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ASSESSING THE EFFICIENCY
OF RENEWABLE ENERGY POLICIES:
A DEA, MACHINE LEARNING,

AND PANEL DATA APPROACH

Abstract

The accelerating energy transition and uneven effectiveness of renewable energy poli-
cies across OECD member, accession, and key partner countries covered by the OECD
policy database highlight the need to understand which policy designs deliver effi-
cient outcomes. This study aims to assess how different regulatory policy instruments
and their combinations influence the efficiency with which countries convert policy
stringency inputs into renewable electricity generation outcomes. The analysis uses
panel data for 47 countries over 2000-2023, combining Data Envelopment Analysis,
Random Forest modeling, and fixed-effects regressions with lagged variables. The re-
sults show that the average DEA efficiency score is 0.348 (median = 0.258), indicating
substantial underperformance relative to the best-practice frontier. Random Forest
results reveal that structural factors dominate, with energy intensity (IncNodePurity
= 2.53 x 107?) and GDP per capita (1.44 x 107'?) exhibiting the highest variable im-
portance scores. Among policy instruments, feed-in tariffs, renewable energy auctions,
and emission standards have the most robust positive associations. Interaction effects
indicate complementarity, with the joint impact of feed-in tariffs and auctions being
positive and significant. In contrast, most individual instruments show limited or in-
significant effects, confirming that policy effectiveness depends on coordinated policy
mixes and structural conditions rather than isolated measures.

Keywords energy transition, regulatory stringency, energy policy,
policy mix, RE generation, cross-country analysis
JEL Classification Q42, Q48, Q58, C14

INTRODUCTION

The rapid acceleration of the global energy transition has made the
effectiveness of renewable energy policies a central concern for poli-
cymakers and international organizations. Recent reports by the
International Energy Agency emphasize that, despite record growth
in renewable electricity capacity, global progress remains uneven
and insufficient to meet net-zero targets, with persistent gaps in pol-
icy implementation and investment (IEA, 2025, 2026). Similarly, the
International Renewable Energy Agency notes that although renew-
able capacity additions reached historic levels, structural barriers such
as grid constraints, fossil-fuel lock-in, and regulatory inconsistencies
continue to limit efficiency gains (IRENA, 2025). The Organization for
Economic Co-operation and Development further notes that coun-
tries differ significantly in their ability to translate policy efforts into
renewable energy outcomes due to variations in institutional quality
and policy coherence (OECD, 2025). These findings underscore that
the mere presence of renewable energy policies is insufficient; their ef-
fectiveness depends critically on design, coordination, and systemic
alignment.
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Recent international evidence points to a growing consensus that policy mixes, rather than individu-
al instruments, are essential for achieving effective and sustained renewable energy deployment. The
OECD (2025) and IEA (2025) highlight that combining market-based mechanisms, such as auctions,
feed-in tariffs, and carbon pricing, with regulatory instruments, such as emission standards and fossil
fuel phase-out policies, enhances investment certainty and improves system efficiency. Likewise, IRENA
and CPI (2025) emphasize that stable, coordinated policy frameworks are necessary to mobilize long-
term energy transition finance and reduce investment risks. However, despite this growing recognition,
there remains a lack of rigorous empirical analysis identifying which specific policy combinations are
most effective and how they interact to influence efficiency outcomes.

At the same time, recent reports increasingly emphasize the role of structural and institutional condi-
tions in shaping policy effectiveness. The OECD (2025) points to the importance of economic develop-
ment, governance quality, and regulatory capacity in determining the success of renewable energy poli-
cies. The IEA (2025) further highlights that energy system characteristics, including energy intensity
and infrastructure readiness, critically influence how policies translate into actual renewable genera-
tion. In parallel, IRENA and CPI (2025) underline that institutional stability and credible long-term
policy signals are essential for attracting energy-transition investment. These insights collectively in-
dicate that policy effectiveness cannot be evaluated in isolation but must be analyzed within a broader
systemic context, thereby reinforcing the need for integrated analytical frameworks that capture both
policy interactions and structural determinants of renewable energy efficiency. In this study, renewable
energy policy efficiency is understood as the relative efficiency with which countries transform regula-
tory policy stringency inputs into renewable electricity generation, measured as the share of renewable

electricity in total electricity generation.

1. LITERATURE REVIEW

The effectiveness of renewable energy policies has
been widely examined within the broader framework
of environmental regulation, technological change,
and sustainable energy transition. Early studies es-
tablished that policy instruments influence tech-
nology diffusion and innovation through dynamic
incentives, market signals, and regulatory pressure,
but they also showed that no single instrument is suf-
ficient to generate optimal outcomes in complex en-
ergy systems (Jaffe & Stavins, 1995; Fischer & Newell,
2008; Johnstone et al., 2009). This perspective laid
the foundation for analyzing renewable energy pol-
icy not as a set of isolated measures, but as a com-
bination of mutually reinforcing instruments. Later
research confirmed that regulatory push, technology
push, and market pull jointly shape eco-innovation
and environmental outcomes, supporting the need
to assess renewable energy policies through integrat-
ed policy-mix frameworks rather than individual
tools alone (Horbach et al., 2012).

A substantial part of the literature focuses on en-

vironmental policy stringency, energy efficiency,
and renewable energy deployment. Efficiency-
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based evidence indicates that environmental reg-
ulation may improve energy performance, though
the magnitude and direction of the effects depend
on sectoral conditions, regulatory design, and
implementation quality (Bi et al., 2014). Cross-
country and regional studies further demonstrate
that policy stringency can support renewable en-
ergy production, but its effectiveness differs across
institutional and territorial contexts (Godawska
& Wyrobek, 2021; Vasa et al., 2024; Streimikiené,
2024). These findings are particularly relevant for
the present study because they indicate that the
key question is not only whether renewable energy
policies exist, but how efficiently countries trans-
form regulatory policy stringency into renewable
electricity outcomes.

Broader structural and macroeconomic condi-
tions also shape the effectiveness of renewable en-
ergy policies. Energy intensity, resource produc-
tivity, sectoral resilience, and economic capacity
influence countries’ ability to convert policy ef-
forts into measurable renewable energy outcomes
(Tausova et al., 2022; Pimenow et al., 2026). This
is consistent with the view that renewable energy
policy efficiency depends not only on regulatory
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instruments but also on the underlying structure
of the energy system. Recent evidence on energy
security and renewable deployment also high-
lights the importance of macroeconomic stabil-
ity, energy dependency, and geopolitical shocks,
especially in the European context and in rela-
tion to the war in Ukraine (Wolowiec et al., 2022;
Havrylenko & Myroshnychenko, 2025; Vasylieva
et al., 2025a, 2025b). These studies support the in-
clusion of structural control variables and justify
the cross-country analytical design.

