all countries, we can observe a 
tendency towards less lignite generation share in the genera-
tion mixes. With such an analysis setting, we can detect the 
influence of generation shares in generation mixes on the 
price effects of renewable generation over the time.

Model specification 5 is estimated on the whole data sam-
ple from year 2015 to 2018-Q3. Table 2 summarises esti-
mation results of model 5 and confirms MOE, i.e. negative 
impact of increased RES generation (∆Ren) on electricity 
prices. Model specification 6 is estimated to differentiate 
the impact of solar and wind generation on the observed 
day-ahead electricity prices. This is done by the use of sepa-
rate coefficients that intend to identify the different genera-
tion patterns of these technologies (Würzburg et al. 2013). 
Econometrically estimated quantitative MOE is interpreted 
as a price reduction in €/MWh for each additional GWh of 
renewable generation. Würzburg et al. (2013) reported that 
much higher price effects are reported for smaller power 
systems compared to larger power systems, as the 1 GWh 
of additional electricity generation presents much higher 
generation share in smaller systems. Models 7 and 8 are 
estimated on data samples of upper quarter of high-load days 
and the lower quarter of low-load days. This is done to verify 

3 For a detailed description of the KNN algorithm, please refer to 
Mangalova and Agafonov (2014).
4 For a detailed description of the M5P algorithm, please refer to 
Wang and Witten (1996).
5 For a detailed description of the RFR algorithm, please refer to 
Breiman (2001).
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economic theory that due to the steep profile of merit order 
curve when the electricity system is close to full capac-
ity, RES generation has much higher impact on the elec-
tricity price reduction. This phenomenon is observed and 
confirmed in Gelabert et al. (2011), Jónsson et al. (2010), 
and Würzburg et al. (2013). Estimation results for differ-
ent model specifications for the Greek electricity market are 
reported in Table 5, for the Hungarian electricity market in 
Table 6, and for the Romanian electricity market in Table 7 
of the Appendix.

Model specification 5, estimated on the whole data sam-
ple, confirms the MOE presence in all three countries. The 
coefficients of renewable generation reported in Table 2 are 
negative and statistically significant. Greek day-ahead elec-
tricity price decreases ceteris paribus by 4 €/MWh for each 
additional GWh produced by the RES. Ceteris paribus, the 
Hungarian day-ahead electricity price would decrease by 
roughly 13 €/MWh, whereas the Romanian electricity price 
would decrease on average by 7 €/MWh for each additional 
GWh produced by the RES.

In order to test the econometric validity of the estimates 
presented in Table 2, we performed some relevant statistical 
tests; namely, we tested the presence of heteroscedasticity, 
normality of residuals, multicollinearity of explanatory vari-
ables, and residual autocorrelation (results are presented in 
Tables 8, 9, 10, and 11 in the Appendix). While explanatory 
variables do not seem to be correlated, we detected the prob-
lem of heteroscedasticity and non-normality of residuals. In 
order to omit the potential effects of heteroscedasticity and 
non-normality on the significance of results, we estimated 
the model with the Newey-West robust standard errors. We 
confirmed the statistical significance of the results (results 
are presented in Table 12 in the Appendix). Furthermore, 
we could not reject the presence of residual autocorrelation 
in the case of Hungary and Romania. Thus, we checked the 
robustness of the results by including an additional (second) 

lag of electricity prices in corresponding countries (results 
are presented in Table 13 in the Appendix). Results also 
remain robust to changes in the lag structure of estimated 
regressions.

Model specifications 1–4, estimated for each individual 
year (2015–2018), confirm the general findings of the model 
5. In the Greek electricity market, coefficients associated 
with the RES generation are always negative and indicate 
an average decrease of electricity price from 5 to 7 €/MWh 
for each additional GWh produced by the RES. In Fig. 2, we 
can observe the highest share of gas generation in the year 
2017. The gas price is only significant for the high-load days 
because of the additional requirements for fossil fuels so that 
peak-load plants can cope with the unusually high demand 
(Würzburg et al. 2013). Therefore, the electricity price was 
frequently set by the expensive gas generation technology. 
This coincides with the highest econometrically estimated 
MOE in 2017.

The coefficients associated with RES generation in Hun-
gary are always negative and indicate an average decrease of 
the electricity price from 5 to 35 €/MWh for each additional 
GWh produced by the RES. In 2017, the high Hungarian 
electricity price coincided with the high share of gas genera-
tion in that year (Fig. 2). The highest MOE is—similar to 
the Greek market—estimated by the model specification 3 
for the calendar year 2017. The coefficients are statistically 
significant, except in the model estimated on data for 2018.

