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Abstract 

This paper summarizes evidence on road transport safety with a focus on children’s cognitive attitudes and pedestrian behaviour. It 

integrates findings on attention, visual processing, executive functions, risk perception, knowledge–behaviour transfer, and 

environmental complexity. Consistent evidence indicates that developmental limitations in attention and processing speed constrain safe 

crossing decisions in younger children. Knowledge-focused education alone does not reliably improve real-world behaviour, and 

behavioural training targeting procedural skills yields modest safety improvements. Built environment features – particularly traffic 

speed and volume, as well as visual clutter – systematically shape both perceived and objective safety outcomes. The paper concludes 

with implications for training, urban design, and family practices, and outlines directions for future research. 
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1. Introduction 

Road transport injuries remain a leading cause of death and disability among children worldwide. Within 

this public health challenge, child pedestrians represent a particularly vulnerable group because safe 

participation in traffic requires integrated cognitive, perceptual, and motor skills that are still developing 

during early and middle childhood (Vijay et al., 2024; Zeedyk et al., 2001). Globally, road traffic injuries 

remain the leading cause of death for children and young people aged 5–29 years, with an estimated 1.19 

million fatalities annually. More than half of these fatalities occur among vulnerable road users – pedestrians, 

cyclists, and motorcyclists – especially in low- and middle-income countries (WHO, 2023).  

Beyond mortality, the morbidity and disability burden impose substantial socioeconomic costs on families 

and health systems. The United Nations’ Global Plan for the Decade of Action for Road Safety 2021–2030 

(WHO, 2021) targets a 50% reduction in road traffic deaths and injuries by 2030. It explicitly frames child 

safety within Safe System principles: human life is paramount; predictable errors must not be fatal; 

responsibility is shared across system actors. Children’s active travel confers major developmental, health, 

and environmental benefits but exposes them to complex traffic environments. Systematic evidence indicates 

that high traffic speeds and volumes consistently reduce both objective and perceived safety for children, 

whereas sidewalk presence and protected crossings improve safety (Amiour et al., 2022; Cloutier et al., 

2021).  

Environmental visual clutter – e.g., billboards – adds extraneous cognitive load, increasing missed 

crossing opportunities and widening gaze dispersion in children compared with adults (Tapiro et al., 2020). 

Developmental research indicates that inflexion points in pedestrian competence occur: a strategic shift in 

visual search emerges around ages 7–8, and general competence is typically achieved by about age 10 

(Whitebread and Neilson, 2000). Younger children rely on simpler heuristics (e.g., distance gap) and are 

markedly more likely to make unsafe crossing decisions. Cognitive functioning subsumes chronological age 

as a predictor of risky route selection (Oxley et al., 2007; Barton et al. 2012; Tabibi and Pfeffer, 2003). 

Crucially, classroom education successfully increases declarative road-safety knowledge with months-long 

retention, yet it does not translate into improved real-world crossing behaviour. In contrast, behaviourally 

oriented training that targets procedural competencies yields small-to-moderate improvements sustained for 

months (Zeedyk et al., 2001; Schwebel et al., 2014). Protecting children in traffic, therefore, requires 
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capability building under realistic cognitive load, complemented by Safe System design that reduces the 

demands placed on developing cognitive systems. Finally, recent syntheses highlight the underrepresentation 

of LMICs (low- and middle-income countries) and the need for exposure-adjusted injury data linked to 

intervention evaluations (Vijay et al., 2024; Wazana et al., 1997). Safeguarding children in road transport is 

not only a scientific goal and a policy imperative, but also aligns with the SDGs (Sustainable Development 

Goals) on health, equity, and sustainable cities. 

In this paper, it is hypothesised that children’s pedestrian safety is primarily limited by developmental 

constraints in attention, visual search efficiency, and processing speed. A literature review is conducted to 

test the hypothesis and find effective ways of intervention. The rest of the article is structured as follows: the 

Methodology section describes how evidence from empirical and review studies was extracted. Results 

summarise key findings across cognitive domains, behaviours, interventions, and environmental/social 

moderators with child pedestrians. The Analysis section integrates mechanisms that reconcile apparent 

contradictions (knowledge–behaviour gap), and the Discussion outlines implications for policy, urban design, 

education, and family practices. The Conclusion assesses the hypothesis and proposes future research 

directions. 

2. Methodology 

A detailed bibliographic search on sciencedirect.com was conducted. Sources included empirical studies, 

systematic reviews, and meta-analyses on child pedestrian safety, cognitive factors, and built-environment 

influences. Study characteristics, cognitive constructs (attention, visual processing, executive functions, risk 

perception), behavioural outcomes (crossing judgments, route selection, dash-out), intervention modalities 

(education vs. behavioural training), and environmental/social moderators (traffic speed/volume, visual 

clutter, sidewalks, parenting styles) were extracted. 
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Figure 1. Child Pedestrian Safety Research framework 

Source: own compilation with napkin.ai 

 

3. Results 

Children’s ability to identify safe crossing sites and resist attentional interference improves with age, with 

a strategic shift around 7–8 years and general competence by ~10 years. Lower perceptual, attentional, and 

executive performance predicts unsafe crossing decisions; cognitive functioning can subsume age as a 

predictor of risky route selection (Amiour et al., 2022). Educational interventions reliably increase declarative 

knowledge about safe/dangerous crossing locations, with retention lasting up to six months; however, they 

do not improve real-world crossing behaviour compared with controls (Tapiro et al., 2020). 

Individualised/small-group training targeting dash-out prevention, crossing at parked cars, and safe route 

selection produces small to moderate safety gains, sustained for 2–8 months (Oxley et al., 2007). High vehicle 

speed/volume consistently associates with unsafe perceptions and increased injuries, while sidewalk presence 

improves perceived and objective safety. Visual clutter increases missed crossing opportunities and widens 

children’s gaze dispersion relative to adults. Risk perception relates to age, gender, socioeconomic status, 

and parenting styles. Negative parenting (e.g., poor monitoring) associates with poorer risk perception 
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(Barton et al., 2012). 

 

 
Figure 2. Child Pedestrian Safety challenges 

Source: own compilation with napkin.ai 

 

4. Analysis 

Dual-process decision models help explain errors in child road crossing. Under time pressure, younger 

children rely on fast heuristics rather than effortful integration, which is limited by working memory and 

slower processing, and is biased towards distance-gap judgments, increasing error susceptibility when traffic 

streams are complex (Whitebread and Neilson, 2000; Oxley et al., 2007). Cognitive load theory clarifies the 

knowledge–behaviour gap: declarative schemas gained via classroom learning are not readily applied under 

high extraneous load (noise, visual clutter, multi-stream traffic), whereas procedural training automates gaze 

patterns and hazard detection, enabling transfer to real contexts (Zeedyk et al., 2001; Schwebel et al., 2014). 

VR (virtual reality) laboratory evidence shows that higher visual load reduces crossing opportunities and 

broadens gaze dispersion among children, consistent with immature inhibitory control (Tapiro et al., 2020). 

Population-level milestones (strategy shift at 7–8; competence by ~10) coexist with substantial within-age 

variability in executive functions (attention, inhibition, processing speed). Cognitive functioning can 

outperform age in predicting risky route selection, supporting screening for cognitive readiness and tailoring 

instructional intensity (Barton et al., 2012; Tabibi and Pfeffer, 2003). 
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Figure 3. Child Pedestrian Safety challenges 

Source: own compilation with napkin.ai 

 

Speed management, protected crossings, and sidewalk continuity reduce cognitive demands and error 

consequences for child pedestrians. Reviews consistently identify speed/volume as primary determinants of 

both objective and perceived safety. The WHO’s Global Plan centres on systemic responsibility to prevent 

typical human errors from being fatal (Amiour et al., 2022; Cloutier et al., 2021; WHO, 2021, 2023). LMICs 

bear a higher share of vulnerable user fatalities, as exposure patterns (longer walking distances), enforcement 

gaps, and infrastructure deficits elevate risk even for well-trained children. Social determinants – such as 

parental supervision and socioeconomic status – shape risk perception and behaviour, signalling the need for 

integrated family/community components (WHO, 2023; Wazana et al., 1997; Amiour et al., 2022). Education 

is necessary but insufficient without procedural fluency. Although age predicts average gains, executive 

functions predict individual outcomes, and environmental complexity actively modulates cognitive demand. 

A combined pathway – procedural training, exposure-aware urban design, and family/school practices – 

should be evaluated using robust, exposure-adjusted outcomes across diverse geographies (Vijay et al., 2024; 

Cloutier et al., 2021). 

5. Discussion 

The above results suggest that in education hands-on practice in realistic scenarios (on-street supervision 

and VR/AR) are to be prioritized to automate gaze strategies, hazard detection, and speed–distance 

judgments. Furthermore, curricula must be differentiated by developmental stage. In practice, this means that 

heuristics should be simplified for younger children and anticipatory strategies may be incorporated in the 

curriculum for older cohorts.  
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As far as urban design and policy are concerned, it is advisable to implement 30–40 km/h limits in school 

zones and residential streets. Moreover, raised crossings, curb extensions, protected mid-block crossings, and 

continuous sidewalks might also increase safety levels. The regulation of visual clutter near crossings may 

reduce extraneous load. Crossing-guard deployments should be aligned with risk-based site selection and 

monitored for behavioural compensation.  

Parental modelling of safe road-crossing behaviour together with consistent adult supervision should be 

actively promoted as a core component of child pedestrian safety interventions. Socioeconomic barriers to 

safe transport can be mitigated through structural programmes such as Safe Routes to School and through 

investment into targeted crossing infrastructure.  

Future research should systematically screen for children’s cognitive readiness for independent road use, 

and should report exposure-adjusted outcomes (e.g. injuries per km walked; missed crossing opportunities; 

safe route selection rates). Embedding randomised or quasi-experimental comparisons of procedural versus 

knowledge-only curricula into future studies and linking outcomes to police/injury registries would also be 

promising. Studies in LMICs would also be advisable, as data remain sparse from those regions, while risks 

are the highest.  

Regarding methodologies, eye-tracking studies should be carried out in realistic environments. Methods 

should be found to quantify the benefits of visual clutter reduction. Scalable digital training tools should be 

developed, together with an effective testing system for their efficiency. Finally, integrating Safe System 

analytics (e.g. kinetic energy thresholds, forgiving street design) with developmental metrics would enable 

the derivation of design standards optimised for child pedestrians. 

 
Figure 4. Child Pedestrian Safety challenges 

Source: own compilation with napkin.ai 

6. Conclusion 
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The evidence supports the hypothesis: developmental constraints in attention, visual search, and 

processing speed are primary limits on younger children’s pedestrian safety. This means, interventions that 

train procedural skills under realistic cognitive load outperform declarative education in improving 

behaviour. Future research should design scalable behavioural training calibrated to cognitive readiness, 

quantify the benefits of speed management and visual clutter reduction near crossings, integrate parent-

focused components, and extend evaluations to LMIC contexts to strengthen generalisability. 
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Abstract 

Safety Management Systems (SMS) have long been applied in high-risk sectors such as aviation and rail, but their 

adaptation to road transport remains underexplored. This paper examines the potential of SMS as a proactive 

framework for improving safety in road transport, with particular attention to shared vehicles and car sharing. It traces 

the origins and principles of SMS, evaluates its benefits and limitations, and analyses case studies from public transit, 

shared mobility platforms, and international experiences. The findings show that SMS can strengthen safety culture, 

enhance hazard identification, and support continuous monitoring, yet challenges such as fragmented governance, 

inconsistent driver practices, and technological barriers limit its effectiveness. The paper argues that stronger policy 

commitment, regulatory oversight, and institutional coordination are essential for successful implementation, alongside 

platform-level measures such as driver training, fatigue management, and data-driven monitoring. The distinctive 

contribution of this study lies in extending SMS from traditional high-risk sectors into the fragmented, rapidly evolving 

context of road transport and shared mobility, clarifying both the opportunities and the systemic challenges of such 

adaptation for policymakers, regulators, and platform operators. 

