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A B S T R A C T

This paper examines whether concentration in electricity generation affects the deployment of wind and solar 
capacity across the 27 European Union member states over 2000–2022. Market concentration is measured by the 
generation share of the largest electricity producer, and wind and solar deployment is measured as installed wind 
and solar capacity relative to total national electricity capacity. Using a country-level panel and dynamic esti
mation methods that account for persistence, unobserved heterogeneity, and reverse causality—including fixed- 
effects OLS and Arellano–Bond GMM estimators with lagged concentration as an internal instrument—the 
analysis finds no systematic relationship between market concentration and subsequent wind or solar deploy
ment. The result is robust across alternative concentration and outcome measures, bias-corrected dynamic panel 
estimators, balanced samples, region-specific linear time trends and heterogeneity analyses across regions, 
transition stages, energy-system characteristics, and policy regimes. The findings suggest that within the EU 
institutional setting, market concentration per se is not a first-order constraint on renewable uptake; instead, 
deployment is primarily driven by policy settings and the path dependence inherent in installed capacity.

1. Introduction

The rapid expansion of wind and solar power remains central to the 
European Union's climate and energy objectives (see, e.g., the Renew
able Energy Directive, Directive 2023/2413, 2026). Over the past two 
decades, EU member states have adopted a common framework for 
electricity market liberalization and wind and solar support, yet the pace 
of wind and solar deployment continues to differ markedly across 
countries (Eurostat, 2025a). Some systems have transitioned rapidly 
toward high shares of variable wind and solar generation, whereas 
others remain dominated by conventional generation technologies.

Cross-country variation in wind and solar deployment can partly be 
explained by support-scheme design (Busch et al., 2023; Lin and Xie, 
2024), carbon pricing and taxation (Bourcet, 2020; Nie et al., 2022; 
Chen et al., 2022), administrative capacity and permitting processes 
(Przychodzen and Przychodzen, 2020; Gajdzik et al., 2023; Zhang et al., 
2023; Przychodzen, 2024), and congestion, transmission, and curtail
ment management (Kane and Ault, 2014; Mac Domhnaill and Ryan, 
2020; Zahraoui et al., 2023; Simshauser and Newbery, 2024; Gorman 

et al., 2025). Related factors include differences in social and eco
nomic development (Omri and Nguyen, 2014; Papież et al., 2018) and 
public R&D expenditures (Bourcet, 2020; Grafström and Poudineh, 
2023).

A comparatively less examined dimension concerns electricity mar
ket structure, and in particular concentration in electricity generation. 
The purpose of the present study is to assess the following research 
questions:

RQ1: Does electricity market concentration systematically reduce 
wind and solar deployment across EU member states?

RQ2: Does the association between market concentration and 
renewable deployment vary with the stage of the energy transition or 
across European regions?

RQ3: Is the concentration–deployment relationship mediated by the 
policy and institutional environment?

We investigate whether concentration in national electricity gener
ation markets, measured by the generation share of the largest producer, 
is systematically associated with lower deployment of wind and solar 
capacity across European Union member states. Clarifying this 
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relationship matters for competition and energy policy, since market 
liberalization and wind and solar support have progressed in parallel 
across the European Union. Despite shared regulatory objectives, large 
differences in wind and solar outcomes persist.

Using a panel for the EU-27 over the period 2000–2022, dynamic 
panel models with fixed effects and internal instruments are estimated to 
address endogeneity arising from reverse causality and persistent mar
ket structure. No consistent evidence of higher market concentration 
systematically reducing wind and solar deployment is found, which 
holds over a base sample, a sample using 5-year averages and over a 
bias-corrected balanced sample following Chen et al. (2019). Alternative 
outcome and concentration measures, as well as heterogeneity analyses 
across prior deployment levels, institutional differences and policy re
gimes, do not alter these results. While geographical differences in 
Eastern Europe and Western Europe relative to Northern Europe are 
found, the effect is most likely driven by an already mature renewable 
generation infrastructure in Northern Europe.

Wind and solar deployment are shaped by expected investment in
centives and returns. Because these technologies are intermittent and 
non-storable at the plant level, projects depend on timely, non- 
discriminatory access to grid connections and key system services. 
Producers with market power can affect investment conditions by 
influencing actual—or perceived—access to these systems in both the 
short and long run. The scope for such behavior, and its implications for 
market structure and entry, depends critically on the surrounding policy 
and regulatory design (e.g., Leibowicz, 2015; Lockwood et al., 2020; 
Ekholm and Virasjoki, 2021; Simshauser and Newbery, 2024).

Empirical evidence broadly shows that greater competitive pressure 
is associated with higher renewable deployment (e.g., Szabó and Jäger- 
Waldau, 2008; Boateng et al., 2025), while higher market concentration 
is linked to weaker renewable policy adoption and dampened invest
ment incentives (e.g., Nicolli and Vona, 2019; de Frutos Cachorro et al., 
2020; Gutiérrez-Meave et al., 2021). However, EU-wide inference is 
limited due to existing studies typically focusing on single-country set
tings or small country groups, specific policy regimes, relatively short 
time periods, and heterogeneous outcome measures.This paper ad
dresses this gap by providing one of the first harmonized, EU-wide as
sessments spanning more than two decades. The results indicate that 
electricity market concentration does not appear to constitute a systemic 
barrier to wind or solar deployment across the EU during the 2000s and 
2010s, implying that reductions in concentration alone are unlikely to 
generate large accelerations in renewable expansion at the EU level. The 
results contrast with existing evidence and caution against extrapolating 
country-specific findings to EU-wide policy conclusions; instead, 
competition policy is more likely to support renewable growth when 
complemented by technology-specific support mechanisms, regulatory 
predictability, and sustained investment in grid and storage 
infrastructure.

The remainder of the paper is organized as follows. Section 2 pre
sents the institutional setting of EU electricity markets and also develops 
the conceptual framework and empirical hypotheses. Section 3 describes 
the data and Section 4 outlines the empirical strategy. Section 5 reports 
the main results, heterogeneity analyses, and robustness checks. Section 
6 discusses policy implications and Section 7 concludes.

2. Background and hypotheses

This section provides a brief overview of the evolution of European 
electricity markets since the 1990s, related descriptive statistics, as well 
as the formed hypotheses that we investigate. While the institutional 
narrative in Section 2 begins with the liberalization wave of that decade, 
the empirical analysis in Section 3 and onwards covers 2000–2022, the 
period for which harmonized cross-country data on renewable deploy
ment and market concentration are available.

2.1. Institutional development

The EU coordinates 27 national electricity markets that differ in 
regulatory structures, resource endowments and interconnection levels. 
Until the 1990s, most member states relied on vertically integrated, 
state-owned utilities responsible for generation, transmission and dis
tribution (Jamasb and Pollitt, 2005; Joskow, 2008; Tulloch et al., 2018; 
Halkos, 2019). Although this model achieved widespread electrification, 
it was also associated with persistent inefficiencies, including underin
vestment and opportunities for strategic withholding in markets char
acterized by inelastic demand (Lundin and Tangerås, 2020; Akcura and 
Mutambatsere, 2024).

EU-wide liberalization began with the 1996 and 2003 Electricity 
Directives, which opened wholesale and retail markets and initiated the 
unbundling of generation and transmission (Tulloch et al., 2018). These 
reforms stopped short of full ownership separation, leaving certain large 
producers with substantial vertical integration and enduring influence 
over market outcomes. Subsequent reforms, such as the 2008 Climate 
and Energy Package and the 2009 Third Energy Package (Directive 
2009/72/EC, 2026), sought to deepen competition by tightening 
unbundling requirements and enhancing cross-border coordination 
(European Parliament, 2023). REMIT (Regulation on Wholesale Energy 
Market Integrity and Transparency), adopted in 2011 and strengthened 
in 2024, further expanded transparency and market-abuse monitoring 
across the internal electricity market, while the Clean Energy for All 
Europeans Package (2019–2021) placed greater emphasis on renewable 
integration and consumer participation. The policy responses following 
Russia's 2022 invasion of Ukraine accelerated efforts to reduce fossil fuel 
dependency and strengthen security of supply (European Parliament, 
2023).

In parallel, national renewable support schemes played a central role 
in stimulating investment in renewables. During the 1990s, feed-in 
tariffs (FITs) became widespread due to their ability to reduce investor 
risk and accelerate deployment (del Río and Mir-Artigues, 2014; Busch 
et al., 2023). Following the 2014–2020 EU State Aid Guidelines, many 
member states transitioned toward feed-in premiums (FIPs), which were 
intended to expose producers more directly to market signals (Jenner 
et al., 2013; Alolo et al., 2020). Competitive auctions also emerged as 
the dominant procurement mechanism, with developers bidding for 
long-term contracts for renewable supply generation. Although auctions 
have improved transparency and cost efficiency, member states retain 
substantial discretion over auction design and eligibility criteria (del Río 
and Linares, 2014; Kreiss et al., 2017; European Commission, 2020).

The EU's experience with electricity market restructuring and 
renewable deployment can be contrasted with the two other large-scale 
precedents: the United States and China. In the United States, wholesale 
market liberalization proceeded through regional transmission organi
zations, most notably PJM and ERCOT, resulting in competitive dispatch 
mechanisms. Renewable support has nevertheless remained a sub- 
national prerogative, delivered through state-level renewable portfolio 
standards and federal production and investment tax credits rather than 
a harmonized supranational framework (Wiser and Bolinger, 2006; 
Hitaj, 2013). In China, generation markets remain heavily concentrated 
among state-owned utilities, yet renewable deployment has been driven 
primarily by centralized industrial policy—progressing from FITs to 
competitive auctions—with market restructuring only partially intro
duced following the 2015 electricity market reform (Zheng et al., 2021; 
Cheng et al., 2024).

Neither setting maps directly onto the EU context, where suprana
tional renewable targets coexist with nationally implemented support 
schemes, mixed public and private ownership, and a progressively in
tegrated internal electricity market. The effects of market concentration 
on EU's shared climate ambitions are not well understood. Recent cross- 
country evidence shows that higher electricity-market concentration is 
associated with lower wind deployment, with weaker effects for solar 
and hydro (Boateng et al., 2025). Other studies document reverse 
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causality, whereby rising renewable deployment reduces market con
centration, underscoring the need to account for endogeneity when 
assessing the effect of market structure on deployment (O'Shaughnessy, 
2018; Sirjani et al., 2024).

2.2. Renewable deployment and market concentration: Descriptive 
evidence

We define renewable energy as consisting of solar and wind, and thus 
exclude hydro power, renewable combustible fuels, and geothermal 
energy (henceforth, “wind and solar” is used interchangeably with 
“renewable”). Recent growth in renewable electricity generation in 
Europe has been overwhelmingly driven by wind and solar. While wind, 
hydro, and solar account for 39.1, 29.9, and 22.4% of renewable elec
tricity generation in the EU, respectively, hydropower capacity has seen 
only limited expansion over the past decades (Quaranta, 2024; Quaranta 
et al., 2025). Nevertheless, we estimate models that include hydro 
power for robustness. Renewable combustible fuels and geothermal 
energy account for the remaining shares at 8.1 and 0.5%, respectively. 
These sources are primarily used for heating (biomass) and are 
geographically constrained (geothermal) and thus play a limited role in 
electricity-sector decarbonization (Taylor et al., 2024; Eurostat, 2025b).

