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Abstract

Digital infrastructure enables green transformation, but its impact on renewable energy
innovation depends critically on the availability of human capital. This study examines
whether human capital acts as a mediator or moderator in the relationship between digital
infrastructure and renewable energy innovation. Drawing on innovation systems and
absorptive-capacity theory, we distinguish deployed human capital (advanced-educated
labor) from human capital in formation (tertiary enrolment). Using dynamic panel data
models for a sample of 22 countries (2000-2020), we find a positive association between
digital infrastructure and renewable energy patenting. However, human capital does not
mediate this link; instead, it conditions the relationship’s strength. The estimated marginal
association is highly sensitive to human capital levels, progressively diminishing at higher
levels of both deployed and in formation human capital. These findings suggest that
the innovation returns to digital infrastructure depend on the timing and deployment of
capabilities within innovation systems.These findings suggest that the innovation returns
to digital infrastructure depend not only on digital expansion but also on the timing and
deployment of capabilities within national renewable innovation systems. Consequently,
digital transformation and human capital development policies should be pursued to align
existing and emerging skills with green innovation needs.

Keywords: digital infrastructure; renewable energy innovation; human capital; absorptive
capacity; national innovation systems; green development

1. Introduction

The transition to low-carbon energy systems increasingly depends on countries’ ability
to generate and diffuse renewable energy technologies. Digital infrastructure is often
expected to support this process by improving connectivity, data processing, coordination,
and access to knowledge. However, the innovation benefits of digital infrastructure are
not automatic. Countries with similar levels of digital expansion may differ considerably
in their ability to translate digital capabilities into renewable energy innovation. More
broadly, recent research suggests that green development outcomes are shaped not only by
technological resources but also by the broader economic and institutional environment
within which innovation takes place, highlighting the importance of understanding the
conditions under which innovation-supporting resources generate sustainable outcomes [1].
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This raises the following question for green development research: under what human-
capital conditions is digital infrastructure associated with renewable energy innovation?

From a national innovation system perspective [2], digital infrastructure provides op-
portunities for knowledge access and coordination, but human capital may shape whether
those opportunities can be recognized, absorbed, and translated into inventive activity [3].
This role is consistent with the absorptive-capacity view [4], which highlights the impor-
tance of skills and knowledge in enabling the identification, assimilation, and exploitation
of new technological opportunities. However, human capital should not be treated as a sin-
gle, homogeneous resource particularly in green innovation contexts where technological
change and capability requirements evolve rapidly.

Prior studies have examined the importance of human factors in supporting
sustainability-oriented outcomes [5], the role of digitalization in green innovation and
energy-sector transformation [6,7], while others have emphasized the importance of ed-
ucation and skills for environmentally oriented innovation [8-10]. However, empirical
evidence on three points remains limited. First, cross-country evidence on whether national
digital infrastructure translates into renewable energy inventive activity is still develop-
ing. Second, human capital is often treated as a broad aggregate resource, even though
skills already deployed in the labor force may differ from skills still being formed through
tertiary education. Both constructs capture different stages of capability development
and may influence innovation through different temporal mechanisms. This distinction is
particularly relevant in digital-green innovation contexts, where capability development
and capability deployment often follow different learning trajectories and time horizons,
leading to heterogeneous innovation outcomes [11]. Third, while theoretical work dis-
tinguishes between mediation and moderation mechanisms, empirical comparisons of
these two roles—particularly whether human capital transmits or conditions the digital
infrastructure effect—are scarce. Distinguishing between these mechanisms is theoretically
important because it determines whether human capital operates primarily as a channel
through which digital infrastructure influences innovation or as a capability that shapes
the effectiveness of digital resources. This distinction therefore contributes to broader
debates on the role of complementary assets and absorptive capacity in digital-led green
innovation [7,12].

This study addresses these gaps by asking three research questions. First, is digital
infrastructure associated with renewable energy innovation? Second, do different forms
of human capital contribute differently to renewable energy innovation? Third, does
human capital mediate or moderate the relationship between digital infrastructure and
renewable energy innovation? To answer these questions, we distinguish between two
dimensions of human capital: deployed human capital, measured by the labor force with
advanced education, and human capital in formation, measured by tertiary enrolment.
This distinction allows us to move beyond aggregate treatments of human capital and to
consider whether existing skills and future skill formation play different roles in shaping
the relationship between digital infrastructure and renewable energy patenting.

Using panel data for 22 countries over the period 2000-2020, this study investigates
the direct association between digital infrastructure and renewable energy patenting and
tests the distinct roles of human capital in that relationship. The results show that digital
infrastructure is positively associated with renewable energy patenting. However, the
evidence does not support the mediating role of human capital. Instead, human capital
appears to operate primarily as a conditioning factor. The interaction results suggest that
the marginal association between digital infrastructure and renewable energy innovation
is estimated to be lower at higher levels of both deployed human capital and tertiary
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enrolment, consistent with an interpretation emphasizing the role of capability deployment
and timing in shaping the innovation returns to digital infrastructure.

The paper makes three contributions. First, it contributes to the green innovation
literature by examining digital infrastructure as a national enabling condition for renewable
energy patenting. Second, it contributes to the human-capital and absorptive-capacity
literature by distinguishing between deployed human capital, measured by the labor force
with advanced education, and human capital in formation, measured by tertiary enrolment.
Third, it contributes to debates on digital-led green development by providing empirical
evidence comparing mediation and moderation mechanisms, thereby shedding light on
whether human capital operates as a transmission channel or a conditioning factor in the
digital infrastructure—innovation relationship.

The remainder of the paper is organized as follows. Section 2 reviews the relevant
literature and develops the hypotheses. Section 3 presents the data and variables. Section 4
outlines the methodology. Section 5 reports the empirical results. Section 6 discusses the
findings and their implications for green innovation and development. Section 7 concludes.

2. Literature Review and Hypothesis Development

This section develops the theoretical foundation of the study. It first reviews the role
of digital infrastructure as an enabling condition for renewable energy innovation. It then
discusses human capital as a form of absorptive capacity within green innovation systems,
distinguishing between deployed human capital and human capital in formation. Finally,
it develops the argument that human capital may operate either as a mediating channel or
as a moderating condition in the relationship between digital infrastructure and renewable
energy innovation.

2.1. Digital Infrastructure as an Enabling Condition for Renewable Energy Innovation

Digital transformation is reshaping innovation systems by acting both as a technologi-
cal driver and as an enabling infrastructure for ecosystem-level coordination. In National
Innovation Systems, innovation outcomes reflect the quality of interactions among firms,
universities, public agencies, and supporting infrastructures that govern knowledge cre-
ation, diffusion, and recombination [2,13]. From this perspective, digital infrastructure
expands the connectivity and information-processing capacity of national ecosystems,
strengthening knowledge recombination and cross-institutional coordination. Recent evi-
dence supports this enabling role: ref. [14] shows that information technology agility and
flexibility enhance innovation capability, while ref. [15] documents how digital technologies
reshape innovation across inputs, processes, and outcomes. At the system level, these digi-
tal capabilities may lower coordination costs and accelerate experimentation cycles, increas-
ing the likelihood that renewable-energy solutions are codified in patentable inventions.