Keywords: Safety Management Systems (SMS), Road transport safety, Shared vehicles, Car sharing, Policy and decision-making, Risk 

management, Digital mobility platforms. 

1. Introduction 

Over the past few decades, safety has become a central concern in road transport, not only for policymakers but also 

for operators and users. Mauriño (2017) explains that a Safety Management System (SMS) should not be seen as a 

simple regulatory requirement. Instead, it represents a comprehensive managerial approach that embeds safety into all 

organisational processes. This includes identifying hazards, assessing risks, developing safety policies, providing staff 

training, and continuously evaluating safety performance (Al-Mahamid et al., 2025; Mauriño, 2017). 

The OECD/ITF further stresses that the successful implementation of SMS in the road transport sector depends on 

strong institutional commitment, clear policies, sufficient financial resources, and the active involvement of 

stakeholders, including governments, service providers, and road users. When these conditions are met, safety is no 

longer treated as a costly burden but as an added value that improves overall performance and reduces human and 

economic losses from accidents (OECD/ITF, 2018). Despite continuous progress in vehicle design and infrastructure, 

road traffic crashes remain one of the world’s most pressing safety challenges. Each year, an estimated 1.19 million 

people lose their lives, and up to 50 million are injured, with vulnerable road users such as pedestrians, cyclists, and 

motorcyclists representing more than half of the victims. Beyond the  human suffering, crashes impose a heavy 

economic burden, costing countries approximately 3% of their GDP annually (WHO, 2023). Recognising this 

challenge, the United Nations has included in its Sustainable Development Goals the ambitious target of reducing 

global road traffic deaths and injuries by 50% by 2030. (United Nations, 2015) 

https://doi.org/10.55343/CogSust.22154
https://doi.org/10.55343/CogSust.22154
https://doi.org/10.55343/CogSust.22154
mailto:hazem.alx1992@yahoo.com


 https://doi.org/10.55343/CogSust.22154 

 

 
The roots of Safety Management Systems (SMS) go back to the aviation sector, where the International Civil 

Aviation Organisation (ICAO) began developing the concept in the late 1990s and early 2000s, particularly with the 

release of the Global Aviation Safety Plan  (ICAO, 2013) and the adoption of a proactive approach to risk management. 

This framework was later adopted by other high-risk sectors, including railways and maritime transport, demonstrating 

its flexibility and effectiveness in reducing accidents and improving safety performance. (Mauriño, 2017).  

In recent years, there has been a growing interest in applying Safety Management System (SMS) principles to the 

road transport sector. The increasing complexity of road environments drives this shift, as does the diversity of road 

users and persistently high accident rates. Agencies such as the U.S. Federal Transit Administration (FTA) have 

launched pilot programs to implement SMS in public transportation systems, including projects with the Chicago 

Transit Authority (CTA) and Maryland’s Ride On bus service, aiming to enhance proactive safety performance and 

risk mitigation (FTA, 2020). Additionally, the National Transportation Safety Board (NTSB) has recommended 

adopting SMS across all modes of transportation, including road transport, emphasising its value in identifying hazards 

early and implementing preventive measures – regardless of the size or scope of the organisation (NTSB, 2023). These 

initiatives reflect a broader shift toward systematic and anticipatory safety management, moving beyond reactive 

approaches and fostering a stronger safety culture on the roads.  

In the context of road transport governance, several studies emphasise that road safety can be managed through 

structured institutional systems and measurable strategic objectives. For example, Čabarkapa et al. (2016) highlight 

that effective road safety management requires coordinated institutional functions, policy implementation mechanisms, 

and clearly defined safety indicators embedded within national strategies.  However, while SMSs have been widely 

adopted in aviation, rail, and maritime sectors, their adoption in road transport remains limited. In particular, the 

growing field of carsharing presents unique challenges – such as decentralised driver structures, platform-based 

operations, and limited regulatory oversight – that are not adequately addressed in existing literature. This paper seeks 

to fill this gap by exploring how SMS principles can be integrated into road transport and shared mobility systems, 

highlighting both the opportunities and the barriers to implementation. 

2. Concept of Safety Management Systems (SMS) 

While the introduction highlighted the historical evolution and growing relevance of SMS in road transport, this section 

delves deeper into its conceptual foundations. Safety Management Systems are more than abstract frameworks; they 

represent structured managerial processes that translate safety objectives into operational practices. To understand their 

application in road transport, it is essential to examine the formal definitions, the core components, and the way SMS 

has been institutionalised across different transport modes. 

2.1. Definition and framework 

According to the International Civil Aviation Organisation (ICAO), SMS is “a systematic approach to managing safety, 

including the necessary organisational structures, accountabilities, policies and procedures” (IATA, n.d.). Mauriño 

(2017) emphasises that SMS should be understood as a managerial system comparable to other management systems, 

such as financial or quality management, but with safety as its central focus. Stolzer (2008) further highlights that SMS 

operationalises safety objectives into practical processes by emphasising risk identification, mitigation, and continuous 

monitoring.  Reason (1997) introduced the concept of “organisational accidents,” which underpins SMS by stressing 

that accidents result not only from human errors but also from latent failures embedded within systems. Later, 

Hollnagel et al. (2015) expanded this view through the concepts of Safety-I (minimising things that go wrong) and 

Safety-II (maximising things that go right), framing SMS as a dynamic system of learning and adaptation. Together, 

these perspectives establish SMS as a structured framework that not only addresses risks reactively but also anticipates 

and manages them proactively, making it particularly relevant for complex sectors such as road transport. 

2.2. Core components of SMS 

The International Civil Aviation Organisation identifies four core components of a Safety Management System: (i) 

safety policy and objectives, (ii) safety risk management, (iii) safety assurance, and (iv) safety promotion. These 
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components form the backbone of SMS and provide a structured means to embed safety into organisational practice 

(ICAO, 2013) . 

Safety policy and objectives establish the organisation’s overall commitment to safety, defining roles and 

responsibilities, and allocating resources. A safety policy is more than a formal declaration; it serves as a guiding 

framework for operationalising safety goals throughout the organisation. Safety risk management (SRM) is the heart 

of SMS. It involves the systematic identification of hazards, the assessment of associated risks, and the development 

of mitigation strategies (Mauriño, 2017). This proactive process ensures potential threats are addressed before they 

cause accidents. Safety assurance constitutes the monitoring and evaluation dimension of the Safety Management 

System. According to ICAO’s Safety Management Manual (Doc 9859), it provides the mechanisms to verify whether 

risk controls perform as intended through activities such as internal audits, performance monitoring, and continuous 

improvement processes (ICAO, 2013). In practice, the ACI–ICAO SMS Handbook (ACI, 2016) further details these 

activities, highlighting audits and inspections, safety performance monitoring, surveys, and documentation as core 

tools of safety assurance. Similarly, within the European railway context, Regulation (EU) 2018/762 and the ERA 

(European Union Agency for Railways) guidance require operators to establish structured procedures for monitoring, 

auditing, and feedback, ensuring that the implemented safety measures remain effective and are continuously improved 

(ERA, 2022). Safety promotion focuses on fostering a strong safety culture by ensuring effective communication, 

training, and continuous learning. Together, these four elements ensure that SMS functions as a living system: one that 

not only reacts to incidents but continuously evolves to prevent future risks and enhance organisational safety 

performance. 

2.3. Adaptation to road transport 

Adapting Safety Management Systems (SMS) to the road transport sector is both essential and challenging. The 

sector’s complexity, the diversity of stakeholders, and persistently high road fatality rates make SMS implementation 

indispensable. At the same time, fragmented institutional responsibilities, uneven stakeholder awareness, and reliance 

on ad hoc interventions underscore the urgent need for systematic, evidence-based strategies  (Mooren and Shuey, 

2024; Stoma et al., 2021). Multiple studies emphasise that robust institutional frameworks and clear, enforceable 

policies are foundational for effective SMS. Countries with strong government commitment, regulatory clarity, and 

coordinated agencies achieve better road safety outcomes. Weak institutional readiness or fragmented policies limit 

system-wide improvements and the implementation of best practices (Khan and Das, 2024; Sakhapov and Nikolaeva, 

2018). Practical applications have also begun to emerge. The U.S. Federal Transit Administration introduced an SMS 

framework for public transit agencies, requiring proactive identification of safety concerns, risk-based decision-

making, and continuous monitoring (Spencer et al., 2015).  The U.S. National Transportation Safety Board (NTSB) has 

encouraged the adoption of Safety Management Systems (SMSs) across various transportation modes, but its focus 

has primarily been on aviation and, more recently, commercial aerospace. In other sectors such as rail, public 

transportation, pipelines, and maritime transportation, evidence of their adoption is less clear, while surface 

transportation has not yet been explicitly included (Al-Mahamid, 2025; Teske and Adjekum, 2021).  Together, these 

efforts reflect a gradual but critical shift in road safety management – from reactive crash response to proactive, 

systematic safety governance. 

In summary, Safety Management Systems provide a structured and proactive framework for embedding safety into 

organisational processes. While their foundations were established in high-risk sectors such as aviation and rail, the 

adoption of SMS in road transport underscores both its necessity and complexity. The fragmented nature of road 

systems, combined with the diversity of users and environments, demands tailored strategies for successful 

implementation. These unique challenges form the basis of the next section, which examines the specific barriers and 

difficulties in advancing road safety through SMS. 
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3. Challenges in road transport safety 

Road transport safety faces several interrelated challenges that complicate the implementation of structured systems 

such as SMS. Unlike aviation or railways, where safety responsibilities are highly centralised, road transport is 

influenced by human behaviour, infrastructure conditions, institutional fragmentation, and technological limitations.  

Human factors remain the most dominant challenge. The World Health Organisation (WHO, 2023) reports that 

speeding, drink-driving, distraction, and fatigue account for the majority of road traffic crashes worldwide. Studies 

and reviews report that human factors account for 77–90% of road traffic accidents, with some studies specifically 

citing 90% as the proportion attributable to human error (Agarwal et al., 2020; Ren, 2013; Singh et al., 2016) and 

underscoring the difficulty of managing road safety in an environment dependent on millions of individual drivers. 