Fig. 1 illustrates the evolution of wind and solar capacity as a share of 
total installed capacity across the EU-27. Combined wind and solar ca
pacity increased from 1.5% in 2000 to 32% in 2022. Wind capacity 
expanded steadily throughout the period, reaching 15.7% of total 
installed capacity by 2022. Solar deployment remained limited until 
around 2010, after which capacity expanded rapidly; by 2022, solar 
accounted for 51.1% of combined wind-and-solar capacity.

Fig. 2 plots the market share of the largest electricity producer across 
EU member states in 2000, 2010, and 2022. While the overall trend 
points to declining concentration, substantial cross-country variation 
persists. The average market share of the largest producer in 2022 is 
55.1%, ranging from 87.5% in Cyprus to 23.7% in Finland.

Leveraging the data used in the present study, the correlation be
tween the renewable share and the largest producer's market share is 
negative at − 0.43 over the full sample. Year-by-year correlations show 
no clear trend but fluctuate between − 0.30 and − 0.40, reaching − 0.26 
in 2017 and − 0.45 in 2022. Causal interpretations are obscured by 

confounders such as policy reforms, technological change and demand 
growth.

2.3. Hypotheses

2.3.1. Unilateral market power and entry deterrence
A large and well-established literature documents strategic interac

tion and the exercise of unilateral market power in electricity markets. 
Classic analyses of the California electricity crisis show substantial de
partures from competitive outcomes, with a large share of price spikes 
attributable to market power (Borenstein, 2000; Borenstein et al., 2002; 
Wolak, 2003). This has been documented across many regions, 
including the Western United States, Texas, Pennsylvania–New Jer
sey–Maryland, and New Zealand (Hortaçsu and Puller, 2008; Mansur, 
2007, 2008; Wolak, 2009).

In Europe, producers have been found to exercise unilateral market 
power through price or quantity in the United Kingdom, Spain, Italy, 
and the Nordic countries, among others (Wolfram, 1999; Fabra and 
Toro, 2005; Bosco et al., 2010; Newbery and Greve, 2017; Lundin and 
Tangerås, 2020; Fogelberg and Lazarczyk, 2019). A common dynamic 
in concentrated and vertically integrated markets is the merit-order ef
fect, which enables producers to internalize price effects by dispatching 
renewable output at conventional output prices (Acemoglu et al., 2017; 
Hogan, 2022; Simshauser and Newbery, 2024).

While this literature predominantly documents unilateral market 
power in short run wholesale price and output formation, renewable 
deployment as studied in the present paper is governed primarily by long 
run investment incentives and revenue expectations. To this end, Szabó 
and Jäger-Waldau (2008) show that greater competition in electricity 
markets strengthens incentives for renewable investment by improving 
expected returns and reducing the fiscal burden of support schemes, 
suggesting that concentration can dampen renewable expansion even 
under generous policy support. Semmler et al. (2022) show how fossil- 
fuel producers can use dynamic limit pricing to slow renewable entry 
when entrants face financing constraints, while Ekholm and Virasjoki 
(2021) demonstrate that market power exercised through renewable 
generation and storage can lead to strategic curtailment and welfare 
losses that go beyond short run price effects. Hogan (2022) and 
Simshauser and Newbery (2024) show that access rules and congestion 

Fig. 1. Average renewable electricity shares across EU-27 over the period 2000–2022. 
Notes: The figure shows the average share (percent) of solar, and wind installed capacity over total installed capacity (percent) averaged across EU-27 countries. 
Source: European Commission, EU energy statistical pocketbook and country datasheets (URL: https://energy.ec.europa. 
eu/data-and-analysis/eu-energy-statistical-pocketbook-and-country-datasheets_en#country-datasheets); the data shown in the figure is extracted from the country data
sheets for each country.
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management can distort investment in otherwise competitive markets 
and critically shape long run entry incentives for intermittent renew
ables. More explicit evidence in Lockwood et al. (2020) shows how 
incumbent producers successfully lobbied to influence the UK's Capacity 
Market's design in ways that disadvantaged demand-side response and 
alternative low-carbon technologies.

The main hypothesis is that greater market concentration lowers the 
share of renewable capacity. Although some investment may be real
located from new entrants to incumbent portfolios, the exercise of 
market power is expected to depress renewable investment overall. 
Concentrated incumbents can weaken incentives by reducing the ex
pected profitability of new projects and by increasing operational risk 
through strategic curtailment and congestion management.

The main hypothesis to be tested is: 

H1. Electricity market concentration reduces the share of wind and 
solar capacity in EU member states.

2.3.2. Path dependence and regional heterogeneity
Renewable deployment is characterized by strong path dependence: 

a larger installed base can facilitate further expansion through accu
mulated know-how, supply-chain development, and learning-by-doing 
that lowers unit costs as deployment scales (Arrow, 1962; Spence, 
1981; Thomassen et al., 2020). Market concentration may interact 
with this process in opposing ways. On the one hand, high market 
concentration can slow diffusion of operational experience and limit 
entry, potentially dampening wind and solar expansion (Leibowicz, 
2015; Bollinger and Gillingham, 2019). On the other hand, when a 
small number of large producers undertake most investments, deploy
ment may benefit from scale economies, coordination, and faster 
execution (Steffen et al., 2022). These opposing forces parallel the 
inverted-U relationship between competition and innovation, in which 
innovation and investment incentives peak at intermediate levels of 
competition rather than at either extreme (Aghion et al., 2005).

However, how market concentration affects the path dependence of 
renewable deployment is, in itself, plausibly stage dependent. During 

the scale-up phase of wind and solar, marginal investments may be 
particularly sensitive to financing conditions, regulatory frictions, and 
the availability of experienced developers and supply chains. Market 
power can then be leveraged to limit entry and to signal unfavorable 
investment conditions. As renewable deployment increases, the mar
ginal association between concentration and further deployment may 
weaken as focus shifts from regulatory frictions toward, e.g., grid 
congestion and balancing requirement concerns. To capture such regime 
dependence, we compare the concentration–deployment association 
between countries that have reached a regime in which renewables 
account for the majority of electricity generation and countries that have 
not. This motivates our first interaction hypothesis: 

H2A. The association between electricity market concentration and 
renewable deployment differs between countries in a majority- 
renewables regime and countries that are not.

In addition, Europe is heterogeneous along dimensions that can 
condition both market concentration and renewable deployment, 
including interconnection and balancing options, market liberalization 
trajectories, regulatory capacity, and the timing and design of renewable 
support schemes. If these features systematically vary across regions, 
pooled estimates may mask meaningful differences in how concentra
tion relates to renewable deployment. We therefore allow the concen
tration–deployment association to vary across regions by interacting 
market concentration with regional indicators: 

H2B. The association between electricity market concentration and 
renewable deployment differs across European regions.

2.3.3. Policy mediation
A growing empirical literature shows that market concentration and 

policy environments are jointly determined and interact in shaping 
renewable outcomes.

On the one hand, market concentration can affect policy action. 
Nicolli and Vona (2019) show that renewable-policy adoption is more 
likely in countries with lower institutional entry barriers, suggesting 

Fig. 2. Largest company's share of domestic electricity production (percent). 
Source: European Commission, EU energy statistical pocketbook and country datasheets (URL: https://energy.ec.europa. 
eu/data-and-analysis/eu-energy-statistical-pocketbook-and-country-datasheets_en#country-datasheets); the market structure data shown in the figure comes from the 
“Market Indicators”-section of the country datasheets for each country, which builds on Eurostat, Energy market indicator: Largest company—electricity generation (URL: 
https://ec.europa.eu/eurostat/databrowser/product/view/ten00119?lang=en&category=nrg.nrg_market).
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that dominance by large utilities can suppress regulatory support for 
renewables. Similarly, Jenner et al. (2012) show that higher electricity- 
market concentration reduces the likelihood that governments adopt 
renewable support measures. de Frutos Cachorro et al. (2020) find that 
competition promotes long-term investment incentives in nuclear power 
under policy uncertainty, whereas more concentrated structures 
dampen investment responses. On the other hand, policy and market 
design can feed back into market concentration and the exercise of 
market power: Gutiérrez-Meave et al. (2021) demonstrate that replacing 
marginal-cost dispatch with a state-priority physical order in Mexico 
increased market power and reduced renewable penetration.

In practice, a wide range of policy instruments shape conditions for 
renewable investments. These include auction design for renewable 
project procurement, cross-border transmission rights allocation, grid- 
queuing and connection rules, FITs, FIPs and fossil fuel support 
schemes, among others (Milgrom and Weber, 1982; Klemperer, 2002; 
Mendonça et al., 2009; Busch et al., 2023; Zahraoui et al., 2023; Kiefer 
and del Río, 2024). Depending on their design and implementation, 
these policies can either constrain inherent advantages or inadvertently 
reinforce them.

This yields four hypotheses: 

H3A. The association between electricity market concentration and 
renewable deployment differs with the stringency of pollution penalties.

H3B. The association differs with the degree of market privatization.

H3C. The association differs with the level of support for wind and 
solar (e.g., feed-in tariffs).

H3D. The association differs with the extent of fossil-fuel subsidies.

3. Data

The dataset is an annual country-level panel for all 27 EU member 
states over 2000–2022, drawn primarily from Eurostat and com
plemented with data from the World Bank, OECD, and the European 
Commission.

The primary outcome is renewable penetration, measured as the 
combined installed capacity of wind and solar photovoltaic technologies 
as a share of total national installed electricity capacity (MW). Our main 
explanatory variable is market concentration, proxied by the one-year 
lagged market share of the largest electricity producer in national gen
eration (CR1).

Baseline controls capture economic conditions and energy-system 
fundamentals: log GDP per capita and its one-year lag (macroeco
nomic conditions), lagged net electricity imports in million tons of oil 
equivalent (interconnectedness), final electricity consumption per cap
ita (demand conditions), natural resource rent as a share of GDP (energy 
endowments) and a dummy for every year post-EU-ascension (institu
tional convergence).

To study heterogeneity, we interact concentration with (i) an indi
cator for whether a country's generation mix is majority-renewable and 
(ii) region dummies. We further use indicators from the World Bank 
Global Power Market Structure Database (GPMSD)—including the 
introduction of competitive market rules, unbundled transmission 
ownership, and the entry of non-state independent power producers—to 
characterize regulatory reforms and market structure. Policy and cost 
environments are captured using feed-in-tariff levels for wind and solar 
(USD/kWh) and fossil-fuel subsidies (as a share of GDP).

Robustness checks vary both the outcome and concentration mea
sures. Here we consider wind and solar separately, log cumulative 
installed renewable capacity, and alternative definitions that include 
hydro. We also replace CR1 with alternative concentration proxies such 
as the log number of producers accounting for 95% of generation and 
indicators of the presence and composition of “main producers” that 
individually account for at least 5 % of electricity generation in a 
country-year. Building on these concentration metrics, we calculate a 

lower bound on the Herfindahl–Hirschman index, HHILB, in place of 
CR1. Let CRmain be the concentration ratio for main electricity producers 
(each producing more than 5% of the grand total annually), Nmain and 
N95 be the number of main producers and the number of producers with 
a cumulative production that amounts to 95% of total production, we 
use the following lower bound approximation of the HHI of market 
concentration 

HHILB = CR2
1 +1{Nmain > 1}

(CRmain − CR1)
2

Nmain − 1
+1{N95

> Nmain}
(95 − CRmain)

2

N95 − Nmain 

The first term captures the market share of the largest producer, the 
second term equally distributes the market shares among the non-main 
producers needed to reach 95% of the total market share. The remaining 
5%, for which we have no information, are regarded as contributing zero 
to the HHI lower bound, HHILB. This expression for HHILB equals the true 
HHI, when market share in the respective segment are perfectly equal 
and where the residual 5 % makes zero contribution. To simplify in
terpretations when estimating the empirical model, with HHILB is 
normalized by dividing it by 1000, resulting in the following bounds 
0 ≤ HHILB < HHI < 10.