Another central strand of research emphasizes poli-
cy coherence, governance, and institutional quality.
Policy coordination across sectors is essential be-
cause environmental and energy instruments often
interact, overlap, or generate unintended effects
when implemented separately (Nilsson et al., 2012;
Roelfsema et al., 2020). Recent studies show that
differences in regulatory convergence, governance
capacity, and institutional conditions may explain
why similar environmental policies produce differ-
ent outcomes across countries (Alper et al., 2026;
Ferenczi Vanova et al., 2026). Sustainable gover-
nance and green-growth frameworks further indi-
cate that policy effectiveness depends on the qual-
ity of institutions, coordination mechanisms, and
the capacity to manage long-term transition risks
(Shanyazov et al., 2026; Tiiriig-Seraj et al., 2026).
This literature directly supports the present study’s
focus on policy mixes and institutional conditions.

Financial instruments and investment mecha-
nisms are another important foundation for the
effectiveness of renewable energy policy. Feed-in
tariffs, power purchase agreements, government
expenditure, and sustainable finance mechanisms
can reduce investment uncertainty and stimulate
renewable energy deployment, although their ef-
fects depend on market maturity and policy sta-
bility (Lyeonov & Moroz, 2025; Shcherbakova,
2025; Fernandes et al., 2025). Broader financial-
market and infrastructure-investment conditions
also shape economies’ ability to support the energy
transition through capital mobilization and long-
term investment planning (Krause et al.,, 2024;
Patnaik & Hedau, 2026). These studies are closely
linked to the empirical model because several pol-
icy inputs analyzed in this article, including feed-
in tariffs and auctions, function through invest-
ment incentives and risk-reduction channels.

http://dx.doi.org/10.21511/ee.17(2).2026.17
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A related but more peripheral strand of litera-
ture broadens the discussion of renewable en-
ergy policy effectiveness by examining organi-
zational, behavioral, public health, corporate,
start-up, and digital governance channels of
the sustainability transition. Green human re-
source management, ethical and strategic lead-
ership, behavioral incentives, and public-health
improvements are not direct components of the
empirical model used in this study, but they il-
lustrate how environmental regulation may op-
erate through organizational adaptation, social
acceptance, behavioral change, and co-benefits
(AlNagbi & Mohd Shamsudin, 2024; Barcelona,
2025; Burrell et al., 2025; Badreddine & Larbi
Cherif, 2024). Similarly, research on energy en-
trepreneurship ecosystems, investor protection,
and digitalization points to broader governance,
innovation, and market-adaptation mecha-
nisms that may indirectly influence environ-
mental and renewable energy policy outcomes
(Halynskyi & Telizhenko, 2024; Sira & Kuzior,
2025; Yu et al., 2021). Corporate reporting qual-
ity, sustainable development, and carbon tax
cooperation further highlight the importance
of transparency, regulatory accountability, and
international coordination in shaping the effec-
tiveness of environmental policy (To & Tran,
2025; Trinh, 2025; Yoshimori, 2024). These
studies are therefore used as contextual support
rather than as direct empirical foundations for
the DEA-Random Forest-panel data model.

Recent literature also highlights uncertainty, in-
formality, and macro-financial instability as fac-
tors that may weaken the transmission of environ-
mental policies into expected outcomes. Climate
policy uncertainty can affect carbon productivity
and investment decisions, while financial stress
may influence the performance of clean energy
markets (Cui & Yuan, 2025; Sahu et al., 2026).
Environmental policies may also interact with in-
formal economic activity, compliance incentives,
and governance constraints, thereby reducing the
effectiveness of formal regulatory instruments
(Lyeonov et al., 2025a, 2025b). This evidence
suggests that renewable energy policy efficiency
should be analyzed not only through direct policy
effects but also through the broader institutional
and economic environment in which such policies
operate.
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Despite these advances, several gaps remain.
Existing studies often focus on individual policy
instruments, specific regions, or single method-
ological approaches. In contrast, fewer studies
combine efficiency analysis, machine learning,
and panel econometrics to assess the effectiveness
of renewable energy policy in an integrated man-
ner. The interaction effects between policy instru-
ments and the role of structural, institutional, and
governance conditions also remain insufficiently
explored in cross-country settings. However, re-
cent studies emphasize that sustainable gover-
nance, green-growth strategies, institutional ca-
pacity, and leadership mechanisms are essential
for effective environmental and energy transitions
(Shanyazov et al., 2026; Tiirii¢-Seraj et al., 2026;
Ntshangase et al., 2024; Stadniichuk et al., 2025).
This gap is particularly important when policy ef-
fectiveness is defined as the efficiency with which
regulatory stringency inputs are converted into re-
newable electricity outcomes (Sitnicki et al., 2026a,
2026b; Kuzior et al., 2025). Therefore, this study
addresses the identified gap by integrating DEA,
Random Forest analysis, and fixed-effects panel
modeling to identify which policy instruments
and policy combinations are associated with high-
er renewable energy policy efficiency.

The existing scientific literature demonstrates
that interactions among regulatory instruments,
financial incentives, institutional quality, and
structural energy-system conditions shape the ef-
fectiveness of renewable energy policy. However,
the literature still lacks comprehensive empiri-
cal frameworks capable of capturing these mul-
tidimensional relationships within one analyti-
cal design. This study contributes to the literature
by assessing not only which instruments matter,
but also how policy mixes and structural condi-
tions jointly shape the efficiency with which poli-
cy stringency translates into renewable electricity
generation outcomes.

This study aims to assess how different regulatory
policy instruments and their combinations influ-
ence the efficiency of renewable electricity gen-
eration across OECD member, accession, and key
partner countries covered by the OECD policy da-
tabase, and to determine the structural and insti-
tutional conditions under which these policies are
most effective.
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2. METHODOLOGY

This study employs a multi-stage empirical strat-
egy to examine the effectiveness of regulatory pol-
icy instruments in promoting renewable electric-
ity generation across a panel of 47 countries over
the period 2000-2023. The analysis integrates
non-parametric efficiency measurement, machine
learning techniques, and panel econometric mod-
eling to capture both relative performance and
complex policy dynamics.

The dataset is constructed from multiple interna-
tional sources. The core policy variables - strin-
gency indices for ETS (electricity), carbon taxes,
fossil fuel subsidies, fossil fuel excise taxes, feed-in
tariffs, renewable energy auctions, renewable en-
ergy certificates, coal phase-out policies, planning
for renewable expansion, air emission standards,
cross-sectoral policies, and international poli-
cies — as well as renewable electricity generation
(percentage of total electricity generation) and en-
ergy intensity per capita (tonnes of oil equivalent
per person) are obtained from the OECD Data
Explorer (OECD, n.d.). GDP per capita (constant
2015 US dollars) is sourced from the World Bank
(World Bank, n.d.), while the Heritage Index of
Economic Freedom is sourced from The Heritage
Foundation (The Heritage Foundation, n.d.).

