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Introduction

The European Union stands at a crossroads in the Anthropocene, where human activities
increasingly threaten planetary boundaries. The Great Acceleration since 1950, marked by
exponential growth in emissions and resource use, has breached safe limits as underscored
by the IPCC’s 2023 report calling for a 50 percent emission cut by 2030 to maintain the
1.5 degree C threshold.

Energy transitions historically gradual and complex processes Geels2002,Sovacool2016,Fouquet2010
require both structural reforms and external shocks to accelerate change. Within this con-
text, the European Green Deal (2019) and Fit for 55 (2021) marked the EU’s strongest
policy commitment yet, targeting a 55

This thesis brings together three interlinked essays that explore the evolution, dynam-
ics, and resilience of the EU’s renewable energy transition.

Essay 1, “The Path Towards Sustainability in the EU Countries: The Role of Re-
newable Energy Policies,” uses a 2007-2020 GMM panel across 20 EU countries. The
analysis shows that Environmental Policy Stringency significantly influences renewable
energy shares (f = 0.475-0.486) and waste-to-energy improvements (5 = 0.006), while
social challenges such as energy poverty (8.4% arrears) and mid-income vulnerability in
countries like Poland remain critical barriers.

Essay 2, “Drivers of Renewable Energy Adoption in the EU: Spatial Spillovers, Path
Dependence, and Panel Evidence from Eurostat,” applies SAR/SEM models to uncover
spatial spillovers (p = 0.15) and nonlinear GDP effects (€12,500 threshold), proposing
the creation of Renewable Adoption Clusters (RACs) to enhance regional coordination.

Essay 3, “Renewable Energy in the EU: Historical Fvolution, Policy Frameworks, and
Future Perspectives Amid Geopolitical Shocks,” synthesizes historical trends, the impact
of the 2022 energy crisis (with renewables reaching 46.9% and LNG imports 37%), and
policy measures such as REPowerEU, sanctions, and transatlantic trade tensions following
the U.S. Inflation Reduction Act.

Rooted in Eurostat data and advanced econometric methods, these essays move from
policy foundations (Essay 1), to spatial dynamics (Essay 2), to war-driven resilience (Es-
say 3). Together, they offer an integrated understanding of Europe’s renewable transition

proposing targeted subsidies, regionally adaptive policies, and socially inclusive frame-



works to ensure sustainable progress.



Chapter 1

The Path Towards Sustainability in the European
Union Countries: The Role of Renewable Energy

Policies



Abstract

The objective of this work is to assess the effectiveness of stringent environmental policies
in fostering ecological transition by promoting the production of energy from renewable
sources. We employ an updated annual dataset from EUROSTAT covering 20 European
Union countries over the period 2007-2020. The share of energy derived from renew-
able sources serves as the response variable, the OECD Environmental Policy Stringency
(EPS) as a measure of policy stringency, while controlling for the effect of other variables
like greenhouse gas emissions, electricity prices, environmental tax revenue, energy con-
sumption, and waste generation. Using panel data methods, five models are estimated
to assess the impact of environmental policy stringency on renewable energy adoption.
The results show that stricter environmental policies, as measured by the EPS index, sig-
nificantly increase the share of energy produced from renewable sources across all model
specifications. These results highlight the key role of well-designed environmental regu-
lations, emission-based incentives, and waste-to-energy initiatives supported by effective
pricing mechanisms and targeted social measures in accelerating the ecological transition

across EU countries.



1.1 Introduction

The global transition toward renewable energy adoption has emerged as a critical im-
perative for combating climate change and securing a sustainable future, driven by rising
greenhouse gas emissions and the urgent need to decarbonize energy systems. This shift is
particularly vital for the European Union (EU), which has pledged ambitious climate and
energy targets under the European Green Deal, targeting climate neutrality by 2050 and
a 55% reduction in emissions by 2030 compared to 1990 levels. These objectives highlight
the transition’s significance for environmental sustainability, energy security especially
following the 2022 Russian invasion and economic stability through green job creation.
However, renewable energy adoption varies widely across EU member states, shaped by
diverse social factors (e.g., energy poverty), governance structures, policy frameworks,
and economic disparities.

Scholarly work, including European Commission [30] on public attitudes and Carfora
et al. [19] on policy effectiveness, underscores this heterogeneity, yet often focuses on
pre-crisis periods, neglecting the dynamic interplay of war-induced shocks and regional
disparities post-2022. This study addresses this gap by examining how environmental
policy stringency, measured by the OECD Environmental Policy Stringency (EPS), in-
fluences renewable energy adoption across 20 EU countries from 2007-2020, using panel
data to reveal persistent effects and policy gaps.

This paper explores the impact of stringent environmental policies on the adoption
of renewable energy across 20 EU countries. The main objective is to assess how pol-
icy stringency, as measured through the OECD Environmental Policy Stringency Index
(EPS), influences the share of renewable energy in total production, while controlling
for a broad set of economic, environmental, social, and governance (ESG) factors that
may also affect energy transition dynamics. Particular attention is given to the role of
energy poverty as a potential constraint or moderator of renewable energy adoption. The
analysis is based on panel data covering the period 2007-2020 and employs both static
(fixed-effects) and dynamic (Generalized Method of Moments — GMM) estimation tech-
niques to isolate the policy effect from other confounding influences and to account for
the persistence of renewable energy development over time.

The analysis of our study addresses three key research questions: (i) How effective is
environmental policy stringency (EPS) in promoting the adoption of renewable energy?
(ii) How do economic, environmental, social, and governance factors, including energy
poverty, influence renewable energy uptake in the EU? (iii) Are the effects of policy strin-
gency persistent over time? Our findings underline the significant impact of EPS on the

adoption of renewable energy sources. By including a wide range of variables, such as



education, greenhouse gas emissions, electricity and gas prices, environmental tax rev-
enues, and several energy poverty indicators, we offer a holistic view of the drivers and
barriers to the adoption of renewable energy in the EU. This stresses the need for inclusive
and targeted policy measures for overcoming the barriers and promoting the sustainable
development of renewable energy infrastructure. By focusing on these key factors, pol-
icymakers can better navigate the complexities of energy transitions and improve the
effectiveness of strategies aimed at increasing the share renewable energy sources.

The organization of the paper is as follows: Section 2 presents the literature review
while Section 3 describes data and methods used in our research. Section 4 reports the
empirical results. Finally, Section 5 discussion, along with concluding remarks, study

limitations, and directions for future research.

1.2 Literature Review

The growing focus on reducing the climate impact of human activities and renewable
energy has raised awareness of the policies needed to limit greenhouse gas emissions and
has stimulated a wealth of research on the factors influencing their adoption. The energy
transition has become increasingly urgent due to the rise in pollutant emissions from the
energy sector [45].

In this context, a growing body of literature has focused on understanding how policy
measures shape the adoption of renewable energy. In particular, studies emphasize the
critical role of stringent environmental policies, such as regulations, taxes, and incentives,
in accelerating the transition toward low-carbon energy systems. These policies interact
with economic, social, and governance factors, influencing both the pace and the scale
of renewable energy adoption. The following literature review examines this evidence,
highlighting the mechanisms through which stringent policies affect renewable energy
uptake and identifying gaps that our study aims to address.

The literature shows a positive impact of Environmental Policy Stringency (EPS) on
the share of renewable energy, highlighting the importance of regulatory frameworks in
promoting renewable energy adoption. For instance, Sohag et al. [70] investigate the effects
of strict environmental policies on environmental health in developed OECD countries
from 1990 to 2020. Using a dose-response economic model, they analyze how changes
in environmental pressures and policy measures are linked to policy stringency and their
environmental outcomes. Their results indicate that higher policy stringency positively
influences renewable energy production.

Additionally, Alsagr [6] examined the nonlinear effects of policy stringency in the
BRICS countries (Brazil, Russia, India, China, and South Africa). The study found that



positive shocks in policy stringency lead to increases in renewable energy investment both
in the short and long term. Similarly, Li et al. [53] analyzed the combined effects of fiscal
policy and EPS on consumption-based carbon emissions in the BRICS. Their results show
that government spending, economic growth, and reliance on non-renewable energy tend
to increase emissions, whereas stricter environmental policies, higher tax revenues, and a
transition toward renewable energy reduce them.

In a recent study [11] examined the relationships between various factors and a coun-
try’s environmental impact. They focused on how environmental regulations, renewable
energy use, trade, financial development, foreign investment, and corruption affect the
ecological footprint. The authors employed a fully modified least square technique, which
showed that stricter environmental regulations, a focus on renewable energy, strong finan-
cial systems, and lower levels of corruption all contribute to reducing a country’s ecological
footprint. The combination of stringent environmental regulations and strong financial
development had an even greater positive impact.

EPS measures, such as renewable energy mandates, carbon taxes, and renewable
energy subsidies create a promising environment for renewable energy [50]. Aklin and
Urpelainen [4] reveal that high levels of GHG emissions reflect a dependence on fossil fu-
els, and this can impede renewable energy sources transition. This opposite relationship
proposes that efforts for reducing GHG emissions could be combined with policies that
foster the deployment of renewable energy sources.

Furthermore, previous studies found that there is an association between high elec-
tricity prices and high share of renewable energy. For instance, the results of [75], who
claim that higher electricity prices can encourage investing in renewable energy to be more
economically feasible option. Another study by [12] also suggests that electricity prices
can affect renewable energy share.

However, it is less clear for the relationship between gas prices and share of renewable
energy. This mixed finding lines up with the result of [37], who perceived that energy
prices impact on adoption of renewable energy can change relying on the market dynamics
and energy mix of the countries.

The relationship between education and the share of renewable energy showed sig-
nificant impact in some studies. For example a study by [68], proposed that high level
of education can cause more environmental awareness and support for renewable energy
policy adoption.

In addition to that, some economic factors such as final energy consumption and per
capita GDP have mixed effects on the adoption of renewable energy as shown in some
previous studies. The two variables do not reveal a significant impact at the same time.

For example, if high final energy consumption is positively associated with the share of



renewable energy, per capita GDP does not have a significant impact. The literature
shows that while economic growth can give the required capital for renewable energy
investments, it does not mean an automatic increase in the adoption of renewable energy
without market conditions and supportive policies [76].

The relationship between environmentally related tax revenue and the share of renew-
able energy is explained in a study by [17], who showed that higher taxes might be applied
in countries still heavily dependent on fossil fuels, using these taxes as a measure for tran-
sition. This result underlines the complexity of tax policies and their diverse impacts on
renewable energy.

Several studies highlight the importance of energy affordability and housing conditions.
Improving energy affordability can encourage the adoption of more sustainable energy
sources. According to [15], addressing energy poverty through renewable energy can be

an effective strategy to reduce carbon emissions and enhance energy security.

1.3 Data and Methods

1.3.1 Data

The Eurostat Energy Database provides data for 20 European Union countries over the
period from 2007 to 2020. This dataset includes a wide range of variables. We compile a
country-level panel dataset by combining information from the Eurostat Energy Database
and the OECD Environmental Databases. The share of renewable energy production
serves as the dependent variable and a wide set of explanatory variable is considered.
Following the United Nations Environment Programme (UNEP) framework, the inde-
pendent variables are classified into four categories: Environmental, Social, Economic,
and Governance. Table 1 provides a detailed description of all selected variables.

The main explanatory variable of interest is the Environmental Policy Stringency In-
dex (EPS), which captures the degree of rigor in a country’s environmental regulations.
In addition, several control variables are included to account for other factors that may
influence the share of renewable energy production. These controls comprise education,
greenhouse gas emissions per capita, the logarithm of electricity and gas prices, environ-
mentally related tax revenue as a percentage of total tax revenues, GDP per capita, waste
generation, energy consumption, total imports of electricity and derived heat by partner
country, and various indicators of energy poverty. All variables are selected based on their
potential effect on the share of renewable energy sources.

First, the share of renewable energy sources relies on the economic development of

countries [49, 56]. To account for income and demand effects, we include GDP per capita



and final energy consumption as explanatory variables [62]. In the same group of economic
variables, we also consider gas and electricity prices for household consumers to capture
supply-side effects, as these may influence the share of renewable energy sources [12].
Additionally, we include total imports of electricity and derived heat by partner country
to assess whether trade in energy products affects the share of renewable energy sources.

For the environmental variables, we include greenhouse gas (GHG) emissions per
capita to capture the relationship between emissions levels and the share of renewable
energy sources [54].

