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Abstract

This study examines digital readiness and e-commerce participation across the EU-27
during 2020-2025, combining common-sample two-way fixed-effects models for 2020-2024,
one-year-lagged specifications, first-difference and post-break sensitivity analyses, and
convergence tests. Household internet access shows the most stable contemporaneous
within-country association: in the preferred specification, a one-percentage-point increase
in the national access rate is associated with approximately 0.82 percentage points higher
online-purchasing participation. The result remains significant under country-specific
trends, restricted wild-cluster bootstrap inference, fractional-response models, and first
differences, but not in the one-year-lagged models. ICT-specialist employment, treated as an
exploratory indicator of national digital-ecosystem capacity, is not statistically significant,
including in the post-2021 sensitivity sample; the GDP relationship is also not robust.
Sigma-convergence evidence is stronger: in a balanced 26-country sample, the cross-
country standard deviation falls from 15.39 percentage points in 2020 to 11.64 in 2025,
and the coefficient of variation falls from 0.244 to 0.159, with country-trajectory bootstrap
intervals for both the change and the trend remaining below zero. The conventional beta-
convergence estimate is negative and significant (3 = —0.0998, p < 0.001) but becomes
insignificant in ceiling-sensitive logit and headroom-adjusted specifications. The findings
therefore support a robust contemporaneous association between basic digital access and
e-commerce participation and statistically validated short-run sigma convergence, while
beta catch-up remains specification-sensitive.

Keywords: e-commerce participation; digital readiness; household internet access; digital-
ecosystem capacity; European Union; two-way fixed effects; first differences; beta conver-
gence; sigma convergence

W) Check for updates

Academic Editor: Ting Chi N
cacemic Ao Tng = 1. Introduction

Received: 18 July 2026

Revised: 6 September 2026 The diffusion of electronic commerce has become an increasingly important compo-

Accepted: 7 September 2026 nent of European digitalization, but its recent trajectory cannot be reduced to a single
Published: 8 September 2026 pandemic effect. Online purchasing rose sharply during the COVID-19 shock, yet evidence
Copyright: © 2026 by the author. on persistence is mixed. Cross-country transaction data indicate that much of the pandemic
Licensee MDPI, Basel, Switzerland. surge subsequently returned toward pre-existing trends, while consumer-level and na-
This article is an open access article tional studies also identify persistent changes for particular groups and markets [1-4]. The

distributed under the t d . . . .
retribuiecd under fhe ferms an 2020-2025 interval examined should therefore be characterized as a pandemic-and-recovery
conditions of the Creative Commons

Attribution (CC BY) license. window encompassing both the pandemic shock and subsequent recovery. Because the

J. Theor. Appl. Electron. Commer. Res. 2026, 21, 317 https:/ /doi.org/10.3390/jtaer21090317


https://crossmark.crossref.org/dialog?doi=10.3390/jtaer21090317&domain=pdf&date_stamp=2026-09-08
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jtaer
https://www.mdpi.com
https://orcid.org/0000-0002-9202-5285
https://doi.org/10.3390/jtaer21090317

J. Theor. Appl. Electron. Commer. Res. 2026, 21, 317 2 of 26

empirical panel begins in 2020, the study does not claim to estimate a structural break
relative to a pre-pandemic baseline.

At the same time, the European Union provides a particularly informative setting
for studying digital-market participation. Member States share a common single-market
framework but remain heterogeneous in household connectivity, income, education, digital
use, logistics, payments, and institutional conditions. Existing European research docu-
ments persistent differences in e-commerce development and internet purchasing [5-9],
while newer work continues to identify substantial heterogeneity in digital access and
user profiles across Member States [10]. These differences imply that aggregate increases
in online shopping may coexist with meaningful disparities in the conditions that enable
households to participate.

The theoretical level of analysis is important in this context. Individual adoption
frameworks such as the technology acceptance model and UTAUT explain technology
use through perceptions, intentions, social influence, and facilitating conditions [11,12].
These theories remain valuable for consumer-level studies, including research on online
purchasing after COVID-19 [3], but their constructs cannot be inferred directly from na-
tional averages. A country-level panel requires a macro-comparative framework. The
study draws instead on digital-divide research, technology diffusion, and national digital
readiness, which distinguish material access from capabilities and usage and explicitly
examine how structural conditions vary across places [10,13-20].

Within this framework, household internet access represents a necessary enabling con-
dition, but it does not capture broadband speed or network quality. Previous European and
global studies consistently associate connectivity with e-commerce adoption [6-9,21,22].
National digital-ecosystem capacity is conceptually complementary, but its empirical mea-
surement requires caution. The overall Eurostat Digital Skills Indicator cannot be used
here as an independent explanatory variable because online purchasing is itself one of the
activities entering its problem-solving component. The empirical model therefore uses
ICT-specialist employment as an exploratory indicator of specialized digital-ecosystem
capacity and tertiary attainment as a separate human-capital control. Purchasing power-
adjusted GDP per capita captures economic resources, while urbanization controls for
market density and related structural conditions.

E-commerce participation also depends on mechanisms that are not reducible to ac-
cess, human capital, or income. Systematic evidence identifies customer trust, security,
payment facilities, organizational readiness, and institutional conditions as important el-
ements of the e-commerce ecosystem [23,24]. Cross-border research demonstrates that
logistics and delivery conditions continue to shape online demand within European mar-
kets [25], while institutional globalization can condition the relationship between digital
market activity and cross-border buyers [26]. Most recently, evidence from Central and
Eastern Europe highlights digital-payment infrastructure as an important correlate of e-
commerce adoption [27]. These findings motivate a deliberately cautious interpretation
of the present parsimonious panel: the included variables capture selected dimensions of
national readiness, not the full causal architecture of electronic commerce.

The existing literature leaves three issues particularly relevant for the present study.
First, recent global and European analyses use different samples, outcome definitions,
and methods, making it difficult to distinguish persistent cross-country differences from
within-country changes [5-9,21,22]. Second, pooled correlations between connectivity and
e-commerce may largely reflect stable differences between countries; they do not necessarily
imply that changes in connectivity within a country are associated with changes in online
purchasing. Third, the recurring language of “convergence” in European digitalization
is often based on group averages or descriptive narrowing, without being supported
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by formal convergence tests. These issues motivate a design that separates descriptive
between-country patterns from two-way fixed-effects evidence, uses a common estimation
sample, examines country-specific trends and lagged covariates, and tests beta and sigma
convergence directly.

Accordingly, the study addresses four research questions. First, is household internet
access positively associated with e-commerce participation within EU Member States after
country and year effects are controlled for? Second, do national ICT-specialist intensity,
interpreted as an exploratory digital-ecosystem indicator, and purchasing power-adjusted
GDP per capita show robust within-country associations? Third, how sensitive are these
relationships to common-sample estimation, country-specific trends, lagged explanatory
variables, small-cluster inference, bounded-outcome models, first differences, and the 2021
measurement break in ICT-specialist employment? Fourth, do EU Member States exhibit
measurable sigma convergence and beta catch-up in online purchasing over 2020-2025,
and how sensitive is the latter to the bounded nature of the participation rate?

The study makes four substantive contributions. First, it distinguishes persistent
cross-country differences in digital readiness from within-country changes over time,
showing that relationships observed across Member States do not necessarily translate
into equally strong temporal relationships within countries. Second, it demonstrates that
household internet access is associated with contemporaneous changes in e-commerce par-
ticipation and that this result survives several alternative uses of the short-panel variation,
while the absence of a robust one-year-lagged relationship cautions against predictive or
causal interpretation. Third, it separates consumer-level digital capability from broader
national digital-ecosystem capacity by treating ICT-specialist employment as an exploratory
economy-wide indicator; the relationship remains statistically uncertain even after restrict-
ing the sample to the post-2021 measurement regime. Fourth, it distinguishes statistically
validated compression of cross-country dispersion from conventional beta catch-up, which
becomes sensitive once the upper bound of the participation rate is explicitly addressed.
Together, these results provide a more differentiated account of access, ecosystem capacity,
within-country dynamics, and convergence in European e-commerce development.

The remainder of the paper is organized as follows: Section 2 develops the country-
level theoretical framework and empirical expectations. Section 3 describes the data and
sample construction. Section 4 sets out the fixed-effects, robustness, and convergence
methods. Section 5 presents the results. Section 6 concludes with policy implications,
limitations, and directions for future research.

2. Theoretical Background and Empirical Expectations
2.1. Country-Level Digital Readiness and E-Commerce Diffusion

E-commerce participation is an individual behavior, but national adoption rates are
shaped by a set of country-level enabling conditions. For this reason, the analysis combines
digital-divide theory, technology-diffusion research, and a national digital-readiness per-
spective. These approaches are aligned with the unit of analysis because they explain why
economies differ in the resources and capabilities that make digital participation feasible,
without drawing inferences about individual perceptions from country averages.