Generation shares in the Romanian generation mix are 
stable (Fig. 2). RES generation coefficients for Romania are 
always negative and indicate an average decrease of elec-
tricity price from 6 to 11 €/MWh for each additional GWh 
produced by the RES. The highest MOE is estimated by the 
model specification 1 for the calendar year 2015. Therefore, 
the highest estimated MOE in the first year could be associ-
ated with the lagging adjustment of the electricity sector to 
merit order effects.

Model specification 6 differentiates the MOE of wind 
and solar generation. According to Table 4 of the Appen-
dix, the observed maximum solar penetration and wind 
penetration in Greece are 1.7 GW and 2.1 GW, respectively 
(ENTSO-E TP). The wind and solar generation coefficients 
in Greece are negative, similar in levels, and statistically 
significant. Ceteris paribus, additional GWh of wind genera-
tion decreases day-ahead electricity prices approximately 
by 4 €/MWh, whereas an additional GWh of solar genera-
tion reduces electricity prices by 3 €/MWh. As there was 
no solar generation in Hungary in the analysed period, 
model specification 6 estimated to differentiate the MOE of 
wind and solar generation is equivalent to model specifica-
tion 5. According to Table 4 of the Appendix, the observed 
maximum solar penetration and wind penetration in Roma-
nia are 2.8 GW and 0.9 GW, respectively (ENTSO-E TP). 
The wind generation coefficient in Romania is statistically 

Table 2  OLS estimation of daily changes in electricity prices (2015–
2018-Q3)

***  indicating significance at 1% level, and p values in [] brackets

Model 5 GR HU RO
∆Pelec, t ∆Pelec, t ∆Pelec, t

∆Pelec, t − 1 0.704 [0.00***] 0.582 [0.00***] 0.549 [0.00***]
∆DE, t 0.160 [0.00***] 0.313 [0.00***] 0.283 [0.00***]
∆Load, t 0.001 [0.00***] 0.006 [0.00***] 0.004 [0.00***]
∆Ren, t  − 0.004 [0.00***]  − 0.013 [0.00***]  − 0.007 

[0.00***]
R2 0.77 0.75 0.72
Adjusted R2 0.77 0.75 0.72
F-test 1127.29 994.96 846.03
p value (F) 0.00 0.00 0.00
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significant and negative, while solar generation coefficient 
is statistically significant and positive. Positive solar genera-
tion coefficient indicates higher electricity prices with solar 
penetration in the generation mix. This is not in line with 
the economic reasoning outlined in the “Merit order effect” 
section. Solar generation peaks in summer during day hours, 
where the electricity prices are due to naturally lower hydro 
generation availability and higher electricity consumption 
(air conditioning) typically higher. This positive correlation 
between the summer solar generation and electricity prices 
might have influenced model estimation. The inclusion of a 
dummy variable indicating a summer period did not improve 
the results.

For Greece, the comparison of the MOE on high- and 
low-load days confirms the findings of previous studies, 
wherein the MOE is more pronounced for high-load days. 
The difference between the high-load days (model specifica-
tion 7) and low-load days (model specification 8) is approxi-
mately 2 €/MWh. The estimated coefficients are statistically 
significant in both model specifications. Similarly, the com-
parison of MOE on high- and low-load days in Hungary 
reveals an approximately 5 €/MWh difference in electricity 
price reduction. For Romania, the obtained results are not 
completely in line with previous studies, as the estimates 
indicate higher MOE on low-load days, where the differ-
ence between the high- and low-load days is approximately 
1 €/MWh.

Electricity price simulation in the no‑RES generation 
scenario

The adjustment of the realised day-ahead prices to the no-
RES generation scenario requires several pieces of analysis. 
Firstly, it is crucial to quantify the impact of RES genera-
tion on the electricity net export. In the no-RES generation 
scenario, the electricity net export must be adjusted for the 
electricity net export share associated with the RES gen-
eration. Secondly, merit order estimation is required for the 
determination of the aggregated demand and supply curve 
intersection (given the inelastic domestic demand assump-
tion and observed day-ahead electricity price). Based on the 
estimated energy imbalance caused by the excluded RES 
generation (Eq. 3), new no-RES generation electricity day-
ahead price is determined with a left shift of the estimated 
merit order and demand shift that is equal to the estimated 
change in the net export.

