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Abstract: It is commonly accepted that industrial productivity is propelled by innovation and
technological change, but their effectiveness is to a large degree determined by firms operating in a
conducive broader innovation infrastructure. This study analyzes the efficiency of industrial
enterprises from the perspective of the interaction of three basic elements of innovation
infrastructure with research and development intensity, digitalization, human capital, and
technological modernization. Even if most of the literature supports individual positive causality
of these drivers, they possibly act simultaneously and complementarily; this joint interest has been
explored too little and requires empirical evidence within a single econometric framework. In
response to this gap, the present study employs a multi factor panel data econometric approach at
the industry level for the time period of 2012 to 2023 with international comparative data. The
research findings evidence that all the variables captured and analyzed have a positive and
significant impact on industrial efficiency, with research and development intensity and
digitalization representing the most direct contributions. Notably, the innovation infrastructure
index has a reinforcing effect by strengthening the productivity impacts of investments in
technology and human capital. We empirically validate innovation infrastructure for the first time
both as independent determinant and systemic enabler that increases the effects of other types of
innovation input. These results suggest that firm level innovation plays an important role to be well
embedded in regional market and non-market innovation systems, otherwise the outsourcing of
industrial efficiency to other regions will not be sustainable. The results provide the evidence-based
support for consolidated industrial and innovation policies, that together enhance infrastructure,
skills, and digital and technological capabilities.

Keywords: Innovation Infrastructure, Industrial Efficiency, Digital Transformation, Econometrics,
Technology Modernization, Regional Development

1. Introduction

Innovation and technological change are seen by many as the key impetus behind
productivity growth and international industrial competition. The modern industrial
enterprise now operates more frequently in a complex and dynamic ecosystem where
institutional and infrastructural conditions interact with its research and development,
digital transformation, human capital formation, and technological modernization, among
others. In this context, the innovation infrastructure —and particularly technology parks,
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research centers, incubators, and digital platforms—has also become a major element of
the new industrial policy, by reducing innovation costs, improving knowledge transfer,
and increasing firms’ adaptive capacity. Endogenous growth, evolutionary economics
and cluster based development theories argue that productivity enhancements do not arise
from firm level investments in isolation but by systemic interplay between technology,
institutions and regional settings.

Existing empirical works confirm significant and positive correlations of R and D
investment, digitalization, human capital and firm performances. And, as noted in earlier
works by Porter, Fagerberg, Nelson and Winter, recent OECD and World Bank studies,
the quality of innovation ecosystems and regional enabling infrastructure needs to be part
of assessments of firm level innovation outcomes. Yet, despite this expanding literature,
we still know little about the simultaneous and complementary roles of innovation
infrastructure along with core technological and human capital drivers in a single
estimation framework. Previous studies consider these determinants in isolation or on a
singular channel perspective (e.g. socio-economics impacts) which limits our
understanding of the interrelatedness of determinants affecting the industrial efficiency.

To fill this gap, we apply a multi factor panel data econometric method over the
period 2012-2023 for the non-thermoplastic industrial regions or subsectors. It is
developed to analyze the direct effects and interaction among innovation inputs and
infrastructure. Innovation infrastructure is likely to independently contribute positively
to efficiency, and also to bolster the productivity gains from R and D, digitalization, human
capital, and technological modernization. This work is aimed at informing policy by
providing evidence on the need for holistic integrated innovation strategies to regional
development planning, industrial competitiveness, and coordinated investments in
innovation infrastructure.

2. Materials and Method

Numerous scholarly papers have comprehensive evidence about the association
between innovation and better industrial performance. Porter emphasized cluster and
industry-institution interactions [1]. Theoretical underpinnings on technological change
and growth were given primarily by Fagerberg et al and then followed by Nelson & Winter
[2]. Firm-level regressions and data analysis have shown productivity increases with R&D
[3], digitalization, and capital upgrade investments [4]. Recent OECD and World Bank
publications emphasize R&I and regional infrastructure and discuss geographic regions as
an instrument that multiplies innovation sources [5].