Digital-divide research distinguishes between access to digital technologies and the
capabilities and patterns of use that follow access. Van Dijk conceptualizes digital in-
equality as a sequence involving motivational, material, skills, and usage access, and
later work shows that, as basic connectivity becomes more widespread, inequalities
increasingly shift toward differences in skills and types of internet use [16,17]. At the
cross-country level, technology-diffusion studies similarly show that internet adoption
depends on economic resources, access conditions, education, and the wider technological
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environment [18,19]. Evidence for the European Union further demonstrates persistent
digital disparities associated with income, institutions, and territorial characteristics [20].

This layered interpretation is particularly relevant for e-commerce. Household internet
access constitutes a first enabling condition: without access, participation in online markets
is impossible. National digital capability represents a complementary layer, reflected in the
availability of ICT-intensive labor and broader human capital that support digital services,
platforms, firms, and consumer-facing ecosystems. Economic resources affect the capacity
to purchase goods and services and to sustain digital investment. Institutional, payment,
logistics, consumer-protection, and trust conditions also matter, but their harmonized an-
nual measurement is less complete in the available data panel. Recent e-commerce research
confirms the multidimensional character of these conditions. Paun et al. identify technolog-
ical and economic correlates of adoption in a global panel [21]; EU studies document large
cross-country differences in household internet access and online purchasing [7,9]; and
recent study evidence highlights digital-payment infrastructure as an additional enabling
condition in Central and Eastern Europe [27].

The empirical model estimates country-level associations among observable com-
ponents of digital readiness and e-commerce participation. Country fixed effects absorb
time-invariant differences in culture, geography, and persistent institutional characteristics,
while year fixed effects absorb shocks common to Member States. Time-varying institu-
tional, payment, logistics, and trust factors that are not included remain potential omitted
variables and are treated explicitly as a limitation. The resulting estimates are interpreted
as conditional within-country associations, not as causal effects.

2.2. Household Internet Access as an Enabling Condition

The first level of digital readiness is material access. In the Eurostat household ICT
survey, internet access measures the percentage of households in which anyone can access
the internet from home [28]. It is an access indicator, not a measure of broadband speed,
fiber availability, affordability, service quality, or local network coverage. This distinction
is important in a mature digital market: an access rate close to saturation may still vary
enough within countries to influence the size of the population able to participate routinely
in online commerce, but it cannot reveal the quality of the connection itself.

An additional measurement distinction is important for the interpretation of this
relationship. Internet access is measured at the household level, whereas Ecom represents
the share of individuals aged 16-74 who purchase goods or services online. Both indicators
are aggregated to the country—year level in the empirical analysis, but their underlying ob-
servational units and denominators differ. The estimated relationship should be interpreted
as an association between national aggregate indicators and does not provide evidence that
internet access within a particular household directly changes the purchasing behavior of
a particular individual. This distinction limits micro-level inference and requires caution
with respect to ecological interpretation.

From a diffusion perspective, broader household access lowers a basic participation
barrier and increases the set of consumers who can search, compare, order, and transact
online. Existing EU evidence reports a close relationship between household internet
access and online purchasing [7,9], while global panel evidence also identifies connectivity
as a central correlate of e-commerce adoption [21]. The present analysis asks whether
this relationship is visible in within-country changes after common annual shocks and
persistent country characteristics are removed.

H1. Within EU Member States, increases in household internet access are positively associated
with e-commerce participation.
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2.3. National Digital-Ecosystem Capacity

Access alone does not ensure effective digital-market participation. At the country
level, the broader digital ecosystem—including specialized ICT labor supporting platforms,
business digitization, cybersecurity, system maintenance, and digital-service delivery—may
complement household access. A direct consumer digital-skills indicator must nevertheless
be selected carefully. The Eurostat overall Digital Skills Indicator (DSI 2.0) is constructed
from activities in five competence domains, and its problem-solving component includes
online purchasing itself [29]. Using that composite as an explanatory variable for online
purchasing would create mechanical construct overlap. In addition, the DSI method-
ology was revised from 2021 onward. The overall DSI is therefore excluded from the
core regressions.

ICT-specialist employment is used as an economy-wide indicator of specialized digital-
ecosystem capacity, while tertiary educational attainment is retained separately as a broader
human-capital control. ICTspec does not measure consumers” shopping skills, confidence,
or transaction capability. It captures the intensity of specialized ICT labor able to develop,
operate, secure, and maintain digital systems and services that may support platform
quality, complementary business adoption, and the wider environment in which consumers
transact [30]. Because the measure is derived from the European Union Labor Force Survey,
implementation of the Integrated European Social Statistics framework in 2021 generated
an official break in series; all core models include year effects, and a separate post-break
sensitivity analysis is reported.

Because the link between economy-wide ICT-specialist intensity and consumer online
purchasing is indirect, this relationship is treated as exploratory. A positive coefficient
would be consistent with a supportive ecosystem mechanism, but a statistically insignificant
coefficient would indicate only that this macro-level proxy does not show a robust short-run
association with e-commerce participation. It would not constitute evidence against the
broader theoretical relevance of consumer digital skills or human capital.

Exploratory expectation (E1): Greater national ICT-specialist intensity may be
positively associated with e-commerce participation by reflecting a more developed
digital ecosystem.

2.4. Economic Resources and Complementary Structural Conditions

Technology diffusion is also conditioned by economic resources. Cross-country evi-
dence on internet diffusion has long linked adoption to income and access costs [18], while
multidimensional digital-divide research identifies economic development as an important
correlate of ICT adoption [19,20]. For e-commerce, higher purchasing power-adjusted
income may support household demand, payment capacity, device ownership, and com-
plementary private investment. The model uses GDP per capita expressed in purchasing
power standards per inhabitant and enters its natural logarithm to reduce scale skewness.
It is interpreted as a purchasing power-adjusted measure of economic resources and does
not capture short-run real growth.

Urban population share and tertiary educational attainment are included as struc-
tural controls and are not treated as primary theoretical constructs. Urbanization can
proxy for market density, service availability, and logistics, whereas tertiary attainment
captures broad human capital. Their inclusion reduces the risk that the coefficients on
the focal digital-readiness variables merely reflect these background characteristics. Other
time-varying conditions identified in the literature—including digital payments, logis-
tics, consumer protection, trust, and regulatory quality—are acknowledged but are not
all included because a consistent annual EU-27 series is not available for the complete
empirical design.
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H2. Higher purchasing power-adjusted GDP per capita is positively associated with e-commerce
participation within EU Member States, conditional on digital-readiness variables and fixed effects.

2.5. Convergence in E-Commerce Adoption

Cross-country differences in adoption motivate a separate convergence analysis. Con-
vergence is not inferred from a narrowing EU-14/EU-13 mean gap or from an interaction
between a group dummy and an explanatory variable. Following the classical convergence
literature, two distinct concepts are examined [31,32]. Sigma convergence occurs when the
cross-country dispersion of e-commerce participation declines over time. Beta convergence
occurs when countries with lower initial adoption subsequently experience faster growth.
The two concepts are complementary: a negative initial-level / growth relationship provides
evidence of catch-up, whereas declining dispersion shows whether the distribution of
adoption rates is becoming more compressed.

The EU context provides a plausible setting for convergence because Member States
operate within a common single-market and regulatory framework but entered the digital
transition with markedly different levels of household connectivity and online purchasing.
Recent EU research continues to document both persistent disparities and evidence of faster
progress in less digitally mature markets [7,9,27]. The empirical tests treat convergence as
an outcome to be measured directly instead of an interpretation imposed on the digital-
readiness coefficients.

H3a. Cross-country dispersion in e-commerce participation declines over 2020-2025, consistent
with sigma convergence.

H3b. EU Member States with lower initial e-commerce participation in 2021 experience faster
subsequent growth through 2025, consistent with beta convergence.

2.6. Research Contribution and Empirical Structure

The conceptual framework distinguishes three dimensions of national digital readiness:
basic household access, specialized digital-ecosystem capacity, and economic resources.
Household internet access captures an enabling condition and is evaluated through H1;
purchasing power-adjusted GDP reflects economic resources and is evaluated through
H2. ICT-specialist employment is retained as an exploratory ecosystem-capacity indicator
because its economy-wide labor-market definition is conceptually distant from consumer
digital capability. Convergence is assessed separately through H3a and H3b. The empirical
strategy therefore separates whether countries differ systematically in these characteris-
tics, whether within-country changes are associated with e-commerce participation, and
whether national participation rates are becoming less dispersed or display conventional
catch-up. This structure allows access, ecosystem capacity, temporal association, and
convergence to be examined as related but analytically distinct dimensions of European
e-commerce development.