The sample includes the following OECD member,
accession, and key partner countries, covered by
the OECD policy database: Argentina, Australia,
Austria, Belgium, Bulgaria, Canada, Chile, China,
Colombia, Costa Rica, Croatia, Czechia, Denmark,
Estonia, Finland, France, Germany, Greece,
Hungary, Iceland, India, Indonesia, Ireland, Israel,
Italy, Japan, Latvia, Lithuania, Luxemburg, Malta,
Mexico, the Netherlands, New Zealand, Norway,
Peru, Poland, Portugal, Romania, Slovakia,
Slovenia, South Africa, South Korea, Spain,
Sweden, Switzerland, Turkey, and the United
Kingdom. The inclusion criterion was the avail-
ability of harmonized OECD policy stringency
indicators and corresponding renewable electric-
ity, energy intensity, GDP per capita, and institu-
tional data for the period 2000-2023. Therefore,
the sample includes OECD member countries as
well as selected non-OECD economies covered by
the OECD policy database. The initial dataset con-
tains 1,128 country-year observations. The panel
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is unbalanced due to missing values in some vari-
ables and the construction of lagged policy vari-
ables. Fixed-effects regressions use 1,081 observa-
tions because the first year of observation for each
country is lost after introducing one-year lags
and because observations with incomplete trans-
formed variables are excluded.

In the first stage, Data Envelopment Analysis
(DEA) is applied to estimate the relative efficien-
cy with which countries convert regulatory policy
stringency inputs into renewable electricity gen-
eration outcomes. The decision-making units are
country-year observations for 47 OECD mem-
ber, accession, and key partner countries covered
by the OECD policy database over the period
2000-2023. The DEA model is specified as an out-
put-oriented model with variable returns to scale
(VRS), because the purpose is to assess how far re-
newable electricity generation could be increased
for a given level of policy stringency rather than
to minimize policy inputs. The output variable is
renewable electricity generation, measured as the
percentage share of renewable electricity in to-
tal electricity generation. The input variables are
the twelve OECD policy stringency indices: ETS
- electricity, carbon tax — electricity, fossil fuel sub-
sidies — electricity, fossil fuels excise taxes — elec-
tricity, feed-in tariffs, renewable energy auctions,
renewable energy certificates, ban and phase-out
on the construction of coal-fired power plants,
planning for renewables expansion, air emission
standards, cross-sectoral policies, and interna-
tional policies. Thus, all policy stringency indices
are treated as DEA inputs.

The DEA model is estimated in R using the
Benchmarking package. Zero values in policy
stringency indices are retained because they rep-
resent the absence of a given policy instrument or
the lowest level of policy stringency and are there-
fore meaningful observations rather than miss-
ing values. Observations with missing values in
any DEA input or output variable are excluded
from the corresponding estimation. Structural
and macroeconomic variables, including en-
ergy intensity, GDP per capita, and the Heritage
Foundation’s Economic Freedom Index, are not
included in the DEA model. They are used only in
the second-stage Random Forest and fixed-eftects
panel models to explain differences in DEA effi-
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ciency across countries and over time. The result-
ing output-oriented DEA scores are bounded be-
tween 0 and 1 and subsequently logit-transformed
for use in fixed-effects regressions.

Because the DEA efficiency score is constructed us-
ing policy stringency indices as inputs, the second-
stage models are not interpreted as independent
causal tests of the same policy instruments. Instead,
the Random Forest and fixed-effects models are
used as diagnostic tools to examine which policy-
input dimensions and structural conditions are
most strongly associated with variation in the con-
structed efficiency score. This interpretation recog-
nizes that policy variables enter both the DEA con-
struction and the second-stage analysis; therefore,
the second-stage results should be understood as
identifying patterns of relative contribution, non-
linear associations, and complementarities with-
in the policy-efficiency framework rather than as
causal estimates of policy impacts.

In the second stage, a Random Forest model is used
to examine the relative contribution of policy-in-
put dimensions and structural variables to varia-
tion in DEA efliciency scores. This non-parametric
approach allows for the detection of complex non-
linear relationships and interaction effects without
imposing restrictive functional form assumptions.
Variable importance measures are complemented
by partial dependence plots and interaction diag-
nostics to enhance interpretability and uncover
potential threshold effects. The dependent vari-
able in the Random Forest model is the bounded
DEA efficiency score, while policy stringency indi-
ces and structural variables are used as predictors.

In the third stage, the DEA-based patterns are fur-
ther examined using two-way fixed-effects panel
models that incorporate both country- and year-
fixed effects to control for unobserved heteroge-
neity and common temporal shocks. These mod-
els are interpreted as robustness and association
checks rather than causal second-stage regressions.
Lagged policy variables are included to account for
delayed policy impacts. Additional specifications
test for non-linear effects through quadratic terms
and for policy complementarity through interac-
tion terms. The dependent variable in the fixed-
effects regressions is the logit-transformed DEA
efficiency score.
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This integrated methodological framework en-
ables a comprehensive assessment of policy effec-
tiveness, combining efficiency measurement, flexi-
ble modeling of complex relationships, and econo-
metric robustness.

DEA results are sensitive to the selection and num-
ber of policy input variables; in this study, DEA
uses twelve policy stringency indices as inputs and
renewable electricity generation share as the only
output, while structural variables are analyzed
only in the second-stage models. Although lagged
variables and fixed effects reduce some endogene-
ity concerns, the analysis should be interpreted as
associative rather than strictly causal. Random
Forest improves the detection of non-linearities
and interactions, but does not establish causality.
In addition, the sample includes OECD member,
accession, and key partner countries, covered by
the OECD policy database, thereby increasing het-
erogeneity. The use of aggregate renewable electric-
ity generation fails to distinguish between tech-
nologies such as wind, solar, hydro, and biomass.
A further limitation is that several policy variables
used as explanatory variables in the second-stage
models are also used as DEA inputs; therefore, the
second-stage results may partly reflect the con-
structed nature of the DEA efliciency score and
should be interpreted as diagnostic associations
rather than causal effects. Future research should
employ stronger causal identification strategies,
include measures of policy implementation qual-
ity, and examine technology-specific outcomes of
renewable energy.

3. RESULTS

The descriptive statistics presented in Table Al
(Appendix A) provide an overview of the varia-
tion in regulatory policy instruments, renewable
energy outcomes, and structural control variables
across OECD member, accession, and key partner
countries over the period 2000-2023. The average
share of renewable electricity generation amounts
to 34.34%, with substantial dispersion (SD =
28.42), indicating pronounced cross-country het-
erogeneity in energy transitions. Policy instru-
ments exhibit markedly different distributions.
Market-based instruments, such as the emissions
trading system (ETS), show a moderate average in-
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tensity (mean = 3.49) and a relatively symmetric
distribution. In contrast, carbon taxes and fossil
fuel excise taxes exhibit highly skewed distribu-
tions (skewness = 3.59 and 4.69, respectively), with
medians equal to zero, suggesting that these in-
struments are implemented in only a limited sub-
set of countries and years. Similarly, renewable en-
ergy auctions and certificates exhibit strong right-
skewness and excess kurtosis, indicating episodic
or uneven adoption patterns across the sample.