We also consider the share of environmentally related tax revenue as a percentage of
total tax revenues as an indirect policy. This variable may influence the prices of goods and
services, and investors may interpret it as a signal of policymakers’ intentions to affect
the energy supply. Higher environmental taxes can create entry barriers for investors.
We consider this variable a potential proxy for environmental policy intervention. It
is preferred over direct regulatory measures, as environmental regulations vary widely
across EU countries in terms of scope and enforcement, making their effects on energy
investments difficult to quantify. We use this variable instead of regulation to show how
policies can influence directly on investments. Higher production costs can lead to increase
in innovation and investments in renewable energy technologies. However, lower subsidies
may hinder investment in renewable energy. Using a quantitative fiscal measure allows us
to assess the impact of environmental policy on investment and to facilitate cross-country
comparisons [19].

The social factor is represented by education. Higher levels of education are typically
associated with greater public awareness of environmental issues, such as climate change
and global warming. This increased awareness can, in turn, enhance public support for
renewable energy policies.

The EPS is included as a governance factor. Effective carbon pricing reduces the envi-
ronmental impact of the energy sector and represents one of the most cost-effective ways
for societies to lower CO, emissions. Several external factors, such as the Russia—Ukraine
war, the restructuring of national energy plans, the environmental impacts of new energy
facilities, and demographic challenges, are not directly accounted for in this study but
may also influence policy decisions.

The classification of the variables included in this study is presented in Table 1. Their

descriptive statistics for overall countries are reported in Table 1.2.

1.3.2 Method

We aim to evaluate the effectiveness of environmental policies and assess whether selected

variables influence the share of renewable energy production across EU countries.
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Our main explanatory variable is the EPS index, which provides a standardized mea-
sure that allows for direct comparison of the strictness of environmental regulations among
EU member states. This variable is particularly useful for our analysis for three main rea-
sons.

First, the EPS enables the monitoring and tracking of policy progress over time.
By following the evolution of environmental stringency, it becomes possible to assess
whether countries are maintaining their commitments and to facilitate coordination and
reinforcement of policy actions across the EU [60].

Second, cross-country comparison helps identify both frontrunners and laggards, en-
abling benchmarking and mutual learning. This comparative perspective allows countries
to draw lessons from successful and ambitious environmental policies implemented else-
where [59].

Third, measuring EPS supports the evaluation of the broader impacts of environ-
mental policies on environmental, social, and economic outcomes. Since environmental
regulations aim to reduce pollution, it is crucial to identify which policy instruments are
most effective. Moreover, policy implementation often generates sectoral disparities, with
potential “winners” and “losers.” Understanding these differentiated impacts is essential
to protect vulnerable groups, design appropriate compensation mechanisms, and avoid
regressive policy effects [58, 74].

To study the determinants of renewable energy adoption, we perform a panel regres-
sion analysis using R studio to identify the main drivers of the share of energy from
renewable sources across EU countries. Exploiting panel data richness, we include coun-
try fixed effects in Model 1, to control for unobserved, time-invariant heterogeneity across
countries, as well as as time fixed effects to account for common temporal shocks affect-
ing all countries in a given year, as shown in Equation 1. This approach allows us to
isolate the effect of the variable of interest on the share of renewable energy from that of
other potential confounding factors, thereby improving the robustness of the estimated

relationship.

1.3.3 Regression models

We estimate the following fixed-effects regression model:

Yit = .+ BTIH + i + A+ €,

where y;; represents the dependent variable, namely the share of renewable energy
production in country ¢ at time t. The term z;; denotes a vector of explanatory variables,

which includes the main variable of interest the EPS index as well as a set of control



variables such as GDP per capita, energy consumption, and electricity and gas prices.
The vector § contains the coefficients associated with the explanatory variables, captur-
ing their marginal effects on y;;, while « is the intercept term. The term pu; accounts
for country-specific fixed effects, controlling for unobserved, time-invariant heterogeneity
across countries, whereas \; captures time fixed effects, which absorb common shocks or
trends affecting all countries in a given year. Finally, €; denotes the idiosyncratic error
term, assumed to be independently distributed with zero mean and constant variance.
In addition to the static panel model presented in Equation (1), the analysis is extended
by estimating a dynamic panel data model to address potential endogeneity issues and
account for dynamic relationships. This approach allows us to capture the persistence
of renewable energy production shares over time and to better understand the lagged
effects of key explanatory variables. The dynamic specification is estimated using the
Arellano—Bond one-step Generalized Method of Moments (GMM) estimator, where lagged

values of the dependent variable are employed as instruments, as shown in Equation (2):

Yir =+ pYir—1+ Bl + i + A + €, (1.1)

where y; 1 represents the lagged value of the response variable, capturing the per-
sistence of renewable energy generation over time. The coefficient p measures the degree
of this persistence, indicating how past levels of renewable energy production influence
current outcomes.

Both the static and dynamic panel models are estimated using the plm package in R

[21], employing the functions plm() and pgmmy(), respectively.

1.4 Results

The results of the models estimated to assess the effect of the Environmental Policy
Stringency (EPS) Index on the share of renewable energy production are presented in
Table 3. The first specification, the baseline model, is a static panel model including both
country and time fixed effects and incorporates the composite indicator of energy poverty.
The remaining four models are dynamic panel specifications that differ in the inclusion of
alternative measures of energy poverty Arrears on utility bills, Inability to keep the home
adequately warm, Severe housing deprivation, and their composite index.

The inclusion of these different indicators allows for a deeper exploration of the inter-
action between environmental policy stringency and the social dimensions of the energy
transition. Each indicator captures a distinct aspect of household vulnerability to energy
costs and living conditions, which may mediate or moderate the effectiveness of environ-

mental policies. Stricter environmental regulations may lead to higher energy prices or



(ys~ poxd uex :o[qerrep juepuado(]) synsey] suoreoymwadg [PPOIN €T SR,

(£60°0) 8100

dep snoqy

(090°0) €20°0

dn™ wrem

(160°0) #50°0

SIeolle

(980°0) 61T°0

(2S0°0) 48910

Arodud

siojedipul Ajaoaod L3iauy

(6ST°0) GFT°0- (6S1°0) 0210~ (961°0) THT0- (091°0) 82T°0- (722°0) 1670~ dur o
(200°0) ++900°0 (200°0) ++900°0 (200°0) ++900°0 (200°0) +900°0 (900°0) 900°0~ o)sem
(¢€0°0) ¥10°0 (620°0) L00°0 (2€0°0) STO°0 (620°0) 900°0 (€€0°0) 4£L0°0 SU0D Ud
(1000°0) 200000~ | (T000°0) ¥0000°0- | (T000°0) £0000°0- | (T000°0) £0000°0- | (¥0000°0) 10000 0- od dps3
(292°0) L12°0- (€€2°0) 2810~ (192°0) ¥2¢ 0- (6%2°0) 86T°0- (0FT°0) «G8€°0- Se[ Aor Aud
(¢€6°0) €280 (296°0) 680°T (096°0) 958°0 (156°0) L68°0 (206°0) €9T°T (s0o11d3)30]
(99€°1) GLL'T- (6¥7'T) €19°T- (6ST'T) L69°T- (68¢°T) #59°1- (LE6°0) +£L67C (0or1dpe) 3o
(120°0) 40220 | (GL0°0) xT92°0 | (020°0) 28920 | (0L0°0) 4x6ST°0 | (ECT°0) 4xnl6¥°0- od”3y83
(€61°0) 9870 (102°0) +SLV°0 (002°0) +18%°0 (802°0) 28¥°0 (99€°0) +0LL°0 [od
(291°0) 0£2°0 (591°0) 6€2°0 (191°0) 7220 (€91°0) &¥2°0 (220°0) 2S0°0- onpe

(16T°0) 6870

(122°0) «997°0

(86T°0) «GLT°0

(0TZ°0) 9870

(1 ‘qys” poid uor)3e]

S [PPOIN

¥ 1PPOIN

€ [PPOIN

¢ [PPOIN

T I°POIN

so[qeriep Atoreuerdxy

10



's9850001d (Z)qVy Pue (1)V :51501 UOIIR[DIIOI0INY

“SUOI}O119891 SUIAJIJUIPLISAO 0] Pajiodal sonyea 1803 uedieg

T0>d. 600 > d, ‘10°0 > d,, ‘T00°0 > ., S[PA] dURDYIUTIS

"(5959% Plep\ PUR ‘UOIJR[a1I000INY ‘UeSIeg) UOIIBWIISS NN SN G- S[OPOIN

"(s3891 (D URIESSJ puR 9SPLIP[OOAN /ASIJpon)-yosnalg) uolssa1Sar (oued sasn T [9POI

ISIQONT
wxxGLT GLT | €88 LVT | 4xx09G°9GT | 44s8GT'8TT - (sorurwmp otry) Presy
x00C €V | 4xx€06'6E | 4xxG9TEG | wnlTF'9E - (SyuLIOLe0d) Prepy

9¢T°0 £00°0- v0T'0 L¥0°0- - () uonyeppriooOINy
V8L 1- €OV 1- 289'1- L19'T- - (T) woryeprIOdOINY
GLS 0T €ET°0T 16601 8LC6T - 3503 uedreg
- - — — «S70° G D ueresoJ

- - - - 4802 08 Aogpon-snarg

- - - - 80672 | (962 ‘1T = Jp) ousnyesg

— ~ - - ¥¢1°0 ] poisnlpy

- - - - 6520 A
07¢ 0¥¢ 07 07 08% SUOIRAIIS( ()

S IPPOIN | ¥ [PPOIN | € 1°POIN | € [PPOIN | T [PPOIN so1s1Ye)S

SYAY) SsoulsSNqoY SPPOIN T o[qelL

11



structural changes in the energy supply, potentially influencing households’ ability to af-
ford adequate energy services. Conversely, countries experiencing higher levels of energy
poverty may face social and political constraints that limit the implementation or public
acceptance of ambitious environmental policies. By testing models that incorporate differ-
ent dimensions of energy poverty, the analysis seeks to understand how the social context
in which environmental policies are implemented affects both the uptake of renewable
energy and the distributional outcomes of the green transition.

Table 4 reports the set of diagnostic and robustness tests conducted to assess the
validity and reliability of the estimated panel models. Specifically, the Breusch—Godfrey
test is used to detect the presence of serial correlation in the residuals, while the Pesaran
CD test checks for cross-sectional dependence among EU countries, which may arise from
common shocks or policy spillovers. The Arellano-Bond tests for first- and second-order
autocorrelation [AR(1) and AR(2)] are applied to the dynamic specifications to verify
the absence of serial correlation in the differenced residuals, a necessary condition for the
consistency of the GMM estimators. The Sargan test evaluates the overall validity of
the instruments employed in the dynamic models, ensuring that they are not correlated
with the error term. Finally, the Wald tests for coefficients and time dummies assess,
respectively, the joint significance of the explanatory variables and the appropriateness
of including time effects in the model. Together, these tests provide evidence on the

econometric soundness of the estimated models and the robustness of the results.

1.4.1 Model 1

The fixed effects model includes 280 observations and explains approximately 25.9 percent
of the variation in the share of renewable energy. Several noteworthy results emerge.

The EPS Index exhibits a positive and statistically significant coefficient (5 = 0.770,
p < 0.05), indicating that stricter environmental policies are strongly associated with
higher shares of renewable energy production. This finding highlights the crucial role of
robust environmental regulation in fostering the transition toward cleaner energy sources.

Per capita greenhouse gas emissions display a negative and highly significant coefficient
(6 = —0.497, p < 0.01). This inverse relationship suggests that countries with higher
emission levels tend to rely more on fossil fuels, progressing more slowly toward renewable
energy adoption.

The coefficient for electricity prices for household consumers is positive and significant
(6 =2.973, p < 0.01), implying that higher electricity costs are associated with greater
shares of renewable energy. This may indicate that higher energy prices incentivize both
consumers and policymakers to seek more sustainable and affordable energy alternatives.

Final energy consumption also shows a positive and significant relationship (8 = 0.073,
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p < 0.05), suggesting that increasing energy demand may encourage the expansion of
renewable energy capacity to meet growing needs in a more sustainable way.

Conversely, environmentally related tax revenue exhibits a negative and significant
coefficient (f = —0.385, p < 0.01). This finding suggests that higher revenues from
environmental taxes may, paradoxically, be associated with lower shares of renewable
energy, possibly reflecting distortions or inconsistencies in the design of tax instruments. It
underscores the need for better policy coordination to ensure that environmental taxation
effectively supports, rather than hinders, the renewable transition.