In the energy domain, digitalization has been shown to support green innova-
tion [16,17]. Digital tools can enhance value creation by improving energy-management
systems and alleviating bottlenecks in the renewable-energy transition [18]. Digital plat-
forms can also reconfigure energy ecosystems and enable business-model innovation. The
adoption of digital technologies has supported consumer-centric value creation [19] and
facilitated energy-as-a-service models that improve resource allocation, operational effi-
ciency, and market opportunities [20,21]. These ecosystem and business-model shifts may
create demand for novel technical solutions, including smart-grid algorithms, predictive
maintenance protocols, and storage configurations, some of which may be codified in
patent applications. Accordingly, we hypothesize:

Hypothesis H1. Digital infrastructure is positively associated with renewable energy innovation.
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2.2. Human Capital as Absorptive Capacity in Green Innovation Systems

Human capital constitutes a core national capability that underpins sustainable in-
novation, yet studies examining its role in the energy sector remain underdeveloped [22].
Within a National Innovation System perspective, human capital strengthens system-level
absorptive capacity through its coevolution with innovative capability [12]. It enables
actors to recognize, assimilate, and exploit external knowledge [4], thereby improving the
capacity to convert technological opportunities into renewable energy inventions.

The multifaceted nature of human capital, encompassing education, skills, and ex-
perience, enhances the capacity to generate, absorb, and apply new knowledge. At the
national level, high concentrations of human capital, reflected in a skilled labor force and
research capabilities, are associated with greater creativity, knowledge recombination, and
the development of innovative solutions [23-25]. These capabilities are particularly relevant
in renewable energy domains, where innovation is increasingly data-intensive and requires
interdisciplinary problem-solving, engineering knowledge, digital skills, and coordination
across ecosystem actors.

Human capital may also support the alignment of technological innovation with
sustainability goals. At the country level, green human capital can foster environmentally
responsible practices and strengthen green innovation capabilities, thereby contributing
to broader sustainable development objectives [8,26]. Human capital can also reinforce
research and development capacity, promote knowledge exchange, and facilitate the diffu-
sion of environmentally oriented knowledge, supporting green technology innovation [27].
However, the innovation contribution of human capital may differ depending on whether
skills are already deployed in the economy or are still being formed through education. De-
ployed skills, reflected in the skilled labor force, represent immediate innovation capacity,
whereas tertiary enrolment captures the formation of future capabilities. Recent research
suggests that the contribution of higher education to innovation may unfold gradually,
with stronger effects emerging over longer time horizons as educational investments are
translated into productive and innovative activities [28]. Similarly, the authors of [29]
argue that higher education supports technological innovation through human-capital
accumulation and knowledge creation, although these benefits may not be reflected im-
mediately in innovation outputs. As a result, periods of educational expansion may not
necessarily coincide with higher current patenting activity when newly formed capabilities
have not yet been absorbed into innovation processes. Consequently, human capital in
formation may exhibit a weaker or delayed association with renewable energy patenting
than deployed human capital.

Hypothesis H2. Human capital is significantly associated with renewable energy innovation, but
the direction and immediacy of this association may differ between deployed human capital and
human capital in formation.

2.3. Human Capital as Capability Formation, Transmission Channel, and Conditioning Factor

A central implication of National Innovation System theory is that infrastructures
generate innovation returns only when complementary capabilities are present and ef-
fectively coordinated across the system. Human capital is one of the most important of
these capabilities because it shapes the ability of actors to recognize, absorb, and exploit
technological opportunities. However, human capital is not a homogeneous resource.
Deployed human capital, reflected in the skilled labor force, represents capabilities already
embedded in economic and innovation activities. By contrast, human capital in formation,
reflected in tertiary enrolment, captures the development of future capabilities through
higher education. This distinction is important because deployed skills may support the

https://doi.org/10.3390/su18147397


https://doi.org/10.3390/su18147397

Sustainability 2026, 18, 7397

50f24

immediate exploitation of digital opportunities, whereas tertiary enrolment may contribute
more gradually as students enter the labor market and as education systems align with
green and digital innovation needs.

Consistent with this framing, we argue that digital infrastructure may enhance the con-
ditions for renewable energy innovation by expanding access to information, strengthening
connectivity, and improving coordination possibilities across innovation actors. However,
the extent to which these opportunities translate into patentable renewable energy innova-
tions depends on human-capital conditions. Deployed skills may support the immediate
exploitation of digital opportunities, whereas tertiary enrolment may capture a longer-term
process of capability formation whose contribution to innovation emerges more gradually.
This framing suggests that human capital may be more usefully understood as a condition-
ing capability than as a simple transmission channel through which digitalization affects
innovation. This conditioning role need not imply that human capital always amplifies the
marginal effect of digital infrastructure; it may also reflect diminishing returns, capability
saturation, or differences in how digital and human-capital resources are aligned within
national innovation systems.

The relationship between digital infrastructure, human capital, and renewable energy
innovation can therefore be understood through two possible mechanisms. Recent evidence
suggests that the effects of digital infrastructure on development outcomes may operate
through both mediating and moderating mechanisms depending on the complementary
conditions present within the system [30]. The first is a transmission, or mediation, pathway.
Under this view, digital infrastructure may support learning, collaboration, resource allo-
cation, and human-capital development, which in turn contribute to innovation. Human
capital, in conjunction with technological change, may support the energy transition by
accelerating renewable energy development [31]. Related studies suggest that digitalization
can enhance learning and collaboration mechanisms that expand system-level absorptive
capacity. For example, ref. [32] shows that digital transformation improves green innova-
tion by enabling continuous learning and knowledge renewal, while ref. [33] finds that
digital technologies contribute to the structural optimization of human capital, which
subsequently promotes green innovation. Digital transformation has also been linked to in-
creases in the number, efficiency, and quality of green patent applications [34]. Collectively,
these studies suggest a plausible transmission pathway in which digital infrastructure may
be associated with renewable energy innovation indirectly through human capital.

The second mechanism is a conditioning, or a moderation, pathway. From an
absorptive-capacity perspective, the most immediate role of human capital may be to
shape the innovation payoff from digital infrastructure rather than to transmit it. Digital
infrastructure expands access to knowledge, data, and coordination opportunities, but
innovation gains depend on whether the available skill base can exploit those opportunities.
Consistent with this logic, several studies suggest that the influence of digitalization on
green innovation depends on complementary human-capital conditions. Ref. [35] finds
that digitally enabled environments deliver stronger green outcomes when supported by
well-developed green human capital, while ref. [36] shows that human capital strengthens
the relationship between digitalization and green innovation by improving the effectiveness
of digital applications for sustainable development.