In contrast, regulatory and planning instruments,
such as air emission standards (mean = 4.32) and
planning for renewable energy expansion (mean =
2.29), appear more widely implemented and exhib-
it more balanced distributions, although some still
show moderate skewness. Fossil fuel subsidies and
cross-sectoral policies show relatively stable aver-
ages but considerable variability, reflecting differ-
ences in national policy frameworks. Importantly,
several policy variables have medians equal to
zero, highlighting the prevalence of non-adoption
or delayed adoption across 47 OECD member, ac-
cession, and key partner countries covered by the
OECD policy database and reinforcing the need
to analyze policy mixes rather than individual in-
struments in isolation.

With respect to control variables, GDP per capita
averages 28,621 USD (constant 2015 prices), with
substantial dispersion, indicating wide differences
in economic development. Energy intensity per
capita (mean = 3.39 tonnes of oil equivalent) is
strongly right-skewed (skewness = 2.84), suggest-
ing that a small number of highly energy-intensive
economies drive the upper tail of the distribution.
The Heritage Index of Economic Freedom shows a
relatively symmetric distribution around a mean
of 68.28, reflecting moderate institutional varia-
tion across OECD member, accession, and key
partner countries. The descriptive evidence points
to significant heterogeneity in both policy design
and structural conditions, supporting the use of
flexible, non-linear modeling approaches and effi-
ciency-based frameworks to capture the complex
relationships between regulatory stringency and
renewable energy performance.

The DEA results reported below are based on

an output-oriented VRS specification using the
twelve OECD policy stringency indices as inputs
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and the renewable electricity generation share as
the output. The results indicate substantial het-
erogeneity in both renewable electricity outcomes
and the efficiency with which regulatory policy
instruments are translated into these outcomes
across country-year observations in the analyzed
sample. Renewable electricity generation exhibits
a wide distribution, with a mean of 34.34% and
a median of 25.31%, suggesting that while several
countries have achieved high shares of renewables
(up to 99.99%), a considerable proportion of obser-
vations remains at relatively low levels, as reflected
in the first quartile of 11.41%. This confirms un-
even progress in the energy transition across the
sample.

The output-oriented DEA results further reinforce
this heterogeneity. The raw efficiency scores (dea_
eff_out) exhibit extreme dispersion, including in-
finite values, arising from observations with very
low or zero renewable output relative to the policy
input bundle. This indicates that, for some coun-
try-year cases, the model identifies extremely large
proportional gaps between observed performance
and the estimated frontier, reflecting weak con-
version of regulatory stringency into renewable
energy outcomes. Such behavior is typical in DEA
when outputs approach zero, underscoring the
presence of structurally inefficient observations.

After transformation into the bounded efficiency
measure (dea_eff 01), the results become more in-
terpretable. The efficiency scores range from 0 to 1,
with a mean of 0.348 and a median of 0.258, indi-
cating that the average country operates well below
the best-practice frontier. In practical terms, this
suggests that, given their levels of policy intensity,
most countries could substantially increase their
renewable electricity share if they operated as ef-
ficiently as frontier countries. The relatively high
standard deviation (0.288) points to pronounced
cross-country variation in policy effectiveness. At
the same time, the presence of frontier observa-
tions (max = 1) confirms that certain country-year
combinations successfully achieve optimal con-
version of regulatory inputs into renewable out-
comes. The findings highlight both the existence
of best-practice policy configurations and signifi-
cant inefliciencies in the majority of cases, justify-
ing further investigation into the role of specific
policy instruments and their combinations.
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The Random Forest results presented in Table
1 reveal a clear hierarchy in the determinants of
DEA-based efficiency in transforming regulato-
ry policy instruments into renewable electricity
outcomes. The importance measures, based on
both the percentage increase in mean squared er-
ror (%IncMSE) and node purity (IncNodePurity),
consistently indicate that structural and macro-
economic factors dominate policy-specific vari-
ables in explaining efficiency differences across
OECD member, accession, and key partner coun-
tries. Since the DEA efficiency score is construct-
ed from the policy stringency inputs, the Random
Forest results should be interpreted as a diagnos-
tic ranking of variables associated with efficiency
variation, not as causal evidence that these instru-
ments contribute to the construction and varia-
tion of DEA-based efficiency.

Table 1. Random Forest variable importance for
DEA efficiency

Variable %IncMSE ilncNodePurity
In_energy_intensity 7.66e-15 2.53e-12
n_gdp_pc 68415 | lddel2
::e;;as:}lndex of Economic ) 97e-15 10le-12
Air emission stand';r';:l "5..(3‘6(9—15 992e 3 o
Cross-sectoral pol'igi'é“s' """ 208615 544e—l3 o
Coal phase-out policies 2.42e-15 49913
International policies 974e-16 | 362e13
Feed-intariffs 1.0: 0 310e13

1.03e-15

Planning for renewables

. 9.24e-16
expansion

2.72e-13

2.72e-13

Fossil fuels excise tax ".6..;58*16

Fossil fuel subsidies ".9..5‘16-16 250e13 o
ETS (Electricity) 6.24e-16 157013
Renewable energx'/mc'é‘r“t'#icates "4.1..5.3“5e—16 : 145e—13 o
Carbontax 129e-16 | 666e-14
Renewable energy auctions 402e17 | 437e14

Among all predictors, energy intensity per capi-
ta (In_energy_intensity) emerges as the most in-
fluential, with the highest IncNodePurity and
%IncMSE values. This suggests that countries
with lower energy intensity are substantially more
efficient at translating regulatory efforts into re-
newable energy outcomes, highlighting the criti-
cal role of the underlying energy system structure.
Similarly, GDP per capita (In_gdp_pc) and the
Heritage Index of Economic Freedom also display
high variable-importance scores.
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Among policy instruments, the most influential
variables include air emission standards, cross-
sectoral policies, and coal phase-out regulations,
all of which have relatively high importance scores.
This implies that broad regulatory frameworks
and structural constraints on fossil fuel use are
more effective in driving efficiency than narrowly
targeted instruments. In contrast, market-based
mechanisms such as renewable energy auctions,
carbon taxes, and excise taxes are comparatively
less important, suggesting a limited standalone
impact within the broader policy mix.

Notably, feed-in tariffs, planning for renewables
expansion, and international policies occupy an
intermediate position, indicating that while these
instruments contribute to efficiency, their effec-
tiveness is conditional on the broader economic
and institutional environment. The results under-
score that policy effectiveness is not solely deter-
mined by the presence of specific instruments but
by their interaction with structural economic con-
ditionsand comprehensive regulatory frameworks.