Finally, the energy poverty indicator (Enpov) is positive and significant (5 = 0.165,
p < 0.01), suggesting that energy poverty may act as a driver for renewable energy adop-
tion when targeted policies are implemented to improve energy access and affordability.

All other control variables including education, log(gas prices), GDP per capita, waste,
and electricity imports are statistically insignificant in this specification.

The static panel model with both country and time fixed effects reports significant re-
sults for the Breusch-Pagan and Pesaran CD tests. The significance of the Breusch—Pagan
statistic indicates the presence of heteroskedasticity in the residuals, while the significant
Pesaran CD test reveals cross-sectional dependence, suggesting that common shocks or
policy spillovers may simultaneously affect several EU countries. These econometric issues
may bias standard fixed-effects estimators and lead to inefficient inference. To address
these limitations and capture the dynamic nature of renewable energy adoption, the anal-
ysis proceeds with dynamic panel models estimated through the Arellano-Bond GMM
approach, which provides more robust estimates in the presence of heteroskedasticity,

autocorrelation, and endogeneity.

1.4.2 Model 2-5 (GMM)

The dynamic GMM models include 240 observations, slightly fewer than the 280 obser-
vations in the static fixed-effects model. This reduction is due to the inclusion of lagged
dependent variables, which limit the number of usable observations in the dynamic spec-
ifications. The models incorporate the lagged share of renewable energy production and
are designed to be robust to both endogeneity and serial correlation.

A key result is that the coefficient of the lagged dependent variable is positive and
highly significant across all dynamic models (8 = 0.466-0.489, p < 0.05), indicating strong
persistence in renewable energy adoption over time. This suggests that countries with an
established history of renewable energy production are likely to continue expanding their
renewable capacity.

The policy variable (EPS Index) remains positive and significant across all dynamic
models (f = 0.475-0.486, p < 0.05), confirming the findings from the static model. This
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reinforces the evidence of a strong association between stricter environmental policies
and higher shares of renewable energy, emphasizing the importance of effective policy
enforcement to promote renewable adoption.

Interestingly, the coefficient for per capita greenhouse gas emissions becomes positive
and significant in dynamic models 2-5 (8 = 0.259-0.270, p < 0.01), in contrast with the
negative coefficient observed in the static model. This can be interpreted in terms of the
different information captured by static versus dynamic models. In the static fixed-effects
model, the negative coefficient suggests that countries with higher GHG emissions tend to
have lower shares of renewable energy at a given point in time, reflecting a reliance on fos-
sil fuels and slower adoption of clean technologies. In contrast, within the dynamic panel
models framework, a positive coefficient for GHG emissions indicates that, conditional on
past levels of renewable energy, higher emissions may actually stimulate investment in re-
newables. This can be explained by reactive policy and technological responses: countries
with historically higher emissions may face greater regulatory pressure, public scrutiny, or
international commitments to reduce carbon output, leading them to accelerate renewable
energy deployment in subsequent periods.

Waste generation also shows a positive and significant effect (5 = 0.006, p < 0.05 or
p < 0.01) in the dynamic specifications, suggesting that initiatives such as waste-to-energy
programs or broader environmental policies can support renewable energy deployment, in
contrast to the insignificant effect found in the static model.

On the other hand, electricity prices, environmental tax revenue, and final energy
consumption are insignificant in dynamic models 2-5, differing from the significant effects
observed in the static model. This may reflect the way the dynamic framework accounts
for temporal persistence and lagged adjustment processes. In the static model, these
variables capture contemporaneous associations with the share of renewable energy, but
they do not differentiate between short-term fluctuations and longer-term trends. Once
the lagged dependent variable is included in the dynamic models, much of the variation
in renewable energy shares is explained by past levels, which can absorb part of the con-
temporaneous effects of these covariates. In this context, electricity prices, environmental
taxes, and energy consumption may have delayed or cumulative effects that are already
partially captured by the lagged dependent variable, reducing their statistical significance
in the short-run panel regression.

Moreover, the inclusion of the lagged dependent variable also mitigates potential endo-
geneity and controls for unobserved heterogeneity, which can alter the estimated impact
of policy and economic variables. Thus, the loss of significance does not necessarily imply
that these factors are unimportant, but rather that their effects are intertwined with the

dynamic adjustment of renewable energy production over time and may manifest more

14



gradually than captured by the current-period specification.

Similar considerations hold true for the energy poverty indicator, which is insignificant
in model 2 (8 = 0.119, p > 0.10), unlike the significant effect observed in the static model.

The diagnostic tests for the dynamic GMM models (Table 4) confirm the overall va-
lidity and robustness of the estimations. The Sargan test (x* = 10.133-19.578, p =
0.609-0.985) fails to reject the null hypothesis of valid over-identifying restrictions, indi-
cating that the instruments used in the GMM estimation are exogenous and supporting
the consistency of the estimated parameters.

The Arellano-Bond autocorrelation tests provide additional evidence on model ade-
quacy. The AR(1) tests (p = 0.074-0.144) show marginal first-order autocorrelation in
the differenced residuals, which is expected given the transformation procedure in GMM
estimation. Crucially, the AR(2) tests (p = 0.892-0.998) show no evidence of second-order
autocorrelation, confirming the validity of the lagged dependent variables as instruments
and ensuring that the moment conditions are correctly specified.

Finally, the Wald tests for both coefficients (p < 0.001) and time dummies (p <
0.001) indicate joint significance of the explanatory variables and the inclusion of time
fixed effects. This suggests that the dynamic panel models effectively capture the key
determinants of renewable energy adoption, including temporal dynamics associated with
policy changes and global energy market fluctuations.

These diagnostic results confirm the econometric soundness of the dynamic specifica-

tions and the reliability of the GMM estimates.

1.5 Discussion, Conclusions, Limitations, and Future

Research

The analysis investigates the effect of environmental policy stringency (EPS) on the share
of renewable energy production across EU countries, controlling for a set of environmental,
economic, and energy-related variables. Five models were estimated, including one static
fixed-effects specification and four dynamic panel models incorporating different indicators
of energy poverty.

Across all models, EPS exhibits a positive and statistically significant effect on the
share of renewable energy, confirming the crucial role of stringent environmental policies in
promoting the energy transition. This finding aligns with previous empirical evidence em-
phasizing the importance of robust regulatory frameworks in driving investments in clean
energy technologies and accelerating decarbonization efforts. Studies such as Johnstone
et al. [50] and Zhang et al. [78] similarly highlight how well-designed policy instruments

including renewable energy mandates, carbon pricing, and targeted subsidies create favor-
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able conditions for renewable energy development and reduce the relative attractiveness
of fossil fuels.

The consistent significance of EPS across both static and dynamic models suggests
that environmental policy commitments not only stimulate short-term adjustments but
also contribute to the long-term persistence of renewable energy adoption. This underlines
the importance of maintaining policy credibility and continuity over time, as temporary
or inconsistent measures may fail to sustain the pace of transition.

Moreover, there is consistency of EPS results with prior research that supports the
positive effects of stringent environmental policies on improving environmental perfor-
mance. For example, two works by [5] and [14] similarly shed light on the important
impacts of robust environmental regulations on lowering pollution levels and supporting
sustainable practices.

However, some studies suggest that the effectiveness of environmental policies is context-
dependent and can be influenced by institutional quality, economic structure, and public
support [72]. For example, Sardianou and Genoudi [68] argue that higher education levels
enhance environmental awareness and support for renewable energy policy adoption. In
contrast with this last result, tertiary education was found not statistically significant in
our models. This lack of significance could reflect the predominance of structural and
institutional factors over social awareness in shaping renewable energy dynamics across
EU countries. Another possible explanation is that education levels tend to change slowly
over time, meaning that much of their effect may be absorbed by the country fixed ef-
fects. As a result, the within-country variation captured by the panel model might not
be sufficient to identify a significant relationship.

The variables per capita greenhouse gas emissions and electricity prices for household
consumers also display significant effects in the static model, with negative and positive
coefficients, respectively, suggesting their important roles in shaping energy and environ-
mental outcomes.

In the static fixed-effects model, the negative and significant relationship between per
capita GHG emissions and the share of renewable energy is consistent with the findings of
Aguirre and Ibikunle [3], who show that higher emission levels reflect a stronger reliance
on fossil fuels and a slower transition toward renewable energy sources. This inverse
relationship implies that countries with carbon-intensive energy systems are less likely to
exhibit a large renewable energy share at a given point in time. However, as discussed
earlier, the dynamic specifications reveal a positive and significant coefficient for GHG
emissions, suggesting that, once the temporal dimension is considered, higher historical
emissions may actually drive countries to invest more in renewable energy as a response

to environmental pressures and policy commitments. This interpretation reconciles the
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apparent contradiction between static and dynamic results by highlighting the reactive
and adaptive nature of energy transition processes.

Furthermore, the positive and significant association between electricity prices and the
share of renewable energy observed in the static model aligns with previous studies [12, 75].
Higher electricity prices may increase the economic attractiveness of renewable energy
technologies by improving their competitiveness relative to fossil fuels. This suggests that
energy price dynamics, possibly influenced by taxation or market regulation, can play an
indirect yet relevant role in accelerating the shift toward renewables.

The variables gas prices for household consumers and environmentally related tax
revenue show mixed or non-significant effects. This suggests complex interactions or
potentially insignificant roles in the context of this study.

However, it is less clear for the relationship between gas prices and share of renewable
energy because none of the models presented a significant effect. This mixed finding
lines up with the result of [37], who perceived that energy prices impact on adoption
of renewable energy can change relying on the market dynamics and energy mix of the
countries.

The negative relationship between the variables environmentally related tax revenue
and the share of renewable energy is interesting and counter intuitive. This can be ex-
plained by a study for [17], who showed that higher taxes might be applied in countries
still heavily dependent on fossil fuels, using these taxes as a measure for transition. This
result underlines the complexity of tax policies and their diverse impacts on renewable
energy.

Moreover, the results obtained for this variable give useful insights of the European
policies that support the development of renewable energy sources. The European coun-
tries have recognized the effectiveness of the policies that support renewable energy sources
[18]. So, these supporting policies should be adopted at the national and EU level. How-
ever, the opposite result of the negative and significant coefficients indicates that higher
environmentally related tax revenues are associated with lower share of renewable energy
sources.

The negative impact of environmental taxes on the share of renewable energy sources
suggests that higher coordination is required to make environmental tax legislation more
uniform and to change taxes from renewable to non-renewable energy sources. This aligns
with recent studies that show taxing only pollution-generating energy is more beneficial
for the environment and economy, while taxing all energy generation can be harmful [35].

Currently, the EU tax framework gives the member countries more freedom to de-
sign their own tax systems knowing that there are common guidelines from Directive

2003/96/EC. The lack of uniformity can form conflicting policies on renewable energy

17



development between EU institutions and individual countries. At the EU level, common
emission targets encourage green energy investment, but the lack of coordination among
member countries causes a conflicting incentive between taxing traditional energy sources
and giving subsidies [19].

When it comes to analyze the results of per capita GDP alone, the coefficients are near
zero and not significant in any model. So, this suggests that this variable has no significant
impact on the dependent variable in the analysis. This can be clarified by the fact that EU
member countries are homogenous regarding the level of economic development. Hence,
the level of per capita GDP does not influence the share of renewable energy sources [24].

For the energy consumption alone, it has positive and significant coefficients in Model
1 only that indicates a positive relationship with the share of renewable energy sources.
Looking at energy consumption and electricity prices show their opposite signs. This
occurs because the most EU’s electricity is from fossil fuels, but some countries such as
France and Hungary use mainly nuclear power. Electricity providers increase production
to meet the demand of highly populated countries with high energy use, and this can
discourage green or renewable energy investments [3].

In addition to that, we find in the results that economic factors such as final energy
consumption and per capita GDP together have mixed effects on the adoption of renew-
able energy. The two variables do not reveal a significant impact at the same time. For
example, if high final energy consumption is positively associated with the share of re-
newable energy as in Model 1, per capita GDP does not have a significant impact. These
findings support the literature showing that while economic growth can give the required
capital for renewable energy investments [76] it does not mean an automatic increase in
the adoption of renewable energy without market conditions and supportive policies.

The results also highlight the relevance of the energy poverty indicator. In the static
model (Model 1), this variable is positive and statistically significant, suggesting that
issues related to energy affordability and socioeconomic vulnerability may encourage the
shift toward more sustainable and cost-effective energy sources. This finding is consistent
with Bouzarovski and Simcock [15], who argue that addressing energy poverty through
the promotion of renewable energy can simultaneously reduce carbon emissions and en-
hance energy security. However, since this relationship does not remain significant in the
dynamic models, it may reflect short-term adjustments or policy responses rather than a
persistent long-run effect.

