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Abstract (English)  

The accelerating convergence of artificial intelligence (AI), digital transformation, sustainability 

imperatives, and innovation governance is reshaping contemporary scientific systems and socio-

technical development pathways. While numerous studies examine AI adoption and digital 

innovation independently, limited scholarship has comparatively analyzed how national scientific 

systems translate technological capabilities into sustainable societal outcomes through governance 

and innovation coordination mechanisms. This study investigates the relationship between 

scientific capacity, digital transformation, innovation governance, and sustainability performance 

through a comparative analysis of Germany and South Korea. These cases were selected due to 

their advanced technological infrastructures, strong research and development ecosystems, and 

distinct institutional approaches to innovation governance. Drawing upon comparative scientific 

systems analysis and interdisciplinary evidence synthesis, the study integrates evidence from 

OECD, UNESCO, World Bank, International Energy Agency, and peer-reviewed scientific 

literature. The findings demonstrate that technological advancement alone does not guarantee 

sustainable innovation outcomes. Instead, governance quality, institutional coordination, data 

interoperability, scientific collaboration, and mission-oriented innovation policies mediate the 

relationship between technological implementation and societal impact. Germany exhibits 

strengths in sustainability-oriented industrial transformation and collaborative governance, 

whereas South Korea demonstrates superior digital integration, AI deployment, and state-
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coordinated innovation acceleration. The comparative analysis reveals that sustainable socio-

technical development emerges from the alignment of scientific capacity, technological 

implementation, innovation governance, and societal adaptation mechanisms. The article 

contributes to interdisciplinary science by proposing an integrated conceptual model linking 

scientific systems, AI-enabled innovation, governance coordination, and sustainability outcomes. 

 

Keywords: Artificial intelligence; digital transformation; innovation governance; sustainability 

science; socio-technical systems; scientific systems; Germany; South Korea; interdisciplinary 

innovation. 

  

Abstrak (Indonesia) 

The accelerating convergence of artificial intelligence (AI), digital transformation, 

sustainability imperatives, and innovation governance is reshaping contemporary 

scientific systems and socio-technical development pathways. While numerous studies 

examine AI adoption and digital innovation independently, limited scholarship has 

comparatively analyzed how national scientific systems translate technological 

capabilities into sustainable societal outcomes through governance and innovation 

coordination mechanisms. This study investigates the relationship between scientific 

capacity, digital transformation, innovation governance, and sustainability performance 

through a comparative analysis of Germany and South Korea. These cases were selected 

due to their advanced technological infrastructures, strong research and development 

ecosystems, and distinct institutional approaches to innovation governance. Drawing 

upon comparative scientific systems analysis and interdisciplinary evidence synthesis, 

the study integrates evidence from OECD, UNESCO, World Bank, International Energy 

Agency, and peer-reviewed scientific literature. The findings demonstrate that 

technological advancement alone does not guarantee sustainable innovation outcomes. 

Instead, governance quality, institutional coordination, data interoperability, scientific 

collaboration, and mission-oriented innovation policies mediate the relationship between 

technological implementation and societal impact. Germany exhibits strengths in 

sustainability-oriented industrial transformation and collaborative governance, whereas 

South Korea demonstrates superior digital integration, AI deployment, and state-
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coordinated innovation acceleration. The comparative analysis reveals that sustainable 

socio-technical development emerges from the alignment of scientific capacity, 

technological implementation, innovation governance, and societal adaptation 

mechanisms. The article contributes to interdisciplinary science by proposing an 

integrated conceptual model linking scientific systems, AI-enabled innovation, 

governance coordination, and sustainability outcomes. 

 

Keywords: Artificial intelligence; digital transformation; innovation governance; 

sustainability science; socio-technical systems; scientific systems; Germany; South Korea; 

interdisciplinary innovation. 

  

Intoduction 

The contemporary global scientific landscape is undergoing a profound 

transformation driven by advances in artificial intelligence, data-intensive research, 

digital infrastructure, and sustainability-oriented innovation. Governments, research 

institutions, industries, and international organizations increasingly recognize that 

scientific competitiveness is no longer determined solely by research productivity but 

also by the capacity to translate knowledge into technological solutions capable of 

addressing complex societal challenges including climate change, energy transitions, 

public health resilience, industrial modernization, and sustainable development (OECD, 

2023; UNESCO, 2024). 