Additional robustness specifications use GPMSD classifications of 
vertically integrated utilities, single-buyer models, wholesale competi
tion, and retail-market liberalization. We also re-estimate the main 
specifications with region-specific linear time trends to account for.

Table 1 presents summary statistics for the variables used in the main 
specification. Renewable penetration varies widely across member 
states: the mean wind-solar share is 12% of installed capacity (sd 12.6 
percentage points), with wind accounting for roughly two-thirds of 
variable renewable capacity on average (8.0%) and solar the remainder 
(4.2%). Market structure also exhibits substantial heterogeneity: the 
largest producer accounts for 55% of national generation on average (sd 
27), consistent with wide cross-country variation in competitive in
tensity and reform progress. Definitions and sources are documented in 
Appendix Table A1, and full summary statistics are reported in Appendix 
Table B1.

4. Empirical strategy

4.1. Empirical model

The estimation strategy is built on Przychodzen and Przychodzen 
(2020), extending their analysis to the EU context. They examined 
renewable electricity development in 27 transition countries 
(1990–2014), measured as the share of total electricity generation. They 
found that declining market competitiveness limited renewable 
deployment.1

We estimate whether observable market concentration is associated 
with renewable deployment with a range of country-level controls. The 
empirical model takes the form: 

RSit = αRSit− 1 + γMSit− 1 + xʹ
it− 1β+ δt + ci + εit (1) 

The dependent variable RSit is the percentage share of the installed 
solar and wind electricity capacity (MW) as a share of the total installed 
electrical capacity in country i during year t. The model includes a 
lagged dependent variable RSit− 1 to capture persistency α in the devel
opment of renewable electricity, i.e., renewable deployment conditional 
on the existing stock. A measure of market structure MSit− 1 is the main 
variable of interest in the model, given by the one-period lagged market 

1 The estimation strategy further draws on the dynamic panel model 
Acemoglu et al. (2019) about relationship between democratic institutional 
development and economic growth.
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Table 1 
Summary statistics of country-year observations between 2000 and 2022 for the EU-27.

Variable Obs Mean Std. dev. Source

Outcome
Share renewable, % 615 12.11 12.57 European Commission
…of which wind, % 615 7.95 9.10 European Commission
…of which solar, % 615 4.16 6.45 European Commission

Explanatory
Market share largest producer, % 546 55.10 26.90 European Commission

Control
GDP per capita, log(billion € /capita) 621 − 3.85 0.69 European Commission
Net electricity import of total, % 621 0.01 1.39 European Commission
Final electricity consumption, KWh/capita 621 6413 3109 European Commission
Natural resource rent of GDP, % 594 0.55 0.71 World Bank Group DataBank
EU membership, dummy 621 0.37 0.48

Note: See Appendix B for full summary statistics. Source: European Commission, EU energy statistical pocketbook and country datasheets (URL: https://energy.ec.europa. 
eu/data-and-analysis/eu-energy-statistical-pocketbook-and-country-datasheets_en#country-datasheets); World Bank Group DataBank (URL: https://databank.worldbank.org/). All data referencing the European Commission 
comes from the country datasheets for each country in the EU energy statistical pocketbook and country datasheets, with auxiliary data coming from the World Bank Group's DataBank.
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Table 2 
Effects of the market share of the largest producer on renewable electricity share.

Base sample Balanced sample

Annual data 5y data Annual data

Dependent variable: Renewable sharet (RSt) OLS FE-OLS AB-GMM FE-OLS FE-OLS AB-GMM FE-OLS AB-GMM

(1) (2) (3) (4) (5) (6) (7) (8)

Renewable sharet-1 (RSt− 1) 1.016*** (0.010) 1.003*** (0.021) 0.747*** (0.087) 0.588*** (0.124) 0.504* (0.254) 0.999*** (0.025) 0.834*** (0.094)
Market share t-1 (MSt− 1) − 0.003 (0.003) 0.006 (0.007) − 0.006 (0.025) − 0.063*** (0.019) 0.031 (0.052) 0.112 (0.094) 0.012 (0.010) 0.022 (0.036)

Controls (xit− 1):
log GDP (€Mrd 2015)/capitat − 3.760* (2.160) − 4.176* (2.505) − 4.293 (4.860) 11.898* (6.867) − 1.363 (5.472) − 1.892 (4.364) − 4.413 (2.977) − 6.112 (5.115)
log GDP (€Mrd 2015)/capitat-1 4.119* (2.154) 5.409* (2.761) 4.245 (6.930) − 18.804*** (7.074) − 3.210 (4.941) − 5.307 (6.438) 6.433* (3.349) 7.973 (6.990)
Net imported electricityt-1(%) 0.054 (0.037) 0.242** (0.114) − 0.551 (0.651) − 1.914*** (0.329) 0.043 (0.618) 1.068 (1.207) 0.156 (0.152) − 0.285 (0.611)
Electricity consumption/capitat-1 − 0.000 (0.000) − 0.000** (0.000) − 0.000 (0.000) − 0.001** (0.000) − 0.002*** (0.001) − 0.002* (0.001) − 0.000** (0.000) − 0.000 (0.000)
Natural resource rentt-1 (%) 0.085 (0.094) 0.126 (0.139) 0.030 (0.718) − 0.932** (0.400) 0.391 (0.600) 1.736 (1.752) − 0.122 (0.178) − 0.353 (0.587)
EU accessiont (dummy) 0.002 (0.196) 0.075 (0.239) − 0.742 (0.868) − 3.538*** (0.840) 2.811* (1.574) 3.663 (3.866) 1.059** (0.423) 1.761 (4.171)

Observations 515 515 485 516 89 65 399 378
Countries 26 26 26 26 24 24 21 21
Instruments 147 21 126
AR(1) p-value 0.047 0.048 0.037
AR(2) p-value 0.152 0.905 0.120
Hansen p-value 1.000 0.676 1.000

Bias correction 0.008 0.049
Bootstrapped SE [0.028] [0.57]

Notes: The dependent variable Renewable sharet is the percentage share of the installed renewable (solar and wind) electricity capacity (MW) as a share of the total installed electrical capacity in period t. For the AB- 
GMM estimates, we report the number of internal instruments, p-values for the Hansen overidentification test, and the AR(1) and AR(2) tests for no serial correlation. The models are estimated on two samples. The base 
sample includes 27 European countries spanning the years 2000 to 2022. For the base sample, in addition to estimating the models using annual data, column 5 and 6 use five-year data. The models are also estimated 
on a reduced balanced sample of 21 countries for the years 2003 to 2022 (from which Austria, Bulgaria, Malta, Luxembourg, Romania, Netherlands are excluded due to missing observations). For the balanced sample, 
the table also shows the biased corrected estimate of Markets share t-1 using the split sample algorithm in Chen et al. (2019), with bootstrapped standard errors shown in brackets. For more detailed information about 
the variables see Appendix A and B. All models include a full set of year dummies. Robust standard errors are shown in parenthesis. Significance level corresponds to * p < 0.10 ** p < 0.05 *** p < 0.01.
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share of the largest electricity producer in the country. Since RSi and 
MSi are measured in percentage, γ is the percentage point change in 
renewable capacity share following a 1 percentage point change in the 
largest producer's market share; see Section 5.2. for more information on 
the identification strategy.

The vector of country-year level controls xit− 1 captures heterogeneity 
associated with market structure and includes the set of baseline con
trols as discussed in the previous section. To account for time-invariant 
country-specific heterogeneity, the model includes a full set of country 
fixed effects ci that absorb all unchanging characteristics that may in
fluence both market structure and renewable deployment. Similarly, 
year fixed effects δt are included to capture common shocks and trends 
affecting all countries, such as global energy prices, EU-wide policy re
forms, or economic disruptions like the COVID-19 pandemic. Lastly, εit 
is an error term that captures other omitted factors for which E(εit) = 0 
for all i and t.

To assess whether the concentration–deployment relationship varies 
across environments, we estimate interaction models that allow the 
marginal effect of concentration to differ (i) across stages of renewable- 
system development (H2A), and (ii) across European regions (H2B). To 
investigate H2A, we first estimate an extension of the model in (1) which 
includes deeper lags of the renewable share, i.e., RSit− 2, and also esti
mate a model of the form: 

RSit = αRSit− 1 + γ0MSit− 1 + γ1MajRenit− 1 + γ2(MSit− 1 × MajRenit− 1 )

+ xʹ
it− 1β+ δt + ci + εit

(2) 

where MajRenit− 1 is a time-varying dummy equal to 1 if renewables 
account for 50% or more of total electricity generation in country i 
during year t. This indicator is interacted with the lagged concentration 
to test whether the concentration slope differs before versus after 
entering a majority-renewables regime. γ0 captures the slope when not 
in the majority-renewables regime, while γ0 + γ2 captures the slope 
when in the majority-renewables regime. Under the learning-dynamics 
mechanism stated in H2A, we expect ∣γ0 ∣ > ∣γ0 + γ2∣: once a country 
reaches a majority-renewables regime such that MajRenit− 1 = 1, mar
ginal deployment should be noticeably decreasing and the concen
tration–deployment link should move closer to zero.

To investigate H2B, we define time-invariant dummies Ei,Wi, Si for 
member states in Eastern Europe (Bulgaria, Croatia, Czechia, Hungary, 
Poland, Romania, Slovakia, Slovenia), Western Europe (Austria, 
Belgium, France, Germany, Ireland, Luxembourg, Netherlands) and 
Southern Europe (Cyprus, Greece, Italy, Malta, Portugal, Spain), with 
Northern Europe (Denmark, Estonia, Finland, Latvia, Lithuania, Swe
den) entering as reference. We then estimate:  

Table 3 
Heterogeneity analysis to answer H2A (interaction between path dependence and market concentration) and H2B (interaction between regional differences and 
market concentration).

Balanced sample Excl. Northern Europe

Annual data

Dependent variable: Renewable sharet (RSt) OLS FE-OLS AB-GMM FE-OLS FE-OLS

(1) (2) (3) (4) (5)

Renewable sharet-1 (RSt− 1) 1.408*** (0.092) 1.070*** (0.254) 0.969*** (0.027) 1.012*** (0.028) 1.043*** (0.030)
Renewable sharet-2 (RSt− 2) − 0.458*** (0.089) − 0.184 (0.180)
Market share t-1 (MSt− 1) 0.009 (0.009) 0.037 (0.048) 0.016 (0.010) − 0.021 (0.014) 0.047*** (0.014)

Heterogeneity:
Majority renewablet-1 (MajRent− 1

)
0.749 (0.705)

MSt-1 x MajRent-1 0.000 (0.010)
MSt-1 x E 0.122*** (0.035)
MSt-1 x W 0.058*** (0.023)
MSt-1 x S 0.043 (0.028)

Observations 378 357 399 399 285
Controls (xit− 1) Yes Yes Yes Yes Yes
Countries 21 21 21 21 15
Instruments 89
AR(1) p-value 0.005
AR(2) p-value 0.622
Hansen p-value 1.000

Notes: The dependent variable Renewable sharet is the percentage share of the installed renewable (solar and wind) electricity capacity (MW) as a share of the total 
installed electrical capacity in in period t. MajRent− 1 is a time-varying dummy equal to 1 if renewables account for 50% or more of total electricity generation during 
year t − 1; E,W and S are time-invariant dummies for member states in Eastern Europe (Bulgaria, Croatia, Czechia, Hungary, Poland, Romania, Slovakia, Slovenia), 
Western Europe (Austria, Belgium, France, Germany, Ireland, Luxembourg, Netherlands) and Southern Europe (Cyprus, Greece, Italy, Malta, Portugal, Spain), 
respectively. Northern Europe (Denmark, Estonia, Finland, Latvia, Lithuania, Sweden) is the reference group. Because E,W and S are time-invariant, their main effects 
are absorbed by the country fixed effects ci; identification comes from the interaction term. For more detailed information about the variables see Appendix A and B. All 
models include a full set of year dummies. Controls xit− 1 are identical to the model in Table 1. Robust standard errors are shown in parenthesis. Significance level 
corresponds to * p < 0.10 ** p < 0.05 *** p < 0.01.