Figure 1 presents the graphical representation of
variable importance derived from the Random
Forest model, illustrating the relative contribution of
each predictor to the explanation of DEA efficiency.
The plot visually confirms the dominance of struc-
tural variables, with energy intensity and GDP per
capita clearly standing out as the most influential
determinants. These variables exhibit substantially
higher importance scores than individual policy in-
struments, indicating that underlying economic and
energy system characteristics strongly condition the
efficiency of renewable energy transformation.

Among policy-related variables, the plot high-
lights air emission standards, cross-sectoral poli-
cies, and coal phase-out measures as the most rele-
vant contributors, forming a second tier of impor-
tance. In contrast, market-based instruments such
as auctions and carbon taxes appear at the lower
end of the importance spectrum, reinforcing the
conclusion that their effectiveness is limited when
not embedded within a broader regulatory and in-
stitutional framework.

The overall pattern observed in Figure 1 suggests
a multi-layered structure of determinants, with
macroeconomic conditions forming the primary
layer, comprehensive regulatory frameworks con-
stituting the second layer, and specific policy in-
struments playing a complementary role. This vi-
sual evidence supports the argument that policy
mixes, rather than individual instruments, are
central to achieving high efficiency in renewable
energy transitions.

Figure 2 presents the Random Forest variable im-
portance plot, which provides a visual ranking
of predictors based on their contributions to ex-
plaining DEA efficiency. It clearly demonstrates a
strong concentration of explanatory power among
a limited set of variables, with energy intensity per
capita and GDP per capita emerging as the domi-
nant determinants. These variables are positioned
at the top of the plot with substantially higher im-
portance scores, indicating that structural eco-
nomic and energy system characteristics play a
primary role in shaping the efficiency with which
regulatory policies are translated into renewable
electricity outcomes.

rf_model
In_energy_intensity o In_energy_intensity o
In_gdp_pc o In_gdp_pc o
air_emission_standards o heritage_index_of_economic_freedom o
heritage_index_of_economic_freedom o air_emission_standards o
ban_and_phase_out_on_the_construction_of_coal_fired_power_plants| o cross_sectoral_policies [}
cross_sectoral_policies o ban_and_phase_out_on_the_construction_of_coal_fired_power_plantsf ©
feed_in_tariffs o international_policies o
international_policies o feed_in_tariffs o
fossil_fuel_subsidies_electricity o planning_for_renewables_expansion o
planning_for_renewables_expansion [} fossil_fuels_excise_taxes_electricity o
fossil_fuels_excise_taxes_electricity o fossil_fuel_subsidies_electricity o
ets_electricity o ets_electricity o
renewable_energy_certificates o renewable_energy_certificates o
carbon_tax_electricity o carbon_tax_electricity o
renewable_energy_auctions <} renewable_energy_auctions o
T T 1 T T T T T 1
0e+00 4e-15 0.0e+00 2.0e-12
%IncMSE IncNodePurity

Figure 1. The graphical representation of variable importance derived
from the Random Forest model
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Figure 2. Random Forest variable importance plot

The second tier of variables consists of institution-
al quality (Heritage Index of Economic Freedom)
and broad regulatory measures such as air emis-
sion standards, cross-sectoral policies, and coal
phase-out regulations. Their relatively high im-
portance suggests that comprehensive, system-
wide regulatory frameworks are more effective at
enhancing efficiency than isolated policy inter-
ventions. This pattern indicates that policy effec-
tiveness is strongly embedded in the broader insti-
tutional and regulatory environment rather than
driven solely by individual instruments.

In contrast, more targeted or market-based in-
struments, including renewable energy auctions,
carbon taxes, and excise taxes, appear at the low-
er end of the importance ranking. This suggests
that their contribution to efficiency is compara-
tively limited when considered in isolation, and

that they likely operate through interaction effects
within broader policy mixes rather than as stand-
alone drivers.

Figure 2 highlights a hierarchical structure of de-
terminants, in which structural factors dominate,
comprehensive regulatory frameworks play a sup-
porting but significant role, and individual policy
instruments contribute marginally. This visual
evidence reinforces the conclusion that achieving
high efficiency in renewable energy transitions re-
quires not only the implementation of specific pol-
icy tools but also favorable economic conditions
and strong institutional foundations.

Figure 3 presents the partial dependence plot il-
lustrating the marginal effect of a selected policy
instrument on DEA efficiency, holding all other
variables constant. The plot reveals a non-linear

In_energy_intensity -

air_emission_standards =

In_gdp_pc -

heritage_index_of_economic_freedom =
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oL
°
°
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Figure 3. Partial dependence plot
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Table 2. Fixed-effects quadratic model for feed-in tariffs and DEA efficiency

Variable Coefficient Std. Error t-value
_Feed-in tariffs (lagged) e 3:236e706 o 811e07
-in tariffs® (la 2808207 11226207

~Fixed effects
AdjustedR” ..o
Within R? 0.180

Note: The dependent variable is the logit-transformed DEA efficiency score. The model includes country- and year-fixed ef-
fects. Lagged values of feed-in tariffs are used to account for delayed policy effects. Standard errors are reported in paren-

theses.

relationship between the policy variable and effi-
ciency, characterized by an initial phase of rela-
tively weak or even negative marginal effects, fol-
lowed by a gradual increase in efficiency beyond a
certain threshold.

At lower levels of the policy variable, the predicted
DEA efficiency remains relatively flat, suggesting
that limited or fragmented policy implementation
does not significantly improve countries’ ability to
convert regulatory stringency into renewable elec-
tricity outcomes. This may reflect insufficient scale,
weak enforcement, or the absence of complemen-
tary policies necessary for effectiveness.

However, as the intensity of the policy instru-
ment increases, the plot shows a clear upward
trend, indicating that beyond a certain level, the
policy exerts a stronger positive influence on effi-
ciency. This pattern is consistent with the presence
of threshold effects, where policy instruments be-
come effective only when implemented at a suffi-
cient scale or within an adequately developed reg-
ulatory environment.

In some segments of the plot, mild fluctuations
can be observed, reflecting interaction effects
and heterogeneity across 47 OECD member, ac-
cession, and key partner countries covered by the
OECD policy database, which are typical in non-
parametric models such as Random Forest. These
variations suggest that the effectiveness of the pol-
icy instrument may depend on country-specific
characteristics, including economic development,
institutional quality, and energy system structure.

Figure 3 provides evidence of non-linear, thresh-
old-dependent policy effects, reinforcing the con-
clusion that incremental policy adoption may be
insufficient and that substantial, coordinated pol-
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icy efforts are required to achieve meaningful im-
provements in renewable energy efficiency.

The results of the fixed-effects quadratic specifi-
cation presented in Table 2 provide limited sup-
port for the presence of non-linear (threshold) ef-
fects of feed-in tariffs on DEA efficiency. The coef-
ficient on the linear term (fit_lI1) is positive and
highly statistically significant (f = 3.236e-06, p <
0.001), indicating that increases in feed-in tariffs
are associated with higher efficiency in convert-
ing regulatory policy into renewable electricity
outcomes. This suggests that, on average, stron-
ger deployment of feed-in tariffs enhances policy
effectiveness.