Foreign demand for cheaper energy, i.e. the impact of 
RES generation on net export, is estimated by the multivari-
ate regression model (Eq. 4). The model is estimated by the 
7-day rolling-window approach over the available data set. 
Yearly aggregation of the estimation results for the Hungar-
ian electricity market is reported in Table 14 in the Appen-
dix. The explanatory variable RESt illustrates the impact of 

RES generation on net export. The coefficient has a positive 
value between 0.43 and 0.85 and is statistically significant. 
Therefore, 43–85% of the Hungarian net export is RES gen-
eration dependent. This is in line with the research findings 
of Traber and Kemfert (2009) that the neighbouring coun-
tries with lower RES generation benefit by the electricity 
imports from countries with higher RES generation in the 
generation mix. The estimation summary for the Greek elec-
tricity market results in statistically significant coefficients 
indicating that 4.5–5.5% of the Greek net export is RES 
generation dependent (Table 15). Further, 46–53% of the 
Romanian net export is attributed to the RES generation 
(Table 16). The estimated explanatory coefficients are sta-
tistically positive and in line with previous research findings. 
A more detailed analysis of the RES generation impact on 
electricity net export is beyond the scope of this research.

Merit order, i.e. ranking of the generation units by their 
short-run marginal costs in increasing order, together 
with the dispatched energy, is estimated by the family of 
data mining algorithms. Different merit order estimation 
approaches are applied to assure and confirm simulation 
robustness. Merit order is estimated by the 7-day rolling-
window approach over the entire data set. Figure 3 repre-
sents the aggregation of weekly merit order estimations 
by the regression tree algorithm (M5P). Estimated merit 
orders by the k-nearest neighbours (Fig. 4) and random 
forest regression algorithms (Fig. 5) have similar shapes 
compared to the M5P algorithm and are presented in the 
Appendix. Both algorithms serve as a robustness check and 
lead to similar results compared to the M5P algorithm. Sup-
ply curve shapes are defined by the technology short-run 
marginal costs. Estimated aggregated short-term economic 
dispatch of the marginal cost intensive technologies is in 
accord with the economic reasoning discussed in Schröder 
et al. (2013).

Estimated supply curves of gas and lignite power plants 
have the steepest slope, which is expected due to the high 
fuel and  CO2 costs.6 Conversely, the nuclear supply curve 
is very stable due to the low marginal costs and limited 
generation flexibility. The estimated supply curve of the 
nuclear technology is perfectly elastic at the approximate 
yearly average electricity price level. This confirms that the 
nuclear generation variation is especially low and estimat-
ing characteristic supply curve is unreasonable. Therefore, 
nuclear power plant generation is excluded from the merit 
order used in the no-RES generation scenario.

Power plants classified under the category “other” rep-
resent only a small generation share in the analysed scope 
(Fig. 2). The estimated U-shaped Hungarian curve for other 

6 For general review of generation costs for different electricity gen-
eration technologies, please refer to Schröder et al. (2013).
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supply is a result of aggregating all other ENTSO-E TP gen-
eration types into this category (biomass, fossil oil, other, 
etc.). The estimated other supply curve for the Greek market 
is perfectly price elastic (fossil oil; ENTSO-E TP category), 
whereas for the Romanian market (biomass; ENTSO-E TP 
category) it is price dependent. The merit order estimated 
by the k-nearest neighbours algorithm is graphically repre-
sented in Fig. 4 of the Appendix.7 Fig. 5 of the Appendix is 
a graphical representation of the merit order estimated by 
the random forest algorithm.8

Merit orders estimated by all three algorithms are similar 
in shape and confirm discussed technology characteristics. 
The applied modelling approaches are suitable to cope with 
the non-linear electricity supply curve behaviour. Nuclear 
power plant generation is confirmed to be stable and does 

not vary. Due to the low marginal costs of generation, the 
supply of the hydro and nuclear technology is predominantly 
defined by the hydrology levels and nuclear availability. The 
slope of the merit order is defined by the technologies with 
significant short-term marginal costs of generation. There-
fore, the adjusted electricity price in the no-RES generation 
simulation is determined by the estimated merit order of 
lignite, gas, and other technology.