3. Materials and Methods
3.1. Data Sources and Sample Construction

The empirical analysis covers the 27 current Member States of the European Union over
2020-2025, grouped for descriptive purposes into the EU-14—Austria, Belgium, Denmark,
Finland, France, Germany, Greece, Ireland, Italy, Luxembourg, the Netherlands, Portugal,
Spain, and Sweden—representing the pre-2004 EU members remaining in the EU-27,
and the EU-13—Bulgaria, Croatia, Cyprus, Czechia, Estonia, Hungary, Latvia, Lithuania,
Malta, Poland, Romania, Slovakia, and Slovenia—comprising countries that joined the EU
from 2004 onward. This six-year window includes the pandemic shock, the subsequent
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reopening and recovery, and the most recent years for which the e-commerce outcome is
available. It is described as a pandemic-and-recovery period, with the analysis extending
beyond the immediate post-pandemic phase. Because the window begins in 2020, the
study does not estimate a pre-pandemic trend break and does not claim to identify a
permanent COVID-19 effect. This qualification is consistent with recent evidence showing
that pandemic-related increases in online spending largely returned toward prior trends in
many countries [1].

The complete descriptive grid contains 162 potential country-year cells (27 countries x
6 years), but the panel is not balanced for every variable. No missing value is interpolated,
extrapolated, or imputed. The main contemporaneous fixed-effects analysis uses 2020-2024
because the structural covariates are consistently available through 2024; after applying
a common-sample rule across all core regressors, 133 observations from all 27 countries
remain. A separate lagged specification uses outcomes for 2021-2025 and explanatory
variables dated t — 1, again yielding 133 observations from all 27 countries. The 2025
e-commerce outcome is retained in the convergence analysis and the lagged robustness
design even though contemporaneous 2025 controls are not yet jointly available.

The dependent variable and the principal digital variables are drawn from harmo-
nized Eurostat datasets. Urban population share is obtained from the World Bank World
Development Indicators [33]. The analytical dataset was constructed by harmonizing
country—year observations across the selected Eurostat and World Bank indicators, with
particular attention to dataset definitions, measurement units, temporal coverage, and
cross-country comparability. Specialized digital-ecosystem capacity is represented by
ICT-specialist employment, while tertiary educational attainment is retained as a broader
human-capital control, and economic resources are measured using GDP per capita ex-
pressed in purchasing power standards. The overall Eurostat Digital Skills Indicator is not
included because its construction incorporates online purchasing among the activities used
to assess problem-solving skills, creating conceptual overlap with the dependent variable.
All source series were accessed on 20 August 2026; the exact dataset filters, measurement
categories, and sample-construction rules are documented in Supplementary File S1.

3.2. Variable Definitions and Measurement Decisions

Table 1 presents the operational definitions, data sources, units of measurement, and
analytical roles of the variables included in the empirical model. Variable terminology is
aligned with the definitions used in the underlying official statistical sources. In particular,
the Eurostat indicator is referred to as household internet access because the dataset
indicator (isoc_ci_in_h) measures the share of households with access to the internet from
home [28]. The indicator captures basic connectivity but does not provide information on
connection speed, fiber availability, affordability, reliability, or service quality.

The dependent and explanatory indicators also differ in their underlying statistical
units. Ecom is defined as the percentage of individuals aged 16-74 reporting online pur-
chases, while InternetAccess is defined as the percentage of households with internet
access at home. The empirical unit of observation is nevertheless the country—year in
both cases, so the regression relates aggregate national rates and does not rely on matched
household- and individual-level observations. Consequently, the internet access coeffi-
cient captures whether within-country changes in the national household-access rate are
associated with changes in the national individual online-purchasing rate. It does not
identify a household-level treatment effect or an individual behavioral response to gaining
internet access.
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Table 1. Variable definitions, sources, and analytical roles.

Variable Operational Definition Source Unit/Role Expected Sign

Individuals aged 16-74 who

Ecom purchased goods/services FEurostat isoc ec ib20 % of individuals; L
online in the previous 12 - outcome
months

InternetAccess Households with internet Eurostatisoc_ci_in_h % of households; H1  +
access at home
ICT specialists as a share of Eurostat % of employment;

ICTspec . . +
total employment isoc_sks_itspt exploratory
GDP per capita in purchasing
power standards per PPS per inhabitant;

GDPpps inhabitant; natural logarithm Burostat nama_l0_pc H3 "
in regressions

. World Bank % of population;

Urban Urban population share SPURB.IOTLIN.ZS  control £

Population aged 15-64 with
. tertiary educational attainment % of population aged

Tertiary (ISCED 2011 levels 5-8), both ~ urostatedat lfse 0315 0fr ol *
sexes

EU13 Tlme-lr.lva.rlant analytical Constructed 1= EU-1.3; .
group indicator descriptive only

Note: Ecom and InternetAccess are aggregated country—year indicators with different underlying
denominators (individuals and households, respectively).

The overall Eurostat Digital Skills Indicator is not included as an explanatory variable
because its construction creates conceptual overlap with the dependent variable. Under
the DSI 2.0 methodology, online purchasing is one of the activities considered within the
problem-solving component of digital skills [29]. Since the dependent variable measures
the share of individuals purchasing goods or services online, including the composite
Digital Skills Indicator on the right-hand side would introduce a mechanical relationship
between predictor and outcome. ICT-specialist employment is therefore only retained
as an exploratory indicator of economy-wide digital-ecosystem capacity, while tertiary
educational attainment provides a broader human-capital control.

GDP per capita is expressed in purchasing power standards per inhabitant and enters
the empirical models in natural logarithms. This transformation reduces scale asymmetry
across Member States and allows the coefficient to be interpreted as a conditional association
between purchasing power-adjusted economic resources and e-commerce participation.
The variable is treated as a level measure of economic capacity and does not capture
short-run economic growth. ICT specialists are measured as a share of total employment
according to the Eurostat/ OECD occupational definition [30]. Because the underlying Labor
Force Survey series is affected by a methodological break in 2021 following implementation
of Regulation (EU) 2019/1700, ICTspec is interpreted as a broad measure of national digital-
ecosystem capacity and not as a direct measure of consumer digital skills.

The annual labels of the principal indicators do not represent perfectly synchronized
measurement windows. Ecom records whether individuals purchased goods or services
online during the previous 12 months, internet access reflects household connectivity
around the household ICT survey reference period, and ICTspec is derived from annual
Labor Force Survey information [28,30]. Consequently, contemporaneous country—year
observations may combine partially overlapping but non-identical reference periods. Shift-
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ing the explanatory variables back by one reported year improves temporal ordering but
does not guarantee an exact twelve-month separation between all underlying measure-
ment windows. The contemporaneous and lagged estimates are therefore interpreted as
alternative temporal alignments of annual aggregate indicators and not as precisely timed
causal effects.

3.3. Missing Data, Coverage, and the Common Estimation Sample

Table 2 summarizes the pattern of missing observations across variables and years.
Data availability is uneven across indicators, particularly toward the end of the study
period. For 2025, contemporaneous observations for GDP per capita, urbanization, tertiary
educational attainment, and most ICT-specialist measures are not jointly available for
the full EU-27 sample. Accordingly, the main contemporaneous fixed-effects analysis is
conducted over 2020-2024, when the core covariates can be combined on a consistent
common sample. The 2025 e-commerce observations are nevertheless retained in the
analysis through specifications using one-year-lagged explanatory variables and through
the beta- and sigma-convergence assessment.

Table 2. Missing observations in the original 27 x 6 country—year grid.

Ecom InternetAccess O.ngn}al ICTspec GDP Urban Tertiary
Year Missing Missing DigSkills Missing Missing Missing Missing
Missing
2020 1 1 25 0 0 0 0
2021 0 0 2 0 0 0 0
2022 0 1 25 1 0 0 0
2023 0 0 2 0 0 0 0
2024 0 0 25 0 0 0 0
2025 0 0 2 26 27 27 27

No missing observations are interpolated, extrapolated, or otherwise imputed; all
estimations are based exclusively on observed country—year values.

For comparability across specifications, all contemporaneous fixed-effects models are
estimated on the same common sample of 133 country—year observations. This approach
ensures that differences in coefficient estimates across the nested specifications reflect
changes in model specification while keeping the sample composition constant. The
common sample excludes two country—year observations: France in 2020, for which the
required e-commerce and household internet-access data are unavailable, and Ireland in
2022, for which household internet-access data are missing. Despite these exclusions, all
27 EU Member States remain represented in each of the reported core specifications.

3.4. EU-14 and EU-13 Analytical Classification

For descriptive purposes, the EU-27 Member States are divided into two analytical
groups reflecting different stages of European integration. The EU-13 group comprises
Bulgaria, Croatia, Cyprus, Czechia, Estonia, Hungary, Latvia, Lithuania, Malta, Poland,
Romania, Slovakia, and Slovenia. The comparison group, hereafter referred to as EU-14,
consists of the pre-2004 EU Member States that remain part of the current EU-27: Austria,
Belgium, Denmark, Finland, France, Germany, Greece, Ireland, Italy, Luxembourg, the
Netherlands, Portugal, Spain, and Sweden. The United Kingdom is excluded because
it is not part of the EU-27 sample. This classification is used exclusively for descriptive
comparisons of e-commerce trajectories and does not enter the fixed-effects regressions as a
separate explanatory variable. Since group membership is time-invariant, any persistent
differences associated with this classification are absorbed by the country fixed effects.
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Formal convergence is assessed separately through beta- and sigma-convergence tests,
while differences between the two country groups are used only for descriptive comparison.