However, the quadratic term (fit_[I?) is statisti-
cally insignificant (p = 0.296), implying that there
is no robust evidence of curvature in the relation-
ship. In other words, the data do not support the
existence of a meaningful U-shaped or inverted
U-shaped pattern. This is further confirmed by
the inability to compute a valid turning point, as
the estimated quadratic coefficient is not statis-
tically different from zero, resulting in an unde-
fined (NA) turning point.

The distribution of the feed-in tariff variable rein-
forces this conclusion. The median and first quar-
tile are both zero, indicating that a large share of
observations correspond to the absence of this
policy instrument. This high concentration of ze-
ros limits the model’s ability to detect non-linear
effects, suggesting that the relationship is bet-
ter characterized as weakly linear within the ob-
served data range.

The model exhibits a high adjusted R? (0.878),

largely driven by the inclusion of country- and
year-fixed effects, which capture substantial cross-
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country heterogeneity and common temporal
shocks. However, the within R? (0.180) indicates
that only a modest share of the variation in effi-
ciency is explained by changes in feed-in tariffs
over time within countries. This suggests that
while feed-in tariffs have a statistically detectable
effect, their overall explanatory power is limited
compared to structural and time-invariant factors.

The findings indicate that feed-in tariffs exert a
positive but predominantly linear effect on effi-
ciency, with no strong evidence of threshold be-
havior. This contrasts with the non-linear patterns
suggested by the Random Forest partial depen-
dence plots, highlighting that these non-lineari-
ties may be driven by interaction effects or hetero-
geneous responses across the 47 OECD member,
accession, and key partner countries covered by
the OECD policy database, rather than a simple
quadratic relationship.

The results of the full fixed-effects model present-
ed in Table 3 provide robust evidence on the de-
terminants of DEA efficiency, incorporating the
full set of policy instruments alongside structural
control variables. The model exhibits strong ex-
planatory power, with an adjusted R? of 0.933 and
a within R? of 0.555, indicating that the included
variables capture a substantial share of within-

Environmental Economics, Volume 17, Issue 2, 2026

country variation in efficiency. The fixed-effects
models provide panel-based robustness evidence
on associations between lagged policy-input di-
mensions, structural controls, and DEA efficiency.
They should not be interpreted as identifying caus-
al policy effects, because several explanatory vari-
ables are also used in constructing the DEA score.

Among policy instruments, feed-in tariffs (fit_
I1) and renewable energy auctions (auctions_I1I)
emerge as the most influential variables associat-
ed with DEA efliciency variation. Both variables
are positive and highly statistically significant (p
< 0.001), suggesting that these instruments play
a central role in enabling countries to convert
regulatory policies into renewable electricity out-
comes. This confirms the importance of direct fi-
nancial support mechanisms and competitive al-
location schemes in accelerating renewable energy
deployment.

Similarly, air emission standards (emission_stan-
dards_I1) exhibit a strong, highly significant posi-
tive effect (p < 0.001), highlighting the role of
regulatory constraints on emissions in driving
efficiency improvements. These findings indicate
that both market-based incentives and regulatory
measures contribute positively to policy effective-
ness when implemented at a sufficient scale.

Table 3. Fixed-effects model for DEA efficiency with lagged policy variables

Variable Coefficient Std. Error t-value p-value
ETS (lagged) -8.35e-07 3.55e-07 * -2.35 * 0.023
—1.01e-06 7.88e-07 -1.29 0.204
Ty
""" —7.28e-07 1.27e-06 -0.57 0.571
3.89e-06 2.91e-07 13.37 <0.001
T o
9.37e-09 5.80e-07 0.02 0.987
T
""" ~9.40e-07 8.12-07 116 0.253
5.02e-06 8.23e-07 6.10 <0.001
T
-9.18e-07 1.45e-06 -0.63 0.529
""" 2.22¢-05 1.41e-05 1.58 0.122
—5.77e-05 1.53¢-05 376 <0.001
""" —7.7'9(-‘2‘»07 3.69‘(?-07 —g.ﬁ]{.S 0.037
""" Country, Year
,,,,,, 1,081
0.933
withinRz : 0555 i

Note: The dependent variable is the logit-transformed DEA efficiency score. The model includes country- and year-fixed ef-
fects, with standard errors clustered by country. Lagged policy variables capture the delayed effects of regulatory instruments.
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In contrast, several policy instruments display ei-
ther negative or insignificant effects. Notably, ETS
(ets_II) and coal phase-out policies (coal_phase-
out_lI) are negative and statistically significant (p
< 0.05), suggesting that, in the short run, these in-
struments may be associated with lower efficiency.
This could reflect transition costs, implementation
lags, or structural rigidities in energy systems un-
dergoing regulatory tightening. Other instruments,
including carbon taxes, fossil fuel subsidies, ex-
cise taxes, renewable certificates, planning policies,
cross-sectoral policies, and international policies,
are not statistically significant when considered in-
dependently, indicating limited direct effects.

Turning to control variables, energy intensity (In_
energy_intensity) is negative and highly significant
(p <0.001), confirming that more energy-intensive
economies are less efficient in transforming poli-
cy inputs into renewable outcomes. The Heritage
Index of Economic Freedom also shows a negative
and significant effect (p < 0.05), suggesting that
certain institutional characteristics may be asso-
ciated with lower efficiency, potentially reflecting
market-oriented structures that delay coordinat-
ed policy implementation. In contrast, GDP per
capita (In_gdp_pc) is positive but not statistically
significant, indicating that economic development
alone does not guarantee higher efficiency.

The results demonstrate that policy effectiveness
is driven by a combination of targeted support
instruments, regulatory constraints, and struc-
tural conditions, rather than by any single policy
tool. Importantly, the findings are broadly consis-
tent with the Random Forest results, particularly
in highlighting the importance of feed-in tariffs,

auctions, and emission standards, while confirm-
ing that several instruments exhibit limited stand-
alone impact.

The results presented in Table 4 provide strong
evidence that policy effectiveness in renewable en-
ergy transitions is driven by interactions among
instruments rather than by their isolated imple-
mentation. Both feed-in tariffs (fit_II) and renew-
able energy auctions (auctions_I1) remain positive
and highly statistically significant (p < 0.001), con-
firming their individual importance as key policy
tools. Importantly, the interaction term between
these two instruments (fit_I1 x auctions_II) is al-
so positive and statistically significant (p < 0.01),
indicating the presence of complementarity ef-
fects. This suggests that the simultaneous use of
feed-in tariffs and auction-based mechanisms en-
hances efficiency beyond the sum of their individ-
ual contributions, supporting the argument that
coordinated policy mixes are more effective than
standalone instruments.