However, the conditioning effect may be nonlinear. A higher level of human capital
does not necessarily imply that the marginal contribution of digital infrastructure will
continue to increase. In more advanced innovation systems, additional digital infrastruc-
ture may produce diminishing marginal returns if basic connectivity and coordination
constraints have already been reduced. Similarly, where skills are not effectively deployed
toward renewable-energy sectors, or where tertiary education expands faster than labor-
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market absorption, human capital may not amplify the digital infrastructure effect. These
possibilities suggest that human capital may condition the digital infrastructure-renewable
energy innovation relationship in ways that are positive, negative, or context-dependent.
Accordingly, this study tests two alternative roles of human capital:

Hypothesis H3a. Human capital positively mediates the relationship between digital infrastructure
and renewable energy innovation, such that digital infrastructure is indirectly associated with
renewable energy innovation through human capital.

Hypothesis H3b. Human capital moderates the relationship between digital infrastructure and
renewable energy innovation, such that the marginal association between digital infrastructure and
renewable energy innovation varies across human-capital conditions and may decline at higher
levels of human capital.

Building on these arguments, Figure 1 presents the theoretical framework of the study,
showing how digital infrastructure and the two dimensions of human capital are expected
to relate to renewable energy innovation.

National Innovation System

‘ Deployed human capital | |

|

|

| |

| ! | {

. L

| ! |

L Human capital in formation H3b  H3a

} } (moderation) : | {mediation)

. ) .

L o

- H2 .

[
P vV
Digital Renewable Energy

Infrastructure Innovation

H1

Figure 1. Theoretical model. Conceptual framework of digital infrastructure, human capital, and
renewable energy innovation within a green national innovation system. Human capital is dis-
tinguished into deployed human capital and human capital in formation. H1 denotes the direct
association between digital infrastructure and renewable energy innovation; H2 denotes the direct
association between human capital and renewable energy innovation; H3a denotes the mediation
pathway; and H3b denotes the moderating condition.

3. Data, Variables, and Measurement

This study draws on a country-level panel dataset comprising 22 countries over the
period 2000-2020. The selected timeframe reflects both data availability and analytical
relevance, as 2020 represents the most recent year for which comprehensive statistics on
the labor force with advanced education are available for the studied countries. The final
country sample is determined by the availability of consistent observations across renew-
able energy patenting, ICT indicators, human-capital measures, GDP per capita, and RD
expenditure. The sample encompasses countries with varying levels of green innovation
capability including top performers, emerging players, and transitional economies, thereby
capturing a broad spectrum of development trajectories and institutional contexts. This
diversity allows for a richer understanding of how digitalization and human capital interact
to influence renewable energy innovation in different contexts. The countries included
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are Argentina, Austria, Belgium, Czechia, Denmark, Finland, France, Greece, Italy, Latvia,
Lithuania, Luxembourg, Mexico, the Netherlands, Norway, Poland, Slovakia, Slovenia,
Spain, Sweden, Switzerland, and the United Kingdom. Countries in the sample vary con-
siderably in innovation performance, digital development, R&D investment, and economic
development. The sample thus includes both highly innovative economies and those with
more limited innovation capabilities.

Consistent with a digital transformation perspective, digital infrastructure is opera-
tionalized as a foundational digital capability that supports connectivity and coordination
across national innovation ecosystems. Human capital captures system-level absorptive
capacity that enables knowledge identification, assimilation, and exploitation. The dataset
integrates indicators corresponding to the study’s conceptual framework: renewable en-
ergy patenting (REP), information and communication technologies (ICT), labor force with
advanced education (LF), and tertiary school enrollment (SET). Gross domestic product
(GDP) and research and development expenditure (RD) are included as control variables,
consistent with prior innovation research [37].

Renewable energy innovation is measured by renewable energy patenting (REP),
defined as the total number of patents in renewable energy technologies. This indicator
captures renewable-energy inventive output, including technologies related to wind and
solar energy, energy storage, efficiency, grid management, and electric transport. REP is
interpreted as an indicator of renewable-energy technological output rather than a measure
of technology diffusion, commercialization, or environmental impact.

The ICT variable is operationalized as a composite index constructed through principal
component analysis (PCA) of four underlying indicators: fixed broadband subscriptions,
internet users, mobile cellular subscriptions, and fixed telephone subscriptions. PCA is
used because digital infrastructure is multidimensional and cannot be fully captured by a
single indicator. Before applying PCA, the four ICT indicators are standardized to account
for differences in units of measurement. The first principal component is retained as the
ICT index because it captures the largest share of common variation across the indicators.
Higher values of the index indicate stronger digital infrastructure. For transparency, the
PCA loadings, eigenvalue, and explained variance should be reported in an appendix.
Human capital is measured using two indicators that capture different stages of capability
availability. Labor force with advanced education (LF) captures deployed human capital
because it reflects advanced skills already available in the labor market and therefore more
directly connected to current innovation activity. Tertiary school enrollment (SET) captures
human capital in formation because it reflects future capability development through
higher education. This distinction allows the analysis to examine whether existing skills
and future skill formation relate differently to renewable energy innovation.

Table 1 provides detailed definitions of all variables, their measurement approaches,
abbreviations, and data sources.

To ensure the validity of this dynamic specification, prior to estimation we confirm
the stationarity of the renewable energy patenting (REP) variable using second-generation
panel unit root tests that account for cross-sectional dependence, specifically [38] the cross-
sectionally Augmented Im-Pesaran—Shin test.

Table 2 summarizes the panel data variables. Renewable energy patents (REPs) exhibit
substantial cross-sectional and temporal heterogeneity (mean = 314.73; range = 0-2291),
indicating wide variation in countries’ innovation performance over time. The ICT index
fluctuates around zero on average. The labor force with advanced education (LF) remains
relatively stable throughout the period, while tertiary school enrollment (SET), gross
domestic product (GDP), and research and development intensity (RD) display considerable
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dispersion, reflecting pronounced differences in human capital accumulation, economic

development, and research effort across countries and years.

Table 1. Variables, abbreviations, and sources.

Variable

Definition

Measurements

Abbreviation

Sources

Total number of

Renewable energy sources
include wind and solar,

Total number

https:/ /ourworldindata.
org/grapher/patents-for-

prensenevtle | enerystomge e o
electric transport, accessed on 10 May 2025
.. Composite measure of national
ICT (composite index) digital infrastructure. IcT
Fixed subscriptions to
high-speed access to the public Subscriptions
Fixed broadband Internet (a TCP/IP connection), (per 1 OOP eople)
at downstream speeds equal to, P peop
or greater than, 256 kbit/s.
Individuals using Internet users in the last (% of Jation)
the Internet 3 months. o ot popuiatio
- . International
Subscriptions to a public Telecommunication
Mobile cellular mobile telephone service Subscriptions per .
. 1 Union (ITU)/ICT
subscriptions providing access to the PSTN 100 people .
. Indicators Database
using cellular technology.
Sum of active number of
analogue fixed telephone lines,
voice-over-IP (VoIP)
Fixed telephone subscriptions, fixed wireless Subscriptions per
subscriptions local loop (WLL) subscriptions, 100 people
ISDN voice-channel
equivalents and fixed
public payphones.
. Percentage c?f the Working (% of.total International Labour
Labor force with age population with an working-age L
. . ) . LF Organization,
advanced education advanced level of educationin  population with
. ILOSTAT database
the labor force. advanced education)
School . o UNESCO Institute for
enrollment, tertiary Ratio of total enrollment. (% gross) SET Statistics (UIS)
. World Bank national
. Gross domestic .
GDP per capita roduct divided b Economic output per GDP accounts data, and
(constant 2015 US$) fni dvear popula tjg; person (per capita) OECD National Accounts
year pop ’ data files.
Research and Gross domestic expenditures
on research and development UNESCO Institute for
development (% of GDP) RD o
dit (R&D), expressed as a percent Statistics (UIS)
expenditure of GDP.
Table 2. Summary statistics of the studied variables.
Variable Obs Mean Std. Dev. Min Max
REP 459 314.7342 460.548 0 2291
ICT 462 6.10 x 10~ 1 0.2630318  —0.7073134  0.4722339
LF 462 80.23717 3.39764 73.6304 89.9739
SET 462 66.26787 21.06128 9.85431 143.9627
GDP 462 36,031.29 24,657.73 6336.383 112,417.9
RD 462 1.658813 0.9310237 0.27606 3.8738
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4. Methodology