Infrastructure-related issues add another layer of complexity. In addition, infrastructure-related safety management in 

road transport should be viewed in the context of established engineering practices, such as geometric design 

consistency, pavement condition monitoring, traffic flow assessment, roadside hazard mitigation, and road safety 

audits, which provide an operational basis for identifying and reducing infrastructure-related risks. Poor road design, 

inadequate maintenance, and hazardous environments, such as sharp curves or poorly marked intersections, are 

strongly associated with higher crash risks. Research shows that poor infrastructure – such as unstable foundations, 

inadequate safety barriers, or substandard road design – can increase the likelihood of accidents, especially when 

combined with human errors, such as improper operation, inattention, or violations of safety protocols. For example, 

construction collapses are often linked to both unstable infrastructure and operational mistakes, illustrating how these 

factors compound risk. Empirical studies further confirm that road infrastructure elements – such as narrow lanes, 

deteriorated pavements, insufficient lighting, and roadside hazards – significantly affect crash occurrence (Pembuain 

et al., 2019). Recent empirical research further supports the importance of infrastructure condition indicators in crash 

analysis. For example, Al-Mahamid et al. (2025) demonstrate that traffic exposure (Annual Average Daily Traffic – 

AADT) and pavement roughness (International Roughness Index – IRI) are among the most influential predictors of 

crash frequency when developing Safety Performance Functions for road safety analysis. 

In addition, systematic road-safety analysis methods have been developed to identify hazardous locations within road 

networks. For example, Nguyen et al. (2013) proposed a black-spot safety management approach based on the Safety 

Potential (SAPO) indicator, which evaluates accident costs and exposure in order to prioritise locations where safety 

improvements can generate the greatest benefits. Likewise, in the construction sector, accidents, including collapses 

and structural failures, are frequently attributed to a combination of poor infrastructure quality and unsafe human 

practices, underscoring the interplay between technical deficiencies and behavioural errors in shaping accident 

outcomes (Zang et al., 2025). Institutional and regulatory weaknesses also hinder progress. Fragmented responsibilities 

among agencies, unclear policies, and insufficient resources are major barriers to implementing SMS in the road sector. 

Without strong institutional leadership and coordination, safety initiatives often remain ad hoc and reactive, rather than 

systematic and preventive (Nævestad et al., 2021). 

Finally, technological and operational challenges do limit the transition toward proactive safety management. The 

adoption of advanced technologies (e.g., AI, IoT, digital twins) for proactive safety management is often hindered by 

integration challenges with legacy systems, limited interoperability, and insufficient digital infrastructure – especially 

in developing regions (Adikwu et al., 2024). The high costs of new technologies, limited access to reliable internet, 

and expensive maintenance hinder widespread implementation, particularly for small and medium-sized organisations 

(Sakhapov and Nikolaeva, 2018). Concerns about data privacy, cybersecurity, and regulatory compliance present 

significant barriers to the adoption of real-time monitoring and data-driven safety solutions (Adikwu et al., 2024; 

Sakhapov and Nikolaeva, 2018). A lack of technical skills, insufficient training capacity, and resistance to change 

among employees and management impede the effective use of proactive safety technologies (Malomane et al., 2022). 

Similar risk-based approaches have also been proposed in other transport sectors. For instance, Nedeliaková et al. 

(2022) developed a methodology based on Failure Mode and Effects Analysis (FMEA) to systematically identify and 

evaluate safety risks in railway crossings, demonstrating how structured risk-identification frameworks can support 
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proactive safety management in complex transport systems. Together, these challenges – human, infrastructural, 

institutional, and technological – illustrate why implementing SMS in road transport is more complex than in other 

high-risk industries. At the same time, they reinforce the urgency of adopting systematic approaches that can integrate 

fragmented efforts into a coherent framework for improving road safety. 

4. Application of SMS in carsharing 

Carsharing, including ride-hailing, has become an increasingly important part of urban mobility. The rapid growth of 

carsharing presents both opportunities and risks for road safety. On the one hand, these services introduce new 

operational models that rely on decentralised drivers, dynamic demand, and digital platforms. On the other hand, this 

very complexity underscores the need for systematic approaches, such as SMS, to manage safety in a structured and 

proactive manner. 

Variability in driver qualifications and working conditions is a major safety challenge in shared mobility services. 

Unlike traditional taxi drivers, many ride-hailing drivers operate as independent contractors without standardised or 

formal training, which leads to significant inconsistencies in safety awareness and practices (Mao et al., 2021). Studies 

have shown that factors such as crash history, driving hours, passenger ratings, and employment type (full-time or part-

time) directly influence risky driving behaviours and risk awareness (Hou and Guan, 2020; Mahudin and Sakiman, 

2018). To address these challenges, a Safety Management System (SMS) can be implemented at the platform level to 

enforce unified safety policies, including driver training, fatigue management, and behavioural monitoring. 

Additionally, technological tools can be developed to automatically verify driver qualifications and ensure compliance 

with safety standards (Lu et al., 2023). 

Another critical safety challenge in ride-hailing services is risk management within dynamic urban traffic 

environments, where drivers frequently interact with vulnerable road users such as pedestrians and cyclists. The 

absence of safety frameworks tailored specifically to these operating conditions has been shown to increase crash risks. 

Recent studies emphasise that algorithmic management – while improving efficiency – can also encourage risky 

driving behaviour due to income insecurity or pressure to complete more rides quickly (Lefcoe et al., 2023). However, 

risk can be mitigated by integrating safety technologies into the platform itself, such as hazard identification systems, 

risk visualisation tools, and spatial data algorithms that detect high-risk areas and issue real-time alerts (Fu et al., 2024; 

Niu et al., 2021; Zhang et al., 2025).  Integrating such features into an SMS would allow platforms to proactively reduce 

exposure to crash-prone conditions by combining real-time data analysis, driver behaviour tracking, and predictive 

risk alerts. 

Ensuring safety assurance is essential in ride-hailing platforms, especially given their ability to collect large-scale 

digital data on driver behaviours, trip characteristics, and traffic conditions. When leveraged effectively, these data 

streams can support continuous safety monitoring and performance evaluation – key components of an SMS. Studies 

have shown that platforms increasingly rely on algorithmic systems to track driver safety through rating systems, 

customer feedback, and real-time monitoring tools (Prabowo and Isbah, 2022). Feedback mechanisms, especially those 

tied to emergency response systems and user evaluations, have a measurable positive impact on overall safety 

performance (Afifudin et al., 2024). Additionally, studies propose that integrating objective, non-subjective trust 

systems – based on driver trajectory and behaviour data – can reduce bias and improve the accuracy of safety 

assessments (Tong et al., 2024). This approach reinforces the SMS principles of continuous improvement and proactive 

risk management through data-driven decision-making. 

Finally, safety promotion can be advanced through transparent communication and user engagement. Platforms can 

strengthen the safety culture by informing passengers about safety measures, encouraging feedback, and promoting 

responsible driver behaviour. Such measures not only enhance public trust but also align with SMS objectives of 

building resilience and accountability. Thus, the application of SMS in carsharing represents a novel extension of 
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traditional safety management. By embedding SMS principles into the governance of digital mobility platforms, 

policymakers and operators can ensure that the benefits of shared mobility are realised without compromising safety. 

5. Benefits and limitations 

Implementing SMSs in road transport offers several clear advantages. Firstly, SMS provides a structured and proactive 

framework for hazard identification and risk mitigation, shifting the focus from reactive to preventive safety strategies. 

Research shows that involving all organisational levels in identifying and solving safety issues enhances safety culture 

and long-term effectiveness (Lappalainen, 2017).  In the context of carsharing, SMS enables platforms to implement 

standardised driver training, fatigue management, and data-driven monitoring, thereby improving overall safety 

performance. Studies in multiple sectors highlight that SMS fosters continuous safety improvements by integrating 

monitoring, reporting, and policy feedback loops (Mauriño, 2017). Additionally, organisations that implement SMS 

report improved coordination, reduced accident rates, and better use of resources through structured safety audits and 

risk prioritisation (Geoffroy, 1993). 

Despite these benefits, several limitations challenge the successful implementation of SMS in road transport. One 

major issue is institutional fragmentation and a lack of inter-agency coordination. Studies emphasise that without cross-

sectoral cooperation and regulatory support, SMS initiatives often remain superficial or ineffective (Lappalainen, 

2017). Kelly (2017) notes that SMS implementation has placed a heavy burden on regulatory authorities across all 

transport modes, especially in contexts where decentralisation and legacy systems complicate consistent oversight and 

enforcement. Furthermore, insufficient administrative and technological capacity – especially in low- and middle-

income regions – hinders the collection and use of safety data for continuous monitoring (Steiner et al., 2009). In 

shared mobility services, the gig economy model further complicates SMS enforcement. Independent contractors often 

operate without standardised oversight, making it difficult to apply uniform safety policies or conduct safety audits 

(Anderson, 2003). 

In summary, SMS offers a powerful and structured framework for improving road transport safety. However, its 

success hinges on overcoming systemic limitations such as fragmented governance, inconsistent driver regulation, and 

technological challenges. A coordinated, data-driven, and inclusive approach is essential to unlocking its full potential. 

6. Examples 

Case studies of SMS implementation in road transport and shared mobility illustrate both the opportunities and 

challenges of adapting this framework. These examples range from successful institutional applications to contexts 

where challenges persist.  One notable example is the Chicago Transit Authority (CTA), which participated in the U.S. 

Federal Transit Administration (FTA) SMS Implementation Pilot Program in partnership with the Illinois Department 

of Transportation. As part of the pilot, CTA developed an SMS implementation plan, tested Safety Risk Management 

procedures in bus operations, and worked on developing Safety Assurance activities – demonstrating a practical 

application of structured SMS processes in a large-scale urban transit agency (FTA, 2018). By contrast, in the shared 

mobility sector, Uber has promoted practices resembling SMS, particularly its peer-to-peer rating system, to enhance 

driver and passenger safety. However, research shows that these ratings often pressure drivers into unsafe practices, 

such as carrying excessive passengers or speeding to avoid negative feedback. This indicates that, unlike formal SMS 

frameworks, car sharing safety remains largely voluntary and dependent on company policies rather than binding 

regulation  (MacEachen et al., 2018). 

The INESS project developed harmonised safety case processes within the European Rail Traffic Management System 

(ERTMS) to reduce costs, streamline certification, and strengthen cross-border interoperability. By standardising 

guidelines and promoting cooperation among national authorities, industry suppliers, and operators, the project 

demonstrated how coordinated SMS practices can significantly reduce fragmentation and improve oversight in 

complex, multinational transport systems (Mueller et al., 2010). Similarly, case studies in urban mass transit in cities 

such as Jakarta demonstrate the importance of embedding social and safety considerations into large-scale bus rapid 
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transit (BRT) and rail investments. Research shows that gendered travel patterns and risks, including overcrowding 

and sexual harassment, highlight the need for integrating equity and safety protocols into system design and operation 

to ensure long-term social sustainability (Turner, 2012). 

Together, these examples demonstrate that SMS can be successfully adapted to complex, dynamic transport 

environments. However, they also underline that effectiveness depends on strong institutional oversight, mandatory 

integration of safety policies, and continuous use of operational data across both public transit and shared mobility 

platforms, especially in the context of road transport and carsharing. 

