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ABSTRACT
Regional trade blocs increasingly frame renewable energy cooperation as a trade-policy objective, yet whether
harmonized renewable standards translate into measurably greater cross-border electricity trade remains poorly
quantified outside the European context. We compared renewable energy policy frameworks across four regional
trade blocs, the European Union, ASEAN, Mercosur, and the African Continental Free Trade Area (AfCFTA),
constructing a policy harmonization index from 2010-2023 legal texts spanning renewable portfolio targets,
grid-code and interconnection standards, guarantee-of-origin certificate mutual recognition, and cross-border tariff
treatment of renewable electricity, and matched this index against bloc-level cross-border electricity trade volumes
and renewable capacity growth from IEA and bloc statistical agencies. The EU scored highest on the harmonization
index (0.81 of 1.0), driven by binding target transposition and mutually recognized guarantees of origin, and
recorded the largest cross-border renewable electricity trade share (14.2% of renewable generation). ASEAN
scored 0.34, reflecting voluntary targets and limited interconnection standardization despite the operating ASEAN
Power Grid pilot interconnections. AfCFTA and Mercosur scored 0.21 and 0.28 respectively, constrained by
non-binding instruments and heterogeneous grid codes. Panel regression across 2010-2023 bloc-years found each
0.1-point increase in the harmonization index associated with a 2.6 percentage-point increase in cross-border
renewable trade share (95% CI 1.4-3.8), controlling for interconnector capacity and GDP growth.
Guarantee-of-origin mutual recognition was the single instrument most strongly associated with trade growth. These
findings indicate that harmonization of certification and grid-interconnection instruments, rather than target-level
ambition alone, is the more tractable near-term lever for blocs seeking to expand cross-border renewable electricity
trade, with direct relevance for ongoing AfCFTA energy protocol and ASEAN grid interconnection negotiations.
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1. INTRODUCTION

Regional trade blocs have increasingly incorporated
renewable energy cooperation into their institutional
agendas, motivated jointly by decarbonization
commitments and by the economic case for exploiting
complementary renewable resource endowments across
member states through cross-border electricity trade
[1,2]. The European Union's internal electricity market is
the most developed example of this approach, combining
binding national renewable targets with harmonized grid
codes and a mutually recognized system of guarantees
of origin, but whether comparable harmonization is
emerging, or is even institutionally feasible, in other
regional trade blocs has received far less systematic
comparative attention [3,4].
ASEAN, Mercosur, and the African Continental Free
Trade Area (AfCFTA) have each articulated renewable
energy or power-pool integration ambitions in recent
years, ASEAN through the ASEAN Power Grid concept
and a regional renewable energy target, Mercosur
through bilateral and sub-regional interconnection
agreements layered on a weaker supranational energy
mandate, and AfCFTA through an emerging energy
protocol intended to complement existing African power
pools [5,6,7]. Yet these blocs differ substantially in their
legal instruments, ranging from the EU's directive-based
binding transposition model to largely voluntary or
aspirational targets elsewhere, and in the degree to
which national grid codes, certification schemes, and
cross-border tariff treatment of renewable electricity have
been standardized [8,9].
A central open question is whether the degree of policy
harmonization, understood broadly to include target
stringency, certification mutual recognition, and technical
interconnection standards, is empirically associated with
the volume of cross-border renewable electricity trade
actually realized, or whether trade volumes are instead
driven primarily by physical interconnector capacity and
macroeconomic factors largely independent of the policy
framework [10,11]. Prior single-bloc studies of the EU
internal electricity market have documented
harmonization's role in enabling market coupling and
cross-border flows [12,13], but no study to our
knowledge has constructed a comparable harmonization
measure across multiple trade blocs to test whether this
relationship generalizes beyond the European case.
Here we construct a renewable energy policy
harmonization index spanning four regional trade blocs
over 2010-2023, decompose the index into four
component instruments, target stringency and
bindingness, grid-code and interconnection technical
standards, guarantee-of-origin or equivalent certificate
mutual recognition, and cross-border tariff treatment of
renewable electricity, and use panel regression to test
which components, if any, are most strongly associated
with realized cross-border renewable electricity trade
share and with renewable capacity growth across blocs.

2. MATERIALS AND METHODS

We constructed a renewable energy policy
harmonization index for four regional trade blocs, the
European Union, ASEAN, Mercosur, and AfCFTA, from
primary legal and regulatory texts spanning 2010-2023,
and matched this index to bloc-level cross-border
electricity trade and renewable capacity data from IEA
and bloc statistical agencies for panel regression
analysis.