To examine the relationship between digital infrastructure and renewable energy
innovation, this study employs a dynamic panel-data framework. The baseline model is
written as follows:

REP; = ¢j+a REP;; 1+ BICT; + 6 x}, + €1, (1)

In Equation (1), REP denotes the total count of patents related to renewable energy
technologies that measures renewable energy innovation while ICT refers to a composite
index capturing the level of information and communication technology development that
measures digital infrastructure. The term x}, denotes a row vector of control variables,
specifically GDP per capita and expenditures on research and development (RD).

This specification clearly reflects the structure of a dynamic panel data model, charac-
terized by the inclusion of a lagged dependent variable. The rationale for this inclusion is
strongly grounded in the recent academic literature, which emphasizes the persistence and
path-dependence of innovation processes, particularly in the renewable energy sector. For
instance, ref. [39] emphasizes that past technological choices often lead to self-reinforcing
innovation trajectories due to existing infrastructure, institutional learning, and cumu-
lative investments that shape subsequent technological paths. Consequently, mature
technologies such as solar and wind continue to dominate, even as emerging alternatives
gain momentum.

Recognizing the potential endogeneity of the lagged patenting variable REP;; 1, we
adopt the system Generalized Method of Moments (GMM) estimator. This approach
provides consistent and efficient estimation of the model’s parameters by addressing
the inherent simultaneity and unobserved heterogeneity issues common in dynamic
panel frameworks.

After estimating the parameters of model (1), we obtain initial insights into the effect
of ICT on REP. In a subsequent step, we investigate whether the two dimensions of human
capital considered in this study—labor force with advanced education (LF), representing
deployed human capital, and tertiary school enrolment (SET), representing human capital
in formation—exert a moderating or mediating influence on the relationship between ICT
and REP.

To examine whether LF and SET moderate the relationship between digital infras-
tructure and renewable energy innovation, the baseline model is extended by introducing
interaction terms between ICT and each human-capital dimension:

REP; =c;+a REP;; 1+ BICT; + A HCy + ¢ (ICT x HC),;, + 6 x}, + €1, ()

Equation (2) is estimated separately using LF (labor force with advanced education)
and SET (tertiary enrolment) as alternative measures of human capital. The interaction
terms are therefore ICT x LF and ICT x SET. If ¢ is statistically significant (p < 0.05), this
indicates a moderating effect of the human-capital variable considered (LF or SET).

To assess whether labor force with advanced education (LF) and tertiary school enrol-
ment (SET) mediate the relationship between information and communication technologies
(ICT) and renewable energy innovation (REP), two key conditions must first be estab-
lished. First, we need to confirm that the coefficient associated with ICT denoted by 3
in model (1) is statistically significant, thereby indicating a robust baseline relationship.
Second, following the classical mediation analysis of ref. [40], we verify two empirical con-
ditions. By investigating the first one, we estimate a regression in which the hypothesized
mediator—either human capital in formation [SET] or deployed human capital [LF]— is
regressed on ICT and the set of control variables.

https://doi.org/10.3390/su18147397


https://doi.org/10.3390/su18147397

Sustainability 2026, 18, 7397

10 of 24

For analytical consistency, this regression is also estimated within a dynamic panel
data specification. This approach is substantiated by prior research suggesting that current
levels of human capital are influenced by their past values, a dynamic underscored, for
instance, refs. [41,42]. The following equation formalizes this intermediate step:

HCj =c¢;+x HC;y 1+ T ICTj; + 6 x}; + €. 3)

In Equation (3), ICT is expected to exert a statistically significant influence on LF or SET,
depending on the specification estimated. The analysis culminates with the examination of
this model to investigate the second empirical condition if the first one is verified:

REPit =c, +a REP{[,},l +b ICTI‘,} +d HCit +6 xft + &, (4)

where d in (4) should be significant. If coefficient b in (4) becomes statistically insignificant,
this indicates the presence of full mediation. Conversely, if b is reduced in magnitude
relative to the coefficient estimated in Equation (1) but remains statistically significant, this
is indicative of partial mediation.

All empirical analyses, including the System GMM estimations, mediation and moder-
ation tests, and marginal-effect plots, were conducted using Stata 17.

5. Empirical Results

This section presents the empirical results in three steps. First, Model (1) is estimated to
examine the baseline association between digital infrastructure (ICT) and renewable energy
patenting (REP). Second, Model (2) is used to assess whether human capital, captured by
labor force with advanced education (LF) and tertiary enrolment (SET), moderates the
ICT-REP relationship. Third, Models (3) and (4) are estimated to examine whether human
capital operates as a potential mediating channel.

5.1. Digital Infrastructure and Renewable Enerqy Patenting

The analysis begins by examining the association between ICT and REP, controlling
GDP and RD expenditure, while excluding the human capital variables (LF and SET) from
the dynamic panel specification. The results are presented in Table 3.

Table 3. GMM estimation results, dependent variable REP.

Independent Variable Coefficient Std. Err. V4 p>lzl
Rﬁﬁ 0.993791 0.1261156 7.88 0.000
ICT 53.6832 9.50145 4.65 0.001
GDP 0.0001696 0.0002098 0.81 0.428
RD —57.269165 16.2696 —3.52 0.017
_cons 7.984554 21.96673 0.36 0.720
Observations 437
Number of groups (countries) 22
Number of instruments 8
L(2/4).L.rep collapsed
Arellano-Bond test for AR(1) in first differences z = —2.17 (0.030)
Arellano-Bond test for AR(2) in first differences z =1.76 (0.179)
Hansen test of overid. Restrictions statistic: chi2(3) =6.12 (0.917)

Table 3 presents the system GMM estimation results with REP as the dependent
variable. The coefficient on the lagged dependent variable (L1.REP) is close to unity and
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highly significant. The coefficient on the lagged dependent variable is close to unity,
reflecting the highly persistent but stationary nature of renewable energy patenting activity
over time. ICT is positively associated with REP, significant at the 1% level, and provides
support for H1. GDP per capita is positive but statistically insignificant. By contrast,
RD expenditure is negatively and significantly associated with REP. The diagnostic tests
indicate no evidence of second-order serial correlation and fail to reject the validity of the
instruments, thereby supporting the robustness of the estimates.