Table 3 summarises the results of the no-RES scenario 
simulation based on the previously analysed impact of RES 
generation on net export and estimated merit order. The 
Hungarian realised day-ahead price adjusted to the no-RES 
generation scenario on average changed insignificantly 
(Table 3). In year 2015, simulated electricity prices would 
rise between 0.05 and 0.21 €/MWh, whereas the standard 
deviation is reduced. Analogous results are established for 
the year 2016. The reduced standard deviation in the no-RES 
generation scenario, registered in all simulation years, is a 
result of eliminated volatile RES generation. Similar to Dong 
et al. (2019), we confirm that RES generation amplifies 
electricity price volatility. In contrast, according to the 
simulation results in years 2017 and 2018, the effect of RES 

Fig. 3  Estimated merit order by the M5P algorithms

7 A free parameter applicable to this specific model application, “k” 
(number of nearest neighbours), is set to 20. For detailed algorithm 
description, please refer to Mangalova and Agafonov (2014).
8 A free parameter applicable to this specific model application, 
“number of trees”, is set to 20. For a detailed RFR algorithm descrip-
tion, please refer to Breiman (2001).
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generation on the electricity prices is insignificant. Due to 
lower RES generation share in the Hungarian generation mix 
(Fig. 2) and high electricity exports associated with the RES 
generation (Table 14 of the Appendix), simulation results 
correspond to the MOE reasoning. Simulation robustness 
is proved, as the general conclusions do not depend on the 
selected merit order forecasting algorithm.

The Greek realised day-ahead price adjusted to the no-
RES generation scenario on average changed between 0.2 
and 3.26 €/MWh. Estimated energy imbalance covered by 
the conventional generation technologies had the highest 

impact on the electricity prices in simulation years 2017 
and 2018. However, in the analysed period, the Greek 
RES generation share remained steady. Therefore, simu-
lated electricity price peaks in years 2017 and 2018 coin-
cide with the changed estimated merit order profile of gas 
generation. In years 2017 and 2018, the estimated merit 
order profiles become much more explicit and with notable 
slope changes near the full capacity utilisation (Fig. 3). 
After year 2016, German electricity prices significantly 
increased. Therefore, changed estimated merit order profile 
slope is most likely associated with the structural change in 

Table 3  No-RES generation 
simulation results

Source: ENTSO-E TP (2020) and own calculations

Year Country Model Realised prices Simulated prices Difference

Mean S.D. Mean S.D. Mean S.D.

2015 HU KNN 40.61 236.59 40.77 232.01 0.17  − 4.58
2015 HU M5P 40.61 236.59 40.66 234.85 0.05  − 1.75
2015 HU RFR 40.61 236.59 40.82 231.84 0.21  − 4.75
2016 HU KNN 35.49 171.09 35.52 170.50 0.03  − 0.60
2016 HU M5P 35.49 171.09 35.49 170.88 0.01  − 0.22
2016 HU RFR 35.49 171.09 35.54 170.19 0.05  − 0.90
2017 HU KNN 50.36 580.99 50.36 580.99 0.00 0.00
2017 HU M5P 50.36 580.99 50.36 580.99 0.00 0.00
2017 HU RFR 50.36 580.99 50.36 580.99 0.00 0.00
2018-Q2 HU KNN 46.46 291.18 46.46 291.12 0.00  − 0.07
2018-Q2 HU M5P 46.46 291.18 46.46 291.13 0.00  − 0.06
2018-Q2 HU RFR 46.46 291.18 46.46 291.04 0.00  − 0.14
2015 GR KNN 51.93 121.42 52.75 105.21 0.82  − 16.21
2015 GR M5P 51.93 121.42 52.13 119.75 0.20  − 1.67
2015 GR RFR 51.93 121.42 52.89 104.76 0.96  − 16.66
2016 GR KNN 42.85 81.07 44.13 83.76 1.28 2.69
2016 GR M5P 42.85 81.07 43.18 80.06 0.33  − 1.00
2016 GR RFR 42.85 81.07 44.43 82.89 1.58 1.83
2017 GR KNN 54.68 292.08 57.56 322.83 2.88 30.75
2017 GR M5P 54.68 292.08 55.53 297.71 0.85 5.63
2017 GR RFR 54.68 292.08 57.94 332.23 3.26 40.15
2018-Q2 GR KNN 56.94 103.94 58.96 76.84 2.02  − 27.10
2018-Q2 GR M5P 56.94 103.94 57.55 94.59 0.61  − 9.36
2018-Q2 GR RFR 56.94 103.94 59.35 72.48 2.41  − 31.46
2015 RO KNN 36.43 204.84 37.66 197.59 1.23  − 7.25
2015 RO M5P 36.43 204.84 36.85 204.64 0.42  − 0.20
2015 RO RFR 36.43 204.84 38.03 195.57 1.60  − 9.27
2016 RO KNN 33.37 163.77 34.63 160.33 1.25  − 3.44
2016 RO M5P 33.37 163.77 33.76 164.20 0.39 0.43
2016 RO RFR 33.37 163.77 35.01 156.80 1.63  − 6.97
2017 RO KNN 48.19 575.54 50.34 564.07 2.15  − 11.47
2017 RO M5P 48.19 575.54 48.88 572.86 0.69  − 2.69
2017 RO RFR 48.19 575.54 50.91 563.52 2.72  − 12.02
2018-Q2 RO KNN 41.19 356.62 42.91 343.25 1.72  − 13.37
2018-Q2 RO M5P 41.19 356.62 41.63 353.76 0.44  − 2.86
2018-Q2 RO RFR 41.19 356.62 43.26 346.44 2.07  − 10.18
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the short-term marginal costs structure. The highest elec-
tricity price increase between 0.85 and 3.26 €/MWh is sim-
ulated in year 2017. Price volatility is on average reduced, 
though in 2017 simulation results indicate increased price 
volatility. The lowest hydro generation is reported in year 
2017 (Fig. 2), whereas RES generation share remained 
steady. As a result, market clearing price occurred more 
frequently at the steepest profile of the supply curve. Low 
hydrology was compensated by the increased lignite and 
gas generation (Fig. 2). Therefore, realised RES genera-
tion had to some extent stabilising effect on the electricity 
prices as the simulated standard deviation in no-RES sce-
nario increased. Due to higher RES generation share in the 
Greek generation mix (Fig. 2) and low electricity exports 
associated with the RES generation, simulation results cor-
respond to the MOE reasoning.