7. Policy and decision-making implications 

Policy and decision-making play a central role in determining the effectiveness of Safety Management Systems (SMS) 

in road transport and shared mobility. Evidence shows that a tension between mobility and safety goals often shapes 

policy choices. For instance, Bates et al. (2010) demonstrate that while evaluations of graduated driver licensing (GDL) 

consistently show significant reductions in young driver crashes, policymakers may hesitate to adopt or strengthen 

such systems out of concern that restrictions on night driving or passengers could limit individual mobility. This 

illustrates how political priorities can both hinder and facilitate safety-focused reforms, depending on the balance 

struck between mobility and safety (Bates et al., 2010). Strong leadership and institutional coordination are also 

necessary for big, systemic change. May, Tranter, and Warn (2011) argue that transformational leadership is essential 

to move beyond “shallow” adaptive changes and toward integrated policies such as Vision Zero, which align transport 

with broader societal goals, such as sustainability and public health. Their research emphasises the need for inter-

agency collaboration across energy, health, environment, education, and transport authorities to institutionalise safety 

culture. They further stress that a big change requires rethinking entrenched cultural practices and adopting holistic 

strategies such as mobility management, active and public transport, and even restructured societal time use (e.g., Slow 

Cities). Only through such integrated and cross-sectoral approaches can safety reforms achieve lasting impact (May et 

al., 2011) . 

The French experience further illustrates the importance of centralised, data-driven governance. Chapelon and Lassarre 

(2010) describe how national-level road safety policy in France has relied heavily on comprehensive information 

systems, including accident statistics, risk exposure data, speed measurements, and behavioural indicators such as 

mobile phone use. These datasets are integrated into risk management tools – such as monitoring, benchmarking, and 

policy refinement – that enable continuous oversight and evidence-based decision-making. Although challenges 

remain, this centralised model has enabled more systematic evaluation of risks and more effective safety interventions 

(Chapelon and Lassarre, 2010).  For shared mobility, decision-making must also address integrating new mobility 

services into urban systems. Cieśla, Sobota, and Jacyna (2020) developed a multi-criteria decision-making model for 

metropolitan transport planning that incorporates factors such as safety, cost, environmental impact, and service 

quality. Their findings, based on application in the Silesian Metropolis in Poland, stress that policies guiding shared 

mobility adoption should balance user demand with broader systemic goals of safety and sustainability (Cieśla et al., 

2020).  Similarly, Teusch et al. (2023) review the role of advanced decision-support methods, particularly machine 

learning, in enhancing both safety and operational decisions in shared mobility platforms. Their systematic review 

highlights how supervised, unsupervised, and reinforcement learning approaches provide methodological solutions to 

challenges such as demand prediction, fleet management, and user experience optimisation – underscoring the growing 

importance of data-driven decision support in shared mobility (Teusch et al., 2023). 

Finally, Muhlrad (2006) stresses that road safety policies cannot exist in isolation. Effective decision-making requires 

embedding safety objectives into broader agendas such as urban planning, health, security, and transport policies. His 

analysis highlights that achieving this intersectoral integration demands profound organisational change, including 

shifting sectoral priorities, restructuring decision-making patterns, creating new professions, and fostering cultural and 

institutional change. This ensures that SMS adoption does not remain a narrow technical exercise but becomes part of 

systemic governance transformation (Muhlrad, 2006). 
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8. Limitations and future research directions 

This paper has certain limitations that should be acknowledged. First, the study is conceptual in nature and primarily 

builds on secondary literature, without original data collection, exposure-based crash analysis, or quantitative 

modelling of SMS in road transport or carsharing. Accordingly, the paper is intended to clarify the conceptual relevance 

and policy implications of SMS adoption rather than to provide a direct empirical assessment of crash-reduction effects. 

Second, the examples presented are illustrative rather than exhaustive, and therefore cannot fully capture the diversity 

of practices across different regions and mobility systems. 

Future research should therefore move toward empirical investigations. Another important direction is to examine how 

SMS principles can be operationalised with established road safety engineering tools, such as Safety Performance 

Functions (SPFs), network screening approaches, roadway safety audits, and infrastructure condition-monitoring 

frameworks. One direction is the collection and analysis of large-scale operational and safety data from carsharing 

platforms to evaluate the real-world performance of SMS. Comparative studies across countries could further clarify 

how institutional frameworks and regulatory environments influence SMS outcomes in road transport. Another 

promising line of inquiry is the integration of emerging technologies – such as artificial intelligence, Internet of Things 

(IoT), and connected vehicle systems – into SMS frameworks, ensuring that safety management evolves in parallel 

with technological and organisational transformations in mobility. 

Conclusion and recommendations 

This study has highlighted the importance of Safety Management Systems (SMS) as a structured, proactive framework 

for improving safety in road transport, with a particular focus on carsharing. By tracing the evolution of SMS from 

aviation to road contexts, examining its benefits and limitations, and analysing practical examples, the paper has shown 

that SMS can significantly strengthen safety culture, enhance hazard identification, and support continuous monitoring. 

At the same time, the findings underline that the fragmented and decentralised nature of road transport, combined with 

variability in driver behaviour and technological barriers, poses substantial challenges to its effective implementation. 

Addressing these challenges requires a stronger commitment from policymakers and regulators to ensure that SMS 

principles are systematically embedded into national and urban transport systems. Shared mobility platforms must also 

take greater responsibility by institutionalising driver training, enforcing fatigue management, and leveraging digital 

tools for real-time monitoring and feedback. Investments in data infrastructure and advanced analytics are equally 

necessary to support proactive risk detection and continuous improvement. Most importantly, embedding safety as a 

cultural value across institutions, operators, and communities will be essential to achieving sustainable progress.  The 

distinctive contribution of this study lies in extending the application of SMS principles from traditional high-risk 

sectors such as aviation and rail to the more fragmented and rapidly evolving domain of road transport and shared 

mobility. By highlighting both the opportunities and systemic challenges of this adaptation, the paper provides new 

insights for policymakers, regulators, and platform operators seeking to strengthen safety in decentralised transport 

systems. 
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Abstract 

Hydrogen is increasingly regarded as a potential low-carbon fuel for gas turbine applications due to its ability to eliminate 

carbon dioxide emissions at the point of combustion. Despite this advantage, the large-scale implementation of hydrogen in 

gas turbines faces several significant technical and economic limitations. This study examines the limitations of hydrogen 

applicability in gas turbines by reviewing the relevant literature. One of the primary challenges arises from hydrogen’s 

combustion characteristics, including its high flame speed and wide flammability range, which increase the risk of flame 

flashback and combustion instability. These issues necessitate substantial modifications to conventional gas turbine 

combustor designs and advanced control systems. In addition, hydrogen combustion typically results in higher flame 

temperatures compared to conventional hydrocarbon fuels, leading to increased formation of nitrogen oxides (NOx). Meeting 

strict emission regulations requires complex mitigation strategies, such as lean premixed combustion or diluent injection, 

which can reduce efficiency and raise system complexity. Material compatibility is another critical concern, as hydrogen 

can cause embrittlement in metallic components, potentially compromising the structural integrity and long-term reliability 

of turbine systems. Furthermore, hydrogen’s low volumetric energy density poses challenges for fuel storage and delivery, 

requiring high-pressure or large-volume storage solutions that are not easily compatible with existing gas turbine 

infrastructure. Finally, the economic feasibility of hydrogen-fueled gas turbines is constrained by the high cost of low-carbon 

hydrogen production and the limited availability of hydrogen transport and distribution infrastructure.  

 

Keywords 

hydrogen, gas turbine, sustainable fuel 

 

1. Introduction 

Hydrogen (H2) is often presented as a promising alternative fuel in the transition toward low-carbon energy systems, 

particularly for its potential to achieve near-zero carbon dioxide emissions at the point of use (Petrović et al., 2025). Gas 

turbines, widely employed in power generation and aviation, are frequently considered suitable candidates for hydrogen 

combustion (Bagdi et al., 2023). However, despite its environmental appeal, hydrogen faces significant technical, economic, 

and operational limitations when used as a fuel in gas turbines (Kayfeci et al., 2019).  

Hydrogen is the lightest element and exists as a diatomic gas with a very high energy content per unit mass but a low 

energy density per unit volume. It burns cleanly with oxygen, producing only water vapour, making it an attractive zero-

carbon fuel (Muhssen et al., 2024). Its fast combustion chemistry and wide flammability range enable stable lean premixed 

combustion, particularly in gas turbines. Key benefits include zero CO2 emissions, non-toxicity, and the possibility of 

renewable production via electrolysis (Németh et al., 2025). However, several challenges arise during the application of 

hydrogen as a fue in gas turbines. This study reviews the most important problematic aspects. 

2. Limitations of hydrogen application in gas turbines 

However, challenges such as NOx formation at high temperatures, storage difficulties, and material issues, such as hydrogen 

embrittlement, remain (Bukovácz et al., 2025). Ongoing research focuses on adapting turbine combustors (Dişlitaş et al., 

2025), improving flame stability, reducing emissions, and developing more efficient storage and injection systems (Zöldy 

and Kondor, 2021), with major companies already testing hydrogen-capable turbines for future power generation and 

aviation (Kondor I.P., 2025). 
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Recent studies show that hydrogen-containing fuel blends can be stably burned under gas turbine–relevant conditions, 

particularly when blended with ammonia or natural gas (Onorati et al., 2022). Experiments confirmed that hydrogen 

improves flame stability, while combustion behaviour and NOx emissions depend strongly on fuel composition and 

equivalence ratio. Although hydrogen offers clear advantages such as zero-carbon emissions and high energy content, it also 

introduces challenges, including higher NOx formation and flashback risks. Proposed mitigation strategies include fuel 

dilution, exhaust gas recirculation, and advanced combustor designs (Habib et al., 2024). Even small hydrogen additions to 

natural gas can significantly reduce CO and NOx emissions and improve efficiency, though exergy efficiency may slightly 

decrease and costs may increase. Currently, most gas turbines operate with hydrogen blends rather than pure hydrogen; 

typically, up to about 30% hydrogen can be used in conventional DLE (Dry Low Emission) combustors. Pure hydrogen 

combustion is still under development, with advanced concepts such as Mitsubishi’s Multi Cluster Combustor enabling 

hydrogen and ammonia combustion in next-generation gas turbines (Carusotto et al., 2025). 

In today’s data‑driven mobility landscape, the transition toward sustainable transportation increasingly requires a 

diversified portfolio of energy carriers rather than reliance on a single fuel (Zöldy and Baranyi, 2023). As digital monitoring, 

predictive modelling and system‑level optimisation reshape how vehicles and infrastructure operate, different alternative 

fuels – such as hydrogen, electricity, synthetic e‑fuels and advanced biofuels – each offer distinct advantages for meeting 

environmental targets, operational demands and sector‑specific needs (Bernalte, 2023). Hydrogen exemplifies this 

complexity: while it offers near‑zero carbon emissions and favourable combustion characteristics, its technical and economic 

challenges highlight why no single energy vector can fully address the requirements of future mobility systems. Instead, 

sustainable mobility will depend on the intelligent integration of multiple fuel pathways, guided by data, supported by robust 

research, and optimised for efficiency, safety and resilience. The combustion characteristics of hydrogen not only influence 

flame stability but also significantly affect pollutant formation, particularly nitrogen oxides (NOx). For this reason, the 

following section discusses the emission-related challenges associated with hydrogen combustion in gas turbines. 

In practical applications, hydrogen is rarely introduced directly as a pure fuel in existing gas turbines. Instead, hydrogen is 

typically first blended with natural gas in gradually increasing concentrations. These hydrogen–natural gas blends allow 

operators to reduce carbon emissions while maintaining compatibility with current turbine hardware. Pure hydrogen 

combustion, on the other hand, represents a longer-term technological objective that requires substantial redesign of 

combustors due to hydrogen’s high flame speed, wide flammability range, and increased risk of flashback. 