3.5. Descriptive Statistics and ldentifying Variation

Table 3 reports descriptive statistics for the common contemporaneous estimation sam-
ple. In addition to pooled dispersion, the table reports a pooled within-country standard
deviation calculated after removing country means. This quantity is particularly informa-
tive for a fixed-effects design because it shows the variation from which the coefficients
are identified. Household internet access is high on average (92.15%) but still displays a
within-country standard deviation of 2.17 percentage points. This within-country variation
provides statistical identification for the country-level coefficient, but it does not resolve
the difference between the household denominator of internet access and the individual
denominator of Ecom. Thus, the variable is close to saturation but is not time-invariant.

Table 3. Descriptive statistics for the common contemporaneous estimation sample (2020-2024).

Variable N Mean Pooled SD Within- Minimum Maximum
Country SD

Ecom (%) 133 67.901 13.722 4.354 30.95 94.70
InternetAccess (%) 133 92.147 3.942 2.170 78.85 99.18
ICTspec (%) 133 4916 1.447 0.440 2.00 8.70
GDP PPS/capita 133 36,639.8 15,247.3 4408.4 17,473.0 97,690.2
In(GDP PPS/ capita) 133 10.445 0.339 0.121 9.768 11.490
Urban (%) 133 73.129 12.636 0.282 52.164 95.655
Tertiary (%) 133 30.970 7.588 1.404 14.60 46.10

4. Empirical Strategy
4.1. Core Two-Way Fixed-Effects Specification

The primary empirical design estimates within-country associations while controlling
for shocks common to all Member States. The full contemporaneous specification is
as follows:

Ecom_it = 31 InternetAccess_it + 32 ICTspec_it + 33 InGDPpps_it + 34

1
Urban_it + 35 Tertiary_it + pu_i+ A_t + e_it M

Here, i indexes countries and t indexes years. p_i denotes country fixed effects, and
A_t denotes year fixed effects. Country effects absorb time-invariant characteristics such
as geography, persistent institutional quality, and long-standing cultural differences. Year
effects absorb common developments such as pandemic restrictions, reopening, inflation
shocks, and EU-wide regulatory or technological change. The coefficients are identi-
fied from deviations in a country’s variables from its own time profile, net of common
annual effects.

Four nested contemporaneous specifications are estimated on the same common
sample of N = 133 country—year observations. C1 includes internet access and ICTspec;
C2 adds logged GDP per capita; and C3 additionally includes Urban and Tertiary and
constitutes the preferred full specification. C4 extends C3 by introducing country-specific
linear trends, allowing each Member State to follow a distinct secular trajectory. Estimat-
ing all four models on an identical sample ensures that changes in the estimated coeffi-
cients across specifications reflect differences in model structure, with sample composition
held constant.
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4.2. Inference with a Limited Number of Country Clusters

Standard errors are clustered at the country level to allow for heteroskedasticity and
arbitrary within-country correlation in the regression disturbances. Because the analysis
contains only G = 27 country clusters, the cluster-robust covariance matrix is adjusted
using the finite-sample correction

G « N-1
G-1 N-K’

where G denotes the number of country clusters, N the number of observations, and K the
number of estimated parameters in the corresponding specification. Statistical inference
is based on a t-distribution with G — 1 = 26 degrees of freedom, avoiding reliance on the
asymptotic normal distribution.

For the preferred contemporaneous model C3, inference on the internet access coeftfi-
cient is additionally evaluated using a restricted wild-cluster bootstrap-t procedure. The
bootstrap uses 9999 replications, Rademacher weights applied at the country-cluster level,
and imposes the null hypothesis Hy : BryternetAccess = 0 when generating the bootstrap
distribution. A studentized bootstrap-t statistic is used to obtain the two-sided bootstrap
p-value and the corresponding 95% bootstrap confidence interval. This procedure pro-
vides an additional small-cluster inference check that is less dependent on conventional
large-cluster asymptotics [34].

4.3. Lagged Covariates and Country-Specific Trends

Contemporaneous fixed-effects associations may still reflect simultaneity or common
short-run movements in digital access and online purchasing. To examine temporal order-
ing and reduce immediate reverse-causality concerns, a second design relates e-commerce
participation over 2021-2025 to structural conditions measured one year earlier:

Ecom;; = 31 InternetAccess; ;1 + B2 ICTspeci—1 + B3 InGDPpps; ¢—1 o)
+ B4 Urban;; 1 + B5 Tertiary;¢ 1 + 1 + At + €

The lagged analysis is reported in four nested specifications that parallel the contempo-
raneous models. L1 includes lagged internet access and ICTspec; L2 adds lagged InGDP per
capita; L3 additionally includes lagged Urban and Tertiary and constitutes the full lagged
specification; and L4 further introduces country-specific linear trends. All four models are
estimated on the same 133 country—year observations from all 27 Member States.

Lagging the explanatory variables establishes temporal ordering but does not by
itself ensure exogeneity or eliminate omitted-variable bias. The lagged specifications are
interpreted as robustness tests of whether the contemporaneous relationships persist over
a one-year horizon and are not intended to provide causal identification.

4.4. Additional Robustness and Diagnostic Procedures

Several additional procedures assess the sensitivity of the estimates to multicollinear-
ity, residual dependence, influential countries, and the bounded nature of the dependent
variable. First, variance inflation factors are calculated using the variation relevant to each
fixed-effects specification. For C3, the explanatory variables are residualized with respect
to country and year effects before the VIFs are calculated. For C4, the residualization addi-
tionally removes country-specific linear trends. This procedure assesses multicollinearity
in the variation that identifies the corresponding regression coefficients, with pooled levels
excluded from the calculation.

Second, residual diagnostics examine first-order serial correlation and cross-sectional
dependence using a Pesaran-type statistic. Given the short time dimension of the panel,
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these tests are interpreted as sensitivity diagnostics and do not provide definitive evidence
that residual dependence is absent.

Third, a leave-one-country-out procedure re-estimates the preferred contemporaneous
model C3 27 times, sequentially excluding one Member State. The resulting distribution
of the internet access coefficient is used to assess whether the principal contemporaneous
association is disproportionately influenced by any single country.

Fourth, because e-commerce participation is bounded between zero and one when
expressed as a proportion, fractional-response models are used as bounded-outcome robust-
ness checks. A fractional logit specification with country and year indicators is estimated
first. Because nonlinear fixed-effects models with a very short time dimension may be
susceptible to incidental-parameters concerns, an additional correlated random-effects
fractional logit model based on the Mundlak approach is estimated. This specification
includes the contemporaneous explanatory variables, their country-specific time averages,
and year effects, with standard errors clustered by country. The Mundlak formulation
allows unobserved country heterogeneity to be correlated with the observed regressors
without requiring a full set of nonlinear country fixed effects [35,36].

Fifth, descriptive cross-country relationships are distinguished from the within-
country variation used by the fixed-effects estimator. Between-country correlations are
calculated from country means, while fixed-effects-relevant correlations are calculated
after residualizing the variables with respect to country and year effects. This distinction
prevents strong pooled cross-sectional relationships from being interpreted as evidence of
corresponding within-country associations.

Sixth, the identifying variation in internet access is examined directly because the
indicator is close to saturation. Consecutive within-country annual changes are summa-
rized, and an added-variable representation of C3 is constructed by residualizing Ecom and
internet access with respect to ICTspec, InNGDPpps, Urban, Tertiary, country fixed effects,
and year fixed effects. A first-difference sensitivity model then relates annual changes in
Ecom to annual changes in the explanatory variables and ending-year fixed effects. FD1
includes AlnternetAccess and AICTspec, FD2 adds AInGDPpps, and FD3 additionally
includes AUrban and ATertiary. The first-difference models use the 105 consecutive transi-
tions available in the common 2020-2024 sample and country-clustered standard errors
with the same finite-sample inference logic as the level specifications.

Finally, because the ICT-specialist series contains an official methodological break in
2021, C1-C4 are re-estimated over 2021-2024 (N = 107) as a post-break sensitivity analysis.
This check assesses whether the exploratory ICTspec conclusion is driven by the inclusion
of the pre-break 2020 observations.

4.5. Formal Tests of E-Commerce Convergence

Convergence is evaluated independently from the fixed-effects coefficient estimates
and is examined using complementary sigma- and beta-convergence approaches. Sigma
convergence refers to a reduction in the cross-country dispersion of e-commerce partic-
ipation over time, whereas beta convergence occurs when Member States with lower
initial levels of online purchasing subsequently experience faster growth. Because the two
concepts capture different dimensions of catch-up, both are examined separately.