The Fourth Industrial Revolution has intensified the integration of digital 

technologies into scientific and industrial systems. Artificial intelligence, cloud 

computing, advanced analytics, Internet of Things (IoT) architectures, and cyber-physical 

systems are reshaping production systems, governance structures, and innovation 

ecosystems (Schwab, 2017; WIPO, 2023). Simultaneously, sustainability imperatives 

reflected in the United Nations Sustainable Development Goals (SDGs) have created 

pressure for technological innovation to generate environmental and social value in 

addition to economic growth (United Nations, 2023). Consequently, the relationship 

between scientific systems and societal development has become increasingly mediated 

by digital transformation processes and governance frameworks. 
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Global investment in research and development continues to expand, exceeding 

historical levels across advanced economies. OECD data indicate that knowledge-

intensive sectors increasingly depend on AI-enabled innovation and digital 

infrastructures to enhance competitiveness, productivity, and resilience (OECD, 2024). 

Similarly, UNESCO reports demonstrate that scientific collaboration networks and 

interdisciplinary research have become central determinants of innovation performance 

in contemporary knowledge economies (UNESCO, 2024). However, substantial variation 

exists in how nations convert scientific capabilities into sustainable socio-technical 

outcomes. 

The scientific and policy significance of this issue lies in the growing recognition 

that technological advancement alone is insufficient to achieve sustainability transitions. 

Technological capabilities frequently encounter institutional constraints, governance 

fragmentation, regulatory uncertainty, and social adaptation challenges that reduce 

implementation effectiveness (Mazzucato, 2021). Understanding how scientific systems 

interact with governance structures therefore represents a critical challenge for 

contemporary interdisciplinary scholarship. 

Previous studies have examined digital transformation from multiple 

perspectives. Brynjolfsson and McAfee (2014) emphasized the productivity-enhancing 

potential of digital technologies. Acemoglu and Restrepo (2019) analyzed automation 

and labor market implications. Mazzucato (2021) highlighted the role of mission-oriented 

innovation policies in directing technological development toward public value creation. 

Meanwhile, Geels (2020) demonstrated the importance of socio-technical transitions in 

sustainability transformations. Research on AI governance has further emphasized the 

significance of regulatory institutions, ethical frameworks, and public accountability 

mechanisms in shaping innovation trajectories (Floridi et al., 2021). 

While previous studies emphasize technological capabilities as drivers of 

competitiveness, other scholars argue that institutional coordination and governance 

quality are equally important determinants of innovation performance (Rodrik, 2022). 

Similarly, sustainability researchers suggest that technological innovation must be 

embedded within broader socio-technical systems to generate meaningful environmental 

outcomes (Markard et al., 2020). However, current scholarship fails to explain adequately 



  Volume 1, Issue 1, Mei 2026 
  E-ISSN 
   

  

5 

how scientific systems, digital transformation initiatives, and innovation governance 

mechanisms interact across different national contexts. 

Existing literature remains limited in several respects. First, a theoretical gap exists 

regarding the integration of scientific systems theory, innovation governance, and 

sustainability transitions within a unified analytical framework. Second, an empirical gap 

emerges from the tendency to analyze AI adoption, digital transformation, and 

sustainability outcomes separately rather than as interconnected processes. Third, a 

comparative gap persists because relatively few studies systematically compare 

advanced innovation ecosystems using interdisciplinary scientific systems approaches. 

Fourth, an implementation gap exists concerning the causal mechanisms through which 

technological capabilities are translated into societal resilience and sustainable 

development outcomes. Finally, a governance gap remains regarding how institutional 

arrangements mediate relationships between scientific knowledge production and 

technological implementation. 

This article addresses these limitations through a comparative analysis of 

Germany and South Korea. These countries represent highly developed innovation 

ecosystems with strong scientific capacities but distinct governance traditions, industrial 

structures, and digital transformation pathways. Germany is internationally recognized 

for advanced manufacturing, industrial sustainability initiatives, and collaborative 

innovation institutions. South Korea has emerged as a global leader in digital 

infrastructure, AI deployment, and state-supported technological modernization. Their 

comparison provides an opportunity to examine how different scientific and governance 

architectures shape innovation outcomes. 