RSit = αRSit− 1 + γNMSit− 1 + γE(MSit− 1 × Ei) + γW(MSit− 1 × Wi) + γS(MSit− 1 × Si) + xʹ
it− 1β+ δt + ci + εit (3) 
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where γN is the slope in Northern Europe (reference) and (γN + γE), (γN +

γW), (γN + γS) are the region-specific marginal effects relative to North
ern Europe. Because Ei,Wi, Si are time-invariant, their main effects are 
absorbed by the country fixed effects ci.

To investigate H3A–D, the identical model in (1) is estimated but 
now with the additional institutional and policy variables as controls in 
xit− 1.

4.2. Identification strategy

Endogeneity is a central concern due to simultaneity and reverse 
causality between concentration and renewable deployment. Policies 
that stimulate renewable investment may affect both renewable capac
ity and producers' market shares and shifts in market structure may 
influence investment incentives.

To answer H1 and assess the effect of market concentration on 
renewable deployment, we use pooled OLS, fixed effects OLS (FE-OLS) 
and the Arellano and Bond (1991) Generalized Method of Moments (AB- 
GMM) estimator to address dynamic panel bias and potential 

endogeneity in MSit− 1. Under the maintained moment conditions (in 
particular, no second-order serial correlation in the differenced error 
and validity of lagged levels as instruments), the AB-GMM estimates 
admit a causal interpretation. We therefore test for AR(1) and AR(2) in 
the differenced residuals as a key specification diagnostic. The AB-GMM 
framework also allows us to instrument other endogenous regressors, 
such as market concentration, under the same orthogonality conditions, 
helping to address potential reverse causality between renewable 
deployment and market structure.

A well-known limitation of the AB-GMM estimator in panels with 
moderate T is instrument proliferation: the number of internal in
struments grows quadratically in T, which can cause the Hansen over
identification test to lose power and return p-values close to 1, providing 
a misleading signal of instrument validity (Roodman, 2009). We address 
this along three dimensions. First, we estimate the baseline model on 
five-year interval data, which compresses the time dimension and sub
stantially reduces the instrument count relative to the annual specifi
cations. Second, we apply the split-sample bias-correction procedure of 
Chen et al. (2019), which sidesteps the proliferation problem by 

Table 4 
Heterogeneity analysis to answer H3A-H3D for policy mediating variables.

Balanced sample

Electrical market policy Independent power producer FITs Fossil fuel subsidies

Dependent variable: Renewable 
sharet (RSt)

FE-OLS AB-GMM FE-OLS AB-GMM FE-OLS AB-GMM FE-OLS AB-GMM

(1) (2) (3) (4) (5) (6) (7) (8)

Renewable sharet-1 (RSt− 1)
1.000*** 
(0.025)

0.830*** 
(0.095)

1.000*** 
(0.0.025)

0.851*** 
(0.087)

0.995*** 
(0.026)

0.873*** 
(0.088)

0.971*** 
(0.042)

0.854*** 
(0.097)

Market share t-1 (MSt− 1) 0.12 (0.010) 0.023 (0.036) 0.011 (0.010) 0.021 (0.033) 0.010 (0.010) 0.020 (0.032) 0.022 (0.016) 0.008 (0.051)

Heterogeneity:

Regulationt
− 0.433 
(0.426)

− 0.930 
(2.228)

− 0.503 
(0.437)

− 1.028 
(2.071)

− 0.003 
(0.429)

− 0.632 
(2.174)

0.163 (0.763) 2.517 (2.437)

Unbundlingt
− 0.419 
(0.266)

− 0.579 
(0.941)

− 0.422 
(0.267)

− 0.438 
(1.033)

− 0.212 
(0.276)

− 0.127 
(0.818)

− 0.353 
(0.472)

0.075 (1.086)

Independent power producert
− 0.287 
(0.318)

− 0.367 
(0.909)

− 0.229 
(0.358)

− 0.326 
(0.861)

− 0.600 
(0.601)

− 1.147 
(1.564)

FITst

0.156*** 
(0.041) 0.150 (0.113)

0.128* 
(0.072) 0.249 (0.160)

Fossil-fuel subsidyt

− 0.130 
(0.166)

− 0.113 
(0.189)

Observations 399 378 399 378 361 342 247 228
Controls (xit− 1) Yes Yes Yes Yes Yes Yes Yes Yes
Countries 21 21 19 19 21 21 19 19
Instruments 128 129 130 95
AR(1) p-value 0.042 0.040 0.071 0.100
AR(2) p-value 0.094 0.109 0.117 0.229
Hansen p-value 1.000 1.000 1.000 1.000

Bias correction 0.008 0.066 0.006 0.025 0.004 − 0.011 0.055 − 0.012
Bootstrap s.e. [0.026] [0.057] [0.027] [0.058] [0.027] [0.050] [0.098] [0.088]

Notes: The dependent variable Renewable sharet is the percentage share of the installed renewable (solar and wind) electricity capacity (MW) as a share of the total 
installed electrical capacity in country i in period t. For the AB-GMM estimates, we report the number of internal instruments, p-values for the Hansen over
identification test, and the AR(1) and AR(2) tests for no serial correlation. The models are estimated on a reduced balanced sample of 21 countries for the years 
2003 to 2022 (from which Austria, Bulgaria, Malta, Luxembourg, Romania, Netherlands are excluded due to missing observations). For the balanced sample, the 
table also shows the biased corrected estimate of Markets share t-1 using the split sample algorithm in Chen et al. (2019), with bootstrapped standard errors shown 
in brackets. For more detailed information about the variables see Appendix A and B. All models include a full set of year dummies. Controls xit− 1 are identical to the 
model in Table 1. Robust standard errors are shown in parenthesis. Significance level corresponds to * p < 0.10 ** p < 0.05 *** p < 0.01.
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estimating the dynamic bias directly rather than relying on GMM 
moment conditions. Third, where Hansen p-values equal or approach 
1.000, we treat the corresponding AB-GMM point estimates as infor
mative about sign and magnitude but do not rely on them for inference, 
triangulating instead across FE-OLS and the bias-corrected estimator. 
Together, these strategies do not eliminate the proliferation problem in 
the annual AB-GMM specifications, but they provide cross-estimator 
consistency checks that support our findings.

More broadly, the literature proposes several alternatives to standard 
AB-GMM under proliferation: collapsing the instrument matrix to one 
instrument per variable and lag distance (Roodman, 2009), the System 
GMM estimator (Blundell and Bond, 1998), and bias-corrected LSDV 
estimators that avoid GMM instruments entirely (Bruno, 2005). The 
split-sample bias-correction procedure of Chen et al. (2019) employed 
here is in the spirit of the latter—estimating dynamic bias directly rather 
than through moment conditions—and is particularly suited to panels 
with small N such as ours.

While the baseline specification to answer H1 constitutes our pri
mary attempt at causal inference under standard dynamic-panel as
sumptions, the interaction hypotheses (H2A–B; H3A–D) impose 
stronger identifying requirements. Moderators such as policy regimes 
and institutional settings are plausibly jointly determined with market 
structure and renewable deployment, and the implied interaction terms 
may therefore be endogenous even when MSit− 1 is instrumented. 
Furthermore, H2A-B and H3A-D may confound each other—a country 
converging toward a majority-renewables regime is most likely also 
experiencing active policy support, making joint identification of both 
margins infeasible without instruments for the interaction terms them
selves. We therefore estimate the two sets separately: Eqs. (2) and (3)
address H2A and H2B, while H3A–D re-estimate Eq. (1) augmented with 
institutional and policy covariates.

Moreover, region- and regime-specific time-varying factors (e.g., 
differential policy timing, grid constraints, market reforms, and 
financing conditions) may confound interaction estimates even in the 
presence of country and year fixed effects. Because unconditional 
regional differences are absorbed by country fixed effects, the interac
tion models identify only differences in the within-country concentra
tion slope across groups. For these reasons, we interpret interaction 
coefficients primarily as descriptive differences in conditional associa
tions rather than causal moderation effects.

5. Results

5.1. H1 – main results

Table 2 report estimates of the main model across pooled OLS, FE- 
OLS, and AB-GMM, using both the full sample and a reduced balanced 
panel. Results are shown for annual data over the full sample and the 
balanced sample (using the split-sample procedure of Chen et al., 2019), 
and, separately, for a five-year panel to allow slower-moving effects to 
materialize. RSt− 1 is highly significant and positive across almost all 
specifications (e.g., 0.834; p < 0.01 in Column 8).

Pooled OLS estimates are presented in Column (1); the coefficient on 
MSt− 1 is negative but negligible and statistically insignificant (− 0.003; p 
> 0.1). In Column (2), when introducing country fixed effects, the co
efficient remains statistically insignificant, albeit turns slightly positive 
(0.006; p > 0.1). Using the AB-GMM estimator in Column (3) shows no 
material difference for the coefficient on MSt− 1 (− 0.006; p > 0.1); the 
AR(1) and AR(2) tests are consistent with valid moment conditions but 
the Hansen test yields a p-value of 1.000, signaling instrument prolif
eration (Chen et al., 2019). In Column (4), the instrument count is 
reduced by dropping the lagged dependent variable and using FE-OLS: 

the coefficient on MSt− 1 becomes negative and statistically significant 
(− 0.063; p < 0.01). However, excluding the lagged dependent variable 
introduces dynamic panel bias and violates the orthogonality assump
tions. Consequently, the estimates cannot be interpreted causally.

Columns (5) and (6) uses five-year interval data, which does not 
materially change the results. The Hansen test in column (6) yields a p- 
value below 1, indicating a reduced risk of instrument proliferation 
relative to the annual AB-GMM model in Column (3), but the reduced 
sample size warrants caution. Columns (7) and (8) applying the split- 
sample bias-correction procedure of Chen et al. (2019) does not 
change the uncovered effects.

In sum, across pooled OLS, FE-OLS, AB-GMM, as well as alternative 
samples of five-year panels and balanced samples, the results consis
tently show no evidence that higher market concentration reduces 
renewable deployment. We therefore reject H1 and conclude that within 
the EU from 2000 to 2022, market concentration does not systematically 
impede the expansion of wind and solar capacity. We further test the 
robustness of these findings in Section 6.3.

5.2. Heterogeneity results

In Section 6.2.1, heterogeneity across structural characteristics is 
examined to address hypotheses H2A–B. In Section 6.2.2, corresponding 
results for policy mediators are assessed to address hypotheses H3A–D.

