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© The Single European Act of 1986, EU Directives No. 96/92/EC,
2003/54/EC, 2009/72/EC, and 2019/944 /EC.

@ The integration of the European electricity market is an important
issue for at least three reasons:

@ energy security,
e the environment,
e costs.

© The electricity market is still far from complete integration.
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Literature review

Authors Area, Time period, Data type Methodology Conclusions
Tela(t;(r)zloY)a$ar EU; annual prices; 2003-2017 Bitoamj:rdg;gcza No convergence
Weak beta
Cassetta et al. EU; annual prices; 2008-2018 Beta and sigma convergence, no
(2022a) (households, industry) convergence sigma
convergence
Existence of
Casetta et al. EU; annual prices; 2008—2021 Club multiple
(2022b) (households, industry) convergence convergence
clubs
Existence of
Bhattacharya et Europe; annual prices; Club multiple
al. (2023) 1995-2019 convergence convergence
clubs
Gugler et al. Europe; hourly spot prices; Cointegration, Limited
(2018) 2010-2015 ECM convergence
Du and Lai 4 coun.tries (DE, FR, A.‘T’ .CH); Strong price
(2017) daily day-ahead prices; Coupula models linkages
2006-2014
. . Stationary tests .
Kartepe (2024) Europe; r;g;;ilgozqot prices; with structural co:;\llr:r';:ice

breaks
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Literature review

Area, Time
Authors period, Data Methodology Conclusions
type
Bunn i 5 countries Convergence depends on the
. (DE, FR, NE, . . capacity of interconnections,
Gianfreda ) Cointegration
(2010) ES, UK); and to a lesser extent on
2001-2005 geographical proximity
De Menezes Europe: 9 spot . Cross-border interconnections
. markets, 4 Fraction . .
and Houllier ) . . and geographical distance are
(2016) futures; integration important for price integration
2000-2013
Montoya et al.a | UK, NE, FR; Authorship coﬁ°;‘i‘r’fri’f";‘:‘:h‘fs:”:;t""of
(2020) 2013-2018 indicators ping apacity
interconnections
K DE, SE; Structural The increase in renewable
Hirth (2018) 2008-2015 model energy lowers wholesale prices
Chen et al. 26 European Cluster analvsis Similarity of energy mix reduces
(2021) countries; 2020 Y price differences
UK, FR, Rising CO, emission costs
De Menezes et ) . . . - . )
al. (2016) Nordpool; Cointegration increase price differences; gas
. 2005-2013 promotes price interdependence
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Research Objective

@ The objective of this study is to identify the factors that influence the
convergence of electricity prices in Europe, with particular attention
to geographic and structural aspects.
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Contribution to the Literature

@ Comparison of two key dimensions of electricity price convergence:
geographical proximity and structural similarity.

Applying Random Forest Models.

Division into two subperiods:

e 2016-2019

o 2020-2024
© Analysis of determinants divided into five categories (Transmission
capacity, Electricity generation structure, Political factors, Electricity
system size, and Geographical factors).
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@ 23 European countries: Austria (AT), Belgium (BE), Czech Republic
(CZ), Denmark (DK), Estonia (EE), Finland (Fl), France (FR),
Germany (DE), Greece (EL), Hungary (HU), Italy (IT), Latvia (LV),
Lithuania (LT), Netherlands (NL), Norway (NO), Poland (PL),
Portugal (PT), Romania (RO), Slovakia (SK), Slovenia (SI), Spain
(ES), Sweden (SE), Switzerland (CH).

o Time period: 01/01/2016 — 31/12/2024

@ Division into two subperiods:

© 01/01/2016 — 31/12/2019
@ 01/01/2020 - 31/12/2024

o Hourly day-ahead electricity prices (€/MWh) obtained from Ember !

https://ember-energy.org/data/european-wholesale-electricity-price-data:/
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Methodology - Convergence indicator

.
o ]. |Pi,t_Pj,t‘
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@ T is the number of hours

@ P;: and P;j; are the hourly day-ahead electricity prices (€/MWh) in
countries /i and j at time t.