5.2. Moderation Results: The Conditioning Role of Human Capital

To evaluate whether LF moderates the relationship between ICT and REP, the previ-
ous specification is augmented by including an interaction term (ICT x LF) among the
explanatory variables. The results are presented in Table 4.

Table 4. Impact of ICT on REP with Labor Force with advanced education as a Moderator.

Independent Variable Coefficient Std. Err. V4 p>lzl
Rif; 0.9945045 0.123263 8.07 0.000
ICT —670.5549 236.9451 —2.83 0.041
LF 8.23071 2.354989 3.65 0.022
ICTLF —13.02478 4.635153 —2.81 0.025
GDP 0.0001459 0.000211 0.69 0.497
RD —25.025078 5.52429 —4.53 0.015
_cons —88.93077 152.6779 —0.58 0.566
Observations 437
Number of groups (countries) 22
Number of instruments 10
L(2/4).L.rep collapsed
Arellano-Bond test for AR(1) in first differences z = —2.18 (0.029)
Arellano-Bond test for AR(2) in first differences z =1.78 (0.175)
Hansen test of overid. restrictions statistic: chi2(3) =9.28 (0.929)

Table 4 reports the system GMM estimates assessing the impact of ICT on renew-
able energy patents (REPs), accounting for labor force with advanced education (LF) as
a moderating factor. The lagged dependent variable is positive and highly significant
(L1.REP = 0.994), indicating strong persistence in renewable energy innovation activity
over time, which justifies the use of a dynamic panel specification.

The coefficient on LF is positive and statistically significant at the 5% level, suggest-
ing that a higher share of highly educated labor enhances renewable energy patenting.
However, the direct coefficient on ICT is negative and significant, and the interaction term
between ICT and LF is also negative and significant at the 5% level. This implies that the
marginal effect of ICT on renewable energy patenting is negative in this specification and
becomes even more negative as the proportion of highly educated labor force increases.
This indicates that the estimated association between ICT and renewable energy patenting
is highly sensitive to the level of human capital.

Among control variables, GDP does not exhibit a significant effect, while RD expen-
diture shows a negative and statistically significant coefficient (The negative coefficient
associated with R&D expenditure should be interpreted with caution. Although innovation
studies generally report a positive relationship between R&D investment and patenting
activity, this result reflects variance absorption by the highly persistent lagged dependent
variable in the dynamic specification. Because the lagged dependent variable captures the
vast majority of the long-run cumulative effects of R&D, the short-run coefficient captures
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only transitory fluctuations or efficiency shocks. Since R&D is included strictly as a control
variable, we do not investigate this relationship further.) Diagnostic tests support the valid-
ity of the model: the Arellano-Bond test confirms the presence of first-order autocorrelation
and the absence of second-order autocorrelation, while the Hansen test indicates that the
instruments used are valid. Overall, the results suggest a conditional relationship between
ICT, human capital, and renewable energy innovation. Table 5 reports the results on the
moderating role of SET in the relationship between ICT and REP.

Table 5. GMM estimation results (dependent variable: REP, including SET interaction).

Independent Variable Coefficient Std. Err. z p>lzl
Riﬁ’ 0.9956603 0.1306471 7.62 0.000
ICT 310.0994 71.94881 4.31 0.017
SET —2.942662 0.3618927 —3.12 0.012
ICTSET —3.6463668 0.7249238 —5.03 0.005
GDP 0.000227 0.0003163 0.72 0.481
RD —21.283879 9.836636 —1.94 0.097
_cons 4.170496 36.0964 0.12 0.909
Observations 437
Number of groups (countries) 22
Number of instruments 10
L(2/4).L.rep collapsed
Arellano-Bond test for AR(1) in first differences z =-2.16 (0.031)
Arellano-Bond test for AR(2) in first differences z=1.76 (0.179)
Hansen test of overid. restrictions statistic: chi2(3) =8.36 (0.951)

Table 5 reports on the system GMM estimation results incorporating tertiary education
(SET) and its interaction with ICT. The lagged dependent variable is positive and highly
significant, confirming strong persistence in renewable energy patenting and supporting
the dynamic panel specification. ICT exhibits a positive and significant coefficient at the 5%
level, indicating that digitalization plays an important role in supporting renewable energy
innovation. In contrast, tertiary education (SET) enters with a negative and significant
coefficient, suggesting that higher enrollment in tertiary education does not immediately
translate into greater patenting activity.

Notably, the interaction term between ICT and SET is negative and strongly significant,
implying that the positive impact of ICT on renewable energy patenting diminishes as
tertiary education enrollment increases. This finding points to a moderating role of tertiary
education, whereby ICT-driven innovation gains are relatively stronger in contexts with
lower levels of tertiary enrollment.

Overall, the results highlight a clear moderating role of human capital in the
ICT-innovation nexus. Both advanced labor force (LF) and tertiary education enrollment
(SET) significantly condition the impact of ICT on renewable energy patenting. While ICT
exerts a positive effect on innovation, its marginal contribution decreases as the availability
of highly educated labor or tertiary-educated individuals increases, as reflected by the
negative interaction terms. The results indicate that both LF and SET significantly condition
the relationship between ICT and renewable energy patenting, as reflected in the negative
interaction terms.

5.3. Mechanism Disentanglement: Transmission vs. Conditioning Pathways

While the preceding section established the conditioning role of human capital, digital
infrastructure may also influence renewable energy innovation indirectly by altering human
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capital dynamics. To explore this possibility and empirically rule out a simple transmission
channel, we test the mediation conditions for both the advanced labor force (LF) and
tertiary enrollment (SET). Across all specifications reported in this section, diagnostic tests
confirm model validity, showing no evidence of second-order autocorrelation and valid
overidentifying restrictions.

We first regress LF and SET on ICT to verify the initial conditions for mediation in
Tables 6 and 7.

Table 6. Testing the first step of mediation: ICT effects on LF.

Independent Variable Coefficient Std. Err. z p>lzl
LLlp 0.8833701 0.3014915 293 0.068
ICT —2.364644 3.800944 —0.62 0.541
GDP —0.0001408 0.0001392 —1.01 0.323
RD —0.1853886 2.540655 —0.07 0.943
_cons 14.05921 39.23915 0.36 0.724
Observations 440
Number of groups (countries) 22
Number of instruments 7

L(1/5).L.1f collapsed

Arellano-Bond test for AR(1) in first differences
Arellano-Bond test for AR(2) in first differences

z=—2.19 (0.028)
z=157(0.117)

Hansen test of overid. restrictions statistic: chi2(2) =0.70 (0.705)
Table 7. Testing the first step of mediation: ICT effects on SET.
Independent Variable Coefficient Std. Err. V4 p>lzl
Sllif 0.99347 0.0499984 19.87 0.000
ICT —2.106034 0.788776 —2.67 0.027
GDP 0.000038 0.0000436 0.87 0.383
RD —0.9963465 0.6837451 —1.46 0.145
_cons —3.016524 4.040938 —0.75 0.455
Observations 440
Number of groups (countries) 22
Number of instruments 7

L(2/3).L.set collapsed

Arellano-Bond test for AR(1) in first differences
Arellano-Bond test for AR(2) in first differences
Hansen test of overid. restrictions statistic: chi2(2)

z=—2.61(0.009)
z=—1.71(0.310)
=9.56 (0.968)

For LF, the coefficient on ICT is statistically insignificant (Table 6), indicating that
digitalization does not significantly influence the proportion of workers with advanced
education within the sample period. Consequently, the first condition of Baron-Kenny for
LF mediation procedure is not met [40].