5.2.1. H2 – path dependence and regional heterogeneity
Table 3 extends the baseline specification by introducing interaction 

terms to test whether the association of market concentration on 
renewable deployment depends on (i) deeper path dependence of the 
renewable share, (ii) whether renewables already constitute a majority 
of generation, and (iii) broad European region. Across specifications, 
RSt− 1 remains highly persistent (e.g., 0.969; p < 0.01 in Column 3). 
Importantly, the results do not identify any setting in which higher 
concentration—as proxied by the market share of the largest 
producer—robustly reduces renewable deployment. Across specifica
tions, the average (non-interacted) effect of MSt− 1 continues to be small 
and insignificant.

Columns (1) and (2) allow for richer adjustment dynamics by 
including both RSt− 1 and RSt− 2. While the inclusion of RSt− 2 substan
tially affects the estimated persistence structure (in Column 1, RSt− 2 is 
negative and significant), the coefficient on MSt− 1 changes only 
modestly and remains statistically insignificant in both pooled OLS 
(0.009; p > 0.1) and FE-OLS (0.037; p > 0.1). Thus, allowing for deeper 
path dependence does not reveal a hidden negative association between 
concentration and renewables.

Column (3) evaluates whether the effect of concentration varies with 
the stage of the transition by interacting MSt− 1with a time-varying 
dummy equal to one if renewables account for at least 50% of genera
tion. The interaction term is essentially zero (MSt− 1 × MajRent− 1 =

0.000; p > 0.1) and the coefficient on MajRent− 1 is positive but statis
tically insignificant (0.749; p > 0.1). Hence, there is no evidence that 
market concentration becomes more restrictive once renewables are 
already dominant. As in the baseline AB-GMM specifications, the Han
sen test yields a p-value of 1.000, indicating that inference should be 
interpreted cautiously due to likely instrument proliferation, even 
though the point estimates do not support a negative concentration 
effect.

Columns (4) and (5) examine whether the concentration–renewables 
association differs across European regions. In Column (4), Northern 
Europe is the reference group, so the coefficient on MSt− 1 reflects the 
within-country slope for Northern Europe (− 0.021; p > 0.1). The 
interaction terms are positive and statistically significant for Eastern 
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Europe (0.122; p < 0.01) and Western Europe (0.058; p < 0.01), and 
positive but not significant for Southern Europe (0.043; p > 0.1). These 
estimates imply a more positive within-country association between 
concentration and renewable penetration in Eastern and Western 
Europe than in Northern Europe. Consistent with this, Column (5) re
ports that in the non-Nordic subsample the pooled FE-OLS slope on 
MSt− 1 is positive and statistically significant (0.047; p < 0.01).

Appendix Table C1 re-estimates Table 2 and the model in Eq. (1)
without Northern Europe and shows that this positive effect does recur 
in the annual specifications, but it is not uniform across estimators and 
time aggregation. The annual FE-OLS estimate MSt− 1 remains small and 
positive (0.047; p < 0.01) and the annual AB-GMM estimate in the 
balanced sample is also positive (0.068; p < 0.05). However, Hansen p- 
values remain at or near 1.00 and, in some cases, rejection in AR(2) tests 
underscore that these dynamic-panel estimates should be treated as 
suggestive rather than definitive.

Table 3 provides no support for H2A (no meaningful difference by 
majority-renewable generation) and indicates heterogeneity consistent 
with H2B: the conditional within-country association between concen
tration and renewable penetration is more positive in Eastern and 
Western Europe than in Northern Europe. Importantly, this should not 
be interpreted as evidence that higher concentration causally increases 
(or decreases) renewable shares. Country fixed effects absorb time- 
invariant regional differences, and the interaction patterns may still 
reflect region-specific time-varying confounders and policy environ
ments. This pattern and its plausible drivers are discussed further in 
Section 7.

5.2.2. H3 –policy mediation
Table 4 extends the baseline specification in Eq. (1) by introducing 

additional control variables that capture institutional and policy factors 
that may condition the relationship between market concentration and 
renewable deployment. The models are estimated using FE-OLS and AB- 
GMM, with biased correction and bootstrapped standard errors.

Column (1) and (2) incorporates variables capturing electricity- 
market regulation: a dummy for the introduction of competitive mar
ket rules and a dummy for unbundled transmission ownership. Columns 
(3) and (4) adds an indicator identifying if there exists at least one in
dependent (non-state owned) power producer. Columns (5) and (6) 
introduce information on feed-in tariffs (FITs) and Columns (7) and (8) 
introduce information on fossil fuel subsidies.

Across all models, the coefficient on MSt− 1 remains small and sta
tistically insignificant. The only variable that shows a meaningful as
sociation are FITs: FIT levels are positively and significantly related to 
renewable deployment the FE-OLS, but it is not reflected in the AB-GMM 
model, which carries larger standard errors.

We reject H3A-D and conclude that the heterogeneity analysis in this 
section reinforces the main finding that market concentration does not 
exert a measurable effect on renewable deployment across diverse pol
icy and institutional environments.

5.3. Robustness

Robustness checks are presented in Tables D1-D5. Table D1 re- 
estimates the main model using region-specific linear time trends to 
absorb slow-moving regional heterogeneity not captured by country 
fixed effects and common year dummies. The coefficient on MSt− 1 re
mains small and statistically insignificant across the pooled OLS, FE- 
OLS, and AB-GMM specifications. The two positive significant co
efficients that emerge—in the five-year AB-GMM in Column (6) and 
balanced annual FE-OLS in Column (7)—are quantitatively small and 
consistent with the regional heterogeneity documented in Section 5.2.1.

Table D2 uses different proxies for renewable deployment. Columns 
(1)–(4) estimate the model separately for wind and solar shares, Col
umns (5) and (6) use the log level of total cumulative installed renew
able capacity instead of a share measure, and Columns (7) and (8) 
include hydro power in the renewable share. Once endogeneity is 
addressed using AB-GMM, all MSt− 1 coefficients become small and sta
tistically insignificant.

Table D3 evaluates robustness to alternative measures of market 
structure: a dummy for the presence of more than five producers, the log 
number of producers, the share accounted for by the main producers, 
and the World Bank categorical indicators of market structure. Across all 
measures and specifications, the coefficient on MSt− 1 remains insignif
icant and in line with the coefficient estimates and significance values of 
the main model specifications.

Table D4 re-evaluates Table 2 using a lower bound on the Herfin
dahl–Hirschman index, in place of the concentration ratio of the largest 
producer, CR1. This captures the market share of the largest producer 
and the equally distributed market shares of the non-main producers 
needed to reach 95% of the total market share. The coefficient on HHIt− 1 
is small and statistically insignificant, confirming the null obtained with 
CR1. The single specification in which HHIt− 1 attains conventional 
significance—the balanced-sample FE-OLS in Column (7) (0.392, p <
0.05; bias-corrected 0.530, bootstrap s.e. 0.497)—carries a positive sign, 
which is inconsistent with the hypothesis that higher concentration 
impedes renewable deployment and is in the same direction as the 
regional heterogeneity documented in Section 5.2.1.

Table D5 evaluates the retail segment of the electricity market. Using 
a dummy for whether a country has more than five electricity retailers 
and for full retail competition, again no evidence is found of a statisti
cally significant relationship between retail-market structure and 
renewable deployment. These results suggest that the lack of effect is not 
specific to the wholesale generation segment but also extends to retail- 
market competition.

6. Discussion

This section discusses our main findings and their implications, as 
well as limitations to the methodology and data used.

6.1. Main findings

The main findings indicate that renewable deployment in the EU-27 
is strongly path dependent, with expansion driven primarily by the 
existing stock of installed capacity rather than variation in market 
structure. Across the baseline specifications, electricity-market concen
tration explains little of the within-country variation in wind and solar 
capacity since 2000, and alternative outcome measures and concentra
tion proxies, as well as alternative estimation strategies and subsamples 
do not materially alter the core finding of no robust negative concen
tration effect—reducing the likelihood that the null reflects omitted 
variable bias or misspecification. Mechanisms emphasized in the 
literature—such as incumbents shaping policy design and market rules, 
influencing grid access and congestion management, or otherwise 
raising entry risk for new renewable projects (e.g., Leibowicz, 2015; 
Nicolli and Vona, 2019; Lockwood et al., 2020; de Frutos Cachorro et al., 
2020; Gutiérrez-Meave et al., 2021) —do not translate into a systematic, 
EU-wide pattern in the present setting. In short, market concentration 
does not emerge as a binding constraint on within-country renewable 
deployment in the EU over 2000–2022.

This conclusion is reinforced for transition-stage heterogeneity: 
interacting concentration with a majority-renewable-generation indi
cator yields no meaningful differential association, suggesting that 
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concentration does not become more restrictive once renewables are 
already dominant. By contrast, the results provide some evidence of 
regional heterogeneity, but the pattern runs against the entry-deterrence 
prior: in the fixed-effects specifications, the concentration–deployment 
slope is more positive in Eastern and Western Europe relative to 
Northern Europe, and estimates in the non-Nordic subsample are posi
tive in annual data. With country fixed effects absorbing time-invariant 
regional differences, the interaction terms remain vulnerable to region- 
specific time-varying confounders and common shocks (e.g., differential 
policy timing, grid build-out, and “catch-up” dynamics).

A plausible reading is that renewable deployment accelerated in 
much of Eastern and Western Europe during the sample period despite 
persistent incumbent dominance, yielding non-negative (and sometimes 
relatively more positive) correlations between concentration and 
renewable expansion in those regions. EU Cohesion Policy structural 
funds channeled substantial renewable investment into Eastern Euro
pean member states—particularly Poland, Romania, and 
Czechia—following the 2007–2013 and 2014–2020 framework pro
grams, largely independently of domestic market structure (European 
Commission, 2016).

Institutional and policy variables likewise do not systematically 
mediate the concentration–deployment relationship at the EU-wide 
level. While policy design and implementation likely matter within in
dividual countries, cross-country heterogeneity in administrative ca
pacity, enforcement, and complementary investments (e.g., networks 
and permitting) can dilute common patterns. In addition, many policy 
variables respond endogenously to both market structure and renewable 
deployment, which limits the extent to which reduced-form interaction 
patterns can be interpreted as causal mediation.

6.2. Limitations

The concentration measure used throughout is CR1, i.e., the largest 
producer's generation share, and it does not capture dimensions that 
plausibly also matter for investment incentives, such as vertical inte
gration, ownership of balancing assets and storage, congestion exposure, 
local network constraints, or the governance of dispatch and curtail
ment. To the extent that these features are persistent and country- 
specific, they are absorbed by fixed effects rather than identified 
through national concentration ratios. In a similar vein, major reforms 
over the sample period may weaken the link between national concen
tration metrics and the effective competitive environment faced by in
vestors. The robustness checks in Tables D3-D5 show that replacing CR1 
with alternative concentration proxies at the national level—including a 
dummy for the presence of more than five producers, the log number of 
producers, the main-producers share, the HHI lower bound, and World 
Bank categorical market-structure indicators that capture vertically 
integrate utility and distinguishes single buyer model from wholesale 
competition—yields qualitatively identical null results, suggesting the 
finding is not an artifact of the specific concentration measure chosen.

What none of the concentration metrics capture is time-varying ef
fects: if concentration mattered most during early liberalization epi
sodes, average relationships over 2000–2022 may obscure such 
dynamics—a limitation that is inherent to any long-run panel 
approach relying on aggregate national data. The robustness checks 
accounting for such time trends do not eliminate the possibility of 
unmodeled time-varying confounders—any specification absorbs only 
the heterogeneity it explicitly models—but they suggest the main 
conclusion is robust to the principal forms such confounders are likely to 
take.