We should acknowledge some limitations in this research. The analysis is based on
historical data from 2007 to 2020 that might not cover the most recent policy changes and
their impacts. Another limitation is model specification. There could be omitted variable

bias due to the exclusion of several important variables from the models. Some factors such
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as international trade dynamics and technological progress were not explicitly included in
the research but could affect environmental outcomes. In addition, future analyses should
explore spatial panel models to explicitly model spillovers across neighboring countries,
capturing how renewable energy policies, market dynamics, and technological diffusion in
one country may influence renewable energy adoption in others.

Overall, these findings highlight several key implications for policymakers. Stable and
credible governance should be prioritized, while historically high greenhouse gas emissions
can be leveraged as a catalyst for targeted renewable energy investments. Additionally,
integrating waste management initiatives with renewable energy strategies may further
enhance sustainability outcomes across EU countries.

By acknowledging the study’s limitations and identifying avenues for future research,
such as spatial or dynamic analyses of policy spillovers, policymakers can strengthen the
evidence base for more informed and effective decision-making. In conclusion, this study
reinforces the critical role of stringent environmental policies in promoting the adoption
and expansion of renewable energy, demonstrating their consistent and significant impact

across both static and dynamic panel models.
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Chapter 2

Drivers of Renewable Energy Adoption in the
European Union Countries: Spatial Spillovers, Path

Dependence, and Panel Evidence From Eurostat
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Abstract

This study examines renewable energy adoption across 20 European countries (2007
2020) using spatial panel econometric models (SAR and SEM) with geographic and eco-
nomic weight matrices. Spatial dependence was confirmed through Moran’s I tests prior
to estimation. Results, based on Eurostat data, indicate strong path dependence (lagged
coefficient = 0.89), suggesting that 89% of current adoption reflects prior levels. Signif-
icant spatial spillovers are observed (p = 0.15), meaning a 1% increase in neighboring
countries’ adoption raises domestic shares by approximately 0.15%. A U-shaped income
effect emerges: adoption decreases by 1.2% below €12,500 per €1,000 GDP, but rises
by 0.8% above this threshold. Environmental Policy Stringency (EPS) is positively as-
sociated with renewable adoption (8 = 0.041), while higher electricity prices reduce it
(8 = —0.030), with a modest negative interaction between the two (5 = —0.007).



2.1 Introduction

The transition to renewable energy, a cornerstone of global climate change mitigation,
drives my research interest, with the European Union (EU) serving as a focal point.
The EU’s European Green Deal, launched in 2019, targets a 55% reduction in green-
house gas (GHG) emissions by 2030 (relative to 1990) and climate neutrality by 2050
[27], positioning it as a leader in sustainable development. This study explores renewable
energy adoption across 20 EU countries Austria, Belgium, Czechia, Denmark, Estonia,
Finland, France, Germany, Greece, Hungary, Ireland, Italy, Netherlands, Poland, Portu-
gal, Slovakia, Slovenia, Spain, Sweden, and the United Kingdom over 2007-2020, using a
balanced panel dataset from Eurostat and the OECD.

Disparities in adoption (e.g., Sweden at 60.12% vs. Belgium at 8.74% in 2020 [33])
prompt questions about drivers within a shared policy framework. Traditional analyses
emphasize GDP per capita, electricity prices, and environmental policy stringency, but
overlook spatial interdependencies (e.g., cross-border diffusion via systems like Nord Pool)
and path dependence. Path dependence, where historical choices shape current outcomes,
is evident with a lagged renewable production share coefficient of 0.894, indicating 89%
of current adoption stems from prior levels, reflecting institutional inertia. This study
employs spatial panel econometric techniques spatial lag and error models with contigu-
ity and economic distance weights, plus fixed-effects models to capture these dynamics,
addressing autocorrelation missed by conventional approaches.

Guided by three questions key economic and policy drivers with spatial spillovers,
mechanisms of spatial diffusion, and path dependence’s policy implications this analysis
reveals a U-shaped GDP effect (turning point (p) 12,500) and spatial spillovers ( =
0.152). The chapter proceeds with literature review (Section 3), data and methodology
(Section 4), results and robustness (Sections 5-6), discussion (Section 7), and conclusions
(Sections 8-10).

2.2 Literature Review

The transition to renewable energy remains a cornerstone of global climate change mitiga-
tion, particularly within the European Union. Yet, achieving the EU’s ambitious climate
neutrality goals requires understanding the economic, policy, and spatial forces that shape
renewable adoption. While research on renewable energy uptake is extensive, the roles
of spatial spillovers, especially in the context of an integrated EU energy market, re-
main relatively underexplored, though recent studies have begun to address these gaps.

This section synthesizes the relevant literature to establish the theoretical and empirical



foundation for analyzing renewable energy production shares across 20 European coun-
tries from 2007 to 2020, and identifies critical gaps addressed in this study through the
application of spatial panel econometric models.

Economic development is a central driver of renewable energy uptake, but the relation-
ship is complex. The Environmental Kuznets Curve hypothesis [39] suggests a non-linear
link between income and environmental quality: as GDP per capita increases, environ-
mental degradation initially rises, then falls as societies invest in cleaner technologies.
Empirical evidence supports parts of this framework. For example, Sadorsky [67] find
a positive relationship between income and renewable energy consumption in 18 emerg-
ing economies, while Marques et al. [55] report that higher income levels in European
countries foster renewable deployment through public and private investments.

However, this relationship weakens in mature economies. York [77] argues that in
developed contexts, institutional and policy factors outweigh the direct effect of income.
Recent evidence confirms this heterogeneity. Using quantile regressions and long-run es-
timators, Dinca et al. [23] show that the income-renewables link differs markedly between
Old and New EU Member States, reflecting variation in governance quality, financing
conditions, and energy systems. Similarly, Guarascio et al. [40] highlight the importance
of structural characteristics such as import dependence and grid capacity that mediate
the translation of wealth into clean energy adoption.

Electricity prices are another key economic signal. Microeconomic theory predicts
that higher fossil-fuel-based electricity costs increase the relative attractiveness of renew-
ables. Empirically, Tselika [73] show that a 10% rise in EU household electricity prices
corresponds to a 1.5% increase in the renewable share, particularly in competitive fossil
fuel markets. Likewise, Mayer and Triick [57] report a positive association between elec-
tricity prices and renewable capacity across OECD countries, though Frondel et al. [36]
caution that this relationship depends on market liberalization and cross-subsidization
policies. More recent evidence underscores the role of price shocks. Following the 2022
energy crisis, International Renewable Energy Agency [48] find that surging electricity
prices up to 300% in some EU regions accelerated renewable adoption by 15-20%, but
only in countries with flexible grids and well-integrated markets.

Beyond prices, policy instruments remain critical in overcoming market failures and
high upfront investment costs. The OECD Environmental Policy Stringency Index cap-
tures the breadth of carbon taxes, subsidies, and regulatory measures [59]. Balsalobre-
Lorente et al. [10] show that stronger EPS scores are associated with higher renewable
adoption, particularly when regulations are credible and consistently enforced. Among
specific instruments, feed-in tariffs have been especially effective in reducing investment

risk and accelerating deployment [41]. Germany’s early FIT program catalyzed large-



scale solar and wind investments domestically and generated cross-border demonstration
effects [46]. Yet the policy landscape is evolving: auctions and contracts for difference now
complement or replace FITs in many EU member states, with recent evidence showing
continued spillovers into lagging Fastern European markets [1, 22].

Renewable transitions do not occur in isolation. Spatial econometric models [7] capture
the interdependencies arising from shared electricity grids, policy diffusion, and technology
spillovers. Early work by Burnett et al. [16] demonstrated such effects in the United States,
while Borsky and Leiter [13] and Ketterer [51] show that Germany’s renewable expansion
encouraged parallel investments in neighboring EU countries. More recent studies using
Spatial Durbin Models provide direct evidence of cross-border effects in Europe: a 10%
increase in renewable adoption in one country can reduce neighbors’ emissions by 4-6%
through shared grids and technology transfer [2, 61]. However, despite the EU’s highly
integrated energy market and the harmonized Renewable Energy Directive [27], spatial
spillovers remain underexplored.

Despite a growing body of evidence, three gaps remain. First, few studies jointly inte-
grate spatial spillovers, even though the EU’s interconnected energy market makes their
analysis policy-relevant. Second, the use of Spatial Durbin Models capable of identifying
both direct and indirect effects of exogenous covariates remains rare. Third, while eco-
nomic drivers such as GDP per capita and electricity prices are well studied, their interac-
tion with policy mechanisms (e.g., EPS, FITs) within a spatial context is underexamined.
This study addresses these gaps by employing spatial panel models with contiguity and
economic distance weights, testing for cross-border spillovers in a balanced panel of 20
EU countries from 2007 to 2020.

2.3 Spatial Autocorrelation Test

Moran’s I = 0.5677 (p = 0.0003476) indicates significant spatial clustering.

2.4 Data and Methods

This section presents the empirical strategy used to examine the drivers of renewable
energy production shares in 20 European countries between 2007 and 2020. Emphasis
is placed on the rationale for using spatial econometric models specifically, the spatial
autoregressive (SAR) and spatial error models (SEM) to capture cross-border interac-
tions and policy spillovers. A balanced panel dataset, drawn primarily from Eurostat and
supplemented by the OECD’s Environmental Policy Stringency Index, serves as the em-

pirical foundation. These data align with the European Green Deal’s objectives, notably



the targeted 55% reduction in greenhouse gas emissions by 2030 [27].

2.4.1 Data Sources

The dataset comprises 280 observations from 20 European countries Austria, Belgium,
Czechia, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy,
Netherlands, Poland, Portugal, Slovakia, Slovenia, Spain, Sweden, and the United King-
dom spanning the period from 2007 to 2020. This period captures key phases of EU
climate policy development and implementation.

The variables cover economic indicators, energy-related factors, and policy stringency
measures relevant to renewable energy adoption as shown in table 1. The main variables

include:

ren_prod_sh: Share of renewable energy in gross final energy consumption (%),

from Eurostat [nrg_ind_ren].

o gdp_pc: GDP per capita (logged, chain-linked volumes, 2010=100), from Eurostat
[nama_10_gdp].

 elprice: Electricity prices for household consumers (€/kWh), from Eurostat [nrg_pc_204].

o EPS: Environmental Policy Stringency Index, a composite measure of 14 policy in-
struments, from the OECD [59].

o ghg lag: Lagged greenhouse gas emissions (thousand tonnes), from Eurostat.

o Structural controls: Import dependency (imp_dep), population (pop), electricity im-
ports (el_imp), feed-in tariffs (fit), renewable electricity production (ren_ele_prod),
non-renewable electricity production (NO_ren_ele_prod), and lagged electricity price

(lag_elprice), all from Eurostat.
This comprehensive dataset allows us to account for the economic, policy, and struc-
tural factors critical to understanding renewable energy dynamics across the EU.
2.4.2 Empirical Specification

To quantify the influence of domestic and neighboring-country factors on renewable
energy adoption, we employ spatial panel models with country fixed effects. The

SAR model captures direct spillovers in renewable energy shares across countries,



Table 2.1: Key Variables and Their Descriptions

Variable Description Source

ren_prod_sh Share of renewable energy in BEurostat
gross final energy consumption
(%)

gdp_pc GDP per capita Eurostat

elprice Electricity prices for household Eurostat
consumers (/kWh)

EPS Environmental Policy Stringency OECD
Index

ghg lag Lagged GHG emissions Eurostat
(thousand tonnes)

imp_dep Import dependency Eurostat

pop Population Eurostat

el_imp Electricity imports Eurostat

fit Feed-in tariffs Eurostat

ren_ele_prod Renewable electricity production Furostat

NO_ren_ele_prod Non-renewable electricity Eurostat
production

lag_elprice Lagged electricity price Eurostat

while the spatial error model accounts for unobserved spatial correlations. The

general form of the SAR model is specified as:
RenShare;; = pW - RenShare;; + X5 + o + €

where:

RenShare;;: Renewable energy share in country ¢ at time ¢,

p: Spatial autoregressive coefficient, reflecting peer effects,
— W: Spatial weights matrix representing inter-country connectivity,

— Xt Vector of control variables including gdp_pc, I(gdp_pc?), elprice, EPS, imp_dep, pop, el

— «;: Country fixed effects,

— €;4: Residual error term.