@ [(-) takes the value 1 if the relative price difference is < 2%, and 0

otherwise.
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Variable symbol Description of the variable Data source
Transmission capacit ENTSO-E
18! pacity Ember Energy
M
1 EXP; EXP;
EXP,I EXP,I — Z ,m + J.-m
M m=1 Ii,m + Ij4m
I.GEN L1 XM: (lim + 1,m) - 24 - 3%
N T M 2= (GEN; m + GENj ;) - 108
Electricity generation structure Ember Energy
HHI HHI = HHIr + HHIy + HHIy + HHIg
M
1
HHIF HHIg = o Z |Fossil; y — Fossil; |
m=1
HHIN 1 3
- HHIy = o Z |Nuclear; p,, — Nuclearj,,,,|2
m=1
HHI_H 1 3
- HHIy = >~ |Hydro;, m — Hydroj, m|?
m=1
HHIR 1 &
- HHIg = - > " IRES; m — RES; m|?
m=1
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dology - Convergence determinant

Political factors Ember Energy
M
1
co2.d €02y = -3 |CO2im — CO2 |
m=1
co2 1 Y
= €02 = - 3 (€02 + CO2 )
m=1
CO2.BC Co2p — 0%
BC ™ Coo.
Electricity system size Ember Energy
M
1
GEN-d GENy = - >~ |GEN: m — GENj |
m=1
GEN_s 1 I
- GENs = > (GEN; m + GEN; m)
m=1
GEN_BC GENge — GENy4
GEN,
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Geographical factors

European
Commission

CWE

CEE

NORD

CWE_CEE
CWE_NORD

CEE_NORD

Both countries are in Central Western Europe
(AT, BE, CH, DE, FR, NL)

Both countries are in Central Eastern Europe
(CZ, HU, PL, RO, SI, SK)

Both countries are in Northern Europe (DK,
EE, FI, LT, LV, NO, SE)

One country is in CWE, the other in CEE
One country is in CWE, the other in NORD

One country is in CEE, the other in NORD
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Random Forest

@ Ensemble algorithm combining multiple decision trees.

@ Reduces variance and the risk of overfitting.
@ Parameter optimization:
e number of trees,
o tree depth,
e number of randomly selected variables at each split,
e minimum node size.
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Random Forest - MDA and SHAP

@ Mean Decrease Accuracy (MDA)

o Measure variable importance in the model.
o Evaluates how accuracy decreases when a given variable is permuted.
e The greater the decrease in accuracy, the more important the variable.

@ SHAP values

e Explains the contribution of each variable to the model prediction.

o Based on game theory (Shapley values).

e Allows us to understand not only which variable matters, but also how
it affects the outcome.
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of Convergence Indicator

Density plot
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Figure: Density plot of Clymeasure
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Corrplot
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Figure: Correlation analysis between the determinants of electricity price
convergence and the convergence indicator (Cly): 2016-2024.
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Importance and SHAP values: 20162024
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Figure: Importance plot and SHAP values: 2016-2024.
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Sub-periods importance

Importance change (First period — Second period)
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Figure: Comparison of changes in the importance of determinants between the
first and second sub-period for the Cl; measure.
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Summary

@ Cross-border infrastructure — transmission capacity remains a key factor supporting
market integration, both in times of stability and during crises (COVID-19, gas crisis, war
in Ukraine).

@ Regional nature of convergence — electricity prices converge mainly within regions
(Northern and Central-Eastern Europe), while interregional integration plays a much
smaller role.

@ Importance of system size — smaller countries, more strongly linked with larger partners,
are more prone to price synchronization, whereas large markets remain relatively
self-sufficient and less integrated.

@ Environmental factors — since 2020, CO» emissions have become increasingly important;
Similar emission intensity supports convergence, while rising emission costs may deepen
the differences between low- and high-emission systems.

@ Energy mix — similarities in hydropower and fossil fuels foster convergence, while
differences in the share of renewable energy and nuclear energy can also stimulate
integration.

@ Changing importance of determinants over time — in 2016-2019, infrastructure and
regional factors dominated, while in 2020-2024 structural differences (system size,
emissions, mix concentration) played a greater role. This indicates that price convergence
in the EU is neither linear nor uniform, but depends on crises and structural conditions.
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Policy implication

@ Priority for cross-border infrastructure — development and modernization of cross-border
connections as a key condition for price convergence during periods of stability and crises.

@ Strengthening regional cooperation — deepening integration within existing initiatives
(NORD Pool, 4M, CEE) as a transitional step toward full market integration; the CEE
region as a strategic 'bridge’ between east and west.

@ Support for smaller systems — investments in infrastructure, access to shared trading
platforms, and ensuring active cross-border cooperation from larger markets.

@ Coordination of climate and energy policy — harmonization of decarbonization pathways
and integration of CO costs in market mechanisms, including joint investments in
renewable energy sources (RES).

@ Diversification of the energy mix — promoting diverse sources, especially renewable energy
and nuclear energy, to increase resilience and foster market integration.

@ Regulatory flexibility — adapting policy to changing technological, environmental, and
geopolitical conditions through mechanisms that allow rapid responses.
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