2.1 Flashback mechanism 

One of the primary challenges of hydrogen combustion in gas turbines is its combustion behaviour. Hydrogen exhibits a 

laminar flame speed of approximately 2–3 m/s, which is nearly an order of magnitude higher than that of methane (~0.35–

0.45 m/s). This significantly increases the risk of flashback in premixed combustors. Flashback refers to the undesired 

propagation of a flame back into the burner, leading to combustion within the premixing section. This phenomenon is an 

inherent characteristic of all premixed combustion systems, including gas turbine combustors. A flashback occurs when the 

local flame-propagation speed exceeds the velocity of the incoming flow in regions where the fuel–air mixture is within 

flammable limits (Flebbe et al., 2024). 

While the properties of hydrogen can enable stable combustion at low fuel concentrations, they also increase the risk of 

flashback, where the flame propagates upstream into the burner. Flashback can severely damage turbine components and 

compromise operational safety, requiring substantial redesign of combustor systems and the implementation of advanced 

control strategies (Utschick et al., 2016).  

2.2 NOx formation 

Another major limitation is nitrogen oxide (NOx) emissions. For hydrogen combustion, thermal NOₓ formation can exceed 

50–70 ppm at turbine inlet temperatures above 1700 K, unless dilution or lean premixing strategies are applied. Although 

hydrogen combustion does not produce carbon dioxide, the high flame temperatures associated with hydrogen significantly 

promote thermal NOx formation (Nyerges, 2026). Meeting stringent emission regulations, therefore, becomes challenging 

without sophisticated mitigation techniques such as lean premixed combustion, exhaust after-treatment, or steam and water 

injection. These solutions add complexity, reduce overall efficiency, and increase operational costs. Earlier research by 

Kondor (2026) showed that lean operation generally reduces NOx formation because the average flame temperature 

decreases with excess air. However, lean flames can increase the effective residence time of gases in the hot zone, potentially 

https://doi.org/10.55343/CogSust.21702
https://doi.org/10.55343/CogSust.21702
https://doi.org/10.55343/CogSust.21702


 https://doi.org/10.55343/CogSust.21702 

 

leading to higher local peak temperatures. Reduced flame quenching results in fewer cold regions interrupting the high-

temperature zone. In a small, highly preheated combustion chamber, even lean flames can sustain very hot cores if they 

become more compact. In addition, mixture stratification can create locally stoichiometric regions (Kondor I.P., 2025).  

2.3 Metal embrittling 

Material compatibility presents an additional obstacle. Hydrogen can embrittle certain metals, weakening structural 

components over time. Gas turbines operating with hydrogen require specialised materials and coatings to withstand 

hydrogen exposure, high temperatures, and pressure cycling. This not only increases manufacturing costs but also raises 

concerns about long-term durability and maintenance requirements (Pomeroy, 2005). Hydrogen embrittlement in turbine 

alloys is primarily associated with hydrogen-enhanced localised plasticity (HELP) and hydrogen-enhanced decohesion 

(HEDE), which promote micro-crack initiation along grain boundaries under cyclic thermal stresses. 

2.4 Energy density 

From an energy density perspective, hydrogen also poses practical limitations. Although it has a high gravimetric energy 

density, its volumetric energy density is very low, especially in gaseous form. As a result, hydrogen requires significantly 

larger storage volumes or high-pressure systems compared to conventional fuels. This complicates fuel infrastructure, 

particularly for existing gas turbine installations that were not designed for hydrogen use. A comparison of the parameters 

of methane and hydrogen is summarised in the table below. 

 

Table 1 Comparison of the main parameters of methane and hydrogen 

Parameter Hydrogen Methane 

Laminar flame speed ~2-3 m/s ~0.35-0.45 m/s 

Ignition energy ~0.02 mJ ~0.28 mJ 

Autoignition temperature ~585 °C ~540 °C 

NOx emission potential 2–3× higher baseline 

 

While the physical and chemical properties of hydrogen determine its combustion behaviour, the practical utilisation of 

hydrogen in gas turbines depends strongly on the design of the combustion system. The following section reviews the main 

gas turbine combustion technologies and their compatibility with hydrogen fuels. 

3. Solutions 

The most commonly used fuel-air mixing method in gas turbines is an air swirler that creates turbulence (Figure 1). There 

are several methods to mitigate the flashback phenomenon. One is controlling autoignition, which can be achieved by 

reducing the flow rate or increasing the fuel/air temperature. These can be achieved by controlling the combustion chamber 

pressure with bleed valves (Gupta, 1997): 

 
Figure 1. Premix swirl combustion chamber  
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Several solutions have been developed to reduce NOx emissions. One of the most common solutions is lean 

premixed combustion with dry low NOx (DLN)/dry low emission (DLE), or a secondary (post-combustion) selective 

catalytic reduction (SCR) method. DLE combustors are designed to reduce NOx emissions by operating under lean premixed 

combustion conditions without the use of water or steam injection. By carefully controlling the fuel–air mixing and 

maintaining lean operation, DLE combustors lower the average flame temperature, which suppresses thermal NOx formation. 

However, this requires precise control of flame stability, as lean combustion is more sensitive to flashback, blow-off, and 

combustion instabilities (Stuttaford and Rubini, 1997). A schematic diagram of the lean combustion chamber is shown in 

Figure 2. 

 

Figure 2. Conventional and lean-premixed combustor  

 

Fully premixed hydrogen flames exhibit the highest flashback risk due to their high flame propagation speed, whereas 

diffusion flames are inherently more stable but produce significantly higher thermal NOx emissions. (Szwaya et al. 2013) 

The comparison of combustion instabilities in hydrogen turbine flames is summarised in Table 2. 

 
Table 2. Combustion instabilities in hydrogen turbine flames 

Flame type Flashback risk Stability 

Fully premixed very high good mixing but unstable 

Partially premixed medium compromise 

Diffusion flame low high NOx 

 

4. Conclusion 

Hydrogen offers considerable potential as a low-carbon fuel for gas turbines, as it can eliminate carbon dioxide emissions 

at the point of combustion. Several technical and economic challenges currently constrain its practical application. 

Hydrogen’s high flame speed and wide flammability range significantly increase the risk of flashback and combustion 

instability, requiring advanced combustor designs and precise control strategies. The high flame temperatures of hydrogen 

combustion promote increased NOx formation, making compliance with emission regulations difficult without complex 

mitigation techniques that may reduce efficiency. Material degradation from hydrogen embrittlement, combined with 

hydrogen’s low volumetric energy density, further complicate turbine durability, fuel storage, and infrastructure integration.  

Overall, while hydrogen remains a promising option for sustainable power generation, its direct use in gas turbines faces 

notable limitations. In the short to medium term, hydrogen blending with conventional fuels appears to be the most practical 

approach, while the widespread use of pure hydrogen will depend on further technological and infrastructural development. 
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Abstract  
This study investigates the relationship between economic growth, agglomeration, and innovation within the framework of endogenous growth theory and 

economic geography. Building on Philippe Martin's theoretical approach, the paper examines how the spatial concentration of economic activities influences 
innovation dynamics and regional development. The study pursues two main objectives: first, to measure the spatial distribution of innovation across Italian 

regions; second, to assess whether regional dynamics between 2021 and 2023 indicate convergence or confirm the persistence of core–periphery 

asymmetries. The empirical analysis uses national and macro-regional data from Eurostat, including GDP at current market prices, a measure of 
agglomeration, and Gross Domestic Expenditure on Research and Development (GERD) as a proxy for innovation intensity. The relationships among these 

variables are explored through descriptive and graphical analysis, as well as convergence tests and spatial autocorrelation analysis. The results show that, 

although Italy experienced economic growth and a moderate increase in agglomeration during the period under consideration, innovation intensity remained 
largely stagnant. Significant regional disparities persist, with the Northern and Central regions maintaining higher innovation levels than Southern Italy and 

the Islands. Overall, the findings suggest that recent regional dynamics show only limited signs of convergence, while confirming the persistence of a core–

periphery spatial structure in the Italian economy. 
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1 Introduction 

Regional economic disparities remain one of the most persistent characteristics of modern economic systems and have 

long attracted the attention of scholars in regional economics and economic geography (Solow, 1956; Romer, 1986; Lucas, 

1988). Differences in economic performance across territories can be observed in several dimensions, including income 

levels, productivity, employment opportunities, infrastructure availability, and innovation capacity (Romer, 1990; Lucas, 

1988). These spatial inequalities influence regional development trajectories, economic competitiveness, and social 

cohesion. For this reason, understanding the mechanisms that generate and reinforce territorial imbalances has become a key 

objective in both academic research and policy frameworks, particularly within the European Union, where regional 

cohesion is a central policy priority. 

Over the past decades, structural transformations in the global economy have intensified spatial differentiation among 

regions (Baldwin et al., 2001). Economic integration, technological progress, and increasing knowledge intensity in 

production systems have contributed to the emergence of new spatial patterns of development. Economic activities 

increasingly tend to concentrate in areas characterised by higher accessibility, strong innovation ecosystems, and diversified 

economic structures (Fujita et al., 1999; Fujita and Thisse, 2002). These processes often lead to the formation of spatial 

agglomerations, in which firms cluster in regions with favourable economic conditions, while other territories struggle to 

attract investment and maintain competitive economic structures (Fujita and Thisse, 2002; Macsinka, 2025; Ötvös, 2025).  

The literature has significantly advanced the theoretical explanation of these dynamics within the framework of New 

Economic Geography (NEG) (Krugman, 1991; Fujita et al., 1999). This framework emphasises the role of economies of 

scale, transportation costs, market size, and knowledge spillovers in shaping the spatial distribution of economic activity 

(Krugman, 1991; Krugman, 1993). According to this perspective, firms tend to locate in regions where they can access larger 

markets, benefit from proximity to other firms, and take advantage of knowledge exchanges. Such mechanisms generate 

cumulative development processes that may reinforce the concentration of economic activities in certain areas while 

contributing to the emergence of core–periphery structures (Krugman, 1991; Baldwin et al., 2001). 

Within this theoretical context, the model developed by Philippe Martin offers an important contribution to the 

understanding of spatial economic dynamics (Martin, 1998; Martin and Ottaviano, 1999; Martin, 1999a). The model explores 

how the geographical distribution of firms interacts with regional income levels and innovation processes. Firms tend to 

concentrate in regions characterised by stronger demand and higher purchasing power, enabling them to benefit from 

economies of scale and improved market access. As a consequence, economic activity may become increasingly 

concentrated in already developed regions, potentially intensifying regional disparities. 

At the same time, spatial concentration may generate important economic benefits. Agglomeration processes can 

stimulate innovation through mechanisms such as knowledge spillovers, technological diffusion, and increased interaction 

between firms and institutions (Jaffe, 1989; Audretsch and Feldman, 1996; Anselin et al., 1997). These externalities may 
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enhance productivity and support economic growth in regions with well-developed innovation systems. However, when 

innovation activities remain concentrated in specific territories, such dynamics may also contribute to the persistence of 

structural differences between economically dynamic regions and peripheral areas. These theoretical considerations 

highlight the importance of analysing the spatial distribution of innovation within regional economic systems.  