A further caveat concerns the outcome measure. Deployment, 
captured here as the installed-capacity share of wind and solar, is an 
intermediate policy target rather than a direct measure of decarbon
ization. The net climate benefit of a given expansion in solar capacity 
depends on lifecycle factors, including the energy embodied in 
manufacturing and installation and energy losses over the system life
cycle that are not fully recovered. Recent evidence for EU member states 
indicates that such energy waste materially attenuates—though does not 
eliminate—the net CO₂ benefit of photovoltaic deployment, with a 
magnitude that varies across countries (Gajdzik et al., 2025). The pre
sent analysis therefore speaks to the drivers of deployment and should 
not be read as a statement about the net environmental return to that 
deployment.

The balanced sample excludes seven member states—Austria, 
Bulgaria, Malta, Luxembourg, Romania, Netherlands, and Serbia—due 
to missing observations. To the extent these countries differ systemati
cally in market structure, reform trajectory, or renewable deployment, 
the results may not fully generalize to the EU-27. A related data limi
tation concerns the FIT-series used to examine policy mediation (H3C), 
which is available only through 2019 and therefore does not capture the 
subsequent transition from FITs toward competitive auctions across 
several member states.

7. Conclusions and future research

This paper examined whether electricity-market concentration af
fects the deployment of wind and solar capacity across EU member 
states. Prior work identifies multiple channels through which firms may 
deter entry and weaken investment incentives; the evidence assembled 
here allows the three research questions (RQ) posed in the introduction 
to be answered directly.

First, market concentration does not systematically reduce renew
able deployment: across dynamic panel specifications and extensive 
robustness checks, the estimated effects are small and not robustly 
negative, with expansion driven primarily by the existing stock of 
installed capacity rather than by market structure (RQ1).

Second, this relationship does not vary meaningfully with the stage 
of the energy transition, and while some regional heterogeneity is pre
sent, it runs counter to the entry-deterrence prior—the concen
tration–deployment slope is more positive in Eastern and Western 
Europe than in Northern Europe, a pattern more plausibly attributable 
to catch-up dynamics and mature Northern infrastructure than to 
incumbent protection (RQ2).

Third, the relationship is not systematically mediated by the policy 
or institutional environment at the EU-wide level, although the endo
geneity of many policy variables to both market structure and deploy
ment cautions against a strong causal reading (RQ3).

From a policy perspective, reducing market concentration in isola
tion is unlikely to substantially accelerate renewable deployment across 
the EU and caution is therefore warranted when extrapolating national- 
level findings to EU-wide policy conclusions. Competition policy should 
be viewed as complementary to policy and technology-specific support 
instruments at both the national and supranational level.

The investment environment for new renewable projects becomes 
increasingly sensitive to balancing market design and storage capacity 
access as variable wind and solar penetration rises. Larger incumbents 
frequently own balancing assets and storage infrastructure alongside 
their generation portfolios, meaning that strategic control over these 
resources represents a dimension of market power that generation 
concentration ratios do not capture—and that standard competition 
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policy instruments are not designed to address.
Ensuring non-discriminatory access to balancing services and 

adequate storage provisioning are therefore plausibly complementary to 
both competition policy and technology-specific support schemes in 
sustaining renewable deployment at high penetration levels. The Clean 
Energy Package (2019–2021) and the EU Electricity Market Reform 
(2024) have begun addressing these issues, though implementation re
mains nationally fragmented—underscoring that regulatory design at 
the supranational level must be matched by administrative capacity at 
the member-state level.

Future research should therefore explore more granular dimensions 
of market power, focusing on reform windows and subnational network 
constraints where concentration effects are most likely to bind. Simi
larly, firm-level data and institutional detail should be leveraged to 
identify strategic behavior that aggregate concentration measures are 
unable to capture.

Declaration of generative AI and AI-assisted technologies in the 
manuscript preparation process

During the preparation of this work the authors used ChatGPT and 
Claude to improve language. After using this tool, the authors reviewed 
and edited the content as needed and take full responsibility for the 

content of the published article.

Declaration of funding

The authors gratefully acknowledge the financial support of the 
Swedish Competition Authority.

CRediT authorship contribution statement

Jonas Grafström: Writing – review & editing, Writing – original 
draft, Project administration, Investigation, Funding acquisition, 
Conceptualization. Daniel Halvarsson: Writing – review & editing, 
Writing – original draft, Visualization, Validation, Software, Resources, 
Methodology, Investigation, Data curation, Conceptualization. Theo 
Herold: Writing – review & editing, Writing – original draft, Visuali
zation, Validation, Software, Methodology, Investigation, Formal anal
ysis, Data curation. Nadja Vinberg: Writing – review & editing, Writing 
– original draft, Project administration, Methodology, Investigation, 
Formal analysis, Data curation, Conceptualization.

Declaration of competing interest

None.

Appendix A. Variable and data source descriptions

Table A1 
Variable and data source descriptions.

Variable Description Source

Dependent variables

Renewable share Cumulative share of solar and wind capacity in a given country-year (%). 100*(Cumulative Solar and Wind Capacity 
[MW])/(Installed Electricity Capacity [MW]).

European Commission

…incl. hydro Cumulative share of solar, wind and hydro capacity in a given country-year (%). 100*(Cumulative Solar, Wind and Hydro 
Capacity [MW])/(Installed Electricity Capacity [MW]).

European Commission

Share solar
Cumulative share of solar capacity in a given country-year (%). 100*(Solar Total Installed Capacity [MW])/(Installed 
Electricity Capacity [MW]). European Commission

Share wind
Cumulative share of wind capacity in a given country-year (%). 100*(Wind Total Installed Capacity [MW])/(Installed 
Electricity Capacity [MW]). European Commission

Share hydro Cumulative share of hydro capacity in a given country-year (%). 100*(Hydro Total Installed Capacity [MW])/(Installed 
Electricity Capacity [MW]).

European Commission

Renewable capacity Cumulative (MWh) of solar and wind capacity in a given country-year. Log(Cumulative Solar and Wind Capacity [MW]). European Commission
Majority renewable Dummy = 1 if ≥50% of electricity generation in given country-year comes from renewable sources (wind and solar). European Commission

Explanatory variables

Market share
Market share of the single largest electricity producer measured in generation and a given country-year. Market Share 
Largest Producer [%]. European Commission

Main producers More than five main producers. Dummy (Main Producers, >5% Total [No.]). European Commission
Total producers Number of total producers. Log(Producers, Representing 95% Total [No.]). European Commission
Share of main 
producers

Main producers as a share of total producers. 100*(Producers, Representing 95% Total [No.])/(Main Producers, >5% 
Total [No.]).

European Commission

Market structure
(i) Vertically integrate utility (VIU), (ii) Single buyer model (SBM), (iii) Wholesale competition. Market structure coding: 
VIU 1a, 1b; SBM 2a, 2b; Wholesale competition 3a, 3b, 3c, 3d.

World Bank Power Markets 
Database

Main retailers More than five main retailers. Dummy (Main Retailers, Sales >5% Total [No.]). European Commission

Retail competition Retail competition. Dummy. Market structure coding: 4b.
World Bank Power Markets 
Database

Control variables
GDP per capita GDP (€Mrd 2015) per capita. European Commission
Net imported 
electricity Net electricity imports per country and year (in Mtoe). Net Imports/Electricity. European Commission

Electricity 
consumption Final Electricity per Capita [KWh/capita]. European Commission

Natural resource rent
Total natural resources rents, sum of oil, natural gas, coal (hard and soft), mineral, and forest rents per country as share of 
GDP. Data for 2022 not available.

World Bank Group 
DataBank

Post-EU accession Dummy =1 for year ≥ each country's EU accession year; 0 otherwise. Authors' coding (EC accession dates).

Market regulation Electrical market regulation. Dummy. World Bank Power Markets 
Database

Unbundling Transmission unbundling of ownership. Unbundling with regards to the ownership of the network. Dummy.
World Bank Power Markets 
Database

(continued on next page)
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Table A1 (continued )

Variable Description Source

Independent power 
producer

Dummy =1 if the year-country has at least one independent (non-state-owned) power producers, 0 otherwise. World Bank Power Markets 
Database

FIT, solar Mean feed-in tariff for Solar PV by country and year. In current USD/kWh. 2000–2019. OECD
FIT, wind Mean feed-in tariff for Wind by country and year. In current USD/kWh. 2000–2019. OECD

Fossil fuel subsidies
Fossil Fuel Support as percentage of GDP. 2010–2022. 23 EU counties. Massive spike in 2022 due to the large fiscal 
packages rolled out under the EU-wide energy-price crisis.

OECD

Source: European Commission, EU energy statistical pocketbook and country datasheets (URL: https://energy.ec.europa. 
eu/data-and-analysis/eu-energy-statistical-pocketbook-and-country-datasheets_en#country-datasheets); World Bank Group DataBank (URL: https://databank.worldbank. 
org/); World Bank Group Power Markets Database (URL: https://www.worldbank.org/en/who-we-are/ifc/power-markets-database); OECD Data Explorer contain
ing solar and wind FITs, as well as fossil fuel subsidies, in Renewable energy feed-in tariffs (URL: https://data-explorer.oecd.org/vis?tenant=archive&df[ds] = Dis
seminateArchiveDMZ&df[id] = DF_RE_FIT&df[ag] = OECD&dq = ..&lom = LASTNPERIODS&lo = 5&to[TIME_PERIOD] = false) and Fossil Fuel Support – Detailed 
Indicators (URL: https://data-explorer.oecd.org/vis?tm=fossil%20fuel%20support&pg=40&snb=66&df[ds] = dsDisseminateFinalDMZ&df[id] = DSD_FFS% 
40DF_FFS_IND_DETAIL&df[ag] = OECD.TAD.ADM&df[vs] = 1.0&pd = 2010,&dq = A.EST%2BCZE%2BDNK%2BBEL%2BAUT.._T._T.._T…PT_B1GQ%2BUSD&to 
[TIME_PERIOD] = false&vw = tb). All data referencing the European Commission comes from the country datasheets for each country in the EU energy statistical 
pocketbook and country datasheets, with auxiliary data coming from the World Bank Group and OECD. Note: “Total producers” corresponds to the number of producers 
that together supply 95% of all electricity. There is not full coverage, i.e., information on the last 5% of electricity producers is missing. For “Main producers”, higher 
values are interpreted as higher concentration and thus more market power, similar to the main concentration measure used. For the main producer dummy and the log 
number of producers, the expected sign gets reversed as both variables reflect a larger electricity market in general and potentially lower market concentration. The 
Global Power Market Structure Database (GPMSD) differentiates between markets that have a vertically integrated utility (VIU), single buyer model (SBM), or outright 
wholesale competition. In VIU markets, customers cannot choose supplier as one company has a monopoly on production, transmission and supply. In SBM markets 
there is a single buyer of electricity, and with wholesale competition in the electrical market, there is bilateral trading with a bid-based or cost-based power exchange. 
The analysis is further complemented by examining corresponding measures for electricity retailers.

Appendix B. Summary statistics

Table B1 
Summary statistics of country-year observations between 2000 and 2022 for the EU-27.