The primary sigma-convergence analysis is based on a balanced sample of 26 Member
States observed consistently over 2020-2025. France is excluded from this calculation
for all years because its e-commerce observation is unavailable for 2020. Maintaining
an identical country composition throughout the period prevents changes in the annual
dispersion measures from reflecting changes in sample membership. Sigma convergence is
evaluated using both the cross-country standard deviation and the coefficient of variation in
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e-commerce participation. A sustained decline in these measures is interpreted as evidence
consistent with increasing compression of the cross-country distribution.

As a robustness check, sigma convergence is also evaluated for the complete EU-
27 over 2021-2025, when valid e-commerce observations are available for all Member
States. This alternative window makes it possible to assess whether the observed decline
in dispersion is sensitive either to the exclusion of France or to the use of 2020 as the
initial year.

Uncertainty around sigma convergence is evaluated with a country-trajectory boot-
strap that preserves the repeated-country structure. In each of 9999 replications, the 26
complete 2020-2025 country trajectories are resampled with replacement using seed 167.
The change from 2020 to 2025 and the linear annual trend are calculated for both the
cross-country standard deviation and the coefficient of variation, and 95% percentile confi-
dence intervals are reported. This procedure provides formal uncertainty estimates for the
observed reduction in dispersion.

Absolute beta convergence is examined using 2021 as the primary baseline because
valid e-commerce observations are available for all 27 Member States in that year. The
annualized log growth rate in e-commerce participation between 2021 and 2025 is regressed
on the initial log level:

In(Ecom; — In(Ecom;
820212025 = ( 12025) 1 ( 12021) = o+ BIn(Ecom; 2021) + uj 3)

A statistically significant negative coefficient on the initial log level indicates that
Member States with lower initial adoption subsequently experienced faster growth within
the conventional absolute beta-convergence specification. Heteroskedasticity-robust HC1
standard errors are used in this cross-sectional model.

Several conventional robustness tests are also reported. The cross-sectional regression
is re-estimated using 2020, 2022, and 2023 as alternative baseline years; a leave-one-country-
out procedure sequentially excludes each Member State; and a panel-based specification
relates annual log growth over 2021-2025 to the lagged log level with year fixed effects and
country-clustered standard errors.

Aln(Ecomjt) = & + BIn(Ecom;t—1) + At + €t 4)

In the annual panel specification, year fixed effects absorb shocks common to Member
States. A negative coefficient on the lagged adoption level indicates that countries with
lower e-commerce participation in one year tend, on average, to experience faster growth
in the following year. Given the short time dimension, this is treated as a robustness check
and not as a dynamic long-run convergence model.

To address the bounded nature of e-commerce participation and the possibility of
mechanical ceiling effects, two additional 2021-2025 sensitivities are estimated. First, the
participation proportion is transformed to the logit scale, and annualized change in logit
participation is regressed on the initial logit level. Second, annualized progress is expressed
as the share of the initial remaining distance to the 100% ceiling that is closed over the
period and is regressed on initial participation. Both cross-sectional sensitivities use HC1
standard errors.

The conventional and ceiling-sensitive beta results are interpreted jointly. Alternative
baseline years, influence checks, and the annual panel assess the stability of conventional
catch-up, while the logit and headroom specifications test whether the negative relationship
persists after explicitly accounting for the bounded outcome. The analysis does not claim
convergence toward a common long-run steady state, and regression-to-the-mean effects
cannot be fully excluded.

https:/ /doi.org/10.3390/jtaer21090317


https://doi.org/10.3390/jtaer21090317

J. Theor. Appl. Electron. Commer. Res. 2026, 21, 317 14 of 26

5. Results
5.1. Descriptive Trajectories and EU-14/EU-13 Differences

Online purchasing increased in both analytical country groups over the 2020-2025
period. The unweighted mean for the EU-14 group rose from 69.83% in 2020 to 78.54% in
2025, while the corresponding EU-13 mean increased from 56.17% to 68.11%. For 2020, the
EU-14 average is based on 13 countries because the observation for France is unavailable;
from 2021 onward, annual means are calculated using the complete membership of both
groups. The difference between the two group averages narrowed from approximately
13.66 percentage points in 2020 to 10.44 percentage points in 2025, indicating a reduction in
the descriptive gap in e-commerce participation over the study period.

Figure 1 provides descriptive evidence of faster progress among the lower-adoption
EU-13 group, but this pattern is not treated as a formal convergence test. Group composi-
tion, different starting levels, and a single missing 2020 observation can affect mean gaps.
Formal sigma- and beta-convergence results are presented in Section 5.5.

E-commerce adoption trajectories in EU-14 and EU-13, 2020-2025

—e— EU-14
EU-13

75

70

65

Individuals purchasing online (%)

60 -

2020 2021 2022 2023 2024 2025
Year

Figure 1. E-commerce adoption trajectories in EU-14 and EU-13, 2020-2025. Source: author calcula-
tions from Eurostat data.

5.2. Between-Country and Within-Country Associations

Table 4 separates persistent cross-country associations from the variation most relevant
to the two-way fixed-effects estimator. Between-country correlations use country means
over the core period. The second column reports correlations between residuals obtained
after removing both country and year effects. InternetAccess is strongly related to Ecom
in both dimensions: the between-country correlation is 0.716, and the two-way-residuals
correlation is 0.516. By contrast, the residuals’ relationship with ICTspec is only 0.106
despite a high between-country correlation of 0.736. This distinction shows why pooled
scatterplots cannot be used to validate fixed-effects hypotheses.

The identifying variation is also limited for some controls. InternetAccess has a within-
country standard deviation of 2.17 percentage points, ICTspec 0.44 points, Urban 0.28
points, and Tertiary 1.40 points (Table 3). This supports retaining a parsimonious focal inter-
pretation and avoiding strong conclusions from statistically imprecise control coefficients.
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Table 4. Between-country and two-way-fixed-effects-residuals correlations.

Two-Way-FE Residual Correlation with

Predictor Between-Country Correlation with Ecom
Ecom
InternetAccess 0.716 0.516
ICTspec 0.736 0.106
GDP PPS/capita 0.598 0.078
In(GDP PPS/ capita) 0.688 0.424
Urban 0.525 —0.223
Tertiary 0.562 0.144
5.3. Main Two-Way Fixed-Effects Results
Table 5 presents the contemporaneous two-way fixed-effects estimates across four
nested specifications. All models are estimated on the same common sample of 133 country—
year observations covering all 27 EU Member States, ensuring direct comparability of
coefficient estimates across specifications. The table reports coefficients, country-clustered
standard errors, 95% confidence intervals, sample size, number of countries, fixed-effects
structure, country-specific trends, and model fit statistics.
Table 5. Two-way fixed-effects estimates for e-commerce participation, common sample.
Predictor/Statistic C1 Core C2 + InGDP C3 Full C4 Full + Country
Trends
1.034 *** 0.843 ** 0.816 *** 0.942 **
InternetAccess (0.291) (0.313) (0.289) (0.379)
[0.435, 1.633] [0.198, 1.487] [0.223, 1.409] [0.164, 1.721]
0.660 0.554 0.402 0.674
ICTspec (1.559) (1.359) (1.651) (1.336)
[—2.545, 3.865] [—2.241, 3.348] [—2.990, 3.795] [—2.071, 3.420]
25.765 % 23.382 —12.483
In(GDP PPS/ capita) — (14.114) (13.810) (20.452)
[—3.246, 54.776] [—5.004, 51.769] [—54.523, 29.556]
—2.129 —0.198
Urban — — (1.996) (2.799)
[—6.232,1.975] [—5.952, 5.556]
0.231 0.078
Tertiary — — (0.480) (0.204)
[—0.757,1.218] [—0.340, 0.497]
Observations 133 133 133 133
Countries 27 27 27 27
Country fixed effects Yes Yes Yes Yes
Year fixed effects Yes Yes Yes Yes
Country-specific trends  No No No Yes
Overall R? 0.974 0.976 0.977 0.990
Within R? 0.271 0.338 0.362 0.719

Notes: coefficients are followed by country-clustered standard errors and 95% confidence intervals.
p-values use a t-distribution with 26 degrees of freedom. *** p < 0.01; ** p < 0.05; * p < 0.10. Country
and year coefficients are not displayed.

The most stable result concerns H1. InternetAccess is positive and statistically signif-
icant in C1 (3 = 1.034, p = 0.0015), remains significant after logged GDP is introduced in
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C2 (B = 0.843, p = 0.0123), and is significant in the full model C3 (3 = 0.816, p = 0.0089).
In C3, a one-percentage-point increase in household internet access is associated with
approximately a 0.82-percentage-point increase in the share of individuals purchasing
online, conditional on country and year effects and the included controls. The coefficient
remains positive when country-specific linear trends are added (C4: 3 = 0.942, p = 0.0196).
H1 is supported in the contemporaneous within-country specifications.