To address potential spatial dependence in the error term, we also estimate a spatial

error model (SEM), specified as:

€it — )\Wﬁjt + U



where \ is the spatial error coefficient and w;; is the idiosyncratic disturbance.

2.4.3 Theoretical Justification

The application of SAR and SEM models is justified by the structure of the EU’s
integrated energy market, which features interlinked electricity grids, coordinated
policy frameworks (for example., the Renewable Energy Directive), and high levels

of cross-border energy trade [27].

Spatial spillovers are expected due to several mechanisms:

— Technology diffusion such as, wind turbine innovations originating in Den-

mark influencing deployment in Sweden;

— Policy emulation such as Austria adopting feed-in tariff schemes similar to

Germany’s;

— Economic interdependence through shared electricity markets and compe-
tition [13].

The SAR model explicitly captures these direct spatial influences on renewable
share, while the SEM framework adjusts for unobservable but spatially correlated
omitted variables. Country fixed effects control for unobserved time-invariant het-
erogeneity, such as infrastructure legacy or institutional quality, while robust stan-

dard errors correct for heteroskedasticity and autocorrelation [25].

2.4.4 Spatial Weights

Two types of spatial weights matrices are employed to capture alternative notions

of proximity:
— Contiguity Weights: A binary matrix based on shared land borders (for

example, Germany has seven neighbors), representing geographic proximity.

— Economic Distance Weights: Based on the inverse of GDP per capita dif-

ferences, reflecting similarities in economic structure and development.

Both matrices are row-standardized to ensure comparability. A zero-policy adjust-

ment is applied for non-contiguous countries, such as Ireland.



2.4.5 Estimation Tools and Robustness

Estimation is carried out in R using the plm, splm, and spdep packages. To address
endogeneity, particularly in electricity prices, instrumental variable techniques are
applied using second lags as instruments, and model consistency is tested using a
Hausman test. Spatial autocorrelation in residuals is assessed via Moran’s I test. In
addition, the robustness of results is evaluated by comparing model outcomes across

different spatial weight configurations.

These methodological choices provide a rigorous framework for analyzing how do-
mestic factors and regional interdependencies shape the adoption of renewable en-
ergy across Europe, contributing to evidence-based policy for the EU’s climate tran-

sition.

2.5 Results

This section presents the main findings from the spatial panel econometric analysis
of renewable energy production shares across 20 European countries between 2007
and 2020. The analysis builds on the broader literature on energy transitions,
emphasizing the roles of spatial spillovers and various economic and policy drivers

in shaping renewable energy outcomes.

2.5.1 Model Estimation Results

Table 2.2 summarizes the coefficient estimates from the Fixed Effects (FE), Spatial
Lag with Contiguity Weights (SpLagCont), and Spatial Lag with Economic Distance
Weights (SpLagEcon) models. The consistency across specifications highlights the
robustness of the key findings. Diagnostic tests further validate the estimations and

provide confidence in the reliability of the models.

2.5.2 Diagnostic Tests

To assess model validity, two diagnostic tests were performed. The Hausman test
(Table 2.3) indicates no significant endogeneity (p = 0.9122), validating the use
of FE estimators. The Moran’s I test (Table 2.4) shows no residual spatial auto-
correlation, confirming that the spatial lag structure adequately captures spatial

dependencies.



Table 2.2: Model Comparison

Variable FE SpLagCont SpLagEcon
2dp_pc 20.09 (0.06)  -0.10 (0.06)  -0.09 (0.09)
I(gdp_pc?) 0.04% (0.02)  0.04%* (0.02)  0.06%** (0.01)
elprice -0.03 (0.02) -0.03 (0.02) -0.03 (0.01)
EPS 0.04%* (0.01)  0.04%* (0.01)  0.02 (0.02)
imp_dep 0.00 (0.02)  0.00 (0.02) 0.0 (0.05)
pop 20.06 (0.45)  0.07 (0.41)  -3.14%%* (0.79)
el imp 20.00 (0.03) 001 (0.02)  0.03 (0.03)
fit 0.02 (0.01)  -0.01 (0.01)  -0.02 (0.01)
ghg_lag 0.21 (0.12) 018 (0.11)  -0.23* (0.11)
ren_ele_prod 0.07 (0.06)  0.08 (0.06)  -0.11 (0.06)
NO_ren_ele_prod -0.07 (0.14) -0.01 (0.13)  -0.99*** (0.15)
lag_elprice 0.02 (0.02) 0.03 (0.02) 0.01 (0.02)
lag_ren_prod_sh 0.89™** (0.04) 0.88*** (0.04) 0.88*** (0.06)
elprice:EPS 20.00 (0.01)  -0.01 (0.01)  0.11%%* (0.01)
rho - 0.15% (0.07)  0.148 (0.031)

*p < 0.10, ** p < 0.05, ¥** p < 0.01

Table 2.3: Hausman Test for Endogeneity

Statistic Value
Chi-squared 4.6692

Degrees of Freedom 10

p-value 0.9122
Alternative Hypothesis | One model is inconsistent

Table 2.4: Moran’s I Test for Spatial Autocorrelation in FE Residuals

Statistic Value
Moran I Statistic -0.1316
Expectation -0.0526
Variance 0.0374
Standard Deviate -0.4082
p-value 0.6584
Alternative Hypothesis | Greater

2.5.3 Key Findings

The spatial lag coefficients (p ~ 0.15) are statistically significant across both conti-
guity and economic distance matrices, suggesting that a 15% increase in neighboring
countries’ renewable energy share correlates with a comparable increase domesti-
cally, supporting cross-border technology diffusion and policy emulation within the
EU [13, 51, 63].

The results indicate a U-shaped relationship between GDP per capita and renewable



energy share, with a turning point at approximately $12,500 GDP/capita. Below
this, income increases correlate with reduced adoption, while above it, wealthier
countries invest more in renewables, consistent with the Environmental Kuznets
Curve hypothesis [39, 77].

Contrary to expectations, higher electricity prices are negatively associated with
renewable energy share, aligning with Frondel et al. [36], who note that fossil fuel
subsidies and market distortions weaken price signals. The interaction with EPS

suggests stringent policies can offset this distortion [73].

Higher lagged GHG emissions positively correlate with renewable adoption, indicat-
ing a policy response to environmental degradation [10]. The positive and significant
EPS coefficient confirms policy’s role in shaping transitions, moderated by electricity

price dynamics [41].

2.6 Discussion

This section discusses the empirical findings derived from the spatial panel econo-
metric models, which examine the share of renewable energy production across 20
European countries between 2007 and 2020. The aim is to place these results within
the broader academic and policy discourse on energy transitions. The analysis re-
veals notable effects of spatial spillovers and the influence of economic and policy
variables, each offering insight into the complex factors that drive renewable energy

adoption.

These findings align with key theoretical frameworks such as the Environmental
Kuznets Curve [39], the role of environmental policy stringency [59], and the use
of spatial econometrics in energy research [7]. Notably, the counterintuitive im-
pact of electricity prices warrants special attention and invites further discussion in
the context of evolving EU policy frameworks like the European Green Deal [27].
The following subsections delve into the policy implications of these findings, while
also acknowledging the limitations of the analysis and the importance of regionally

tailored strategies for accelerating energy transitions.

A significant spatial dependence coefficient ( 0.15) indicates that a 15% increase
in a neighboring country’s renewable energy share leads to a comparable increase
domestically. This spillover effect, robust across weighting schemes, echoes studies
by Borsky and Leiter [13] and Ketterer [51], emphasizing technology diffusion and
policy emulation within the EU’s integrated energy market, facilitated by infras-

tructure like Nord Pool and the Renewable Energy Directive [63].
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The results suggest a U-shaped relationship between GDP per capita and renewable
adoption, with a turning point at $12,500, supporting the EKC hypothesis [39, 67]

and highlighting opportunities for middle-income countries like Poland and Hungary.

Higher electricity prices are negatively associated with adoption (-0.03), possibly
due to fossil fuel subsidies [36], though EPS interaction (-0.007) suggests policy
can mitigate this [73]. Lagged GHG emissions (0.18-0.215) and EPS (0.040-0.043)
positively influence adoption, indicating reactive and proactive policy potential [10,
41].

2.7 Policy Implications

The findings point to the need for a multi-dimensional policy approach to acceler-
ate renewable energy adoption across Europe. The empirical analysis, covering 20
European countries from 2007 to 2020, provides actionable insights to support the

EU’s European Green Deal targets [27].

Notable results including significant spatial spillovers ( 0.15), a U-shaped GDP-renewables
relationship (turning point at $12,500 per capita), the counterintuitive negative
electricity price effect (-0.03), and the positive influence of environmental policy
stringency (EPS = 0.040-0.043, GHG lag = 0.18-0.215) reinforce the importance

of a coordinated strategy.

2.7.1 Regional Cooperation: Renewable Adoption Clusters
(RACs)

Cross-border diffusion exists; EU integration facilitates knowledge and technology
spillovers. The observed spatial spillovers ( 0.15) suggest that a 15% increase in
a neighbor’s renewable share translates into a comparable rise domestically. This
interdependence, consistent across contiguity and distance-based weights [13, 51],

underscores regional collaboration’s value.

We propose Renewable Adoption Clusters, grouping countries with strong ties (e.g.,
Germany, Austria, Czechia) to jointly invest in cross-border grid infrastructure and
align subsidy policies. Shared technologies and synchronized timelines could amplify
impact, building on Nord Pool and the Renewable Energy Directive [27]. Regional

hubs (e.g., Central Europe, Baltics) could anchor implementation [41].
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2.7.2 Targeted Subsidies for Mid-Income Economies

Economic development beyond a mid-income level accelerates renewables. The U-
shaped relationship shows a turning point near $12,500, with a 1.2% decline below

and 0.8% rise above, reflecting cost sensitivity at lower levels [39, 77].

Targeted subsidies differentiated feed-in tariffs, grants, or loans are essential. For
Poland ( $12,000 GDP /capita), solar and wind support could offset costs [41]. The
Just Transition Fund could allocate based on GDP thresholds for equity.

2.7.3 Balancing Electricity Prices and Policy Stringency

Strong environmental policies drive adoption more than prices. The negative elec-
tricity price effect (-0.03) may reflect subsidies or conservation [36], moderated by
EPS interaction (-0.007) [73]. Pairing incentives (e.g., FITs) with carbon pricing

and proactive emissions trading could align signals [10].

2.7.4 Implementation Challenges and Considerations

Challenges include: - Policy Coordination: Aligning diverse energy mixes (e.g.,
Poland’s coal vs. Sweden’s hydropower) requires consensus [27]. - Funding Con-
straints: RACs and subsidies need €50 billion annually, requiring prioritization
[46]. - Data Limitations: National data may obscure regional variation; subnational
datasets are needed [63]. - Market Distortions: Subsidies or lobbying may distort

prices, needing sectoral analysis [36].

A dedicated RAC task force, Recovery and Resilience Facility, and finer-grained

data could address these, ensuring adaptive strategies.

2.8 Conclusion and Key Contributions

By applying spatial panel econometric models, this study explored how spatial
spillovers and economic and policy drivers shape renewable energy trajectories across
20 European countries from 2007 to 2020. Drawing on a balanced panel dataset
from Eurostat and the OECD, our findings offer insights for achieving the Furo-
pean Green Deal’s targets of reducing greenhouse gas (GHG) emissions by 55% by
2030 and attaining climate neutrality by 2050 [27].

11



2.8.1 Key Contributions

First, the results reveal robust evidence of spatial spillovers. An increase of 15% in
neighboring countries’ renewable energy adoption is associated with a comparable
rise domestically ( 0.15), regardless of geographic or economic weighting. This
supports technology diffusion and policy learning within the EU’s integrated energy

framework [13, 51|, advocating for regional coordination.

Second, the analysis of economic factors reveals a U-shaped relationship between
GDP per capita and renewable adoption, with a turning point at €12,500. Below
this, a €1,000 increase in GDP corresponds to a 1.2% decline, while above it, adop-
tion rises by 0.8%, validating the EKC hypothesis [39, 67, 77]. This underscores

tailored support for mid-income countries like Poland and Hungary.

Third, a counterintuitive negative relationship between electricity prices and adop-
tion (0.03), moderated by EPS (0.007), and a positive GHG lag effect (0.18-0.215)
suggest price signals need integrated policies [10, 73].

These contributions enrich the literature, offering nuanced, spatially coordinated

renewable energy strategies for Europe’s energy transition.