Innovation plays a crucial role in shaping regional competitiveness and long-term development trajectories (Romer, 

1990; Lucas, 1988; Szalmáné Csete and Baranyi, 2023; Zöldy, 2024). Regions characterised by strong innovation capacity 

are generally better positioned to attract investment, develop high-value industries, and adapt to technological change 

(Audretsch and Feldman, 1996; Martin et al., 2011). Conversely, regions with weaker innovation systems may face structural 

disadvantages that limit their development potential and reinforce territorial inequalities. 

Despite the relevance of these issues, empirical applications of spatial economic models to the analysis of regional 

innovation patterns remain relatively limited. Existing studies have often focused on industrial agglomeration or 

manufacturing specialisation, while fewer contributions have examined the geographical distribution of innovation activities 

across regions within a coherent spatial economic framework (van Leeuwen, 2015; Sahin, 2023).  

Moreover, much of the previously mentioned literature has focused on long-term structural dynamics, leaving relatively 

unexplored the analysis of recent regional developments that may signal emerging convergence or divergence. This aspect 

has become particularly relevant in the post-COVID-19 period, when European economies are in recovery, supported by 

major investment programs aimed at fostering innovation, digitalisation, and technological development. 

Italy provides a particularly interesting context for investigating these dynamics. The country is widely recognised for 

its strong territorial heterogeneity, which reflects historical differences in economic development, industrial specialisation, 

and institutional structures (ISTAT, 2024; World Bank, 2024). Regional disparities between the North and South of the 

country have been extensively documented and remain one of the most distinctive features of the Italian economic system. 

Northern regions are generally characterised by higher levels of industrialisation, stronger innovation ecosystems, and more 

diversified economic structures, whereas several southern regions continue to face structural challenges, including lower 

productivity, weaker infrastructure, and more limited technological capacity (Boldizsár, 2024). These differences are also 

reflected in the geographical distribution of innovation activities. Regions with stronger industrial bases and more developed 

research systems tend to concentrate a larger share of technological and innovative activities, while peripheral regions often 

exhibit lower research intensity and innovation performance. Understanding how these spatial patterns evolve is essential 

for assessing the persistence of regional disparities and evaluating the effectiveness of policies aimed at promoting territorial 

cohesion. 

Against this background, the present study investigates the spatial configuration of innovation activities across Italian 

regions. Particular attention is devoted to understanding whether recent regional dynamics suggest the emergence of 

convergence processes or whether the traditional core–periphery structure continues to characterise the Italian regional 

system. By adopting a spatial economic perspective inspired by Philippe Martin's theoretical framework, the analysis 

explores how the geographical distribution of innovation relates to broader regional development patterns (Esses and 

Szalmáné Csete, 2022). 

The study, therefore, aims to contribute to the existing literature by examining recent regional dynamics and providing 

empirical evidence on the spatial organisation of innovation across the Italian territory. Through this approach, the research 

seeks to shed light on the extent to which contemporary regional developments reflect processes of territorial rebalancing or 

confirm the persistence of long-standing structural asymmetries within the national economic system. 

The following sections of the paper present the analytical framework adopted in the study. First, the study area is 

described to highlight Italy's main economic, demographic, and territorial characteristics. The methodological section then 

introduces the analytical approach used to examine regional innovation patterns and spatial dynamics. The empirical results 

are subsequently discussed, focusing on the implications for regional development and spatial economic disparities. Finally, 

the paper concludes by summarising the main findings and outlining potential directions for future research. 

 

2 Data and methods 

2.1 The study area 

Italy represents a particularly relevant case study for analysing regional economic development, demographic dynamics, and 

territorial characteristics within the European context. Located in Southern Europe and extending into the Mediterranean 

Sea, the country occupies a strategic geographic position, connecting Central Europe with the Mediterranean basin and 

broader international trade routes. Italy covers an area of approximately 301,000 km2 and has a population of around 59 

million inhabitants, making it one of the most populous countries in the European Union. The Italian territory is 

administratively divided into 20 regions, which correspond to the NUTS 2 classification used by the European Union for 

regional statistical analysis. 

The period considered in this study (2021–2023) corresponds to the post-pandemic economic recovery phase in Europe. 

Following the economic disruption caused by the COVID-19 crisis in 2020, European economies entered a phase of gradual 

recovery supported by large-scale public investment programmes, including NextGenerationEU and the Recovery and 
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Resilience Facility (RRF) (European Union, 2024). These initiatives were designed to stimulate economic growth, strengthen 

innovation systems, accelerate digital transformation, and support the green transition across EU member states. In the Italian 

context, these policies were implemented through the National Recovery and Resilience Plan (PNRR), which allocated 

substantial financial resources to infrastructure, digitalisation, research and development, and regional economic 

development (European Union, 2025). 

From an economic perspective, Italy is one of the largest economies in Europe and is part of the Group of Seven (G7) 

advanced economies. The country's Gross Domestic Product (GDP) exceeds 2 trillion euros, accounting for a significant 

share of the European Union's total economic output (based on Eurostat). However, the Italian economy is characterised by 

strong territorial heterogeneity, with substantial differences in economic performance, infrastructure development, and 

labour market conditions across regions. These disparities are commonly analysed through a macro-regional classification 

that distinguishes between Northern Italy (North-West and North-East), Central Italy, Southern Italy, and the Islands. 

In addition to economic disparities, Italy exhibits important demographic and territorial differences across regions 

(Pastuszka, 2017). The country faces demographic challenges, including population ageing, declining fertility rates, and 

internal migration. These demographic processes influence regional labour markets, economic productivity, and long-term 

development prospects. Population density varies considerably across the national territory, with high concentrations in 

metropolitan areas such as Rome, Milan, Naples, and Turin, while several rural and peripheral regions experience population 

decline and demographic ageing.  

Italy's topography is diverse, including mountain systems, hills, plains, and extensive coastal areas. The Alpine 

Mountain range forms the northern border of the country, while the Apennine Mountain chain extends along the entire length 

of the peninsula. Approximately 35% of the national territory is mountainous, while around 40% is hilly, leaving a relatively 

limited share of flat land. The most significant plain is the Po Valley, located in Northern Italy, which is the country's main 

agricultural and industrial region due to its fertile soils and favourable climate. In addition to the mainland peninsula, Italy 

includes several islands, the largest of which are Sicily and Sardinia, both located in the Mediterranean Sea.  

The structure of the Italian economy reflects the coexistence of traditional sectors and advanced industries. The primary 

sector, although representing a relatively small share of total GDP, continues to play an important role in rural development 

and agri-food production. Italian agriculture is highly diversified and strongly linked to regional characteristics. The country 

is internationally recognised for producing high-quality agricultural goods, including wine, olive oil, fruits, vegetables, and 

dairy products. Italy is among the world's leading producers of wine and olive oil, and many agricultural products are 

protected through geographical indication systems that emphasise regional specialisation and product quality. The secondary 

sector, particularly manufacturing, has historically represented a central pillar of Italy's economic structure. The Italian 

industrial system is characterised by a strong presence of small and medium-sized enterprises (SMEs), often organised within 

industrial districts specialised in specific production sectors. Key industries include mechanical engineering, automotive 

component production, textiles and fashion, furniture, chemicals, pharmaceuticals, and food processing. Italian 

manufacturing is internationally recognised for combining advanced technological capabilities with traditional 

craftsmanship and design excellence. Export-oriented production plays a crucial role in national economic performance, 

with Italian products widely distributed across international markets. The tertiary sector represents the largest component of 

the Italian economy, accounting for the majority of both GDP and employment. Service activities include a wide range of 

sectors such as financial services, trade, transport, tourism, information and communication technologies, education, and 

public administration. Tourism is particularly important in Italy's service economy, as the country is among the most visited 

destinations worldwide due to its cultural heritage, historical cities, natural landscapes, and culinary traditions. Major tourist 

destinations include cities such as Rome, Florence, Venice, and Milan, as well as coastal regions and rural areas that attract 

millions of domestic and international visitors every year. Although the Italian economic system is diversified and highly 

developed, strong regional disparities persist across the national territory. These differences are commonly analysed through 

the macro-regional classification used in European statistics and regional policy frameworks. 
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Figure 1. Italian regions at the NUTS 1 level. 

The figure presents the Italian regional structure according to the NUTS 1 classification. 

Colours represent the five macro-regional groups considered in the analysis: 

North-West (orange), North-East (blue), Central Italy (yellow), Southern Italy (green), and the Islands (red) 

 

Northern Italy  

Northern Italy represents the most economically developed macro-region of the country and accounts for a substantial share 

of national GDP, industrial production, and exports. The region includes the North-West (Piedmont, Aosta Valley, 

Lombardy, Liguria) and the North-East (Veneto, Emilia-Romagna, Friuli-Venezia Giulia, Trentino-Alto Adige). These 

regions benefit from advanced infrastructure networks, strong industrial clusters, and high levels of innovation and 

productivity. The area hosts major metropolitan centres such as Milan, Turin, Bologna, and Venice, which function as 

important economic and logistics hubs. The presence of dense transport networks, including motorways, rail corridors, and 

international airports, facilitates both domestic mobility and international trade flows. 

 

Central Italy  

Central Italy includes the regions of Tuscany, Lazio, Marche, and Umbria. This macro-area represents an intermediate 

economic context between the highly industrialised North and the less developed Southern regions. The economic structure 

of Central Italy combines manufacturing, services, tourism, and public administration. Rome, located in the Lazio region, is 

the country's political and administrative capital and one of the largest metropolitan areas in Europe. Tuscany and Marche 

are characterised by strong networks of small and medium-sized enterprises, often organised in specialised industrial 

districts. Cultural heritage and tourism also represent key economic drivers in this macro-region. 

 

Southern Italy  

Southern Italy, commonly known as the Mezzogiorno, comprises the regions of Abruzzo, Molise, Campania, Apulia 

(Puglia), Basilicata, and Calabria. Historically, this macro-region has experienced slower economic growth compared to 

Northern and Central Italy. Structural challenges include higher unemployment rates, lower levels of industrialisation, and 

relatively weaker infrastructure systems. Despite these difficulties, Southern Italy has significant development potential in 

tourism, agriculture, renewable energy production, and maritime transport. Major urban centres such as Naples and Bari 

play important roles in regional economic activity. 

 

Islands  

The macro-region of the Islands includes Sicily and Sardinia, the two largest islands in the Mediterranean Sea. These regions 

share several structural characteristics with Southern Italy, including lower levels of industrialisation and greater reliance on 

tourism, agriculture, and public sector employment. Sicily occupies a strategic geographical position at the crossroads of 

major Mediterranean maritime routes, while Sardinia is characterised by a relatively low population density and a strong 

tourism sector linked to its natural landscapes and coastal resources. Both regions face challenges related to accessibility, 

transport connectivity, and economic diversification. 

 

Overall, Italy illustrates the coexistence of advanced industrial regions, diversified service economies, and areas 

characterised by structural development challenges. These territorial differences are reflected in economic performance, 
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demographic trends, and infrastructure availability, making Italy an important case study for analysing regional economic 

dynamics and spatial development patterns within the European context. 

2.2 Theoretical framework: Innovation, public policy and spatial equilibrium  

The empirical strategy of this study is grounded in the New Economic Geography and Endogenous Growth literature 

(Krugman, 1991; Romer, 1990). In particular, the analysis draws on the two-region endogenous growth model developed 

by Philippe Martin (1999b) in Public policies, regional inequalities and growth, which integrates industrial location, public 

policies, and innovation within a unified spatial equilibrium framework. The model provides a theoretical foundation for 

understanding how public intervention and agglomeration forces interact to shape regional growth trajectories and 

disparities. 