The exploratory ICTspec relationship is not statistically supported. The coefficient is
positive in all four contemporaneous models but is estimated imprecisely, with confidence
intervals spanning both positive and negative values. This indicates that the economy-wide
ICT-specialist measure does not display a robust short-run within-country association with
e-commerce participation; it does not test the broader importance of consumer digital skills
or human capital.

H2 receives only weak and non-robust support. Logged GDP per capita is positive
and marginally significant at the 10% level in C2 (p = 0.079), but it is not significant in
C3, and changes sign after country-specific trends are included in C4. Failure to reject a
zero coefficient does not establish that macroeconomic resources are irrelevant; instead,
the short panel does not provide a stable within-country estimate once common shocks,
controls, and heterogeneous trends are considered (Figure 2).

Household Internet-access estimates across corrected FE specifications

Cl+

C2 A

C3 A1

C4 trends 1

L1 lag 1

L2 lag

L3 lag

L4 lag+trends -

-0.5 0.0 0.5 1.0 1.5
Coefficient on household Internet access

Figure 2. Household internet-access coefficients across contemporaneous and one-year-lagged
fixed-effects specifications. Error bars show 95% confidence intervals based on country-clustered
standard errors.

5.4. Robustness, Diagnostics, and the Limits of Identification

The robustness analysis examines whether the contemporaneous internet-access asso-
ciation is sensitive to small-cluster inference, the bounded nature of the dependent variable,
temporal ordering, country-specific trends, multicollinearity, and influential observations.
For the preferred contemporaneous specification C3, the InternetAccess coefficient remains
statistically significant under a restricted wild-cluster bootstrap-t procedure designed for
inference with a limited number of clusters. Using 9999 replications, Rademacher weights
applied at the country-cluster level, and imposing the null hypothesis Hy : Bruternet Access = 0
the two-sided bootstrap p-value is 0.031. The corresponding 95% bootstrap-t confidence
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interval is approximately [0.083, 1.545]. The result remains statistically distinguishable
from zero under a small-cluster procedure that does not rely exclusively on conventional
cluster asymptotics.

Because e-commerce participation is bounded between zero and one when expressed
as a proportion, fractional-response models provide an additional specification check. A
fractional logit model with country and year indicators yields a positive InternetAccess
coefficient of 0.0351 (clustered SE = 0.0158, p = 0.035), corresponding to an average marginal
effect of approximately 0.70 percentage points. Because the very short time dimension
may create incidental-parameter concerns in a nonlinear model with country indicators, a
correlated random-effects fractional logit based on the Mundlak approach is used as an
additional check. The InternetAccess coefficient remains positive and statistically significant
(B =0.0336, SE = 0.0135, 95% CI = [0.0057, 0.0614], p = 0.020), corresponding to an average
marginal effect of approximately 0.69 percentage points. The similarity of the marginal
effects indicates that the positive contemporaneous association is not an artifact of treating
the bounded dependent variable as unbounded.

The one-year-lagged specifications provide substantially weaker evidence than the
contemporaneous models (Table 6). Household internet access is statistically insignificant
in L1 (§ = 0.400, p = 0.309), L2 (§ = 0.239, p = 0.495), L3 ( = 0.197, p = 0.565), and L4
(B =—0.199, p = 0.493). ICT-specialist employment is also statistically insignificant across
all lagged specifications. Logged GDP per capita is only marginally significant in L2 and L3
and changes sign after country-specific trends are included, while the lagged urbanization
and tertiary-attainment coefficients are imprecisely estimated. These results do not provide
evidence of a stable one-year temporal relationship and reinforce an associational, non-
causal interpretation of the contemporaneous estimates.

Table 6. One-year-lagged two-way fixed-effects estimates for e-commerce participation.

L4 Full + Country

Predictor/Statistic L1 Core L2 + InGDP L3 Full
Trends
B 0.400 (0.386) [—0.393, 0.239 (0.345) [—0.470, 0.197 (0.337) [—0.497, —0.199 (0.286) [—0.786,
InternetAccess(t — 1) 1.193] 0.948] 0.890] 0.389]
B 0.666 (1.692) [—2.811, 0.576 (1.465) [—2.436, 1.729 (1.532) [—1.420, 0.789 (1.498) [—2.290,
ICTspec(t —1) 4.143] 3.589] 4.878] 3.868]
In(GDP PPS/capita)(t . 21.668 * (11.230) 19.950 * (9.849) [—0.295, —12.209 (18.479)
-1 [—1.416, 44.752] 40.194] [—50.193, 25.776]
B —2.742 (2.370) [-7.612,  —0.150 (3.450) [—7.242,
Urban(t —1) - - 2.129] 6.942]

. B . . —0.355 (0.338) [-1.050, —0.525 (0.376) [—1.298,
Tertiary(t —1) 0.340] 0.248]
Observations 133 133 133 133

Countries 27 27 27 27
Country fixed effects Yes Yes Yes Yes
Year fixed effects Yes Yes Yes Yes
Country-specific trends No No No Yes
Overall R? 0.970 0.972 0.974 0.990
Within R? 0.059 0.121 0.167 0.699

Notes: Coefficients are followed by country-clustered standard errors and 95% confidence intervals.
Cluster covariance estimates apply the finite-sample correction G/(G — 1) x (N — 1)/(N — K), with
G = 27 country clusters. p-Values and confidence intervals use a t-distribution with 26 degrees of
freedom. * p < 0.10. Country and year coefficients, as well as country-specific trend coefficients, are
not displayed.
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The multicollinearity diagnostics are similarly reassuring. For C3, variance inflation
factors calculated after residualizing the explanatory variables with respect to country and
year effects range from 1.11 to 1.65, with a maximum of 1.65 for ICT-specialist employment.
For C4, the variables are additionally residualized with respect to country-specific linear
trends before the VIFs are computed. The resulting VIFs range from 1.04 to 1.40, with a
maximum of 1.40. Thus, the inclusion of heterogeneous country trends does not generate
problematic multicollinearity among the identifying components of the regressors (sigma
convergence verification in Figure 3).

The leave-one-country-out exercise provides an additional influence diagnostic for
the preferred contemporaneous specification C3. The InternetAccess coefficient remains
positive and statistically significant in all 27 re-estimations, ranging from approximately
0.684 to 1.037, indicating that the contemporaneous association is not driven by any single
Member State. Residual diagnostics likewise do not detect first-order serial correlation
(p =0.006, p = 0.937) or cross-sectional dependence (Pesaran-type CD = —0.693, p = 0.489).
Given the short time dimension, these diagnostics have limited power and are interpreted
only as sensitivity checks.

Because InternetAccess is close to saturation, its identifying variation was examined
directly. Across 105 consecutive within-country transitions, the mean annual change is
1.128 percentage points, the median 0.910, and the standard deviation 1.595, with values
ranging from —3.92 to 5.68 percentage points; 84 transitions are positive, and 21 are
negative. In the added-variable representation of C3, the partial slope is 0.816, and the
partial correlation between residualized InternetAccess and residualized Ecom is 0.426.
The corresponding residualized relationship is displayed in Figure 4.

The first-difference specification provides a further check on the use of short-panel
variation. In the full FD3 model, AlnternetAccess remains positive and statistically sig-
nificant ( = 0.862, SE = 0.237, 95% CI = [0.374, 1.349], p = 0.0012; N = 105), with similar
estimates in the simpler first-difference specifications. The exploratory ICTspec result is also
stable to the 2021 measurement break: in the post-break 2021-2024 version of C3, ICTspec
remains statistically insignificant ( = 0.322, SE = 1.188, p = 0.788), and it is insignificant in
all four post-break specifications.

Opverall, the robustness evidence supports a specific and deliberately limited interpreta-
tion. The positive internet-access association is stable across contemporaneous fixed-effects
specifications, small-cluster inference, fractional-response models, leave-one-country-out
estimates, and first differences. It does not persist in the one-year-lagged models. The
evidence is therefore consistent with a contemporaneous within-country association, while
the timing and causal mechanism remain unidentified in the present short panel (Table 7).

Table 7. Robustness, diagnostic, and reviewer-requested validation summary.

Check

Result Interpretation

Wild-cluster bootstrap-t, C3
InternetAccess

Positive contemporaneous inference

9999 replications; p_boot = 0.031; 95% survives restricted small-cluster

bootstrap-t CI[0.083, 1.545]

bootstrap

One-year-lagged InternetAccess, L1-L4

3 =0.400, 0.239, 0.197, —0.199; all p >
0.309

No robust one-year predictive association

Fractional logit, country + year indicators

B =0.0351; p = 0.035; AME ~ 0.702 pp

Positive bounded-outcome sensitivity
result

CRE/Mundlak fractional logit

 =0.0336; SE = 0.0135; p = 0.020; AME ~
0.690 pp

Positive result persists under short-panel
fractional-response specification
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Table 7. Cont.