In contrast, while planning policies (planning I1) ex-
hibit a negative and statistically significant effect (p
< 0.05), and air emission standards (emission_stan-
dards_l1) remain positive and highly significant (p <
0.001), their interaction term is not statistically signif-
icant. This indicates that not all policy combinations
generate synergistic effects, and that the effectiveness
of planning instruments may depend on factors not
captured by this interaction, such as implementation
quality or institutional capacity.

The interaction model confirms that policy com-
plementarity is selective rather than universal,
with strong evidence for synergy between market-

Table 4. Fixed-effects model with policy interaction effects

Variable Coefficient Std. Error t-value p-value
Feed-in tariffs (lagged) 3.94e-06 3.25e-07 1211 Lseoor
Renewable energy auctions (lagged) 3.87e-06 8.30e-07 4.67 <0.001
Planning policies (lagged] e 716806 8.17¢:07 206 . 0085
Air emission standards (lagged) 4.92e-06 1.07e-06 AL Lol
FITxAuctions 4.06e-07 1.29e-07 316 b L0008
Planning x Emission standards . 114e-07 1.46e-07 078 i 0438
Fixed effects Country, Year :
Observations e LOBL
Adjusted R? 0.919
withinr? 0459

Note: The dependent variable is the logit-transformed DEA efficiency score. Standard errors are clustered at the country level.
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Table 5. Fixed-effects quadratic models for auctions and planning policies

Variable Coefficient Std. Error t-value p-value
Panel A: Renewable energy auctions
Auctions? (lagged) : -3.87e-07 : 4.10e-07 : -0.94 : 0.345
Within R? 0.040 : :
Panel B: Planning policies
Planning (lagged) G 257e-06 102606 253 0012
Planning’ (lagged) L7207 . 110e07 ST L A

AdjustedR® .
Within R?

Note: All models include country- and year-fixed effects. The dependent variable is the logit-transformed DEA efficiency score.

based support mechanisms (FITs and auctions),
but weaker or absent interactions among broader
regulatory instruments.

The results in Table 5 further examine the pres-
ence of non-linear (quadratic) effects for key poli-
cy instruments. In renewable energy auctions, the
linear term is positive and statistically significant
(p < 0.01), indicating that higher auction activity
is associated with greater efficiency. However, the
quadratic term is not statistically significant, sug-
gesting no robust evidence of curvature. This im-
plies that the effect of auctions on efficiency is pre-
dominantly linear within the observed data range,
with no clear threshold or diminishing returns.

For planning policies, the linear term is negative
and statistically significant (p < 0.05), indicating
that increases in planning-related interventions
are associated with lower efficiency, potentially re-
flecting bureaucratic complexity or implementa-
tion delays. Although the quadratic term is posi-
tive, it is not statistically significant, providing on-
ly weak and inconclusive evidence of a potential
U-shaped relationship. As a result, no statistically
reliable turning point can be identified, and the
relationship is best interpreted as predominantly
linear and negative.

These findings indicate that non-linear effects are
not a dominant feature of individual policy in-
struments, despite the non-linear patterns sug-
gested by machine learning models. Instead, the
results reinforce the conclusion that interaction
effects between policies are more critical than
simple quadratic relationships, highlighting the
importance of coordinated policy design.

http://dx.doi.org/10.21511/ee.17(2).2026.17

4. DISCUSSION

The empirical findings suggest that DEA-based re-
newable energy policy efficiency is associated with
both the composition of policy stringency inputs
and broader structural conditions. However, these
results should be interpreted with methodological
caution. Since several policy variables are used to
construct the DEA efficiency score and are later
included in the Random Forest and fixed-effects
models, the second-stage analysis should not be
read as a causal test of independent policy effects.
Rather, it provides evidence on the internal struc-
ture of the DEA-based efficiency measure and on
the associations between policy-input dimensions,
structural conditions, and efficiency variation.
The relatively low average DEA efficiency score of
0.348 indicates that most countries operate below
the best-practice frontier, suggesting substantial
gaps in converting regulatory policy stringency
into renewable electricity outcomes. This is consis-
tent with earlier findings that environmental reg-
ulation does not automatically translate into im-
proved energy performance without appropriate
policy design, implementation, and institutional
support (Bi et al., 2014; Godawska & Wyrobek,
2021). The heterogeneity observed across the 47
OECD member, accession, and key partner coun-
tries covered by the OECD policy database further
supports the view that renewable energy policy ef-
ficiency is conditioned by structural factors, in-
cluding energy intensity, economic development,
and energy-system characteristics (TauSova et al.,
2022; Pimenow et al., 2026; Sitnicki et al., 2026b).

The fixed-effects results identify positive, statisti-
cally significant associations between DEA effi-

273



Environmental Economics, Volume 17, Issue 2, 2026

ciency and selected policy instruments, particu-
larly feed-in tariffs, renewable energy auctions,
and air emission standards. These findings are
consistent with the literature, which emphasizes
the role of financial incentives, competitive allo-
cation mechanisms, and regulatory constraints in
supporting renewable energy deployment and in-
novation (Lyeonov & Moroz, 2025; Shcherbakova,
2025; Johnstone et al., 2009). At the same time, the
absence of significant positive associations for sev-
eral other instruments, including carbon taxes and
renewable certificates, should not be interpreted
as proof of their ineffectiveness. Rather, it suggests
that these instruments do not show independent
positive associations with DEA efficiency in the
present specification, possibly because their influ-
ence depends on complementary policies, imple-
mentation quality, or country-specific conditions.
The negative coeflicients for ETS and coal phase-
out policies should also be interpreted cautiously.
They may reflect implementation lags, transition
costs, reverse causality, or the adoption of stricter
policies in countries already facing more difficult
energy-transition conditions, rather than a direct
negative policy effect. This interpretation is con-
sistent with research showing that environmental
policy outcomes may be shaped by structural di-
vergence, transition frictions, and regulatory ad-
justment costs (Alper et al., 2026; Ferenczi Vanova
etal., 2026).

The interaction results provide evidence consis-
tent with selective policy complementarity, espe-
cially through the positive association between
the joint use of feed-in tariffs and renewable en-
ergy auctions and DEA efficiency. This suggests
that coordinated policy mixes may be associated
with stronger efficiency outcomes than isolated
policy instruments, which corresponds to the
theoretical and empirical literature on policy co-
herence and policy-mix design (Fischer & Newell,
2008; Horbach et al., 2012). At the same time, the
Random Forest results should be interpreted sep-
arately from the fixed-effects estimates. Random
Forest identifies variables with high predictive
importance for DEA efficiency, particularly struc-
tural variables such as energy intensity and GDP
per capita. In contrast, fixed-effects models pro-
vide panel-based evidence on associations be-
tween lagged policy-input dimensions and DEA
efficiency. The results indicate that the interaction
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among policy input composition, structural con-
ditions, and institutional context shapes the effi-
ciency of renewable energy policy. This extends
the current literature by offering an integrated
yet cautious DEA-machine learning—panel data
perspective on the efficiency of renewable energy
policy (Krause et al., 2024; Ntshangase et al., 2024;
Wolowiec et al., 2022).