The Romanian realised day-ahead price adjusted to the 
no-RES generation scenario on average amounted between 
0.39 and 2.72 €/MWh (Table 11 of the Appendix). The 
estimated energy imbalance covered by the conventional 
generation technologies had the highest impact on the elec-
tricity prices in simulation years 2017 and 2018. In the ana-
lysed period, the Romanian RES generation share remained 
steady. Therefore, the simulated electricity price peaks in 
years 2017 and 2018 coincide with the changed estimated 
merit order profile of the gas and lignite generation. The esti-
mated merit order profiles in these years become much more 
explicit and with notable slope changes near the full capacity 
utilisation (Fig. 3). The simulation results confirm reduced 
price volatility with excluded RES generation. With the 
simulation results, we can confirm that the RES generation 
has much higher impact on the electricity price reduction if 
the electricity price setting occurs at the steep profile of the 
merit order. The highest electricity price increase between 
2.15 and 2.72 €/MWh is simulated in year 2017. The highest 
electricity price increase coincides with the lowest reported 
hydro generation in Romania and structural change in the 
German electricity price. The German electricity price was 
on average 5 €/MWh higher in year 2017 compared to the 
year 2016 (Table 1). In year 2018, the German electricity 
price rose an additional 7 €/MWh. The change in the esti-
mated Romanian gas and lignite supply curve profiles coin-
cides with a rise of German electricity prices. Therefore, 
we conclude that the rise in Romanian electricity prices is 
associated with higher short-term marginal costs of electric-
ity generation. Further analysis is beyond the scope of this 
paper.

The simulated electricity price and standard deviation 
are on average reduced in all three countries. Due to the 
lower RES generation share in the Hungarian generation mix 

(Fig. 2), simulation results indicate minor price changes and 
standard deviation reductions. Therefore, simulation results 
are more representative in the Greek and Romanian electric-
ity markets, as the price increments are in the range 0.2–3.26 
€/MWh, and with notably reduced standard deviations. The 
overall simulation robustness is provided, as the general con-
clusions do not depend on the selected merit order forecast-
ing algorithm.

Discussion

Würzburg et  al. (2013) classify MOE studies in the 
simulation-based and empirical analysis studies. In our 
study, the initial empirical confirmation and ceteris paribus 
quantification of the MOE is performed by the frequently 
practised econometric approach. The adjustment of the 
realised day-ahead prices to the no-RES generation scenario 
is simulated according to the estimated power plant merit 
order. Simulation-based studies typically rely on solving 
information rich and flexible simulation models used for 
power system or agent-based simulations (Troha and Hauser 
2015; Schill et al. 2017). Due to the limited public data 
availability in the analysed country scope discussed in the 
previous sections, assembly of such simulation-based studies 
was not feasible. Therefore, modern statistical methods are 
used to bridge this gap in the preparation of the no-RES 
generation simulation. A family of data mining algorithms is 
used to estimate the power plant merit order. The estimated 
energy imbalance caused by the excluded RES generation 
is compensated by the additional conventional generation 
dispatch according to the estimated power plant merit order 
that sets a new electricity price.