Models

Variable Obs Mean Std. dev. Main Heterogeneity Robustness

Outcome
Share renewable, % 615 12.11 12.57 *
Share renewable incl. hydro, % 615 35.27 21.64 *
Share wind, % 615 7.95 9.10 *
Share solar, % 615 4.16 6.45 *
Share hydro, % 615 23.15 21.53
Cumulative renewable capacity, log(MWh) 575 6.55 2.58 *
Majority renewable, dummy 615 12.11 12.57 *

Explanatory
Market share largest producer, % 546 55.10 26.90 *
Main producers, dummy 621 0.18 0.38 *
Total producers, log(count) 544 3.16 1.91 *
Share main producers, % 542 0.29 0.33 *
Main retailers, dummy 621 0.32 0.46 *
Retail competition, dummy 621 0.58 0.49 *
Electrical market structure, dummies

Vertically integrated utility (VIU) 621 0.10 0.30 *
Single buyer model (SBM) 621 0.079 0.27 *
Wholesale competition 621 0.82 0.38 *

Control
GDP per capita, log(billion € /capita) 621 − 3.85 0.69 *
Net electricity import of total, % 621 0.01 1.39 *
Final electricity consumption, KWh/capita 621 6413 3109 *
Natural resource rent of GDP, % 594 0.55 0.71 *
EU membership, dummy 621 0.37 0.48 *

Heterogeneity and robustness controls
Market regulation, dummy 621 0.88 0.32 *
Unbundled transmission ownership, dummy 621 0.35 0.48 *
Independent power producer, dummy 621 0.50 0.50 *
Feed-in tariffs (FITs), USD/kWh 506 2.04 2.42 *
Fossil fuel subsidy of GDP, % 286 7.16 2.78 *

Notes: “Total producers” corresponds to the number of producers that together supply 95% of all electricity. There is not full coverage, i.e., information on the last 5% 
of electricity producers is missing. For “Main producers”, higher values are interpreted as higher concentration and thus more market power, similar to the main 
concentration measure used. For the main producer dummy and the log number of producers, the expected sign gets reversed as both variables reflect a larger 
electricity market in general and potentially lower market concentration. The Global Power Market Structure Database (GPMSD) differentiates between markets that 
have a vertically integrated utility (VIU), single buyer model (SBM), or outright wholesale competition. In VIU markets, one company has a monopoly on production, 
transmission and supply. In SBM markets there is a single buyer of electricity, and with wholesale competition in the electrical market, there is bilateral trading with a 
bid-based or cost-based power exchange.
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Appendix C. Baseline estimation with alternative sample

Table C1 
Baseline estimations and models from Table 1 using subsample that excludes Northern Europe.

Base sample Balanced sample

Annual data 5y data Annual data

Dependent variable: 
Renewable sharet (RSt)

OLS FE-OLS AB-GMM FE-OLS FE-OLS AB-GMM FE-OLS AB-GMM

(1) (2) (3) (4) (5) (6) (7) (8)

Renewable sharet-1 (RSt− 1)
1.038*** 
(0.013)

1.016*** 
(0.027)

0.771*** 
(0.084)

0.618*** 
(0.180)

1.078*** 
(0.291)

1.043*** 
(0.030)

0.919** 
(0.072)

Market share t-1 (MSt− 1) 0.003 (0.003) 0.010 (0.011)
− 0.001 
(0.021)

− 0.125*** 
(0.024)

0.044 (0.089) 0.324 (0.204) 0.047*** 
(0.014)

0.068** 
(0.033)

Controls (xit− 1):

log GDP (€Mrd 2015)/capitat
− 3.258 
(2.549)

− 2.812 
(2.738)

− 6.871* 
(3.654)

18.816** 
(7.682)

− 2.018 
(6.796) 0.186 (9.545)

− 3.418 
(3.247)

− 8.448*** 
(2.987)

log GDP (€Mrd 2015)/capitat-1 3.762 (2.542) 3.784 (2.774) 8.269 (4.857) − 21.298*** 
(8.148)

− 0.590 
(8.167)

− 1.907 
(16.459)

3.577 (3.353) 5.921 (5.921)

Net imported electricityt-1(%) 0.047 (0.042) 0.412*** 
(0.126)

− 0.545 
(0.512)

− 1.949*** 
(0.332)

0.341 (0.785) 1.487 (1.185) 0.538*** 
(0.178)

0.125 (0.345)

Electricity consumption/ 
capitat-1

− 0.000** 
(0.000)

− 0.000 
(0.000)

− 0.000 
(0.000) 0.001 (0.001)

− 0.002* 
(0.001)

− 0.006** 
(0.003)

− 0.000 
(0.000) 0.000 (0.001)

Natural resource rentt-1 (%)
0.206* 
(0.125) 0.022 (0.183) 0.548 (0.755)

− 0.814** 
(0.397) 0.311 (0.808) 1.197 (1.771)

− 0.221 
(0.227) − 0.054 (0.550)

EU accessiont (dummy) 0.155 (0.227) 0.252 0.255) − 1.049* 
(0.554)

− 4.637*** 
(0.769)

3.475 2.098 7.822* 
(4.417)

1.252*** 
(0.433)

5.155 (4.921)

Observations 383 383 359 384 65 47 285 270
Countries 20 20 20 20 18 18 15 15
Instruments 147 21 126
AR(1) p-value 0.038 0.025 0.020
AR(2) p-value 0.029 0.406 0.005
Hansen p-value 1.000 0.987 1.00

Bias correction 0.052 0.109
Bootstrapped SE [0.047] [0.060]

Notes: The dependent variable Renewable sharet is the percentage share of the installed renewable (solar and wind) electricity capacity (MW) as a share of the total 
installed electrical capacity in period t. For the AB-GMM estimates, we report the number of internal instruments, p-values for the Hansen overidentification test, and 
the AR(1) and AR(2) tests for no serial correlation. The models are estimated on two samples. The base sample includes 27 European countries spanning the years 2000 
to 2022. For the base sample, in addition to estimating the models using annual data, column 5 and 6 use five-year data. The models are also estimated on a reduced 
balanced sample of 21 countries for the years 2003 to 2022 (from which Austria, Bulgaria, Malta, Luxembourg, Romania, Netherlands are excluded due to missing 
observations). For the balanced sample, the table also shows the biased corrected estimate of Markets share t-1 using the split sample algorithm in Chen et al. (2019), 
with bootstrapped standard errors shown in brackets. For more detailed information about the variables see Appendix A and B. All models include a full set of year 
dummies. Robust standard errors are shown in parenthesis. Significance level corresponds to * p < 0.10 ** p < 0.05 *** p < 0.01.

Appendix D. Robustness

Table D1 
Robustness result of Table 2 re-estimated with regional-specific linear time trends.

Base sample Balanced sample

Annual data 5y data Annual data

Dependent variable: Renewable 
sharet (RSt)

OLS FE-OLS AB-GMM FE-OLS FE-OLS AB-GMM FE-OLS AB-GMM

(1) (2) (3) (4) (5) (6) (7) (8)

Renewable sharet-1 (RSt− 1)
1.015*** 
(0.010)

1.024*** 
(0.024)

0.766*** 
(0.076)

0.499*** 
(0.137)

0.553** 
(0.265)

1.040*** 
(0.030)

0.865*** 
(0.091)

Market share t-1 (MSt− 1)
− 0.006* 
(0.003)

0.006 (0.007) − 0.008 
(0.022)

− 0.021 (0.017) 0.058 (0.054) 0.157** 
(0.071)

0.019** 
(0.010)

0.002 (0.027)

Controls (xit− 1):

log GDP (€Mrd 2015)/capitat
− 4.397* 
(2.423)

− 3.633 
(2.383)

− 4.154 
(5.064) 6.521 (6.016)

− 2.712 
(5.477)

− 5.694 
(4.809)

− 3.327 
(2.742)

− 4.822 
(5.202)

log GDP (€Mrd 2015)/capitat-1
4.424* 
(2.372) 4.216 (2.585) 7.192 (8.097) − 7.138 (6.199)

− 0.678 
(5.113)

− 0.018 
(7.348) 4.257 (3.208) 7.889 (8.861)

Net imported electricityt-1(%) 0.092* 
(0.048)

0.311*** 
(0.119)

− 0.517 
(0.535)

− 1.650*** 
(0.292)

0.294 (0.774) 1.846 
(1.236)

0.284* 
(0.157)

− 0.056 
(0.548)

(continued on next page)
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Table D1 (continued )

Base sample Balanced sample

Annual data 5y data Annual data

Dependent variable: Renewable 
sharet (RSt) 

OLS FE-OLS AB-GMM FE-OLS FE-OLS AB-GMM FE-OLS AB-GMM

(1) (2) (3) (4) (5) (6) (7) (8)

Electricity consumption/capitat- 

1

− 0.000 
(0.000)

− 0.000* 
(0.000)

− 0.000 
(0.000)

− 0.001** 
(0.000)

− 0.002** 
(0.001)

− 0.002 
(0.001)

− 0.000 
(0.000)

− 0.000 
(0.000)

Natural resource rentt-1 (%) 0.131 (0.122) 0.239 (0.158) 0.119 (0.668)
− 1.128** 
(0.448)

0.537 (0.718)
0.972 
(1.143)

0.017 (0.180)
− 0.209 
(0.511)

EU accessiont (dummy) 0.215 (0.192) 0.153 (0.274) − 0.788 
(0.861)

− 1.820* 
(0.936)

3.687 (2.436) 4.051 
(4.209)

0.982* 
(0.503)

0.287 (4.570)

Observations 515 515 485 516 89 65 399 378
Countries 26 26 26 26 24 24 21 21
Instruments 150 24 129
AR(1) p-value 0.037 0.070 0.048
AR(2) p-value 0.148 0.851 0.085
Hansen p-value 1.000 0.847 1.000

Bias correction 0.016 0.031
Bootstrapped SE [0.028] [0.058]

Notes: The dependent variable Renewable share_t is the percentage share of the installed renewable (solar and wind) electricity capacity (MW) as a share of the total 
installed electrical capacity in period t. For the AB-GMM estimates, we report the number of internal instruments, p-values for the Hansen overidentification test, and 
the AR(1) and AR(2) tests for no serial correlation. The base sample includes 27 European countries spanning the years 2000 to 2022. Columns 5 and 6 use five-year 
averaged data. The balanced sample of 21 countries for 2003 to 2022 excludes Austria, Bulgaria, Malta, Luxembourg, Romania, and the Netherlands due to missing 
observations. For the balanced sample, the table also shows the biased corrected estimate using the split sample algorithm in Chen et al. (2019), with bootstrapped 
standard errors in brackets. All models include a full set of year dummies. Robust standard errors in parentheses. Significance: * p < 0.10, ** p < 0.05, *** p < 0.01.

Table D2 
Robustness results with alternative outcome variables.