2.9 Limitations and Future Research

2.9.1 Limitations

First, the dataset from Eurostat, supplemented with the OECD’s Environmental
Policy Stringency Index, covers 2007-2020. Electricity price volatility in 2020 (e.g.,
spikes in Denmark) may bias results [63]. National-level data also conceals subna-
tional dynamics, such as Bavaria’s solar leadership versus Northern Germany’s wind

dominance, potentially obscuring localized spillovers [7].

Second, the spatial model accounts for global autocorrelation (Moran’s I = -0.1316),
but local clusters (e.g., Nordic vs. Southern Europe) may remain unmodeled, lim-

iting regional heterogeneity capture.

Third, the unexpected negative electricity price coefficient (-0.03) may reflect un-
observed factors like fossil fuel subsidies or lobbying [36], requiring disaggregated

analysis.

Finally, high correlation between population and lagged GHG emissions (r = 0.953)
suggests multicollinearity, inflating standard errors. Principal Component Analysis
(PCA) could mitigate this in future models [63].
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2.9.2 Future Research Directions
Building on these limitations, several research avenues are proposed:

— Subnational Data and Regional Analysis: Regional data (e.g., NUTS-2
regions) could assess spillovers, revealing trends like Catalonia’s solar versus

Galicia’s wind focus [63].

— Extending the Time Horizon: Updating beyond 2020 to include post-
COVID and Green Deal policies (e.g., Fit for 55) would test adoption robust-
ness [27].

— Advanced Spatial Modeling: Dynamic models like the Spatial Durbin
Model (SDM) with lagged independents (e.g., neighbors” GDP) could enhance

cross-border effect understanding [7].

— Policy Simulation and Scenario Analysis: Simulating Renewable Adop-
tion Clusters (RACs) with investment scenarios (e.g., €50 billion annually for
grids) could evaluate economic and environmental impacts using Computable
General Equilibrium (CGE) models [46].

— Electricity Price Disaggregation: Comparing liberalized (e.g., Germany)

versus regulated (e.g., France) systems could clarify the price coefficient [36].

Addressing these would improve model precision and support EU climate neutrality
goals by 2050.
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Chapter 3

Renewable Energy in the European Union:
Historical Evolution, Policy Frameworks, and

Future Perspectives Amid Geopolitical Shocks
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Abstract

Russia’s 2022 invasion of Ukraine exposed structural vulnerabilities in the Euro-
pean Union’s energy system and prompted a policy realignment that redefined mar-
ket incentives, trade flows, and decarbonization dynamics. This chapter integrates
legislative texts, Eurostat indicators, trade statistics, and the empirical results of
Chapters 1 and 2 to examine how sanctions, the REPowerEU plan, and behavioural
adjustments reshaped renewable adoption during 2022-2025. Building on earlier dy-
namic panel and spatial models—which identified strong policy stringency effects
(Beps ~ 0.48), waste-to-energy contributions (Syaste ~ 0.006), and spatial spillovers
(p =~ 0.15, lag coefficient ~ 0.89) the analysis investigates whether wartime measures

accelerated structural decarbonization or merely redirected fossil dependencies.

Empirical synthesis indicates that sanctions and diversification policies sharply re-
duced Russian pipeline gas imports, while household conservation and retrofit in-
vestment produced lasting demand reductions. However, the rapid expansion of
LNG creates medium-term carbon and dependency risks. The chapter concludes by
outlining policy implications centered on demand-side efficiency, Renewable Adop-
tion Clusters, and equity-focused mitigation of energy poverty, and by proposing
future econometric work incorporating crisis-period data and spatial-GMM frame-

works.



3.1 Introduction

The European Union (EU) stands at a decisive moment in its energy transition.
For decades, the bloc pursued decarbonization through the European Green Deal
(2019) and the “Fit for 55" package (2021), both designed to cut greenhouse-gas
emissions by 55 % by 2030 [26, 28]. Yet, the 2022 Russian invasion of Ukraine
revealed the fragility of this trajectory. Before the war, roughly 40 % of the EU’s
natural-gas imports originated from Russia, embedding a structural dependency
that threatened both climate and security goals. The invasion transformed energy
policy from a long-term sustainability challenge into an urgent geopolitical crisis,

forcing the Union to reconcile carbon neutrality with supply security.

In response, the EU launched the REPowerEU plan and an unprecedented sequence
of eighteen sanctions packages that redefined the region’s energy architecture. Gas
imports from Russia fell sharply, oil embargoes reshaped trade flows, and liquefied
natural gas (LNG) imports surged. This rapid diversification strengthened resilience
but also raised new carbon-lock-in concerns, particularly where long-term LNG
contracts may delay full decarbonization. Understanding these trade-offs between

security, affordability, and sustainability is central to this chapter.

This essay builds conceptually on the two preceding chapters. Chapter 1 quantified
how environmental policy stringency (fgps~0.48) and waste-management policies
supported renewable expansion using a dynamic panel model, while Chapter 2 in-
troduced spatial econometrics to capture inter-country spillovers (p~0.15) and path
dependence. Together, they established a baseline for policy effectiveness and re-
gional diffusion before the crisis. Chapter 3 extends this analysis into the 2022-2025
period, where war-induced shocks, sanctions, and behavioural responses profoundly

altered both the supply structure and political economy of energy transition.

Four guiding questions frame the chapter: (1) How were EU energy policies re-
designed in the wake of Russia’s invasion? (2) To what extent did sanctions and
diversification reduce the Kremlin’s energy leverage? (3) How have market adjust-
ments and trade disputes affected trajectory? (4) What unintended effects, such as

renewed fossil-fuel dependence through LNG infrastructure, have emerged?

By addressing these questions, the chapter aims to provide an integrated interpre-
tation of Europe’s renewable-energy shift under conditions of geopolitical stress.
It combines policy review, descriptive statistics, and synthesis of legislative and
behavioural data to link macro-level decisions with household-level change. The

discussion proceeds as follows: Section 2 revisits the theoretical and historical foun-



dations of Europe’s renewable transition; Section 3 analyzes current status and
regional disparities; Section 4 examines sanction mechanisms and regulatory coher-
ence; Section 5 synthesizes the statistical and econometric models from chapters
1-2 and those used in the literature; and Section 6 outlines policy implications and

future research directions.

3.2 Foundations of Europe’s Renewable Energy

Transition

This section explores the institutional, historical, and behavioral dimensions shaping
the European Union’s renewable energy transition. It applies three complementary
analytical frameworks policy-mix coherence, multi-level governance, and economic
statecraft to understand how policy design, institutional fragmentation, and external

shocks interact to influence decarbonization pathways.

3.2.1 Theoretical Frameworks for Energy Policy Analysis

The EU’s energy policy mix during wartime can be examined through three main
lenses. First, the policy-mix approach emphasizes the need for coherence between
strategic, regulatory, and support instruments to achieve decarbonization [66]. Tt
assesses whether the combination of policies (such as the Green Deal, REPowerEU,
and the Emission Trading System) effectively balances emission reduction, supply

security, and affordability goals.

Second, the multi-level governance framework distinguishes between general-
purpose (Type I) and task-specific (Type II) jurisdictions in the EU energy do-
main [44]. The war amplified task-specific coordination through instruments like
REPowerEU and the Energy Platform Task Force, reflecting a crisis-induced re-

centralization of authority [8].

Third, economic statecraft theory highlights the strategic use of economic tools
such as sanctions, export controls, and trade reorientation to achieve geopolitical
objectives [9, 43]. The EU’s energy sanctions illustrate this principle by target-
ing Russian fossil fuel revenues while fostering long-term structural change. Case
precedents include the Russia—Ukraine conflict (2014) and the US—China trade ten-
sions (2018), both of which underscore the adaptive nature of state power in energy
markets [20, 64].



Together, these frameworks provide the analytical foundation for assessing policy

coherence, adjustment lags, and sanction effectiveness (Figure 3.1).

—_________

Figure 3.1: Policy analysis framework integrating policy-mix coherence, multi-level gov-
ernance, and economic statecraft.

[69]

3.2.2 Historical Evolution and Behavioral Context

Over the last three decades, Europe’s energy transition has followed a dual tra-
jectory: a steady increase in renewable deployment and a deepening dependence
on Russian gas. The 1990s and early 2000s marked the institutionalization of EU
renewable policy. The 2001 Renewable Energy Directive and the Kyoto Protocol
commitments spurred growth from 10% in 1990 to 15% by 2007 (Eurostat, 2025),
driven primarily by Denmark’s wind power and Germany’s solar incentives. Chap-
ter 1’s findings corroborate this trend, with Environmental Policy Stringency (EPS)
positively affecting renewable shares (8 = 0.475 4+ 0.12, p < 0.05).

At the same time, Russia consolidated its energy dominance due to the EU’s re-
liance on Russian energy sources especially gas and other oil and petroleum products.
Between 1991 and 2005, gas imports reached 140 bem per year through the Broth-
erhood and Soyuz pipelines, embedding long-term dependence [71]. Arrears in the
early 1990s prompted negotiations under the Energy Charter Treaty [65]. Liberaliza-
tion under the 2003 and 2009 energy packages introduced hub pricing mechanisms
by 2020, 60% of gas traded via hubs rather than long-term oil-indexed contracts
[42]. Yet infrastructure projects such as Nord Stream 1 (55 bcm capacity) rein-
forced Russia’s strategic leverage over Europe by increasing Europe’s dependence

on Russian energy [38].



The 2010-2020 period accelerated renewable penetration, with the EU average
reaching 22% by 2020 (Sweden 60.1%, Poland 16%). This growth reflected the
20-20-20 targets and the Paris Agreement commitments. Chapter 2’s spatial anal-
ysis confirmed positive spillovers (p = 0.15 + 0.03, p < 0.05) and strong path de-
pendence (8 = 0.89 £+ 0.05, p < 0.01), explaining the clustering of adoption across
neighboring states as shown in Table 5 for Clusters 1 and 2 where the neighboring

countries greatly increase their renewable electricity share target by 2024 and 2030.

Behavioral shifts reinforced these structural transformations. According to Euro-
barometer (2022), 82% of EU citizens supported reducing dependence on Russian
fuels even at the cost of higher energy prices. These attitudes translated into de-
mand reductions of approximately 18% below 2017-2021 averages and increased
participation in energy-saving programs. While this behavioral dimension remains
underexplored in existing literature, it constitutes a crucial complement to techno-

logical and policy drivers.

The historical and behavioral context demonstrates that Europe’s energy transition
has been neither linear nor purely policy-driven. Instead, it has evolved through a
complex interplay of regulatory design, path dependence, and geopolitical shocks,

setting the stage for the crisis-induced acceleration of renewables after 2022.



Energy-related measures

Table 3.1: Chronology of EU Sanctions Targeting Russian Energy Exports, 2022-2025. Source: European Commission [32].

Date issued

Package /
Round
1-3 (Feb-Mar
2022)
4-6 (Mar-Jun
2022)
810 (Oct

2022-Feb 2023)

11-13 (Jun
2023 Feb 2024)
14-17 (Jun
2024 May
2025)

18 (Announced
Jun 2025)

Export restrictions on oil-refining technology and related ser-
vices.

Ban on new energy-sector investments; coal-import ban;
seaborne oil embargo; prohibition on EU insurance or financing
for oil transport.

G7 oil-price cap on Russian crude; bans on synthetic fuels, bi-
tumen, and carbon blacks; restrictions on gas-storage access for
Russian entities.

Pipeline-oil phase-out for Germany and Poland; additional dual-

use export restrictions on energy technologies.

Ban on transshipment of Russian LNG through EU ports; restric-
tions on LNG-project technologies under construction; prohibi-
tion on software for oil-exploration projects; shadow-fleet tanker
bans.

Full prohibition on Nord Stream-related transactions; G7 oil-
price-cap reduced to $45/barrel; ban on fuels refined from Rus-

sian crude.

Feb—Mar 2022

Mar—Jun 2022

Oct 2022-Feb
2023

Jun 2023-Feb
2024

Jun
2024—May
2025

Jun 2025 (an-

nouncement,)




Table 3.2: EU Sanctions on Russia: Energy-Related Measures by Package. Source:
Lambert et al. [52]

Package /
Round

Energy-related measures

Date issued

First package
Second package

Third package
Extension to Rus-
sia and Belarus

Fourth package

Fifth package
Sixth package

Maintenance and
alignment package

Eighth package

Ninth package

Tenth package

Eleventh package

Belarus circumven-

tion measures

Twelfth package

Thirteenth package
Fourteenth  pack-

age

New Belarus sanc-
tions

Fifteenth package

Sixteenth package

Seventeenth pack-
age
Eighteenth  pack-

age (announced)

None

Prohibition on sale, supply, transfer or export of specific oil-refining
goods and technologies; restrictions on related services.