The coefficient on L1.SET is close to unity and highly significant, confirming strong
persistence in tertiary enrollment over time. ICT is negatively and significantly associated
with SET at the 5% level, indicating that greater digitalization is associated with lower
tertiary enrollment in the short term.

To complete the mediation test for SET, we proceed to the second stage of the mediation
analysis in Table 8.
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Table 8. Mediation analysis—step 2: effect of ICT on REP controlling for SET.

Independent Variable Coefficient Std. Err. V4 p>lzl
Iielp 0.9947619 0.1323744 7.51 0.000
ICT 134.21479 27.33498 491 0.002
SET —3.0393531 1.454235 2.09 0.030
GDP 0.0002316 0.0003699 0.63 0.538
RD —25.37179 13.78901 —1.84 0.064
_cons 4.604301 44.05414 0.10 0.918
Observations 437
Number of groups (countries) 22
Number of instruments 9
L(2/4).L.rep collapsed
Arellano-Bond test for AR(1) in first differences z =-2.16 (0.031)
Arellano-Bond test for AR(2) in first differences z=1.72 (0.167)
Hansen test of overid. Restrictions statistic chi2(3) =7.31 (0.954)

Table 8 reports the results including SET as an additional regressor. Controlling for
SET causes the ICT coefficient to increase substantially, a pattern indicative of a suppression
effect rather than traditional mediation. Additionally, SET exhibits a negative and signif-
icant association with renewable energy patenting. The diagnostic tests confirm model
validity. Because controlling for SET amplifies rather than absorbs the digital effect, these
results do not support a mediating role for tertiary enrollment.

To formally evaluate the indirect effects, we employ Sobel-Aroian—-Goodman tests and
cluster bootstrap inference (Tables 9 and 10).

Table 9. Asymptotic tests of the indirect effect.

LF SET
Short-term indirect effect = —20.068213 Short-term indirect effect = 6.401
Long-term indirect effect = —10,875.273109 Long-term indirect effect = 187,136.960
Mediation Indirect Mediation Indirect.
Test Effect Std. Error Zvalue  p-value Test Effect Std.Error ~ Z-value p-value
Sobel —20.068213 32.27218 —0.622 0.534 Sobel 6.401 3.889 1.646 0.100
Aroian —20.068213 32.23495 —0.623 0.533 Aroian 6.401 3.716 1.722 0.085
Goodman —20.068213 32.30937 —0.621 0.535 Goodman 6.401 4.055 1.578 0.114
Table 10. Cluster bootstrap mediation test.
LF SET
Replications 5000 Replications 5000
95% IC (short term indirect effect) [—7.840; 10.265] 95% IC (short term indirect effect) [—6.289; 4.518]

95% IC (long term indirect effect) [—6881.329; 5528.169] 95% IC (long term indirect effect) [—2429.565; 2642.152]

Bootstrap mean effect Bootstrap mean effect

(short term indirect effect) 0267 (short term indirect effect) —0275
Bootstrap mean effect Bootstrap mean effect
(long term indirect effect) 763.353 (long term indirect effect) 113.101

As reported in Tables 9 and 10, the results for LF fail to detect a significant indi-
rect effect, and the bootstrap confidence interval includes zero, confirming the absence
of mediation. For SET, the asymptotic tests suggest a marginally significant indirect ef-
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fect. However, the bootstrap confidence interval includes zero, rendering the evidence
supporting a mediating role of SET inconclusive.

Overall, these results do not support a robust mediating role for human capital. Instead,
they empirically rule out simple transmission, confirming that human capital operates
primarily as an active boundary condition (moderator) rather than a passive conduit.

To further illustrate this conditioning role, we plot the marginal effects of ICT across
varying levels of human capital (Figures 2 and 3).
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Figure 2. Marginal effects of ICT on renewable energy innovation across levels of LF.
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Figure 3. Marginal effects of ICT on renewable energy innovation across levels of SET.

Figures 2 and 3 illustrate the marginal effects of ICT on renewable energy innovation
across varying levels of labor force with advanced education (LF) and tertiary education
enrollment (SET), respectively. The marginal effects are derived from the interaction
models as the partial derivative of renewable energy patenting with respect to ICT and are
evaluated over the full observed support of LF and SET. The 95% confidence intervals are
computed using the Krinsky-Robb method [43].

While both figures demonstrate that the marginal effect of ICT declines as human
capital increases, the specific patterns differ based on the underlying coefficients. For ter-
tiary education enrollment (Figure 3), the marginal effect of ICT is positive and statistically
significant at lower levels of SET, but it progressively weakens, becoming statistically in-
significant and eventually negative at higher levels of enrollment. This reflects the positive
main effect of ICT combined with the negative interaction term reported in Table 5.
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In contrast, for the labor force with advanced education (Figure 2), the marginal effect
of ICT is negative and significant across the entire observed range of LF and becomes in-
creasingly negative as the share of advanced education increases. This pattern is consistent
with the negative coefficients for both the direct effect of ICT and the interaction term
(ICT x LF) in Table 4.

Overall, these patterns illustrate that the association between digital infrastructure
and renewable energy patenting is highly sensitive to the specific type and level of hu-
man capital, reinforcing the complex conditioning role of human capital in the digital
innovation nexus.

6. Discussion

The empirical analysis reveals a nuanced relationship between digital infrastructure
and human capital in renewable energy innovation across 22 countries. Rather than
operating through a simple additive logic, these drivers interact in ways shaped by the
structure of national innovation systems, the timing of capability formation, and the
absorptive capacity available to convert digital opportunities into invention outputs. The
findings are consistent with the view that digital infrastructure provides the backbone
for ecosystem connectivity and coordination, but its translation into renewable energy
patenting appears to depend on whether human capital enables knowledge exploitation
at the right time and in the right institutional context. The discussion examines the direct
role of digital infrastructure, the distinct roles of the two human capital dimensions, and
the evidence for moderation without mediation, before articulating the theoretical and
empirical limits of the analysis.

6.1. Confirming the Enabling Role of Digital Infrastructure

Digital infrastructure is positively associated with renewable energy innovation, con-
sistent with the view that digital transformation can strengthen national innovation systems
by improving information flows, coordination, and problem-solving capacity. By enabling
data processing, real-time analytics, and computational capabilities, digital infrastructure
may support green technology development, experimentation and more iterative R&D
trajectories [7,44]. This interpretation is also consistent with recent research highlighting the
role of technological innovation as a key driver of green development and environmental
performance [45].