The novelty of this article lies in three contributions. First, it integrates scientific 

systems theory, socio-technical transition perspectives, and innovation governance 

frameworks into a unified analytical model. Second, it provides a comparative 

assessment of how AI-enabled digital transformation influences sustainability-oriented 

innovation performance. Third, it develops an interdisciplinary conceptual framework 

linking scientific capacity, innovation coordination, technological implementation, 

societal resilience, and sustainable development. 
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The analytical framework proposed in this study assumes that scientific capacity 

influences innovation coordination; innovation coordination shapes technological 

implementation; technological implementation affects operational efficiency and societal 

resilience; and these outcomes collectively contribute to sustainable socio-technical 

development. Governance mechanisms operate as mediating factors across each stage of 

this process. 

Accordingly, the objective of this study is to analyze how scientific systems, digital 

transformation strategies, and innovation governance structures influence technological 

implementation and sustainable socio-technical development outcomes through a 

comparative examination of Germany and South Korea. 

            

Method 

This study adopts a comparative scientific systems analysis combining 

interdisciplinary evidence synthesis, comparative innovation systems theory, and socio-

technical governance analysis. Germany and South Korea were selected because both 

countries exhibit advanced research and development capacities, strong technological 

infrastructures, globally competitive industrial sectors, and substantial commitments to 

digital transformation and sustainability transitions. Despite these similarities, they differ 

significantly in governance traditions, industrial coordination mechanisms, and 

innovation policy architectures. The comparative logic therefore follows a most-similar-

systems design, enabling the identification of institutional and governance factors that 

influence variation in innovation and sustainability outcomes. The theoretical framework 

integrates scientific systems theory, innovation governance scholarship, socio-technical 

transition theory, and digital transformation literature to evaluate relationships among 

scientific capacity, technological implementation, institutional coordination, and 

sustainability performance. 

The empirical analysis draws upon secondary data from OECD innovation 

indicators, UNESCO science reports, World Bank development datasets, International 

Energy Agency energy transition assessments, WIPO innovation statistics, national 

policy documents, and peer-reviewed literature indexed in Scopus and Web of Science. 

Analytical procedures include cross-case institutional comparison, policy analysis, 
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technological capability assessment, sustainability performance evaluation, and 

interpretive synthesis. Reliability was strengthened through source triangulation across 

international datasets and scholarly literature. Ethical considerations were addressed 

through exclusive reliance on publicly available information and transparent analytical 

procedures. Limitations include dependence on secondary evidence and the inability to 

establish direct causal inference at the micro-organizational level; nevertheless, the 

comparative framework provides robust insights into macro-level scientific, 

technological, and governance dynamics. 

 

Findings and Discussion 

1. Scientific Capacity and Innovation Ecosystem Architecture 

Both Germany and South Korea demonstrate high levels of scientific capacity, yet 

they organize innovation ecosystems through different institutional mechanisms. 

Germany's scientific system is characterized by strong collaboration among universities, 

research institutes, industry associations, and regional innovation networks. Institutions 

such as the Fraunhofer model facilitate knowledge transfer between research and 

industrial sectors, contributing to applied innovation performance (OECD, 2024). 

South Korea, by contrast, relies more heavily on centralized strategic coordination 

and technology-oriented industrial policy. Government agencies play a substantial role 

in directing investments toward strategic sectors including AI, semiconductors, digital 

infrastructure, and advanced manufacturing. This centralized coordination has 

accelerated technology deployment and industrial modernization (World Bank, 2024). 

The comparison reveals that scientific capacity alone does not determine 

innovation outcomes. Rather, institutional architecture influences how knowledge is 

mobilized, transferred, and commercialized. Germany's decentralized collaborative 

approach promotes long-term resilience and stakeholder participation, whereas South 

Korea's centralized approach enables rapid technological scaling and strategic 

coordination. 

These findings support innovation systems theory, which emphasizes 

institutional interactions rather than isolated technological investments as determinants 

of innovation performance (Lundvall, 2016). They also extend recent scholarship by 



  Volume 1, Issue 1, Mei 2026 
  E-ISSN 
   

  

8 

demonstrating that governance structures shape the effectiveness of scientific resources 

in generating societal value. 

 

2. Artificial Intelligence, Digital Transformation, and Operational Performance 

AI has become a foundational technology influencing productivity, decision-

making, and organizational adaptation. South Korea has achieved rapid deployment of 

AI-enabled systems across manufacturing, telecommunications, logistics, and public 

administration. Strong digital infrastructure and coordinated policy support have 

facilitated widespread adoption. 