The empirical findings provide several important
implications for the design and implementation of
renewable energy policies in OECD member, ac-
cession, and key partner countries. First, the re-
sults clearly indicate that policy effectiveness is
driven by coordinated policy mixes rather than
individual instruments. In particular, the strong
and statistically significant interaction between
feed-in tariffs and renewable energy auctions sug-
gests that governments should avoid relying on a
single policy tool and instead implement comple-
mentary combinations of market-based support
mechanisms. Feed-in tariffs can provide invest-
ment certainty and early-stage support, while auc-
tions enhance cost efficiency and competitive allo-
cation, and their joint application leads to superior
efficiency outcomes.

Second, the results highlight the critical role of
regulatory frameworks, especially air emission
standards, which consistently show strong posi-
tive associations across models. This suggests
that binding regulatory constraints on emis-
sions are essential for creating a stable environ-
ment that supports renewable energy deployment.
Policymakers should therefore prioritize the de-
velopment and enforcement of comprehensive
regulatory standards alongside financial incen-
tives, as these instruments reinforce one another
and enhance overall policy effectiveness.

Third, the negative or insignificant effects ob-
served for several instruments, including carbon
taxes, fossil fuel subsidies, and planning policies,
indicate that the presence of a policy does not
guarantee its effectiveness. In particular, the nega-
tive coefficient of planning policies may reflect bu-
reaucratic inefliciencies, regulatory complexity, or
implementation delays. This implies that policy
design and governance quality are as important
as policy selection, and that poorly designed or
weakly implemented measures may even reduce ef-
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ficiency. Governments should therefore focus on
simplifying administrative procedures, improv-
ing institutional coordination, and ensuring con-
sistent policy implementation.

Fourth, the strong influence of structural factors
such as energy intensity and institutional qual-
ity underscores that policy outcomes are highly
context-dependent. Countries with high energy
intensity are systematically less efficient in trans-
forming policy inputs into renewable outcomes,
suggesting that energy system modernization and
efficiency improvements are necessary precondi-
tions for effective policy performance. Similarly,
the role of institutional factors implies that trans-
parent, stable, and well-functioning economic sys-
tems enhance the effectiveness of renewable ener-
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Finally, the absence of robust quadratic effects for
individual instruments suggests that there is no
universal threshold level at which policies sudden-
ly become effective. Instead, effectiveness appears
to emerge through gradual improvements and,
more importantly, through interactions between
policies and structural conditions. This reinforces
the need for a holistic, long-term policy strategy
rather than short-term or isolated interventions.

The findings suggest that governments should
adopt a systemic approach to renewable energy
policy, combining financial incentives, regulatory
measures, and structural reforms. Effective policy
design should prioritize complementarity, institu-
tional quality, and energy system transformation,
rather than focusing on the optimization of indi-

gy policies. vidual instruments in isolation.

CONCLUSION

This study set out to evaluate how different renewable energy policy instruments and their com-
binations influence the efficiency with which countries convert regulatory efforts into renewable
electricity outcomes, with particular attention to the role of structural and institutional conditions.
To achieve this, a multi-method empirical framework was applied to panel data for 47 countries
over the period 2000-2023, integrating Data Envelopment Analysis, Random Forest modeling, and
fixed-effects panel regressions with lagged variables to capture both efficiency dynamics and com-
plex policy interactions.

The results reveal substantial inefliciencies across 47 OECD member, accession, and key partner
countries covered by the OECD policy database, with an average DEA efficiency score of 0.348, in-
dicating that most economies operate well below the best-practice frontier. Structural factors, par-
ticularly energy intensity and economic development, emerge as the most influential determinants
of efficiency, highlighting the importance of underlying system characteristics. Among policy in-
struments, feed-in tariffs, renewable energy auctions, and air emission standards demonstrate the
most robust positive associations, while several other instruments show limited or insignificant
standalone impact. Importantly, the positive interaction between feed-in tariffs and auctions sug-
gests that coordinated policy mixes are associated with higher DEA-based efficiency than isolated
policy measures.

These findings suggest that policymakers should prioritize integrated policy frameworks that com-
bine financial incentives with regulatory measures, while ensuring coherence, administrative sim-
plicity, and long-term stability. Feed-in tariffs and auction mechanisms should be designed as com-
plementary tools rather than competing instruments. Air-emission standards should remain part
of a broader regulatory framework supporting renewable electricity deployment. At the same time,
improving energy efficiency, reducing energy intensity, strengthening institutional quality, and re-
moving structural barriers are essential for increasing the efficiency with which policy stringency
is converted into renewable electricity outcomes.
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APPENDIX A

Table A1l. Descriptive statistics of variables (47 OECD member, accession, and key partner countries,
2000-2023)

Variable N - Mean : SD  Median .= Min = Max  Skewness
ETS — Electricity © 1,128 349 . 346 . 450 000 : 1000 : 019
1,128 0.56 1.89 0.00 0.00 10.00 3.59
1,128 4.30 4.49 2.00 0.00 1000 023
1,128 0.29 1.20 0.00 0.00 8.50 4.69
1,128 1.74 2.46 0.00 0.00 950  1.09
1,128 0.35 111 0.00 0.00 600 | 3.35
1,128 118 2.73 0.00 0.00 10.00 2.19
1,128 1.20 218 0.00 0.00 800 153
1,128 2.29 314 0.00 0.00 9.00 | 1.05
1,128 4.32 331 5.00 0.00 10.00 -0.11
1,128 2.22 1.90 1.83 0.00 830 080
1,128 2.49 1.91 2.08 019 873 | 1.32
1,128 3434 28.42 25.31 0.00 9999 078
1,128 3.39 246 2.81 0.39 1821 284
1128 28,621.45 | 22,674.88 | 20,664.77 | 75670 112,417.88: 122
Heritage Index of Economic Freedom 1,128 ¢ 68.28 7.97 i 6830 i 43.80 i 84.40 ..... -0.35

Note: The table reports descriptive statistics for the main variables used in the analysis, based on an unbalanced panel of 47
OECD member, accession, and key partner countries covered by the OECD policy database over the period 2000-2023 (N =
1128 observations). Policy variables are measured using indices of regulatory stringency. Renewable electricity generation
is expressed as a percentage of total electricity generation. GDP per capita is measured in constant 2015 US dollars. Energy
intensity is measured in tonnes of oil equivalent per person. In the DEA model, the 12 policy stringency indices serve as inputs,
while renewable electricity generation is the output. Energy intensity, GDP per capita, and the Heritage Index of Economic
Freedom are used only in the second-stage Random Forest and fixed-effects models.
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