In the energy sector, the mechanism is not only technological but also business-
ecosystem oriented. Intelligent systems, such as Al-enabled energy optimization and
IoT-based grid monitoring, can increase operational efficiency and potentially create more
favorable conditions for innovation activities [46]. Digital platforms further extend this
effect by widening the networked architecture of innovation through data sharing, coordi-
nation, and co-creation across firms, utilities, research organizations, and regulators [25].
Consumer-centric value creation [20] and “energy-as-a-service” models [20,21] may create
demand for new technical solutions (e.g., optimization algorithms, predictive maintenance
protocols, storage configurations), some of which may be codified into patent applications.

6.2. Differentiated Roles of Deployed Human Capital and Human Capital in Formation

Human capital is expected to matter for renewable energy innovation, but the results
indicate that its association with patenting depends on how human capital is measured
and whether skills are already deployed or still in formation. This finding aligns with the
absorptive capacity interpretation: innovation outcomes reflect not only the “amount” of
education, but also whether skills are available and deployable for knowledge exploitation
in green technological domains. When the labor force is already advanced-educated, skilled
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workers embedded in national innovation systems may be better positioned to translate
digital and climate-related knowledge into patentable low-carbon innovations [47]. This
deployed human capital may strengthen green absorptive capacity and support renewable
energy patenting [48,49].

Tertiary enrolment captures human capital in formation and may reflect transitional
dynamics where education pipelines expand faster than labor markets and innovation
systems can absorb and deploy new competencies. In contexts where curricula and training
pathways lag the evolving demands of digitalized green sectors, short-run effects can ap-
pear weak or negative, consistent with temporal misalignment [50]. This creates a practical
tension between the stock of available expertise (proxied by LF) and the flow of emerg-
ing talent (proxied by SET), especially when the green digital economy requires rapidly
changing competencies. This should not be interpreted as evidence that tertiary education
reduces innovation, but rather as an indication that education-based capability formation
may not translate immediately into patenting. This timing misalignment is further evi-
denced by the negative short-run effect of digital infrastructure on tertiary enrolment itself
(Table 7). In the short term, rapid digitalization may pull emerging talent directly into
the labor market or alter educational pathways, temporarily depressing formal tertiary
enrolment rates before these new competencies fully mature into patentable innovations.

Related evidence supports this timing interpretation. Recent research has shown
that the contribution of higher education to innovation may unfold over different time
horizons, with educational investments not necessarily translating immediately into inno-
vation outputs [28]. Similarly, recent research emphasizes that the benefits of education
depend not only on educational attainment itself but also on the accumulation and effective
absorption of knowledge over time [51]. From this perspective, tertiary enrolment reflects
the development of future capabilities whose contribution to innovation may emerge only
gradually as newly acquired skills are integrated into innovation and production activ-
ities. Consequently, human capital in formation may exhibit a weaker association with
current renewable energy patenting than deployed human capital, even though it remains
important for longer-term innovation capacity.

Overall, the evidence implies that human capital matters for renewable energy inno-
vation, but its contribution depends on the deployment, timing, and alignment of skills
with the needs of the digital-green innovation ecosystem.

6.3. Conditioning Rather than Transmission: The Role of Human Capital in the Digital
Infrastructure—Renewable Energy Innovation Relationship

The results are more consistent with a conditioning interpretation of human capital
than with a transmission interpretation. Thus, H3a is not supported, whereas H3b is sup-
ported. The mediation tests do not provide support for the view that digital infrastructure
is indirectly associated with renewable energy innovation through measurable changes in
human capital over the period observed. More specifically, the Baron-Kenny conditions for
mediation are not satisfied for either mediator, though for distinct reasons. For LF, the first-
stage path—the effect of ICT on LF—is not statistically significant, structurally precluding
a meaningful indirect effect. For SET, the coefficient on ICT increases in magnitude upon
inclusion of the mediator, a pattern inconsistent with mediation and indicative of a sup-
pression effect. These conclusions are further corroborated by the Sobel-Aroian-Goodman
tests and cluster bootstrap procedure, both of which fail to establish a robust indirect
effect for either variable. By contrast, the interaction results indicate that the estimated
association between digital infrastructure and renewable energy innovation varies with
the level of human capital. This pattern suggests that human capital functions primarily
as a capability that shapes the extent to which digital opportunities are translated into
renewable energy innovation.
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From an absorptive-capacity perspective, this finding is plausible. Digital infrastruc-
ture may expand access to information, coordination opportunities, and technological
possibilities, but the ability to convert those opportunities into inventive output depends on
the skills available within the system [4,12]. This interpretation is also consistent with stud-
ies suggesting that digitalization generates stronger innovation outcomes when supported
by complementary capabilities, including human capital and absorptive capacity [35,49,52].
At first glance, these findings may appear to differ from studies reporting a positive mod-
erating role of human capital in the relationship between digitalization and innovation.
One possible explanation is that previous studies often examine broader innovation out-
comes or contexts in which human-capital accumulation remains a key constraint. By
contrast, our distinction between deployed human capital and human capital in formation
suggests that the timing and utilization of capabilities may be as important as their avail-
ability. In this context, the challenge may lie less in expanding human-capital stocks than in
effectively deploying and aligning capabilities with renewable-energy innovation activities.

The negative interaction terms indicate that the estimated marginal effect of digital
infrastructure is highly sensitive to the level of human capital, progressively diminishing
or becoming increasingly negative as human capital increases. Specifically, in the context of
the advanced labor force (LF), the direct effect of ICT is negative when the interaction is
introduced, and this negative association is further amplified as the share of highly educated
workers increases. This suggests that the innovation payoff from digital infrastructure is
not uniform across human-capital contexts. Although the present analysis does not allow
the underlying mechanisms to be observed directly, the evidence appears most consistent
with an explanation based on the deployment and timing of human-capital development.

While digital infrastructure expands access to information and coordination opportu-
nities, its contribution to renewable energy patenting depends on whether relevant skills
are already available and embedded within innovation activities. This interpretation is
supported by the contrasting roles of LF and SET in the empirical analysis. Whereas LF
captures skills already deployed in the economy, SET reflects capabilities still in forma-
tion, whose contribution to innovation may emerge only gradually as newly acquired
competencies are absorbed and mobilized within innovation systems. This reading is
broadly consistent with research showing that digital transformation, innovation, and skill
formation may evolve along different trajectories and time horizons [50], and with studies
suggesting that the effect of education on green innovation may vary depending on the
broader innovation environment [31,53]. Although the evidence appears most consistent
with a deployment-and-timing interpretation, other mechanisms discussed in the literature,
such as differences in skill alignment, diminishing marginal returns to digital investments,
or variation in innovation-system maturity, may also contribute to the observed patterns
and warrant further investigation.

Overall, the main implication is that digital infrastructure appears to generate in-
novation opportunities whose association with renewable energy patenting depends on
complementary skill conditions. This reinforces the broader conclusion that digital-led
renewable energy innovation depends not only on the expansion of digital resources, but
also on the capability conditions under which those resources are used.