Due to the fundamental difference in electricity 
generation mixes, interconnection properties, and 
approaches to the analysis, the comparison of obtained 
results from different studies could be misleading and 
should be done with special care. Therefore, we limit 
discussion section to the MOE econometric confirmation, 
as the ceteris paribus quantification of the MOE is a 
characteristic of the individual electricity market. In the 
existing literature focused on the key EU energy markets, 
MOE is econometrically confirmed by the negative sign 
and statistical significance of the explanatory variable 
indicating the effect of RES generation on electricity 
prices. Based on the estimated econometric models, we 
confirmed MOE effect in Hungarian, Romanian, and 
Greek electricity markets. In Greece, we could not find 
significant difference between the coefficients for solar 
and wind generation, and therefore the price effects 
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seem to be very similar. Conversely, the Romanian solar 
generation coefficient turned out to be positive. The 
positive correlation between the pronounced summer 
solar generation peak and high electricity prices might 
have influenced model estimation. Wind is the only 
reported RES source in the Hungarian electricity system; 
therefore, the distinction between the effect of solar and 
wind generation on electricity prices is not applicable.

The estimated MOE effect in Hungary and Greece 
is higher on the high-load days compared to the low-
load days. A similar effect is reported by Würzburg 
et al. (2013), Sensfuß et al. (2008), and Weigt (2009). 
In contrast, the estimated MOE effect in Romanian 
electricity market is higher on low-load days. One possible 
explanation for this contradicting phenomenon is a steeper 
profile of the lignite supply curve. The estimated lignite 
supply curve has a steeper profile already in the lower-
quantity area, compared to the estimated Hungarian and 
Greek lignite supply curves (Fig. 3). The electricity price 
setting on low-load days occurs in the lower-quantity area; 
therefore, a pronounced MOE effect could be justified 
by the steep merit order profile in the price setting area. 
The econometric findings are in accord to the estimated 
merit order profiles. Therefore, estimation of the power 
plant merit order by the modern statistical methods 
turned out to provide invaluable reasoning insights to the 
econometrically estimated results.

The simulation results of the no-RES generation 
scenario on average suggest insignificant changes of 
the Hungarian realised day-ahead price adjusted to the 
no-RES generation scenario. The Greek and Romanian 
electricity markets, with higher RES generation shares 
in their electricity generation mix, empirically qualify as 
more interesting case studies. In line with the economic 
theory, the simulation results indicate significant price 
increments in the no-RES generation scenario in both 
countries. Additionally, reduced price volatility is found 
due to eliminated intermittent RES generation.

Simulation robustness of our no-RES generation 
simulation is proved as the general conclusions do not 
depend on the selected merit order forecasting algorithm. 
On average, we confirm higher electricity prices and lower 
price volatility. Further, impact of RES generation is more 
profound with higher electricity prices, i.e. higher short-
term marginal costs of production. Supply side dynamics 
associated with profit optimisation is due to the limited 
public data availability approximated with modern 
statistical methods and requires special attention in future 
research. The simulation approach, with the direct control 

of the short-term electricity production marginal costs, 
would provide additional valuable insights into the merit 
order data generation process.

Conclusion

With the empirical analysis and no-RES generation 
simulation, we confirm economic theory predictions that 
an increase in RES generation in the short run reduces the 
electricity price in the Hungarian, Greek, and Romanian 
electricity markets. National promotion strategies triggered 
by the Directive 2001/77/EC on renewable energies in the 
electricity sector are considered as the main reason for 
this development. All EU member states have introduced 
policies to support the market introduction of RES 
generation. Therefore, our research paper supplements 
and verifies existing literature findings focused on the 
investigation of the effects of installed renewable capacity 
on electricity market development.

Econometric models confirmed statistically significant 
MOE in all analysed countries. The RES generation effect 
on the electricity price levels primarily depends on the 
individual power system characteristics. Econometrically 
estimated MOE is quantitatively interpreted as a price 
reduction in €/MWh for each additional GWh of renewable 
generation. Therefore, the estimated merit order effect 
is much larger in the smaller Hungarian power system, 
compared to the bigger Greek and Romanian power 
systems. The estimated MOE effect is stable throughout 
different model variations and in line with the reviewed 
literature findings. In the Romanian electricity market, 
we found an exception, as the solar generation turned out 
to be positively correlated with electricity prices. The 
positive correlation between the pronounced summer 
solar generation peak and high electricity prices might 
have influenced model estimation with differentiated RES 
sources. In the Hungarian and Greek electricity markets, 
we found a pronounced MOE on high-load days, whereas 
in Romania the effect is more pronounced on low-load 
days. The estimated supply curves for each generation 
technology provided valuable insights to assist the 
reasoning behind the estimated econometric coefficients.