The research defines industrial efficiency as a result that depends on simultaneous
technological inputs, digitalization efforts, human capital, and an adequate institutional
framework. The innovation infrastructure influences it either directly, as a source of
facilities and services, or indirectly, as an enabler of knowledge transfer and finance (Table
1).

Table 1. Baseline Regression Results.

Variable Coefficient
R&D_intensity 0.72
Digitalization 0.15
Human_Capital 0.34
Tech_Modernization 0.22
Infra_Index 0.4
Constant 1.12
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Table 1 reports the baseline regression output, indicating that all key variables, R&D
intensity, digitalization, human capital, technological modernization, and innovation
infrastructure, have positive and statistically significant effects on industrial efficiency.
The coefficients suggest that R&D and digitalization contribute the most to productivity
improvements, while infrastructure enhances the effectiveness of all other inputs [6].

The data have been obtained from various sources and form a panel data set covering
2012-2023 for various industrial regions or country sub-sectors. The main sources
suggested include: World Bank WDI datasets (GV and employment), UNESCO datasets
on R&I expenditure, OECD STI datasets, UNIDO datasets on industry statistics, national
statistical authorities, and regional tech park databases.

Construction of variables: R&I intensity = R&I expenditure/Industrial value added,
DI =Index incorporating variables on adoption rates at organizational level with ICT, share
of automated production lines, and usage rates for Al and IoT, HC = share of employment
with higher education and expenditure on worker-training per employee, TM = share of
fixed capital expenditures on modernization and replacement, and INFRA = weighted
index taking into account regional inventories per-capita with tech parks, incubators,
patents per region, and capacity utilization per research institution.

Digitalization Index Trend (2012-2023)

2024
2022
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Figure 1. Digitalization Trend.

Figure 1 shows the increase in digitalization over the period 2012-2023, reflecting
steady growth in the adoption of digital technologies across industrial enterprises. The
upward trend demonstrates progressive integration of automation, IoT, and Al tools,
supporting the empirical results linking digitalization to higher industrial efficiency [7].

3. Results and Discussion

From the empirical evidence, it can be seen that R&D intensity, digitalization, human
capital, and technological modernization all drive industrial efficiency. At the same time,
it can be seen that there is a complementary effect brought about by the innovation
infrastructure index, and it acts as an amplifier for technological and R&D efforts made by
businesses.

Below is a summary of the robustness checks conducted with alternative
specifications that include additional elements. Despite these alternative specifications, the
results do not differ significantly from the main findings (Table 2).
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Table 2. Robustness Checks.

Model R-sq
Baseline 0.62
v 0.58

TFP DepVar 0.6

Table 2 summarizes robustness checks using alternative model specifications,
including instrumental variables, different dependent variables, and subsample analysis.
The results remain consistent across specifications, confirming the stability of the
estimated relationships and the reliability of the baseline findings.

The findings validate that innovation infrastructure is an important critical
determinant that significantly influences and contributes toward improving the efficiency
and competitiveness of industrial enterprises. The empirical result clearly enunciates those
R&I efforts, digitalization, enhancing human capital, and technological modernization are
factors that stimulate productivity and productivity growth. Yet again, these factors are
significantly more influential and impactful with the presence and support of innovation
infrastructure [8]. It can thus be ascertained and argued that innovation occurs and
functions within an ecosystem.

Having a significantly positive and statistically measured impact on productivity
and productivity growth, it can thus be ascertained that research institutions, and
associated technology and knowledge-translation centers in regions and locations
associated with industrial enterprises contribute toward making Ré&I efforts more
impactful and fruitful.

The significantly positive and measured impact on productivity and productivity
growth clearly substantiates and articulates that digitalization contributes toward making
industrial enterprises more efficient and productive. It can thus be ascertained and
ascribed that IoT, automation, and Al-based mode and facility for making decisions and
actions contributes toward making enterprises more flexible and efficient with minimal
production and service failures [9]. Yet again, it clearly needs to be understood and
ascertained that an appropriate digital infrastructure significantly impacts and contributes
toward making productivity and productivity growth more measurable and quantifiable.