Check

Result

Interpretation

Leave-one-country-out, C3

InternetAccess 3 = 0.684-1.037; p < 0.05 in
all 27 runs

Result is not driven by one Member State

No evidence of severe multicollinearity

Residualized VIF, C3 Maximum = 1.648

after country and year effects

No evidence of severe multicollinearity
Residualized VIF, C4 Maximum = 1.401 after country/year effects and

country-specific trends

Pesaran-type CD diagnostic

CD = —0.693; p = 0.489

No detected residual cross-sectional
dependence; short-T power is limited

Residual AR(1) diagnostic

p = 0.006; p = 0.937

No detected first-order residual serial
correlation; short-T power is limited

InternetAccess annual changes

N = 105; mean = 1.128 pp; median = 0.910;
SD = 1.595; range = —3.92 to 5.68

Identifying variation is not limited to
negligible movements near saturation

First-difference full model (FD3)

AlnternetAccess 3 = 0.862; SE = 0.237; p =
0.0012; 95% CI1[0.374, 1.349]

Positive contemporaneous association
survives an alternative use of short-panel
variation

Added-variable C3

Partial slope = 0.816; partial correlation =
0.426

Residualized relationship reproduces the
preferred C3 InternetAccess coefficient

ICTspec post-break 2021-2024, C3

B =0.322;SE =1.188; p = 0.788

Exploratory ICTspec result remains
statistically insignificant after the 2021

methodological break

5.5. Formal Evidence on E-Commerce Convergence

The sigma-convergence results indicate a sustained reduction in cross-country disper-
sion. In the balanced 26-country sample, the standard deviation declines monotonically
from 15.39 percentage points in 2020 to 11.64 in 2025, while the coefficient of variation
falls from 0.244 to 0.159, corresponding to reductions of approximately 24.4% and 35.0%
(Table 8). Country-trajectory bootstrap inference confirms that this compression is not
merely descriptive: the 2020-2025 change in the standard deviation is —3.755 percentage
points (95% bootstrap CI = [-5.803, —1.173], p = 0.006), and the change in the coefficient
of variation is —0.0855 (95% bootstrap CI = [-0.1249, —0.0415], p < 0.001). The estimated
annual trends are also negative, with bootstrap intervals entirely below zero.

Table 8. Sigma-convergence diagnostics for e-commerce participation: balanced 26-country sample,
2020-2025.

Year  Countries  Mean Ecom (%) Cross-Country SD Coefficient of Variation
2020 26 63.00 15.39 0.244
2021 26 66.97 14.87 0.222
2022 26 67.47 13.26 0.197
2023 26 69.35 12.84 0.185
2024 26 71.83 12.02 0.167
2025 26 73.26 11.64 0.159

The same qualitative decline is observed when the comparison is restricted to
2021-2025, and all 27 Member States are included: the cross-country standard devia-
tion falls from 14.68 to 11.49 percentage points and the coefficient of variation from 0.218 to
0.156. Together with the country-trajectory bootstrap results, these findings support H3a
and provide statistically validated evidence consistent with short-run sigma convergence
in the observed e-commerce participation indicator.
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Sigma Convergence in E-Commerce Participation across EU Member States

Balanced 26-Country Sample, 2020-2025
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Note: France is excluded from all years because its 2020 e-commerce observation is unavailable,
ensuring a constant country composition throughout the period.

Figure 3. Sigma convergence in e-commerce participation across EU Member States: balanced
26-country sample, 2020-2025. Note: France is excluded from all years because its 2020 e-commerce
observation is unavailable, ensuring a constant country composition throughout the period. Source:
author calculations based on Eurostat data.

The conventional beta-convergence regression for all 27 Member States over 2021-2025
yields a negative coefficient on initial log e-commerce participation ($ = —0.0998, HC1
SE =0.0166, 95% CI = [—-0.1340, —0.0656], p < 0.001; R2 = 0.719). Within this conventional
log-growth specification, Member States with lower online-purchasing participation in
2021 subsequently experienced faster growth on average through 2025 (Table 9).

Table 9. Robustness of beta-convergence estimates to alternative baselines and specifications.

Specification Period N B Robust SE 95% CI p-Value R?
Baseline model 2021-2025 27 ~0.0998 0.0166 [—0.1340, —0.0656] <0.001 0.719
Alternative baseline 2020-2025 26 ~0.0890 0.0087 [-0.1070, —0.0711] <0.001 0.784
Alternative baseline 2022-2025 27 ~0.0891 0.0165 [-0.1230, —0.0551] <0.001 0.580
Alternative baseline 2023-2025 27 ~0.0920 0.0187 [—0.1305, —0.0536] <0.001 0.468
Annual panel convergence 2021-2025 108 —0.1295 0.0279 [—-0.1869, —0.0720] <0.001 0.348
Ceiling sensitivity: logit 2021-2025 27 ~0.0198 0.0245 [—0.0703, 0.0306] 0.426 0.047
transformation
Ceiling sensitivity: 2021-2025 27 —0.0000435  0.0005957 [—0.0012704, 0.0011834] 0.942 0.0003

headroom-adjusted

Notes: The first five rows use conventional convergence specifications. Cross-sectional models
regress annualized log growth in e-commerce participation on the initial log level and use HC1
heteroskedasticity-robust standard errors; the 2020-2025 model uses the balanced 26-country sample.
The annual panel relates annual log growth to the lagged log level, includes year fixed effects, and
uses country-clustered standard errors. The ceiling-sensitive logit model uses annualized change in
logit(Ecom/100) and the initial logit level. The headroom model uses the annualized share of the
initial remaining distance to 100% that is closed over 2021-2025.

Within the conventional log-growth formulation, the beta coefficient remains negative
and statistically significant when the baseline year is shifted to 2020, 2022, or 2023, with
estimates ranging from approximately —0.089 to —0.100. The sign and inference are
therefore not driven solely by the 2021 starting year, although explanatory power declines
as the growth horizon shortens.
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Residualized e-commerce participation

The leave-one-country-out analysis provides an additional influence check. Re-
estimating the 2021-2025 beta-convergence regression after sequentially excluding each
Member State produces negative coefficients in all 27 cases, ranging from approximately
—0.1047 to —0.0849, and all remain statistically significant. Romania has the largest Cook’s
distance in the baseline regression, but excluding it yields 3 = —0.0849, which remains
statistically significant at p < 0.001. At the opposite end of the coefficient range, excluding
Ireland produces 3 = —0.1047, also statistically significant. The convergence estimate does
not appear to be driven by a single Member State.

The annual panel robustness specification is consistent with the conventional cross-
sectional result. Across 108 annual country-year transitions over 2021-2025, the coefficient
on lagged log e-commerce participation is negative and statistically significant (3 = —0.1295,
country-clustered SE = 0.0279, 95% CI = [-0.1869, —0.0720], p < 0.001; R2 = 0.348). Given
the short time dimension, this remains a short-run robustness check and not a dynamic
long-run convergence model.

The ceiling-sensitive specifications materially qualify the conventional beta-
convergence conclusion. When participation is transformed to the logit scale, the beta
coefficient is —0.0198 (HC1 SE = 0.0245, 95% CI = [—0.0703, 0.0306], p = 0.426; R? = 0.047).
The headroom-adjusted specification is also statistically insignificant ( = —0.0000435,
SE = 0.0005957, p = 0.942). Thus, conventional beta catch-up is not robust to explicit treat-
ment of the bounded outcome, and H3b is therefore interpreted as conditionally supported;
it does not provide robust evidence of beta convergence.

Added-Variable Plot for InternetAccess in the Preferred C3 Model

Partial slope = 0.816\nPartial correlatipn = 0.426\nN = 133

-2 0 2 4
Residualized household Internet access

Figure 4. Added-variable representation of household internet access in the preferred C3 specification.
Note: Ecom and InternetAccess are residualized with respect to ICTspec, InGDPpps, Urban, Tertiary,
country fixed effects, and year fixed effects. The partial slope is 0.816, and the partial correlation is
0.426. Source: author calculations based on the model-ready dataset in Supplementary File.

5.6. Hypothesis and Exploratory Assessment

Table 10 summarizes the empirical assessment. H1 is supported for the contempora-
neous within-country association: the InternetAccess coefficient remains positive under
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the principal contemporaneous robustness checks and in the first-difference model, but
not in the one-year-lagged specifications. The exploratory ICTspec relationship is not
statistically supported in either the main or post-break models and is not interpreted as a
test of consumer digital skills. H2 is not robustly supported because the GDP coefficient is

sensitive to specification and country-specific trends.

Table 10. Summary of confirmatory hypotheses and the exploratory ICTspec relationship.