Germany has pursued AI integration primarily through industrial modernization 

initiatives linked to Industry 4.0 strategies. Although implementation has been 

comparatively gradual, integration tends to be embedded within broader industrial 

sustainability and workforce development frameworks. 

Table 1. Analytical Matrix of Comparative Scientific and Innovation Systems 

Variable German
y 

South 
Korea 

Empirica
l Evidence 

Analytic
al 
Interpretation 

Scientifi
c Capacity 

Strong 
university-
industry 
networks 

Strong 
state-
supported 
R&D system 

High 
R&D intensity in 
both countries 

Differen
t coordination 
mechanisms 
produce 
comparable 
scientific 
strength 

Innovati
on Governance 

Collabo
rative and 
decentralized 

Centra
lized and 
strategic 

National 
innovation 
policy 
frameworks 

Governa
nce structure 
shapes 
implementatio
n speed 

AI 
Adoption 

Industri
ally focused 

Econo
my-wide 
deployment 

National 
AI strategies 
and digital 
investment 

Korea 
demonstrates 
faster diffusion 

Digital 
Infrastructure 

Advanc
ed 

Highly 
advanced 

Broadban
d and digital 
readiness 
indicators 

Infrastru
cture 
accelerates 
innovation 
scaling 
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Sustaina
bility 
Integration 

Strong 
environmental 
orientation 

Increas
ing 
sustainability 
alignment 

Energy 
transition and 
green 
innovation 
programs 

German
y shows 
stronger 
sustainability 
embedding 

Industri
al 
Transformation 

Industr
y 4.0 emphasis 

Smart 
manufacturin
g acceleration 

Manufact
uring 
digitalization 
initiatives 

Distinct 
modernization 
pathways 

Societal 
Outcomes 

Resilien
ce and 
inclusion focus 

Efficie
ncy and 
competitiven
ess focus 

Innovatio
n and 
development 
indicators 

Differen
t governance 
priorities affect 
outcomes 

The table indicates that both countries possess strong scientific capabilities but 

differ substantially in institutional arrangements. Germany's collaborative governance 

promotes stakeholder integration and sustainability alignment, whereas South Korea's 

centralized governance facilitates rapid technological deployment. These differences 

illustrate that innovation performance emerges not only from scientific resources but also 

from governance mechanisms that coordinate technological implementation. 

The evidence suggests that AI contributes most effectively to operational 

performance when integrated with institutional learning systems, workforce 

development strategies, and governance frameworks. This finding challenges 

technologically deterministic assumptions prevalent in portions of digital transformation 

literature. 

 

3. Sustainability Governance and Socio-Technical Transition Dynamics 

A critical distinction between the two cases concerns sustainability governance. 

Germany has integrated environmental objectives deeply into industrial policy, 

innovation systems, and energy transition strategies. The Energiewende initiative 

exemplifies a long-term socio-technical transition approach linking scientific knowledge, 

policy coordination, technological innovation, and societal participation (IEA, 2024). 

South Korea has increasingly incorporated sustainability objectives into digital 

transformation and industrial modernization policies. Green New Deal initiatives and 

smart infrastructure programs demonstrate growing attention to environmental 
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considerations. However, sustainability integration remains more strongly associated 

with technological modernization than systemic socio-technical transformation. 

The comparison reveals that sustainability outcomes depend not only on 

technological innovation but also on governance arrangements capable of coordinating 

long-term transitions. This finding aligns with transition theory, which argues that 

sustainability transformations require institutional change alongside technological 

advancement (Geels, 2020). 

Furthermore, the evidence indicates that sustainability-oriented innovation 

governance enhances resilience by encouraging cross-sector collaboration, adaptive 

learning, and long-term planning. Such mechanisms are particularly important in 

addressing climate adaptation challenges and environmental uncertainty. 

 

4. Governance Mechanisms, Societal Resilience, and Sustainable Development 

The final analytical dimension concerns the relationship between governance, 

societal resilience, and sustainable development. Germany's governance model 

emphasizes participatory decision-making, institutional accountability, and stakeholder 

inclusion. These characteristics strengthen societal legitimacy and support long-term 

sustainability objectives. 