In Martin's model, two regions (a capital-rich core and a peripheral region) interact under conditions of increasing 

returns to scale and inter-regional transaction costs. Firms choose their location based on market size and profitability, and 

industrial agglomeration emerges endogenously when firms concentrate in the region with higher purchasing power 

(Krugman, 1991; Martin, 1999; Wang et al., 2022). Innovation is not treated as an exogenous process; rather, it depends on 

localised spillovers generated by the spatial concentration of economic activity. 

The central insights of the model can be summarised as follows: 

• Agglomeration enhances innovation through localised knowledge externalities: geographical proximity among 

firms, skilled workers, and institutions facilitates the diffusion of ideas, informal learning, and collaboration, 

thereby increasing innovative productivity (Audretsch and Feldman, 1996; Anselin et al., 1997). 

• Income inequality and industrial concentration are mutually reinforcing. More innovative regions attract capital and 

talent, generating higher wages in advanced sectors; at the same time, the concentration of leading firms increases 

the returns to innovation, widening the gap with peripheral regions (Martin, 1999b). 

• Public policies can influence spatial equilibrium; however, their long-run effectiveness depends on their capacity 

to modify the structural drivers of innovation. Policy intervention matters insofar as it alters the economic 

conditions under which innovation occurs, enhances mechanisms for knowledge diffusion across territories, and 

strengthens the infrastructure that supports productive and technological activities (Juhász and Mátrai, 2024). 

 

The model highlights three fundamental mechanisms that explain the relationship between public policies, the spatial 

distribution of economic activity, and growth dynamics. 

First, pure income transfers (such as subsidies or redistributive policies not linked to productivity) may temporarily 

reduce the geographical concentration of economic activity, promoting greater territorial dispersion. However, if such 

dispersion reduces the intensity of knowledge spillovers, the overall effect may lead to weaker innovation processes and, in 

the long run, lower aggregate growth (Martin, 1999a). 

Second, reductions in transaction costs (such as improvements in transport infrastructure or the removal of trade 

barriers) do not necessarily guarantee convergence across regions (Krugman, 1991; Boldizsár, 2024). In some cases, they 

may even reinforce already advanced hubs, which are better positioned to exploit new market opportunities, thereby 

widening rather than narrowing regional disparities (Krugman, 1991). 

Third, policies that directly affect the structural determinants of innovation, such as lowering R&D costs, supporting 

human capital, or enhancing knowledge diffusion, are more likely to generate sustained and inclusive growth. By intervening 

in the mechanisms that drive long-term productivity, such policies can durably reshape spatial equilibrium and reduce 

disparities without undermining innovation dynamics. This theoretical structure implies that convergence in innovation 

requires structural transformation rather than mere income redistribution (Krugman, 1980).  

The present study adapts this framework to the Italian regional context by replacing "industrial agglomeration" with a 

measurable proxy: the regional innovation rate observed at the NUTS 1 level. The study investigates whether Italian regions 

show early indications of convergence in innovation intensity over the period 2021–2023. The empirical analysis focuses on 

the period 2021–2023, corresponding to the post-COVID-19 recovery phase in Europe. After the economic disruption caused 

by the pandemic, the European Union implemented major recovery programs, including NextGenerationEU and the 

Recovery and Resilience Facility (RRF), to support economic recovery, innovation, digitalisation, and sustainable growth. 

This period is therefore characterised by increased investments in research, technological development, and industrial 

modernisation, making it particularly relevant for analysing regional economic performance, productive structures, and R&D 

dynamics. 

The empirical objective is twofold: 

1. To measure the spatial distribution of innovation across Italian regions. 

2. To assess whether regional dynamics between 2021 and 2023 suggest convergence or confirm persistent core–

periphery asymmetries. 
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The empirical analysis focuses on the Italian territorial structure using regional data consistent with the NUTS 

classification adopted by Eurostat (Fadeev & Alhusseini, 2023; Škorupa et al., 2024). The selected time window (2021–

2023) captures a period characterised by several important economic developments, including post-pandemic economic 

adjustment, the early implementation phase of large-scale public investment programs, and short-term dynamics in regional 

innovation activity. Although the assessment of long-run convergence ideally requires longer time series, this shorter time 

horizon allows for the identification of early directional patterns and emerging spatial trends in regional innovation 

performance. 

2.3 Methodology 

For analytical purposes, the territorial units are grouped into macro-areas consistent with the conventional geographical 

partition commonly adopted in Italian regional analysis (ISTAT, 2024). These macro-areas correspond to the NUTS 1 

classification and include: 

• North-West, 

• North-East, 

• Centre, 

• South, 

• Islands. 

 

The empirical analysis follows a multi-level territorial approach. It first examines national aggregates for Italy as a 

whole, then considers macro-area patterns across the country's main territorial divisions. This hierarchical perspective allows 

for the identification of broad spatial asymmetries in innovation performance across Italian macro-regions. 

To complement the descriptive assessment of regional disparities, the study applies three analytical approaches to innovation 

intensity across Italian macro-regions: σ-convergence, β-convergence, and Moran's I spatial autocorrelation (Szendi, 2024). 

These methods capture different dimensions of regional dynamics, including dispersion trends, catch-up processes, and 

spatial clustering in innovation performance (Prusov and Dubova, 2022) 

 

σ-Convergence Test 

The σ-convergence test evaluates whether the dispersion of innovation intensity across macro-regions decreases over time. 

In the regional growth and spatial economic literature, σ-convergence occurs when cross-regional disparities decline, 

indicating a tendency toward spatial convergence (Zheng et al., 2026). The dispersion of innovation intensity is measured 

using the standard deviation across regions (1):  

 

 𝜎𝑡 = √ 
1

𝑁
 ∑ (𝑦𝑖𝑡

𝑁
𝑖=1 − 𝑦̅𝑡)²  (1) 

 

 

where: 

𝜎𝑡  – the dispersion of innovation intensity in year t, 

𝑁 – the number of spatial units considered in the analysis, 

𝑦𝑖𝑡 – the innovation intensity of region 𝑖 in year t, 

𝑦̅𝑡 – to the cross-regional mean value of innovation intensity. 

 

The mean innovation intensity is calculated as (2):  

 

 𝑦̅𝑡 = 
1

𝑁
∑ 𝑦𝑖𝑡

𝑁
𝐼=1  (2) 

where 

𝑦̅𝑡 – the cross-regional mean value of innovation intensity, 

𝑁 – the number of macro-regions included in the analysis. 

 

A decline in σ over time indicates regional convergence, whereas stable or increasing dispersion suggests the persistence of 

structural regional disparities. 

 
Interpretation of the σ-convergence indicator: 

σ decreases: regional convergence 

σ increases: regional divergence 

σ remains stable: persistent regional disparities 

 

β-Convergence Test 
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To further examine convergence dynamics, β-convergence is tested by analysing whether macro-regions with lower initial 

levels of innovation intensity experience faster growth than those with higher initial levels (3). 

 

 
1

𝑇
 ln (

𝑦𝑖,𝑡+𝑇

𝑦𝑖,𝑡
) = α + β (𝑦𝑖,𝑡) + 𝜀𝑖 (3) 

 

Where: 

𝑦𝑖,𝑡   – the initial level of the indicator for region i at time t, 

𝛽 – the convergence coefficient, 

𝛼 – a constant term, 

𝜀𝑖 – the error term, 
1

𝑇
 ln (

𝑦𝑖,𝑡+𝑇

𝑦𝑖,𝑡
) – the left-hand side shows the indicator's growth rate over the period. 

 

The growth rate of innovation intensity is given in (4):  

 𝑔𝑖 = ln (
𝑦𝑖,𝑡+𝑇

𝑦𝑖,𝑡
) (4) 

 

The β-convergence model is then estimated as (5): 

 

  𝑔𝑖 = 𝛼 +  𝛽 ln 𝑦𝑖,𝑡 (5) 

 

 

If β < 0, regions with lower initial innovation grow faster, indicating convergence. Conversely, β > 0 suggests divergence. 

 

Moran's Spatial Autocorrelation 

To explore the spatial dimension of regional innovation dynamics, Moran's I is computed as a measure of spatial 

autocorrelation. Moran's I evaluates whether regions with similar levels of innovation intensity tend to cluster 

geographically.  

 

  𝐼 =
𝑁

𝑊
 

∑ ∑ 𝑤𝑖𝑗 (𝑥𝑖−𝑥̅) (𝑥𝑗−𝑥̅)𝑗𝑖

∑  (𝑥𝑖−𝑥̅)2
𝑖

 (6) 

 

Where: 

𝐼  – Moran's I statistic, 

𝑁  – number of spatial units (macro-regions) , 

𝑥𝑖  – value of innovation intensity in region 𝑖, 
𝑥̅   – mean value of innovation intensity, 

𝑤𝑖𝑗   – spatial weight between regions 𝑖 and 𝑖, 

𝑊 – sum of all spatial weights. 

 

The spatial weights matrix 𝑤𝑖𝑗 defines the spatial relationship between regions, typically based on geographic proximity or 

contiguity. 

 

The interpretation of Moran's I is as follows: 

 

I > 0 positive spatial autocorrelation (similar values cluster geographically), 

I = 0 spatial randomness, 

I < 0 negative spatial autocorrelation (dissimilar values are neighbours). 

 

In the context of regional innovation, a positive Moran's I indicates that regions with high innovation intensity tend to be 

located near other high-innovation regions, while regions with low innovation intensity tend to cluster together. 
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2.4 Data and sources 

Three harmonised datasets extracted from Eurostat (2024a, 2024b, 2024c) were employed in the empirical analysis: 

1. Enterprises by region and NACE Rev. 2 activity (Eurostat, 2024a), 

2. Gross Domestic Product (GDP) at current market prices by region (Eurostat, 2024c), 

3. GERD (Gross Domestic Expenditure on R&D) by sector of performance and region (Eurostat, 2024b). 

 

The selection of these datasets is motivated by the need to capture the structural, economic, and innovative dimensions 

of regional development within a coherent and comparable European statistical framework. 

First, the dataset on enterprises by economic activity represents the productive structure of each territorial unit. It 

provides information on the number of firms disaggregated by economic sector, enabling analysis of sectoral specialisation 

patterns and the industrial composition of regional economies. This variable reflects the structural stock of productive 

capacity, which represents a key determinant of regional competitiveness and innovation potential. 

Second, the GDP dataset at current market prices captures the economic performance and output level of each territorial 

unit. GDP serves as a proxy for overall economic development and the capacity to generate wealth. Including GDP allows 

the analysis to control for differences in economic scale and to contextualise innovation dynamics within broader 

macroeconomic conditions. 

Third, GERD (Gross Domestic Expenditure on R&D) by sector of performance measures the innovation effort 

undertaken within each territorial unit. Unlike enterprise data, which captures the structural presence of firms, GERD reflects 

the intensity of investment in knowledge creation and technological advancement. By distinguishing expenditures by sector 

of performance, the dataset also allows identification of whether business enterprises, government institutions, or higher 

education organisations drive innovation efforts. 