7. Conclusions

This study examined how digital infrastructure and human capital are associated
with renewable energy patenting across 22 countries over the period 2000-2020. Drawing
on National Innovation Systems theory and the absorptive-capacity perspective, it dis-
tinguished between deployed human capital, represented by labor force with advanced
education, and human capital in formation, proxied by tertiary enrolment. The findings
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show that digital infrastructure is positively associated with renewable energy patenting,
but that this relationship is not automatic. Human capital operates more clearly as a
moderating condition than as a mediating channel, indicating that the innovation payoff
from digital infrastructure depends on how skills are deployed, formed, and aligned with
renewable-energy innovation needs. These findings should be interpreted as evidence of
conditional associations rather than definitive causal relationships, despite the use of a
dynamic panel framework designed to mitigate endogeneity concerns. More specifically,
the study contributes by distinguishing between deployed and in-formation human capital
as two different stages of capability availability and by demonstrating that these dimen-
sions shape the digital infrastructure-renewable energy innovation relationship primarily
through conditioning rather than transmission mechanisms.

7.1. Theoretical Implications

The study contributes to the literature in three ways. First, it extends research on digi-
talization and green innovation by examining digital infrastructure as a national enabling
condition for renewable energy patenting. This supports the view that digital transforma-
tion can improve knowledge recombination, coordination, and innovation capacity across
ecosystems [54-56].

Second, it contributes to human-capital and absorptive-capacity research by showing
that human capital should not be treated as a homogeneous stock. Deployed human capital
and human capital in formation capture different stages of capability availability and
therefore relate differently to renewable energy innovation. This distinction is consistent
with the view that innovation outcomes depend on how complementary capabilities are
formed, deployed, and integrated with technological change [23,57].

Third, the study clarifies the role of human capital in the digital infrastructure-innovation
relationship by showing that human capital operates more clearly as a conditioning factor
than as a transmission channel. This qualifies simple complementarity arguments and high-
lights the importance of capability alignment in digital-led renewable energy innovation. In
this sense, the results align with ecosystem perspectives emphasizing that value creation
increasingly depends on collaboration across interconnected systems rather than isolated
organizational capabilities [58].

7.2. Policy and Practical Implications

From a policy perspective, the findings suggest digital infrastructure and human-
capital policies are more effective when designed jointly. Policy priorities may nevertheless
differ across national contexts. In countries where digital infrastructure remains relatively
underdeveloped, efforts to expand connectivity, digital access, and innovation-supporting
infrastructure may yield important benefits for renewable energy innovation. By contrast,
in countries where digital infrastructure is already well established, additional investments
in digital technologies may generate smaller innovation gains unless accompanied by
measures that improve the deployment and alignment of human capital. In such contexts,
strengthening university-industry collaboration, supporting the development of digital-
green competencies, and facilitating the integration of skilled workers into innovation
activities may be particularly important.

For policymakers, expanding human-capital stocks alone is insufficient. Greater atten-
tion is needed on how capabilities are deployed for digital-green transformation, including
reducing coordination failures through sector-specific mobility incentives, innovation clus-
ters, collaboration platforms, and university—industry partnerships. Prior research similarly
shows policy effectiveness depends on interactions between mandates, market conditions,
and network structures [59], while cross-sector collaboration and supply-chain integration
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strengthen digitalization and green innovation [17,60]. For firms and ecosystem actors,
digital infrastructure investment should be a capability-enablement strategy, not a stan-
dalone upgrade. In higher-skill contexts, the key challenge shifts from connectivity to
skill deployment, organizational learning, and cross-sector collaboration, consistent with
research on digital transformation and organizational capabilities [54,57].

For education systems, tertiary enrolment’s contribution to patenting emerges only
after students enter the labor market with green-digital competencies. Thus, curriculum re-
form, interdisciplinary training, work-integrated learning, and stronger university-industry
links are needed, aligning with studies on sustainability competencies and transdisciplinary
design [61-64]. Policy design should also account for national cultural contexts, as trust,
cooperation, and risk-taking shape innovation outcomes [65]. Coordination mechanisms
must therefore adapt to local cultural and institutional environments.

7.3. Limitations and Future Research

This study contributes to understanding how digital infrastructure and human cap-
ital jointly shape renewable energy innovation, but several limitations suggest future
research directions.

First, the ICT indicator captures broad digital infrastructure and access conditions
but does not directly measure advanced digital capabilities such as artificial intelligence,
cloud computing, industrial internet applications, or the quality of digital adoption. The
renewable energy patent counts measure inventive quantity rather than quality, diffusion,
or commercial impact. The human-capital indicators (LF and SET) represent broad dimen-
sions of educational attainment and may not fully capture the green- and digital-specific
competencies most relevant for renewable energy innovation. Future research could employ
more specialized measures, including Al-readiness indicators, digital technology adop-
tion measures, citation-weighted patents, technology diffusion indicators, and green- or
digital-specific skill measures to provide a more refined understanding of the relationship
between digital infrastructure, human capital, and renewable energy innovation.

Second, the macro-level design does not allow direct observation of the mechanisms
linking digital infrastructure, human capital, and renewable energy innovation. The
current empirical design does not permit differentiation among the competing explanations,
including skill alignment, diminishing returns to digital investments, and differences in
innovation-system maturity. Each of these mechanisms is consistent with the observed
moderation patterns, and the available data do not provide sufficient leverage to isolate
their relative contributions. Future research could investigate these mechanisms using
firm-level, sector-level, network-based, or qualitative approaches capable of tracing how
digital resources and human capital are mobilized within innovation activities.

Third, although the dynamic System GMM estimator helps address persistence and
endogeneity concerns, the results should be interpreted with caution. While we applied
a strictly constrained instrument strategy—collapsing the instrument matrix and restrict-
ing lag depths to prevent instrument proliferation—the relatively small cross-sectional
dimension (22 countries) and short time span inherently limit the degrees of freedom for
the Hansen test. This results in high p-values that, while indicative of a tightly constrained
model, reduce the statistical power of the overidentification test. Furthermore, while lagged
instruments help mitigate reverse-causality concerns, they do not fully eliminate the possi-
bility that more innovative countries attract greater digital investment and infrastructure
development. Future research could help consolidate the findings using longer panels,
alternative estimators, restricted instrument sets, lagged explanatory variables, panel coin-
tegration techniques, external instruments, or other identification strategies designed to
strengthen causal inference.

https://doi.org/10.3390/su18147397


https://doi.org/10.3390/su18147397

Sustainability 2026, 18, 7397

21 of 24

References

Fourth, the negative coefficient associated with R&D expenditure warrants acknowl-
edgement as a limitation. Although this result is not without precedent in the green
innovation literature, the current study does not provide a definitive explanation for this
finding. Model-specific factors, including the dynamic specification and the composition of
the country sample, may contribute to this result, and future research should examine the
R&D-innovation relationship more directly in this context.

Fifth, although the sample captures substantial variation in renewable energy innova-
tion, digital infrastructure, and human-capital conditions, it is concentrated in relatively
advanced innovation systems and exhibits some heterogeneity in institutional arrange-
ments and digital-development trajectories across countries. Consequently, the findings
may not fully generalize to countries characterized by different institutional configurations,
innovation-system maturity levels, or skill compositions. Future research could extend the
analysis to a broader and more homogeneous range of countries to assess the observed
relationships across different innovation-system contexts.
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