Simulation of the no-RES generation scenario accounts 
for the international flow dynamics and adaptation of the 
conventional generation dispatch to the omitted RES 
generation. The estimated energy imbalance in the no-RES 
generation scenario, caused by the excluded RES generation, 
is compensated by the additional conventional generation 
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dispatch according to the estimated power plant merit order. 
A family of data mining algorithms applied for the merit 
order estimation suitably handled non-linear behaviour of 
the electricity price signals and bridged gap in limited data 
availability. The impact of RES generation on country net 
export is estimated by the multivariate regression model 
and empirically reveals that RES generation stimulates 
foreign demand. We confirmed price increments due 
to the excluded RES generation in all three countries. In 
addition, the reduced standard deviation in the no-RES 
generation scenario is a result of omitted volatile RES 
generation. Simulation robustness is proved as the general 
conclusions do not depend on the selected merit order 
estimation algorithm. Econometric MOE confirmation and 
supporting simulation framework turned out to be successful 
combination, as the estimated power system merit order 
profiles support results from econometric models.

Based on the findings presented in the article, 
policymakers in Central and South East European countries, 
where the electricity markets are deemed less mature, 
should prioritise implementing policies that promote the 
integration of renewable energy sources into their electricity 
markets. The established downward pressure on wholesale 
electricity prices is less pronounced in countries with 
low penetration of renewables and high interconnection 
capacities. While lower electricity prices are beneficial 
for final consumers, supporting renewables can also 
cause market distortions and have adverse impact on 
economic viability of conventional power plants. Designed 
policy measures therefore need to consider the existing 
production mix and interconnection capacities, combined 
with simulation results to ascertain the optimal shares of 
production technologies in the generation mix. In doing so, 
it is necessary to account for the development dynamics 
in regionally interconnected electricity systems, as well as 
at the European level. Therefore, a more holistic approach 
is recommended by taking into account country specifics. 
For example, our results suggest that there are already 
too many solar power plants in Romania and it would 
make more sense to support other technologies, while on 
the other hand, there is still room for solar power plants 
in Greece. In the light of increasingly growing shares of 

renewables in the EU, there is currently an ongoing debate 
on improving efficiency of renewable investment support 
schemes and limiting their use to the needs assessed. While 
there is admittedly no one-size-fits-all approach to such 
support frameworks, the most valuable projects would 
not necessarily be those that produce more electricity in 
total, but those that produce more, where and when it is 
most valuable for the system (ACER 2022). Additionally, 
given data constraints, investing in data collection and 
sharing initiatives, coupled with the application of modern 
statistical methods, will enhance the accuracy of simulation 
models and inform policy decisions.

Appendix
Tables 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, and 16Figures 4 
and 5
Table 4  Observed maximum generation mix penetrations in MW

Source: ENTSO-E TP (2020)

Country Type 2015 2016 2017 2018-Q3

GR Gas 3733 3492 3850 4310
GR Hydro 1979 2080 1961 2260
GR Lignite 4110 3808 5150 3651
GR Other 2 2 0 0
GR Solar 2062 1923 1847 1933
GR Wind 1412 1330 1702 1695
HU Gas 854.25 800.75 770.5 763
HU Hydro 26.5 27 26 26.25
HU Lignite 1502.25 1651.25 1948.75 1681.50
HU Nuclear 1941.00 1937.75 1939.00 1939.00
HU Other 458.25 464.75 432.75 164
HU Wind 304.75 306 301 298.25
RO Gas 3466 3635 3523 3007
RO Hydro 4330 4691 3985 4416
RO Lignite 2283 2390 2441 2147
RO Nuclear 1426 1420 1433 1415
RO Other 78 74 70 64
RO Solar 774 807 847 864
RO Wind 2686 2795 2756 2750
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Table 8  Testing for residual heteroscedasticity

Studentised Breusch-
Pagan test

GR HU RO

Test statistic 112.80 78.97 58.30
df 4 4 4
p value 0.00 0.00 0.00

Table 9  Testing for residual 
normality

***  indicating significance at 1% level, and p values in [] brackets

Test GR HU RO

Shapiro–Wilk 0.906 [0.00***] 0.904 [0.00***] 0.963 [0.00***]

Kolmogorov–Smirnov 0.090 [0.00***] 0.088 [0.00***] 0.063 [0.00***]

Cramer-von Mises 103.166 [0.00***] 113.896 [0.00***] 101.271 [0.00***]

Anderson–Darling 24.697 [0.00***] 22.763 [0.00***] 10.022 [0.00***]