Hypothesis/Relationship

Empirical Assessment

Conclusion

H1: Internet access (+)

Positive and statistically significant in C1-C4;
survives restricted wild-cluster bootstrap and
fractional-response checks; FD3 remains
positive and significant (3 = 0.862, p = 0.0012);
not statistically significant in L1-L4.

Supported for the contemporaneous
within-country association; no causal or
predictive claim.

Exploratory E1: ICT specialists (+)

ICTspec is statistically insignificant in
contemporaneous and lagged specifications
and remains insignificant in the post-break
2021-2024 models (C3: 3 =0.322, p = 0.788).

No robust short-run association detected
for this macro-level digital-ecosystem

proxy.

H2: GDP PPS/capita (+)

Marginally significant in C2, statistically
insignificant in C3, and sign-unstable after
country-specific trends are introduced; lagged
estimates are similarly unstable.

Not robustly supported.

H3a: sigma convergence

SD and CV decline monotonically in the
balanced 26-country sample; country-trajectory
bootstrap 95% intervals are entirely below zero
for both the 2020-2025 change and the linear
trend.

Supported; statistically validated
evidence consistent with short-run sigma
convergence.

H3b: beta convergence

Conventional log-growth specifications are
negative and significant across alternative
baselines and influence checks, but the
2021-2025 relationship is statistically
insignificant under logit-transformed and

Conditionally supported; evidence of
beta catch-up is sensitive to the
bounded-outcome specification.

headroom-adjusted ceiling-sensitive
specifications.

The convergence results require a distinction between the two concepts. H3a is
supported by both the monotonic decline in dispersion and country-trajectory bootstrap
uncertainty estimates. H3b receives only conditional support: conventional log-growth,
alternative-baseline, influence, and annual-panel specifications indicate catch-up, but
the coefficient becomes statistically insignificant under logit-transformed and headroom-
adjusted ceiling sensitivities. The study therefore treats sigma convergence as the stronger
convergence result and beta catch-up as specification-sensitive.

6. Conclusions and Policy Implications

This study evaluates within-country associations between selected dimensions of
national digital readiness and e-commerce participation in the EU-27 during 2020-2025
and separately examines whether participation rates became less dispersed across Member
States. The short pandemic-and-recovery window and aggregate country—year design
require cautious interpretation, but the additional validation exercises clarify which results
are stable and which depend on specification.

Household internet access provides the most stable structural result. In C3, a one-
percentage-point increase in the national household internet-access rate is associated with
approximately 0.82 percentage points higher national e-commerce participation. The asso-
ciation persists under country-specific trends, restricted wild-cluster bootstrap inference,
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fractional-response models, leave-one-country-out estimation, and first differences, but it
is not statistically significant in the one-year-lagged models. ICT-specialist employment,
treated as an exploratory indicator of digital-ecosystem capacity, remains statistically in-
significant, including after restricting the analysis to the post-2021 measurement regime;
H3 for GDP is likewise not robustly supported.

The convergence evidence is asymmetric. Sigma convergence is supported by the
monotonic decline in the standard deviation and coefficient of variation and by country-
trajectory bootstrap intervals that remain below zero. Conventional beta specifications
indicate catch-up among lower-adoption countries, but this result becomes statistically
insignificant when the bounded participation rate is addressed through logit and headroom
adjustments. The strongest conclusion is therefore one of declining cross-country dispersion
in e-commerce participation, accompanied by specification-sensitive evidence of beta catch-
up and no claim of robust long-run convergence.

6.1. Policy Implications

The positive contemporaneous association between household internet access and
online purchasing indicates that national access rates and e-commerce participation tend
to move together within Member States, but it does not establish that expanding access
alone would cause higher online purchasing. The variables have different underlying
denominators, and InternetAccess measures basic connectivity without distinguishing
speed, fiber availability, affordability, reliability, or territorial inequalities. Policy decisions
on broadband deployment should therefore combine access indicators with more granular
evidence on connection quality and the complementary conditions that enable digital-
market participation.

The exploratory ICTspec result likewise does not support treating the national share
of ICT specialists as a direct policy lever for consumer e-commerce participation. Spe-
cialized digital labor may contribute to productivity, innovation, cybersecurity, platform
development, and broader digital inclusion, but the available economy-wide measure
does not identify consumer skills or their causal effect on online purchasing. Future pol-
icy evaluation would benefit from independent consumer-skill measures combined with
micro-level information on age, education, income, employment status, and territorial
location [10,13-15].

The convergence evidence is most useful as a monitoring signal. Statistically vali-
dated sigma convergence indicates that national participation rates became less dispersed
during the observed period, while the sensitivity of conventional beta catch-up to ceil-
ing adjustments cautions against attributing this narrowing to a single mechanism. For
lower-adoption Member States, the literature supports a coordinated policy mix involving
access, payment infrastructure [27], trust and transaction security [23,24], logistics [25],
institutional conditions [26], consumer protection, and digital capability. EU monitoring
frameworks would also benefit from harmonized annual indicators of broadband quality
and affordability, independent consumer digital skills, digital-payment access, logistics
performance, and online trust.

6.2. Limitations and Future Research

Several limitations define the scope of the conclusions. First, the 2020-2025 observation
window is short and begins with the COVID-19 shock. Comparable indicators do not permit
a consistent longer pre-pandemic design, so the analysis cannot identify a structural break
relative to a common pre-COVID baseline or determine whether the observed changes
represent permanent long-run shifts. The convergence results therefore concern short-run
developments within a pandemic-and-recovery period.
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Second, the indicators are aggregate and imperfect representations of the underlying
mechanisms. Household internet access is near saturation, does not measure connection
quality or affordability, and is reported for households while Ecom is reported for indi-
viduals aged 16-74. In addition, the annual indicators are not perfectly synchronized:
Ecom refers to purchases during the previous 12 months, InternetAccess reflects household
connectivity around the household ICT survey reference period, and ICTspec is derived
from annual Labor Force Survey data. Same-year measures can therefore contain par-
tially overlapping reference windows, while a one-year shift does not guarantee an exact
twelve-month separation. The first-difference and added-variable analyses characterize the
available variation but do not resolve these aggregation and timing limitations.

Third, ICT-specialist employment is an economy-wide labor-market indicator and does
not directly measure consumer digital capability. Its statistically insignificant coefficient
remains unchanged in the post-break 2021-2024 sensitivity analysis, but this result concerns
the specific proxy and should not be generalized to consumer digital skills or human capital.
The overall Eurostat Digital Skills Indicator is excluded because of construct overlap with
online purchasing and methodological comparability concerns. Future research should
prioritize independent consumer-level skill measures and microdata that can align digital
capability, access quality, trust, payment access, and purchasing behavior at compatible
observational levels.

Fourth, fixed effects, country-specific trends, first differences, fractional-response mod-
els, small-cluster procedures, and influence diagnostics improve specification robustness
but do not provide causal identification. Reverse causality and time-varying omitted
factors—including payments, logistics, trust, consumer protection, platform availabil-
ity, regulation, and prices—remain plausible. Statistical inference is also based on only
27 country clusters and a short time dimension. Future work could exploit infrastruc-
ture rollouts, regulatory changes, policy discontinuities, longer panels, or other quasi-
experimental designs to strengthen identification.

Finally, convergence inference remains specific to the observed behavioral indicator.
Country-trajectory bootstrap results strengthen the sigma-convergence conclusion, but
declining e-commerce dispersion does not imply convergence in internet quality, digital
skills, income, or institutional capacity. The conventional beta result is sensitive to ceiling-
adjusted specifications, and regression-to-the-mean cannot be fully excluded. Longer panels
could distinguish temporary catch-up from persistent convergence and permit alternative
approaches such as heterogeneous-slope or club-convergence models. The analytical
framework is also suitable for external validation beyond the EU-27; future collaborative
research could apply the methodology to other country groups, regional integration areas,
and longer observation periods to assess whether the relationships identified here are
preserved across different institutional and digital-development contexts. The author
welcomes collaborative replication and methodological extension of the framework to
alternative country settings.

6.3. Final Remarks

Overall, the study identifies a robust contemporaneous association between na-
tional household internet access and e-commerce participation, while the exploratory
ICT-specialist indicator and GDP do not show comparably stable short-run relationships.
Cross-country dispersion in e-commerce participation decreases significantly over the
observed period, providing the strongest convergence result. Conventional beta catch-up is
visible but becomes specification-sensitive once the upper bound of the participation rate is
addressed. These findings support continued analysis of digital access as one component of
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market participation while emphasizing the need for better-aligned measures of consumer
capability, connection quality, payments, logistics, trust, and institutional conditions.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/jtaer21090317/s1. Supplementary File S1 contains the
cleaned analytical datasets, data dictionary, source and measurement specifications, sample-
construction and transformation procedures, country classifications, article tables and figure source
data, and the complete numerical robustness, diagnostic, and convergence results.
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