Balanced sample

Solar share Wind share Log installed capacity solar and 
wind

Solar + wind + hydro share

Dependent variable specified 
below

FE-OLS AB-GMM FE-OLS AB-GMM FE-OLS AB-GMM FE-OLS AB-GMM

(1) (2) (3) (4) (5) (6) (7) (8)

Share solart-1
1.038*** 
(0.024)

0.866*** 
(0.088)

Share windt-1
1.003*** 
(0.026)

0.852*** 
(0.070)

Log cum. renewable 
capacityt-1

0.780*** 
(0.050)

0.743*** 
(0.045)

Share solar + wind + hydrot- 

1

0.817*** 
(0.138)

0.663*** 
(0.127)

Market share t-1 (MSt− 1) 0.011* (0.007) 0.023 (0.031) 0.000 (0.007)
− 0.006 
(0.024) 0.005 (0.003) 0.006 (0.005) 0.009 (0.016) 0.007 (0.046)

Observations 399 378 399 378 390 369 399 378
Controls (xit− 1) Yes Yes Yes Yes Yes Yes Yes Yes
Countries 21 21 21 21 21 21 21 21
Instruments 126 126 126 126
AR(1) p-value 0.087 0.032 0.021 0.109
AR(2) p-value 0.966 0.041 0.122 0.644
Hansen p-value 1.000 1.000 1.000 1.000

Bias correction 0.012 0.070 0.009 − 0.026 0.004 0.007 0.023 0.028
Bootstrap s.e. [0.027] [0.055] [0.020] [0.042] [0.005] [0.014] [0.050] [0.087]

Notes: The table shows results for alternative dependent variables, estimated over the baseline specification in Table 1 and Eq. (1). For the AB-GMM estimates, we 
report the number of internal instruments, p-values for the Hansen overidentification test, and the AR(1) and AR(2) tests for no serial correlation. All models include a 
full set of year dummies and the basic controls included in the main model (not shown in the table). Robust standard errors are shown in parenthesis. The models are 
estimated on the reduced balanced sample of 21 countries for the years 2003 to 2022 (which excludes Austria, Bulgaria, Malta, Luxembourg, Romania, Netherlands 
from EU-27). Following the split sample algorithm in Chen et al. (2019) biased corrected estimate of Markets share t-1 are given for all models, with bootstrapped 
standard errors shown in brackets. For more detailed information about the variables see Appendix A and B. All models include a full set of year dummies. Robust 
standard errors are shown in parenthesis. Significance level corresponds to * p < 0.10 ** p < 0.05 *** p < 0.01.
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Table D3 
Robustness results with alternative measures of market concentration.

Balanced sample

Main producers >5 Total producers Share main producers Market structure

Dependent variable: Renewable 
sharet (RSt)

FE-OLS AB-GMM FE-OLS AB-GMM FE-OLS AB-GMM FE-OLS AB-GMM

(1) (2) (3) (4) (5) (6) (7) (8)

Renewable sharet-1 (RSt− 1)
0.993*** 
(0.025)

0.799*** 
(0.061)

1.005*** 
(0.028)

0.823*** 
(0.072)

1.004*** 
(0.026)

0.814*** 
(0.062)

0.997*** 
(0.026)

0.764*** 
(0.080)

Main producerst-1
− 0.365 
(0.259)

− 0.206 
(0.440)

log Total producerst-1 0.072 (0.138) 0.122 (0.398)

Share of main producerst-1
− 0.668 
(0.429)

− 0.033 
(0.605)

Single buyer modelt-1 0.257 (0.407) − 0.324 
(0.427)

Wholesale Competitiont-1
− 0.257 
(0.535)

− 0.303 
(0.358)

Observations 399 378 378 356 378 356 399 378
Controls (xit− 1) Yes Yes Yes Yes Yes Yes Yes Yes
Countries 21 21 21 21 21 21 21 21
Instruments 123 126 126 116
AR(1) p-value 0.060 0.050 0.047 0.114
AR(2) p-value 0.367 0.536 0.736 0.568
Hansen p-value 1.000 1.000 1.000 1.000

Bias correction − 0.612 − 0.306 − 0.281 − 1.128 − 0.554 1.059 – –
Bootstrap s.e. [0.548] [0.817] [0.389] [0.701] [0.910] [1.379] – –

Notes: The table shows results for alternative measure of electrical market concentration, estimated over the baseline specification in Table 1 and Eq. (1). For the AB- 
GMM estimates, we report the number of internal instruments, p-values for the Hansen overidentification test, and the AR(1) and AR(2) tests for no serial correlation. 
All models include a full set of year dummies and the basic controls included in the main model (not shown in the table). Robust standard errors are shown in 
parenthesis. The models are estimated on the reduced balanced sample of 21 countries for the years 2003 to 2022 (which excludes Austria, Bulgaria, Malta, 
Luxembourg, Romania, Netherlands from EU-27). Following the split sample algorithm in Chen et al. (2019) biased corrected estimate of Markets share t-1 are given for 
all models, with bootstrapped standard errors shown in brackets. For more detailed information about the variables see Appendix A and B. All models include a full set 
of year dummies. Robust standard errors are shown in parenthesis. Significance level corresponds to * p < 0.10 ** p < 0.05 *** p < 0.01.

Table D4 
Robustness results with HHILB as concentration measure.

Base sample Balanced sample

Annual data 5y data Annual data

Dependent variable: 
Renewable sharet (RSt)

OLS FE-OLS AB-GMM FE-OLS FE-OLS AB-GMM FE-OLS AB-GMM

(1) (2) (3) (4) (5) (6) (7) (8)

Renewable sharet-1 (RSt− 1)
1.021*** 
(0.016)

0.988*** 
(0.035)

0.765*** 
(0.098) 0.485 (0.312) − 0.449 (0.375)

0.996*** 
(0.041)

0.892*** 
(0.084)

HHI lower bound t-1 (HHIt− 1)
− 0.028 
(0.085) 0.276 (0.175) 0.363 (0.378)

− 0.949* 
(0.506) 1.731 (1.431) 1.314 (1.086)

0.392** 
(0.193) 0.425 (0.395)

Controls (xit-1):

log GDP (€Mrd 2015)/capitat
− 2.475 
(3.604)

− 5.794 (4.199) − 4.591 
(6.061)

4.667 (8.738) − 11.813 
(40.259)

− 100.596** 
(42.915)

− 7.046 
(5.259)

− 5.094 
(4.776)

log GDP (€Mrd 2015)/capitat- 

1
2.806 (3.679) 8.848* (4.915) 6.901 (8.570) − 1.641 (9.755)

29.034 
(25.167)

88.478*** 
(28.612)

11.196* 
(6.160)

10.545 
(6.700)

Net imported electricityt-1(%) 0.079 (0.088) − 0.021 (0.238)
− 0.232 
(0.730)

− 1.044* 
(0.564)

− 1.942 
(2.544) 2.064 (2.037) 0.002 (0.264) 0.208 (0.698)

Electricity consumption/ 
capitat-1

− 0.000 
(0.000)

− 0.001*** 
(0.000)

− 0.001 
(0.001)

0.000 (0.001)
− 0.005** 
(0.002)

− 0.002 (0.002)
− 0.001** 
(0.000)

− 0.000 
(0.001)

Natural resource rentt-1 (%) 0.177 (0.177) − 0.107 (0.238) − 0.153 
(0.591)

− 1.505*** 
(0.494)

− 0.408 
(0.988)

− 0.967 (1.115) − 0.346 
(0.219)

− 0.608 
(0.577)

EU accessiont (dummy) 0.048 (0.524)

Observations 268 268 232 268 31 13 217 191
Countries 25 25 25 25 13 13 20 20
Instruments 111 12 108
AR(1) p-value 0.504 . 0.201
AR(2) p-value 0.253 . 0.192
Hansen p-value 1.000 0.060 1.000

(continued on next page)
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Table D4 (continued )

Base sample Balanced sample

Annual data 5y data Annual data

Dependent variable: 
Renewable sharet (RSt) 

OLS FE-OLS AB-GMM FE-OLS FE-OLS AB-GMM FE-OLS AB-GMM

(1) (2) (3) (4) (5) (6) (7) (8)

Bias correction 0.530 0.918
Bootstrapped SE [0.497] [0.758]

Notes: The dependent variable Renewable share_t is the percentage share of the installed renewable (solar and wind) electricity capacity (MW) as a share of the total 
installed electrical capacity in period t. HHI lower bound is constructed from the share of the largest producer and the number of firms with at least 5% market share. 
For the AB-GMM estimates, we report the number of internal instruments, p-values for the Hansen overidentification test, and the AR(1) and AR(2) tests for no serial 
correlation. The base sample includes 27 European countries spanning the years 2000 to 2022 with HHI lower-bound data available. Columns 5 and 6 use five-year 
averaged data. The balanced sample of 20 countries for 2003 to 2022 excludes member states with missing observations. For the balanced sample, the table also shows 
the biased corrected estimate using the split sample algorithm in Chen et al. (2019), with bootstrapped standard errors in brackets. All models include a full set of year 
dummies. Robust standard errors in parentheses. Significance: * p < 0.10, ** p < 0.05, *** p < 0.01.

Table D5 
Robustness results with alternative outcomes on the retail side.

Balanced sample

Main retailers >5 Retail competition

Dependent variable: Renewable sharet (RSt) FE-OLS AB-GMM FE-OLS AB-GMM

(1) (2) (3) (4)

Renewable sharet-1 (RSt− 1) 0.994*** (0.025) 0.807*** (0.077) 0.993*** (0.025) 0.794*** (0.074)
Main retailerst − 0.259 (0.291) − 0.427 (0.571)
Retail competitiont 0.349 (0.331) − 0.393 (0.472)

Observations 399 378 399 378
Controls (xit− 1) Yes Yes Yes Yes
Countries 21 21 21 21
Instruments 122 109
AR(1) p-value 0.026 0.083
AR(2) p-value 0.255 0.515
Hansen p-value 1.000 1.000

Bias correction 0.325 − 0.418 0.099 − 0.659
Bootstrap s.e. [0.480] [1.176] [0.578] [1.050]

Notes: The table shows results for alternative measure of electrical market concentration on the retail side, estimated over the baseline specification in Table 1 and Eq. 
(1). For the AB-GMM estimates, we report the number of internal instruments, p-values for the Hansen overidentification test, and the AR(1) and AR(2) tests for no 
serial correlation. All models include a full set of year dummies and the basic controls included in the main model (not shown in the table). Robust standard errors are 
shown in parenthesis. The models are estimated on the reduced balanced sample of 21 countries for the years 2003 to 2022 (which excludes Austria, Bulgaria, Malta, 
Luxembourg, Romania, Netherlands from EU-27). Following the split sample algorithm in Chen et al. (2019) biased corrected estimate of Markets share t-1 are given for 
all models, with bootstrapped standard errors shown in brackets. For more detailed information about the variables see Appendix A and B. All models include a full set 
of year dummies. Robust standard errors are shown in parenthesis. Significance level corresponds to * p < 0.10 ** p < 0.05 *** p < 0.01.

Appendix E. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.eneco.2026.109582.
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Szabó, S., Jäger-Waldau, A., 2008. More competition: threat or chance for financing 

renewable electricity? Energy Policy 36, 1436–1447.
Taylor, N., Georgakaki, A., Ince, E., Letout, S., Mountraki, A., Gea Bermudez, J., 

Schmitz, A., 2024. Clean Energy Technology Observatory: Geothermal Energy in the 
European Union - 2024 Status Report on Technology Development, Trends, Value 
Chains and Markets. Publications Office of the European Union.

Thomassen, G., Van Passel, S., Dewulf, J., 2020. A review on learning effects in 
prospective technology assessment. Renew. Sust. Energ. Rev. 130, 109937.

Tulloch, D.J., Diaz-Rainey, I., Premachandra, I.M., 2018. The impact of regulatory 
change on EU energy utility returns: the three liberalization packages. Appl. Econ. 
50 (9), 957–972.

Wiser, R., Bolinger, M., 2006. Balancing cost and risk: the treatment of renewable energy 
in Western utility resource plans. Electr. J. 19 (1), 48–59.

Wolak, F.A., 2003. Measuring unilateral market power in wholesale electricity markets: 
the California market, 1998–2000. Am. Econ. Rev. 93 (2), 425–430.

Wolak, F.A., 2009. An Assessment of the Performance of the New Zealand Wholesale 
Electricity Market (Report to the New Zealand Commerce Commission). 

Wolfram, C., 1999. Measuring duopoly power in the British electricity spot market. Am. 
Econ. Rev. 89 (4), 805–826.
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