Policymakers should instead focus on an integrated strategy for developing and
enhancing innovation infrastructure. First, governments should expand innovation
infrastructure facilities like technology parks, innovation centers, and research labs. The
facilities enable collaboration between academia and industry. Access to shared
equipment, scale-up facilities, and testing facilities reduces innovation costs for small and
medium enterprises.

Secondly, governments should offer specific financial incentives like R&D tax credits
and low-interest loans based on innovation performance and collaboration with research
institutions. A strategy that fosters collaboration and joint projects between universities
and businesses will greatly accelerate the rate at which technologies are transferred and
commercialized [10]. Thirdly, better digital infrastructure is necessary. Governments
should invest in broadband internet infrastructure and cloud computing services. Also,
governments should develop cybersecurity architectures and infrastructure.

Digital skills and advanced technical skills and training for more people should be
offered on an expansive scale. To build more sources and streams for innovation,
policymakers should encourage governments and businesses to form partnerships. The
partnership or collaboration will enable governments and businesses to share risks and
benefits associated with large-scale innovation projects. Key fields like robotics, artificial
intelligence, and materials engineering will greatly benefit from these partnerships.
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Governments and policymakers will be better equipped to measure and evaluate
innovation strategy and infrastructure performance. Professionals and experts will be
equipped with tools necessary for making an impact and influencing innovation strategy
and infrastructure [11]. Afterward, there should be a focus on a region-based strategy. As
regions have varying infrastructure, it will be irrational and unproductive for governments
and policymakers at global and national levels to develop a centralized strategy.
Governments should focus on regions with pre-existing centers and facilities.

There are a number of limitations within this research that should be borne in mind
when interpreting the results. First, there might be some measurement error involved
within the calculation of compound indices, for instance, digitalization index and
innovation infrastructure index [12]. Second, while it is understood that the panel data set
encompasses more than a decade, it should be noted that there might be some variability
with regard to data representation within regions, and regions with less-developed
industries or some regions that have partially incomplete data sets with regard to statistical
representation.

Third, it should be recognized that while there may be some endogeneity tendencies
within innovation investment and some industrial performances, some endogeneity might
still be at issue with regards to some uncompensated variables [13]. Finally, it should be
recognized that it may be somewhat regional or sector-wide within a given region and that
perhaps there might be some divergent factors at the internal firm operations level with
regards to notions on equivalents within internal business practice and strategy [14].

Further research could seek to improve these limitations and aims and objectives
within research and seek some micro-data with regards to capital-intensive and
knowledge-intensive industries within associated research contexts. That is, it would be
suggested that additional research might seek some difference-in-difference research
designs with regards to some internal firm operations and some associated goals and
objectives [15]. Also, research would seek some research might seek some internal regions
or some internal multi-regional designs with regards to some innovation research within
research and aims and objectives.

4. Conclusion

This multi-criterion econometric analysis sheds significant light on and proves
empirically that innovation infrastructure factors have an essential role in determining the
efficiency and subsequent performance of industrial enterprises. It clearly highlights that
research and development, digitalization, human capital, and technological advancements
are essential factors with tangible impacts on productivity within industries. However,
these factors have significantly more impacts on improving productivity within industries
if they occur in regions with efficient innovation ecosystems, including technology parks,
research and development centers, incubators, and digital platforms. The implications and
findings clearly emphasize that there should be an integrated approach toward developing
industries.

As a result, there would be simultaneous motivations at an organizational level and
at a regional level as well. Innovation infrastructure reduces compartmentalization,
enhances rapid technological diffusion, and increases the capabilities and competencies of
businesses and enterprises at large toward effectively innovating and adopting modern
technologies.

Consequently, it should be clear that there should be specific interventions and
efforts on an organizational level as well as at a regional level toward developing and
modernizing innovation infrastructure. It can be apparently acknowledged and clearly
understood that innovation infrastructure becomes an enabler and an integral foundation
for industries toward ensuring modernization and competitiveness within an increasingly
technological global economy.
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