South Korea's governance system demonstrates exceptional capacity for strategic 

mobilization and rapid policy implementation. This capability enhances responsiveness 

to technological change and global competition. However, highly centralized systems 

may face challenges related to stakeholder diversity and long-term deliberative 

governance. 

The comparison reveals a common principle: innovation performance is mediated 

by governance quality rather than determined solely by scientific excellence or 

technological sophistication. Scientific systems generate value when institutions 

effectively coordinate knowledge production, technological deployment, and societal 

adaptation. 

These findings extend existing scholarship by identifying governance 

coordination as a critical mechanism connecting scientific systems with sustainable 

development outcomes. The evidence suggests that future innovation strategies should 
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prioritize institutional interoperability, interdisciplinary collaboration, and 

sustainability-oriented governance alongside technological investment. 

From a policy perspective, governments should strengthen data governance 

frameworks, support interdisciplinary research networks, invest in digital infrastructure, 

and promote sustainability-oriented innovation ecosystems. Such measures can improve 

the capacity of scientific systems to address complex societal challenges. 

 

Conceptual Model 

Integrated Scientific–Technological–Governance Model of Sustainable 

Innovation 

Scientific Capacity → Innovation Coordination → Technological 

Implementation → Societal Resilience → Sustainable Socio-Technical Development 

This model proposes that scientific capacity provides foundational knowledge 

resources and research capabilities. Innovation coordination mechanisms translate these 

resources into actionable technological strategies. Technological implementation 

generates operational improvements and adaptive capabilities. Societal resilience 

emerges when technological systems are supported by effective governance, institutional 

trust, and stakeholder engagement. Sustainable socio-technical development represents 

the cumulative outcome of these interconnected processes. 

The model further suggests that governance quality acts as a cross-cutting 

mediator influencing each stage of the innovation process. Consequently, investments in 

science and technology are most effective when accompanied by institutional 

arrangements that facilitate coordination, accountability, and sustainability integration. 

 

Conclusion 

This study examined how scientific systems, digital transformation strategies, and 

innovation governance structures influence sustainable socio-technical development 

through a comparative analysis of Germany and South Korea. The findings demonstrate 

that technological advancement alone is insufficient to generate sustainable innovation 

outcomes. Rather, governance mechanisms, institutional coordination, and 
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sustainability-oriented policy frameworks mediate the relationship between scientific 

capacity and societal impact. 

The analysis reveals that Germany and South Korea have both established highly 

capable scientific and technological systems, yet they pursue different pathways toward 

innovation and sustainability. Germany emphasizes collaborative governance, industrial 

sustainability, and long-term socio-technical transition management. South Korea 

prioritizes centralized coordination, rapid technological deployment, and digital 

transformation acceleration. Despite these differences, both cases illustrate the 

importance of aligning scientific resources with governance structures capable of 

translating knowledge into societal value. 

Theoretically, this article contributes to interdisciplinary scholarship by 

integrating scientific systems theory, innovation governance, socio-technical transition 

theory, and digital transformation perspectives into a unified analytical framework. 

Empirically, it demonstrates how governance arrangements influence the effectiveness 

of AI adoption, digital innovation, and sustainability initiatives. The study therefore 

advances understanding of the causal mechanisms connecting scientific systems with 

sustainable development outcomes. 

Institutionally, the findings suggest that governments should prioritize 

coordination among research institutions, industry actors, civil society organizations, 

and regulatory bodies. Public policy should support data interoperability, 

interdisciplinary collaboration, digital infrastructure development, and mission-oriented 

innovation strategies. Sustainability objectives should be embedded within technological 

innovation programs rather than treated as secondary considerations. 

The study has limitations associated with secondary-data dependence and macro-

level comparative analysis. Future research should investigate organizational-level 

implementation dynamics, sector-specific innovation pathways, and emerging 

governance challenges related to AI regulation and digital sustainability transitions. 

Additional comparative studies involving developing economies would further enhance 

understanding of how different institutional contexts shape innovation and sustainability 

outcomes. 
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Ultimately, this study demonstrates that sustainable socio-technical development 

emerges from the interaction of scientific excellence, technological capability, governance 

quality, and societal adaptation. As nations confront increasingly complex global 

challenges, integrated scientific and innovation governance systems will become central 

determinants of long-term resilience, competitiveness, and sustainability. 
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