2.1 Bloc and period selection

The four blocs were selected as the regional economic
communities with both an explicit renewable energy or
power-pool integration mandate and publicly available
member-state legal texts sufficient to code policy
instruments over a common 2010-2023 period; the
analysis unit is the bloc-year, yielding 56 bloc-year
observations across the four blocs.

2.2 Harmonization index construction

For each bloc-year we coded four component
instruments on a 0-1 scale from primary legal texts (EU
directives and regulations, ASEAN Power Grid and
APAEC agreements, Mercosur energy council decisions
and bilateral interconnection treaties, and AfCFTA
protocol texts and African power pool operating
agreements): (i) target stringency and legal bindingness,
(ii) grid-code and technical interconnection
standardization, (iii) guarantee-of-origin or equivalent
renewable certificate mutual recognition across member
states, and (iv) cross-border tariff and customs treatment
of traded renewable electricity. The composite
harmonization index was computed as the unweighted
mean of the four component scores; coding was
performed independently by two of the authors with
disagreements resolved by discussion, yielding an
inter-rater agreement of 0.87 (Cohen's kappa) prior to
reconciliation.

2.3 Cross-border electricity trade and capacity data

Cross-border electricity trade volumes by generation
source, interconnector transfer capacity, and installed
renewable capacity were obtained from IEA Electricity
Information statistics supplemented by ENTSO-E
transparency platform data for the EU, ASEAN Centre for
Energy statistics for ASEAN, and national utility and
regional power pool reporting for Mercosur and AfCFTA
member states, aggregated to bloc-year totals.

2.4 Panel regression model

We estimated a bloc and year fixed-effects panel
regression of cross-border renewable electricity trade
share (percentage of renewable generation traded
across a national border within the bloc) on the
composite harmonization index, with interconnector
transfer capacity per capita and bloc-year GDP growth
included as control variables, and a parallel specification
regressing each of the four component instrument scores
individually against trade share to identify which
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components carried the strongest association.
2.5 Sensitivity analysis

We re-estimated the primary specification excluding the
EU, the bloc with the longest data history and highest
harmonization scores, to assess whether the estimated
harmonization-trade relationship was driven
disproportionately by the European observations, and
separately tested an alternative equally-weighted index
restricted to the two most data-complete components
(target bindingness and guarantee-of-origin mutual
recognition).

2.6 Statistical analysis

Panel regressions were estimated with bloc and year
fixed effects and cluster-robust standard errors at the
bloc level using Python 3.11 with the linearmodels
package; component-level associations were assessed
individually given the correlation among the four
instrument scores, precluding a single fully specified
multivariate model with 56 bloc-year observations.

3. RESULTS

The composite harmonization index for 2023 was highest
for the EU (0.81 of 1.0), followed by ASEAN (0.34),
Mercosur (0.28), and AfCFTA (0.21). Table 1 reports the
composite index and its four component scores by bloc
for the most recent coded year, alongside each bloc's
renewable portfolio target structure.
Table 1. Renewable energy policy harmonization index and
component scores by regional trade bloc, 2023.

Trade
bloc

Composi
te
index
(0-1)

Target
bindingne
ss

Grid-code
standardizati
on

GO
mutual
recogniti
on

Renewabl
e
portfolio
target

Europe
an
Union

0.81 0.93 0.85 0.88

42.5%
final
energy by
2030
(binding)

ASEAN 0.34 0.28 0.41 0.22

23%
primary
energy by
2025 (aspi
rational)

Mercos
ur

0.28 0.24 0.35 0.18

No
bloc-wide
binding
target

AfCFTA 0.21 0.15 0.29 0.12

No
bloc-wide
binding
target

GO: guarantee of origin. Composite index is the unweighted mean
of four 0-1 component scores coded from primary legal and
regulatory texts; see Methods.

Cross-border renewable electricity trade share in 2023
was 14.2% for the EU, 3.1% for ASEAN, 2.4% for
Mercosur, and 1.6% for AfCFTA. Panel regression
across the 56 bloc-year observations found each
0.1-point increase in the composite harmonization index
associated with a 2.6 percentage-point increase in
cross-border renewable trade share (95% CI 1.4-3.8,
p<0.001), controlling for interconnector capacity per

capita and GDP growth (Figure 1).

Figure 1. Cross-border renewable electricity trade share plotted
against the composite policy harmonization index for each of the
four regional trade blocs across the 2010-2023 panel, with fitted
regression line showing the estimated 2.6 percentage-point trade
increase per 0.1-point index increase.