None

None

Ban on new investments in the Russian energy sector (except nuclear
and transport).

Import ban on all forms of Russian coal.

Embargo on seaborne Russian crude and petroleum products (phased
wind-down); pipeline exemptions for Bulgaria and Croatia; ban on
EU insurance/financing for oil transport.

Exemption allowing transport of oil to non-EU countries by certain
state-owned organisations (food and energy-security safeguard).

Ban on export of coal (including coking coal); implementation of G7
oil-price cap on Russian seaborne crude (from 5 Dec 2022) and refined
products (from 5 Feb 2023).

Additional economic measures targeting Russia’s energy and mining
sectors.

Import bans on hydrocarbons-derived products (bitumen, synthetic
rubber, carbon blacks); prohibition on booking gas-storage capacity
in the EU (LNG excluded).

End of pipeline oil imports from Russia for Germany and Poland; tar-
geted CPC-pipeline maintenance derogations; extension of Sakhalin
oil-price-cap exception.

None

Tightened G7+ oil-price-cap monitoring; import ban on liquefied
petroleum gas (LPG) with 12-month grandfathering.

None

Ban on goods, technology, and services to LNG projects under con-
struction in Russia; ban on transshipment of Russian LNG via EU
ports; import ban on Russian LNG into terminals not connected to
the EU gas grid.

None

Port-access and service bans on Russia’s “shadow fleet” transporting
oil; listings of senior managers in Russian energy companies.

Ban on temporary storage of Russian crude/petroleum in EU ports;
restrictions on oil and gas exploration software exports.

Blacklist of Surgutneftegas; barring of 189 shadow-fleet tankers;
tighter dual-use export controls.

Ban on all Nord Stream transactions; G7 oil-price cap reduced to USD

45 /barrel; EU import ban on fuels refined from Russian crude.

23 Feb 2022
25 Feb 2022

2 Mar 2022
9 Mar 2022

15 Mar 2022

8 Apr 2022

3 Jun 2022

21 Jul 2022

6 Oct 2022

16 Dec 2022
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3 Aug 2023
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24 Jun 2024

29 Jun 2024

16 Dec 2024

24 Feb 2025

20 May 2025

10 Jun 2025 (an-

nouncement)




3.3 Current Status and Regional Differences

Europe’s energy landscape between 2020 and 2025 underwent one of its most abrupt
transformations since the formation of the internal energy market. The 2022 invasion
of Ukraine accelerated the decline of Russian fossil fuel imports, forced market
reorientation, and spurred behavioral changes among households and firms. This
section provides an updated overview of these developments and interprets the main

regional differences shaping the renewable transition.

3.3.1 Market and Behavioral Trends (2020-2025)

Between 2021 and 2024, Russian gas imports to the EU fell by nearly 95%, from 150
to 52 billion cubic meters [34]. This decline redefined the structure of the European
energy mix. Gas prices peaked in mid-2022 (around €13.20 per 100 kWh) but
gradually stabilized near €12.30 by early 2025. Electricity prices followed a similar

trajectory, dropping from crisis peaks above €38.00 to a more stable EU average of
€28.90.

The reduction in fossil energy consumption was accompanied by a structural in-
crease in renewables, which reached 46.9% of electricity generation in 2024. This
was driven by a combination of emergency measures (such as REPowerEU), en-
hanced interconnections, and a behavioral shift toward efficiency. As shown in Ta-
ble 3.3, Eurobarometer data indicate that public opinion strongly supported these
changes: over 80% of EU citizens approved of cutting Russian fuel dependence,

while household gas demand dropped by roughly 18%.

Indicator EU-27 Share Source (Year)
Support for reducing reliance on Russian 82% Flash EB 506 (2022)
fuels

Reduction in household gas demand 18% Flash EB 506 (2022)

Table 3.3: Public attitudes and energy demand responses in the EU during the 2022 crisis.
Source: (Flash & Special Eurobarometers, 2022) [29]

Energy-saving behavior has become a lasting feature of the post-crisis environment.
By 2023, 93% of households reported adopting at least one daily energy-saving
practice, and 82% associated efficiency directly with energy security (Table 3.4).
This behavioral alignment helped reduce overall final energy consumption by 3%

year-on-year.

Retrofit investments also expanded. Nearly half of all EU households undertook at

least one energy renovation (Table 3.5), which contributed to a 30% improvement in
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Indicator EU-27 Share Source (Year)
Households adopting daily energy-saving 93% Special EB 538 (2023)
actions

Respondents linking energy efficiency to 82% Standard EB 99 (2023)
security

Table 3.4: Energy-saving behavior and perceptions of security.
Source: (Standard & Special Eurobarometers, 2023) [30]

energy productivity between 2015 and 2024. These gains were essential for achieving
renewable integration targets but also revealed persistent gaps between wealthier

and lower-income regions.

Retrofit Measure Share of House- | Productivity Impact
holds (%) (kgoe/€000)

Home insulation improvements |49 Contributed to reduction
from 142 to 111

Boiler replacement with efficient | 27 Contributed to reduction

systems from 142 to 111

Rooftop solar installations 22 Contributed to reduction
from 142 to 111

Table 3.5: Household retrofit measures and productivity improvements, 2015-2024.
Source: (Special & Flash Eurobarometers, 2024) [31]

These indicators together highlight how the energy crisis triggered both short-term
responses (demand reduction, behavioral adaptation) and longer-term structural
changes (renewable expansion, efficiency upgrades). Yet, despite progress, the grow-
ing reliance on liquefied natural gas (LNG) now representing roughly 37% of imports

raises concerns about future carbon lock-in.

3.3.2 Regional Disparities

The EU’s transition is not uniform. Table 3.6 and associated data show clear dif-

ferences between regional clusters.

Cluster 1 countries (the Baltics, Poland, Finland) were historically more dependent
on Russian gas often above 80% prior to 2022 and responded with the most rapid
renewable expansion, reaching around 42% RES-E by 2024. Cluster 2 that repre-
sents three of the biggest economies in the EU (Germany, Spain, France) achieved
similar levels, though their growth stemmed from diversification and pre-existing

investment in solar and wind infrastructure.

Spatial dependence, already identified in Chapter 2, remains significant. Cluster 1’s

rapid adoption generated technological spillovers toward Cluster 2, where supply



Cluster Renewable Electricity Share (2024) | 2030 Target

Cluster 1  (Baltics, 42% 45-70%
Poland, Finland)
Cluster 2 (Germany, 42% 50-80%

Spain, France)

Table 3.6: Regional renewable electricity shares and 2030 targets.
Source: Furostat , Ember , REPowerEU

chains and policy frameworks were already mature. However, high grid intercon-
nection costs and coal dependence such as Germany that is considered as the largest
producer of coal in Europe and for its coal power generation, and in Poland, continue

to slow the pace of convergence.

The 2020-2025 period shows a Europe adapting to crisis through behavioral, policy,
and infrastructural change. Yet, the regional disparities underline the need for
targeted coordination under REPowerEU and cohesion funds to ensure that the

shift toward renewables is socially and spatially balanced.

3.4 Policy Frameworks and Regulatory Instruments

This section examines how the European Union (EU) reconfigured its energy and
foreign policy frameworks following Russia’s 2022 invasion of Ukraine. It interprets
the sequence of sanctions and investment measures not merely as reactive instru-
ments, but as components of a broader strategy linking security, decarbonization,
and economic autonomy. The discussion integrates findings from Chapters 1 and 2
on environmental policy stringency (EPS) and spatial interdependence, providing

analytical context for the EU’s wartime responses.

3.4.1 EU’s Immediate Policy Reaction to the War

The invasion triggered an unprecedented policy realignment. Within months, the
EU launched the REPowerEU plan and adopted eighteen sanctions packages that
progressively curtailed energy trade with Russia. Gas imports fell from 150 bil-
lion m?® in 2021 to 52 billion m? in 2024, and seaborne oil imports declined by
more than 90% [32, 47]. These measures, while aimed at undermining Russian rev-
enues, also served to accelerate renewable deployment and diversify supply chains.
The combined use of sanctions and green-investment funding (€300 billion under
REPowerEU) illustrates how energy security became intertwined with climate ob-

jectives.



3.4.2 Sanctions as Instruments of Economic Statecraft

Sanctions functioned as tools of economic statecraft, targeting key nodes of Russia’s
export system from oil-refining technology to shipping insurance. Their sequencing,
summarized in Table 3.1, reveals an evolving balance between punitive restrictions
and market stabilization. Early rounds focused on refined-oil technologies; later
packages addressed shipping services, liquefied natural gas (LNG), and the so-called
“shadow fleet.” By mid-2025, the cumulative effect reduced Russian energy exports
by about 95% for gas and 90% for oil, costing the Kremlin an estimated €38 billion
since 2022. Beyond their economic impact, the sanctions signaled the EU’s strategic

shift from dependency to deterrence.

3.4.3 Policy Coherence and Environmental Policy Stringency
(EPS)

The crisis response did not emerge in isolation. Chapter 1’s econometric anal-
ysis showed that stronger environmental regulation measured by the EPS index
significantly increases the share of renewables in total energy production (S =
0.475 £ 0.12,p < 0.05). Wartime measures reinforced this pattern by coupling re-
strictive trade policy with regulatory acceleration. The Green Deal’s 55% emission-
reduction target and REPowerEU’s 45 GW renewable-capacity goal created a dual-
pressure system: limiting fossil imports while expanding domestic clean energy. This
alignment of fiscal sanctions and environmental stringency demonstrates policy co-

herence under crisis conditions.

3.4.4 Integration and Spatial Coordination

Building on Chapter 2’s spatial analysis, the EU’s policy response also displayed
regional interdependence. Cross-border electricity exchanges and shared infrastruc-
ture projects such as hydrogen corridors and North Sea wind hubs embody the
spatial spillovers (p & 0.15) observed empirically. States that were most exposed
to Russian imports (Cluster 1) adapted quickly, spurring neighboring regions (Clus-
ter 2) through technology diffusion and market coupling. The sanction regime,
though externally focused, indirectly strengthened internal energy integration and

governance coordination.

The EU’s wartime framework illustrates a transition from reactive sanctions to

proactive energy governance. Sanctions weakened Russia’s fiscal capacity while ac-
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celerating the EU’s decarbonization agenda. By embedding EPS within a multi-level
spatial strategy, the Union transformed an external shock into an opportunity for
structural policy coherence a key step toward achieving both security and sustain-
ability.

From Policy Frameworks to Quantitative Evidence

The preceding analysis outlined how the European Union’s policy instruments par-
ticularly the REPowerEU strategy and successive sanctions packages redefined the
continent’s energy governance between 2022 and 2025. These regulatory shifts trans-
lated political objectives into concrete measures affecting gas imports, oil embar-
goes, and renewable investment patterns. However, understanding their full impact

requires more than descriptive policy tracing.

To assess how such instruments interacted with broader economic and environmen-
tal drivers, this chapter now turns to the empirical evidence. The following section
synthesizes the econometric and statistical models introduced in Chapters 1 and 2
specifically, the Generalized Method of Moments (GMM) and Spatial Autoregressive
(SAR) frameworks to evaluate renewable energy adoption and policy stringency un-
der crisis conditions. This integration allows us to link policy coherence (Section 3.4)

with measurable outcomes in energy transition dynamics.

3.5 Statistical and Econometric Models Used in

the Literature

Building upon the policy discussion in Section 3.4, this section situates the Furo-
pean Union’s renewable transition within a quantitative framework. The purpose is
twofold: first, to connect the EU’s policy instruments and wartime energy shifts with
established econometric approaches; and second, to highlight how the 20222025 cri-

sis altered relationships previously identified in Chapters 1 and 2.

The literature generally employs two complementary strategies to assess the de-
terminants of renewable energy adoption: (i) dynamic panel models that capture
temporal persistence and policy effects, and (ii) spatial models that measure inter-
dependence and diffusion across countries. Together, these approaches allow for a
more integrated understanding of energy transition dynamics during and after the

geopolitical shock.
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3.5.1 Dynamic Panel Models: Policy Effectiveness and Per-

sistence

Dynamic panel techniques, particularly the Generalized Method of Moments (GMM),
were used in Chapter 1 and in several key studies such as Sadorsky [67] and Borsky
and Leiter [13], to estimate how institutional and economic factors influence renew-
able energy shares. Applied to a panel of twenty EU countries from 20072020, the
GMM specification captured both temporal dependence and endogeneity in policy

variables.