Table 10  Testing for multicollinearity

VIF GR HU RO

∆Pelec, t − 1 1.372 1.336 1.254
∆DE, t 1.296 1.612 1.365
∆Load, t 1.201 1.422 1.334
∆Ren, t 1.024 1.053 1.089

Table 11  Testing for residual autocorrelation

Durbin-Watson test GR HU RO

Test statistic 2.08 1.74 1.66
p value 0.92 0.00 0.00

Table 12  OLS estimation of 
daily changes in electricity 
prices (robust standard errors)

***  indicating significance at 1% level, and p values in [] brackets

Model GR HU RO
∆Pelec, t ∆Pelec, t ∆Pelec, t

∆Pelec, t − 1 0.704 [0.00***] 0.582 [0.00***] 0.549 [0.00***]
∆DE, t 0.160 [0.00***] 0.313 [0.00***] 0.283 [0.00***]
∆Load, t 0.001 [0.00***] 0.006 [0.00***] 0.004 [0.00***]
∆Ren, t  − 0.004 [0.00***]  − 0.013 [0.00***]  − 0.007 [0.00***]
R2 0.77 0.75 0.72
Adjusted R2 0.77 0.75 0.72
F-test 335.80 641.70 502.5
p value (F) 0.00 0.00 0.00
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Table 13  OLS estimation of 
daily changes in electricity prices 
(additional lag of dependent variable)

***  indicating significance at 1% level, and p values in [] brackets

Model GR HU RO
∆Pelec, t ∆Pelec, t ∆Pelec, t

∆Pelec, t − 1 0.541 [0.00***] 0.483 [0.00***] 0.428 [0.00***]
∆Pelec, t − 2 0.192 [0.00***] 0.121 [0.00***] 0.160 [0.00***]
∆DE, t 0.163 [0.00***] 0.310 [0.00***] 0.279 [0.00***]
∆Load, t 0.001 [0.00***] 0.007 [0.00***] 0.004 [0.00***]
∆Ren, t  − 0.005 [0.00***]  − 0.013 [0.00***]  − 0.008 [0.00***]
R2 0.78 0.75 0.73
Adjusted R2 0.78 0.75 0.73
F-test 967.50 822.30 718.40
p value (F) 0.00 0.00 0.00

Table 14  OLS estimation of net 
export in Hungary

“***” indicating significance at 1% level, and p values in [] brackets

Year 2015 Year 2016 Year 2017 Year 2018
NX, t NX, t NX, t NX, t

NX, t − 24 0.860 [0.00***] 0.860 [0.00***] 0.847 [0.00***] 0.886 [0.00***]
RES, t 0.427 [0.00***] 0.626 [0.00***] 0.849 [0.00***] 0.695 [0.00***]
R2 0.75 0.75 0.74 0.78
Adjusted R2 0.75 0.75 0.74 0.78
F-test 13,091.44 12,891.61 12,407.85 12,122.70
p value (F) 0.00 0.00 0.00 0.00

Table 15  OLS estimation of 
net export in Greece

“***” indicating significance at 1% level, and p values in [] brackets

Year 2015 Year 2016 Year 2017 Year 2018
NX, t NX, t NX, t NX, t

NX, t − 24 0.750 [0.00***] 0.811 [0.00***] 0.796 [0.00***] 0.759 [0.00***]
RES, t 0.048 [0.00***] 0.052 [0.00***] 0.055 [0.00***] 0.045 [0.00***]
R2 0.59 0.66 0.66 0.59
Adjusted R2 0.59 0.66 0.66 0.59
F-test 2814.29 7426.11 8053.16 4659.02
p value (F) 0.00 0.00 0.00 0.00
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Table 16  OLS estimation of net 
export in Romania

“***” indicating significance at 1% level, and p values in [] brackets

Year 2015 Year 2016 Year 2017 Year 2018
NX, t NX, t NX, t NX, t

NX, t − 24 0.458 [0.00***] 0.528 [0.00***] 0.363 [0.00***] 0.446 [0.00***]
RES, t 0.330 [0.00***] 0.424 [0.00***] 0.513 [0.00***] 0.393 [0.00***]
R2 0.55 0.58 0.57 0.48
Adjusted R2 0.55 0.58 0.57 0.48
F-test 5208.98 6010.65 5664.70 3118.52
p value (F) 0.00 0.00 0.00 0.00

Fig. 4  Estimated merit order by the k-nearest neighbour algorithm (yearly aggregation of weekly estimates)
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Fig. 5  Estimated merit order by the random forest algorithm (yearly aggregation of weekly estimates)
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