Among the four component instruments,
guarantee-of-origin or equivalent certificate mutual
recognition showed the strongest individual association
with trade share (coefficient 3.4 percentage points per
0.1-point increase, 95% CI 2.0-4.8), followed by
grid-code and technical interconnection standardization
(2.1 percentage points, 95% CI 0.9-3.3). Target
stringency and bindingness alone, in the absence of
certification or technical harmonization, showed a
weaker and less precisely estimated association (1.1
percentage points, 95% CI -0.2-2.4). Cross-border tariff
treatment showed the weakest association among the
four components (0.7 percentage points, 95% CI
-0.4-1.8).
Table 2. Panel regression estimates of cross-border
renewable electricity trade share on the harmonization
index, full and restricted specifications.

Specification
Coefficient
(pp per 0.1-index)

95% CI
n
bloc-years

Full 4-component index,
all blocs

2.6
1.4 to
3.8

56

Full 4-component index,
excl. EU

1.9
0.6 to
3.2

42

Restricted 2-component
index, all blocs

2.3
1.1 to
3.5

56

GO mutual recognition
component only

3.4
2.0 to
4.8

56

Excluding the EU from the panel, the
harmonization-trade association remained statistically
significant though attenuated (1.9 percentage points per
0.1-point index increase, 95% CI 0.6-3.2), indicating the
relationship is not solely an artifact of the EU's
disproportionate weight in the sample. The restricted
two-component index (target bindingness and
guarantee-of-origin recognition) produced a materially
similar pattern of association, reported in Table 2
alongside the full four-component results.

4. DISCUSSION

These results indicate that renewable energy policy
harmonization across regional trade blocs is associated
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with materially greater realized cross-border renewable
electricity trade, extending prior single-bloc evidence on
the EU internal electricity market [12,13] to a
comparative multi-bloc setting and suggesting the
relationship documented within Europe is not a
European-specific institutional peculiarity but
generalizes, at least in direction, to blocs with far less
developed supranational energy institutions.
The finding that certification mutual recognition and
technical grid-code harmonization carried stronger
associations with trade share than target stringency
alone has direct practical relevance for blocs earlier in
their integration trajectory: AfCFTA's emerging energy
protocol negotiations and ASEAN's ongoing Power Grid
interconnection expansion could plausibly prioritize
mutual recognition of renewable certification and
common technical interconnection standards as a
nearer-term, lower-sovereignty-cost lever than
negotiating binding regional renewable targets, which
have proven institutionally difficult in blocs without the
EU's supranational legal architecture [5,6,9].
That target bindingness alone showed a comparatively
weak and imprecisely estimated association with trade
share is consistent with the interpretation that a
renewable target, however ambitious, does not by itself
remove the certification and technical barriers that
determine whether renewable electricity generated in
one member state can be traded across a border and
credited in another [8,10]. This does not imply target
stringency is unimportant for domestic renewable
deployment, only that it appears to be an incomplete
lever specifically for cross-border trade expansion.
Several limitations warrant consideration. First, the
harmonization index relies on legal-text coding by the
study authors and, despite reasonable inter-rater
agreement, involves judgment calls that could differ
under an alternative coding protocol. Second, with 56
bloc-year observations across only four blocs, the panel
regression cannot fully separate bloc-specific
unobserved factors from the harmonization index itself
despite fixed-effects and sensitivity specifications, and
the AfCFTA energy protocol in particular remains at an
early implementation stage such that its coded scores
may not yet reflect its longer-run institutional trajectory.
Third, physical interconnector capacity, while included as
a control, is itself partly endogenous to policy
harmonization, since harmonized technical standards
can facilitate interconnector investment, complicating
clean causal interpretation of the estimated coefficients.

5. CONCLUSION

Comparing renewable energy policy frameworks across
the European Union, ASEAN, Mercosur, and AfCFTA
over 2010-2023, we find that a composite policy
harmonization index is significantly associated with
realized cross-border renewable electricity trade share,
with certification mutual recognition and grid-code
standardization carrying stronger individual associations

than target stringency alone. These findings suggest that
trade blocs seeking to expand cross-border renewable
electricity trade may find certification and technical
interconnection harmonization a more immediately
tractable policy lever than negotiating binding regional
renewable targets, with particular relevance for AfCFTA's
emerging energy protocol and ASEAN's ongoing Power
Grid interconnection expansion.
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