Results indicated that Environmental Policy Stringency (EPS) exerted a significant
and positive effect on renewable energy production (S = 0.475 + 0.12,p < 0.05),
confirming that consistent regulatory enforcement fosters technological diffusion.
Likewise, the lagged dependent variable (5 = 0.46670.489, p < 0.05) revealed strong
persistence, meaning that past adoption predicts current expansion. Environmental
tax revenues and waste-to-energy indicators also displayed significant though smaller
effects (8 = 0.006 £ 0.001, p < 0.01), reinforcing the link between fiscal instruments

and green investment.

These findings complement the policy evidence discussed earlier: while sanctions
and REPowerEU redirected capital flows, the econometric results show that long-
term policy stringency not short-term shocks remains the main driver of renewable
capacity growth. In this sense, GMM results quantify what the legislative review im-
plied qualitatively: sustained policy coherence yields measurable gains in renewable

deployment.

3.5.2 Spatial Models: Spillovers and Regional Interdepen-

dence

To account for cross-border interactions, Chapter 2 extended the analysis through
Spatial Autoregressive (SAR) and Spatial Error (SEM) models. Spatial economet-
rics enables the identification of diffusion effects, whereby renewable adoption in
one country stimulates similar outcomes in its neighbours. Using contiguity-based
weight matrices, the SAR model for the same period (2007-2020) revealed a statis-
tically significant spatial coefficient (p = 0.14870.152 £ 0.03,p < 0.05), confirming

moderate but meaningful spillovers across EU member states.

The model also confirmed strong path dependence (8 = 0.87570.894 + 0.05,p <

0.01), suggesting that early leaders such as Germany and Denmark created self-
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reinforcing trajectories through infrastructure, expertise, and market integration.
GDP per capita followed a U-shaped relationship with renewables, with a turning
point near €12,500, implying that middle-income countries accelerate adoption once

initial capacity barriers are overcome.

From a policy standpoint, these spatial results explain why regional coordination
such as cross-cluster collaboration between Northern and Central Europe matters
for achieving collective EU targets. The statistical evidence thus supports the qual-
itative insights of Section 3.3: countries embedded in cooperative regional networks

transition faster and more efficiently than isolated ones.

3.5.3 Comparative Synthesis and Limitations

The GMM model highlights the internal drivers of renewable expansion policy strin-
gency, fiscal incentives, and technological persistence while the SAR model captures
external, cross-border dimensions. Taken together, they depict a multilevel pro-
cess: domestic policies initiate growth, and spatial interactions propagate it across

regions.

However, both frameworks face constraints when applied to the post-2022 context.
Pre-war datasets end in 2020 and therefore omit the structural break induced by
Russia’s invasion, the energy-price surge, and subsequent diversification policies.
Crisis-period shocks altered trade flows and relative prices, limiting comparability
with earlier periods studied by Sadorsky [67] and Borsky and Leiter [13]. Updated
Eurostat and IEA data for 2022-2025, once available, will allow future work to
integrate dynamic GMM specifications with spatial dependence potentially through
a Spatial-GMM framework to capture both persistence and contagion in renewable

adoption.

3.5.4 Interpretation in the Broader Framework

Quantitative evidence reinforces the qualitative findings from Sections 3.4 and 3.3.
Environmental policy stringency and cross-border collaboration emerge as mutually
reinforcing pillars of the EU’s energy transition. Sanctions and REPowerEU acted as
accelerators, but without the pre-existing regulatory and spatial foundations identi-
fied in these models, the wartime response would have been far less effective. Hence,
the econometric literature and empirical results together clarify how institutional
coherence, regional interdependence, and crisis adaptation jointly shape Europe’s

path toward carbon neutrality.
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3.6 Future Outlooks

This section synthesizes the forward-looking dimensions of the European Union’s
energy transition in light of the empirical and policy analyses developed earlier.
It interprets the cumulative effects of sanctions, diversification, and institutional
learning, identifying the remaining structural challenges for a carbon-neutral path-
way beyond 2025. The analysis integrates quantitative findings from Chapters 1
and 2 with the policy evaluation in Section 3.4, highlighting how economic, spatial,

and social dynamics interact to shape the EU’s energy future.

3.6.1 Trajectory of the Energy Transition

By 2024, renewable electricity accounted for 46.9% of EU generation, driven by
accelerated investments under the REPowerEU plan and national recovery frame-
works. Yet, the transition remains incomplete. Despite a 6% decline in total energy
consumption relative to 2019, natural gas still represents 37% of imports, mostly
liquefied natural gas (LNG) from the United States. This diversification enhanced
short-term energy security but created medium-term lock-in risks due to long-term

LNG contracts and infrastructure commitments.

From a governance perspective, the policy coherence mechanisms discussed in Sec-
tion 3.4 notably Environmental Policy Stringency (EPS) and regional coordination
remain the most robust predictors of renewable progress. Econometric evidence
(Sections 3.5) suggests that policy persistence and spatial spillovers explain a sig-
nificant share of renewable expansion, implying that post-2025 strategies should

prioritize continuity and integration rather than abrupt reorientation.

3.6.2 Regional Support and Convergence

Spatial disparities continue to define the European energy landscape. Chapter 2’s
results on spatial spillovers (p &~ 0.15) and path dependence (8 = 0.8770.89) high-
light that neighboring countries influence one another’s adoption rates. Central
and Eastern Europe particularly Poland and Hungary require targeted support to

overcome structural dependence on coal and imported gas.

Cross-border investment in grid interconnections and technology sharing, as exem-
plified by Germany—Poland and Baltic-Nordic cooperation, should remain a policy

priority. Integrating REPowerEU with Cohesion and Just Transition Funds would
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help reduce the uneven pace of decarbonization and ensure that regional disparities
do not compromise the EU-wide 2030 and 2050 targets.

3.6.3 Energy Poverty and Social Equity

Energy poverty emerged during the 2022-2023 price crisis as a major socio-economic
constraint. As Chapter 1 demonstrated, approximately 8.4% of households reported
arrears on utility bills and 7.5% were unable to keep their homes adequately warm.

These indicators negatively affect public acceptance of transition policies.

While the econometric analysis showed only a temporary influence of energy poverty
on renewable adoption (8 = 0.165 to 8 = 0.119), the policy implication is clear:
without compensatory mechanisms, social resistance could slow decarbonization.
Expanding targeted retrofit subsidies, supporting heat-pump deployment, and in-
troducing dynamic energy tariffs could mitigate distributional inequities while sus-

taining renewable momentum.

3.6.4 LNG Dependence and Decarbonization Risks

The post-2022 diversification reduced Russia’s market share but deepened reliance
on LNG, which supplied more than one-third of EU gas by 2025. While this shift
improved short-term resilience, it contradicts long-term decarbonization objectives.
The carbon footprint of LNG including methane leakage and transport emissions
risks undermining climate commitments unless offset by parallel investments in hy-

drogen and electrification infrastructure.

Future energy security thus depends on balancing flexibility with decarbonization.
The EU Hydrogen Strategy and cross-border “hydrogen corridors,” if aligned with
the Green Deal Industrial Plan, could transform existing LNG infrastructure into

lower-emission supply chains over the next decade.

3.6.5 Research and Policy Directions

Empirical limitations identified in Section 3.5 underscore the need for enhanced
data coverage and methodological innovation. Post-2025 studies should integrate
crisis-period observations into spatial and dynamic frameworks, ideally through a
Spatial-GMM or hybrid econometric model capturing both persistence and diffusion

effects.
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Beyond quantitative refinements, qualitative analyses of institutional learning, be-
havioral adaptation, and regional governance will be essential. Eurobarometer sur-
veys and national energy-transition plans can provide valuable insights into citizen
engagement and political sustainability. Together, these research directions will in-
form future European energy governance, ensuring that the transition remains both

resilient and equitable.

3.6.6 Synthesis and Outlook

In summary, the EU’s energy transition has entered a new phase defined by dual
imperatives: sustaining security under geopolitical volatility and achieving rapid de-
carbonization. The 2022-2025 period demonstrated Europe’s adaptive capacity but
also revealed persistent inequalities and technological dependencies. Maintaining
progress will require reinforcing environmental policy stringency, addressing social
vulnerability, and converting temporary crisis responses into long-term strategic

assets.

The integration of econometric evidence with policy evaluation reveals that Europe’s
path toward carbon neutrality depends less on crisis-driven measures and more
on institutional endurance, cross-border cooperation, and inclusive growth. These
principles form the foundation for the post-2025 energy decade a period that will
test the EU’s ability to align resilience with sustainability.

The next section synthesizes thesis findings for policy and sustainability implications.

General Conclusion

This chapter has examined the dynamics of Europe’s renewable energy transition
within the broader context of the post-2022 energy crisis. It combined descriptive
evidence, policy analysis, and econometric modelling to evaluate how sanctions,
diversification strategies, and governance frameworks have reshaped the continent’s
energy landscape. The results underscore three central findings: the persistence of
structural heterogeneity across member states, the importance of institutional and
policy coherence in sustaining renewable growth, and the evolving balance between

energy security and decarbonization objectives.

Empirical evidence confirmed that environmental policy stringency (EPS) and past

renewable performance remain the most significant drivers of the transition, while
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economic and social variables exert indirect but meaningful effects. Energy-poverty
indicators particularly arrears on utility bills and the inability to keep homes ad-
equately warm moderately influence renewable adoption, highlighting the need for
inclusive policy design. The analysis also demonstrated that spatial spillovers and
temporal dependence play a decisive role, suggesting that progress in one region can

catalyse advancement in neighbouring areas.

At the policy level, the assessment of EU sanction packages from 2022 to 2025 re-
vealed both resilience and vulnerability. The rapid diversification away from Russian
imports succeeded in stabilizing supply but deepened reliance on liquefied natural
gas (LNG), creating new dependencies that may challenge long-term decarboniza-
tion goals. To convert this short-term adaptation into a sustainable pathway, the
EU must integrate its crisis responses with forward-looking initiatives such as RE-

PowerEU, the Green Deal Industrial Plan, and cross-border hydrogen corridors.

The findings carry broader implications for governance and research. Coherent envi-
ronmental policies, coupled with social compensation mechanisms, can reconcile se-
curity and equity, ensuring public support for accelerated decarbonization. Method-
ologically, future studies should adopt integrated spatial-dynamic frameworks and
exploit the growing availability of post-crisis data to capture evolving behavioural
and institutional patterns. Such approaches will enable a more nuanced understand-
ing of how Europe’s energy transformation interacts with economic resilience and

social welfare.

In conclusion, Europe’s renewable transition has reached a pivotal juncture. The
crisis of 2022-2025 acted as both a shock and a catalyst, exposing weaknesses but
also demonstrating the system’s adaptability. Achieving the 2030 and 2050 climate
targets will depend on sustaining this adaptive capacity through policy continuity,
cross-regional cooperation, and inclusive economic growth. The empirical and con-
ceptual insights provided in this chapter contribute to that agenda, offering evidence
and guidance for the design of a resilient, socially balanced, and climate-aligned Eu-

ropean energy future.

2007-2020 — Policy Effectiveness (Ch 1) 2020-2022 — Spatial Adoption Dynamics
(Ch 2) 2022-2025 — Renewable Energy in the EU (Ch 3) Post-2025 — Future
Outlook
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Policy Effectiveness Spatial Dynamics Renewable Energy in the EU
(Chapter 1) licy Foundatiofs (Chapter 2) Spatial Sp [llovers & Interdependence (Chapter 3)
GMM, EPS 3 = 0.475-0.486 Spillovers p = 0.15 Sanctions & REPowerEU
Waste 5 = 0.006 Path Dependence 3 = 0.87-0. 89 Energy Realignment 2022-2025

risis Responses

Future Outlooks
Mid-Income Support (Poland, Hungar
Energy Poverty, LNG Lock-in

Figure 3.2: Conceptual framework of analytical progression and interaction across the
three empirical chapters and the future outlook.

Outlook & Pol-

Spatial Dynamics Renewable En- jcy Integration
Policy Effectiveness Spillovers p = 0.15 ergy in the EU LNG Lock-in, Mid-
EPS 5 = 0.475-0.486 Path Dependence Sanctions & REPowerEUncome Support,
GMM Panel (2007-2020) B = 0.87-0.89 (2022-2025)  Energy Poverty Risks

Ch. 1 ‘@ > Ch. 3 Future
2007 2020 U 2022 202

Figure 3.3: Timeline of analytical and historical scope linking policy effectiveness, spatial
adoption, and war-induced energy transition (2007-2025).
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