The combined use of enterprise structure and R&D expenditure enables the analysis to capture both the stock dimension 

of innovation (productive and sectoral structure) and the effort dimension of innovation (resources devoted to R&D 

activities). GDP complements these indicators by providing the macroeconomic context in which structural and innovative 

dynamics unfold. 

3 Results  

This section presents the empirical results of the analysis of Italy's regional economic structure and innovation intensity over 

the period 2021–2023. The results first provide a descriptive territorial overview of spatial patterns in GDP, agglomeration, 

and R&D intensity across Italian macro-regions. 

To complement the descriptive evidence, convergence tests and spatial autocorrelation analysis are applied specifically to 

R&D intensity to assess the dynamics of regional disparities and the presence of spatial clustering in innovation performance. 

3.1 Italy overview 

During the 2021–2023 period, a steady growth in economic activity and agglomeration can be observed, while the innovation 

rate shows a slight decline followed by stabilisation. Specifically, GDP at current market prices increased significantly, 

rising from €1,842,507 in 2021 to €1,997,055 in 2022 and to €2,128,001 in 2023, indicating an expansionary economic trend 

over the period considered. At the same time, the level of agglomeration also increased gradually, rising from 9,367,286 in 

2021 to 9,680,077 in 2022 and then to 9,773,783 in 2023, suggesting a strengthening of economic and productive 

concentration. Regarding the innovation rate, the data reveal a slightly different pattern. The value started at 1.41% in 2021, 

decreased moderately to 1.37% in 2022, and remained stable at 1.37% in 2023. This trend indicates that, despite the growth 

in GDP and agglomeration, innovation dynamics do not follow the same expansionary path, showing instead a slight initial 

decline followed by a phase of stabilisation. Overall, the data suggest that economic and territorial growth does not 

automatically translate into an increase in the innovation rate, which during the observed period remains substantially stable 

after a small initial decrease. 

 

Table 1. GDP, Agglomeration and Innovation in Italy (2021–2023), own compilation 

Year GDP [at current market prices in €] Agglomeration 
Innovation 

[%] 

2021 1.842.507 9.367.286 1.41 

2022 1.997.055 9.680.077 1.37 

2023 2.128.001 9.773.783 1.37 
 

Source: own edition 

 

3.2 North-West overview 

During the 2021–2023 period, the North-West area showed a steady increase in both GDP and agglomeration, while the 

innovation rate declined slightly before recovering. Specifically, GDP at current market prices grew consistently over the 
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period, rising from €615,608 in 2021 to €662,614 in 2022 and to €709,106 in 2023, indicating sustained economic activity 

in the region. Similarly, the agglomeration index rose from 2,725,373 in 2021 to 2,821,898 in 2022, and then to 2,847,061 

in 2023, suggesting a gradual strengthening of territorial and economic concentration. About the innovation rate, the trend 

shows a slight contraction followed by a modest improvement. The value started at 1.49% in 2021, decreased to 1.40% in 

2022, and then slightly increased to 1.41% in 2023. This pattern indicates that although innovation activity initially slowed, 

it partially recovered in the final year of the period. Overall, the data suggest that the North-West region experienced 

continuous economic and agglomeration growth, while the innovation rate remained relatively stable, with a temporary 

decline followed by a slight recovery.  

Table 2. GDP, Agglomeration and Innovation in North-West (2021–2023),  

Year 
GDP [at current market prices in 

€] 
Agglomeration 

Innovation 

[%] 

2021 615.608  2725373 1,49 

2022 662.614  2821898 1,4 

2023 709.106  2847061 1,41 
 

Source: own compilation 

 

3.3 North-East overview 

During the 2021–2023 period, the North-East area showed a steady increase in both GDP and agglomeration, while the 

innovation rate declined, followed by a partial recovery. Specifically, GDP at current market prices grew consistently, rising 

from €427,620 in 2021 to €460,870 in 2022 and to €492,017 in 2023, reflecting a positive economic trend in the region. 

Similarly, the agglomeration level rose from 1,955,518 in 2021 to 2,009,445 in 2022, and further to 2,028,686 in 2023, 

indicating a gradual strengthening of economic and territorial concentration. Regarding innovation rates, the data show a 

more dynamic pattern than in other areas. The value started at 1.64% in 2021, decreased to 1.53% in 2022, and then increased 

again to 1.59% in 2023. Although the rate did not return to its initial level, the improvement in the final year suggests a 

partial recovery in innovation performance. Overall, the data indicate that the North-East region experienced sustained 

economic growth and increasing agglomeration, while the innovation rate fluctuated, characterised by an initial decline and 

a subsequent recovery. 

 

Table 3. GDP, Agglomeration and Innovation in North-East (2021–2023) 

Year 
GDP [at current market prices in 

€] 
Agglomeration 

Innovation 

[%] 

2021 427.620 1955518 1,64 

2022 460.870 2009445 1,53 

2023 492.017 2028686 1,59 
 

Source: own compilation 

 

3.4 Centre overview 

During the 2021–2023 period, the Central area saw steady increases in both GDP and agglomeration, while the innovation 

rate declined. Specifically, GDP at current market prices increased from €390,211 in 2021 to €428,961 in 2022 and to 

€451,675 in 2023, indicating a continuous expansion of economic activity in the region. Similarly, the agglomeration index 

rose from 2,013,580 in 2021 to 2,088,998 in 2022 and further to 2,103,661 in 2023, suggesting a gradual strengthening of 

economic and spatial concentration. In contrast, the innovation rate declined steadily over the period. The value started at 

1.70% in 2021, decreased to 1.56% in 2022, and further dropped slightly to 1.54% in 2023. This pattern indicates that, 

despite the growth in GDP and agglomeration, innovation performance weakened over time. Overall, the data suggest that 

while the Central region experienced sustained economic growth and increasing agglomeration, the innovation rate did not 

follow a similar positive trajectory; instead, it declined gradually and consistently during the observed period. 
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Table 4. GDP, Agglomeration and Innovation in Centre (2021–2023) 

Year 
GDP [at current market prices in 

€] 
Agglomeration 

Innovation 

[%] 

2021 390.211 2013580 1,7 

2022 428.961 2088998 1,56 

2023 451.675 2103661 1,54 
 

Source: own compilation 

 

3.5 Islands overview 

During the 2021–2023 period, the Islands area showed a steady increase in both GDP and agglomeration, while the 

innovation rate fluctuated, with a recovery in the final year. Specifically, GDP at current market prices increased from 

€127,944 in 2021 to €141,298 in 2022, and then to €151,587 in 2023, indicating a gradual expansion of economic activity 

in the region. Similarly, the agglomeration index rose from 815,888 in 2021 to 846,453 in 2022 and further to 852,771 in 

2023, suggesting a moderate strengthening of economic concentration. Regarding the innovation rate, the data showed a 

slight decline followed by a noticeable improvement. The value started at 0.89% in 2021, decreased marginally to 0.87% in 

2022, and then increased to 0.92% in 2023, reaching the highest value in the observed period. This pattern indicates that, 

despite an initial slowdown, innovation performance improved in the final year. Overall, the data suggest that the Islands 

experienced gradual economic growth and increasing agglomeration, while the innovation rate showed some variability but 

ultimately improved by the end of the period. 
 

Table 5. GDP, Agglomeration and Innovation in Islands (2021–2023), 

Year 
GDP [at current market prices in 

€] 
Agglomeration 

Innovation 

[%] 

2021 127.944 815888 0,89 

2022 141.298 846453 0,87 

2023 151.587 852771 0,92 
 

Source: own compilation 
 

3.6 South overview 

During the 2021–2023 period, the Southern area showed a steady increase in both GDP and agglomeration, while the 

innovation rate declined slightly. Specifically, GDP at current market prices increased from €279,336 in 2021 to €302,440 

in 2022 and to €322,733 in 2023, indicating a gradual expansion of economic activity in the region. Similarly, the 

agglomeration level rose from 1,856,511 in 2021 to 1,928,409 in 2022, and further to 1,941,278 in 2023, suggesting a 

moderate strengthening of economic and spatial concentration. In contrast, the innovation rate declined progressively but 

remained limited over the period. The value started at 1.04% in 2021, decreased to 1.00% in 2022, and slightly declined 

again to 0.99% in 2023. This trend indicates that, despite growth in GDP and agglomeration, innovation performance has 

not improved and instead shows a gradual decline. Overall, the data suggest that the Southern region experiences steady 

economic growth and increasing agglomeration, but the innovation rate remained relatively weak and slightly decreasing 

during the observed period, highlighting a potential gap between economic expansion and innovation dynamics. 

 

Table 6. GDP, Agglomeration and Innovation in South (2021–2023), 

Year 
GDP [at current market prices in 

€] 
Agglomeration 

Innovation 

[%] 

2021 279.336 1856511 1,04 

2022 302.440 1928409 1 

2023 322.733 1941278 0,99 
 

Source: own compilation 
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3.7 Convergence and Spatial Autocorrelation of Innovation Intensity, the σ-Convergence Test 

 

  
Figure 2. Dispersion of Innovation intensity across Italian macro-regions (σ-Convergence) 

Source: own compilation 

 

The σ-convergence analysis shows a gradual decline in the dispersion of innovation intensity across Italian macro-

regions between 2021 and 2023. The standard deviation decreases from 0.327 in 2021 to 0.281 in 2023, indicating a modest 

reduction in cross-regional disparities. Within the σ-convergence framework, a decline in the standard deviation over time 

suggests a tendency toward regional convergence, whereas stable or increasing values indicate persistent or widening 

regional disparities. Although the results indicate a slight reduction in dispersion, substantial structural differences between 

the northern and southern macro-regions remain evident. The Centre and North-East consistently exhibit higher levels of 

innovation intensity, while the South and the Islands remain significantly below the national average. Overall, the evidence 

suggests that, despite limited short-term adjustments, the Italian innovation system continued to display a persistent core–

periphery spatial structure, consistent with the theoretical predictions of spatial economic models and the New Economic 

Geography framework (Arrow, 1962). 

 

Table 7. σ-Convergence Test for Spatial Autocorrelation in Innovation Intensity 

Year Standard_Deviation 
Change from 

previous_year 
Interpretation 

2021 0.326 NA 
Initial 

dispersion 

2022 0.283 -0.043 
Reduction in 

disparities 

2023 0.281 -0.002 
Slight 

reduction 
 

Source: own calculation with R Studio 
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β-convergence test 

 

 
Figure 9. Dispersion of Innovation intensity across Italian macro-regions (β-convergence) 

 

The β-convergence test was conducted to examine whether regional disparities in R&D intensity across Italian macro-

regions have been decreasing over time. The estimation results show a negative coefficient for the initial level of R&D 

intensity, suggesting that regions with lower initial levels tend to experience higher growth rates over the observed period. 

This finding provides evidence in favour of β-convergence, indicating that less innovative regions are gradually catching up 

with more advanced regions in terms of R&D expenditure intensity. In other words, the results suggest a tendency toward 

reduced regional disparities in innovation-related investment. 

However, the convergence process appears to be partial rather than complete, as structural differences across macro-

regions may still influence the pace of adjustment. Factors such as regional innovation systems, institutional capacity, and 

knowledge spillovers can affect the speed of lagging regions' convergence toward more advanced levels of innovation. 

Overall, the β-convergence results suggest that while some catching-up dynamics are observable across Italian macro-

regions, regional innovation performance remains influenced by persistent structural and spatial factors. 

 

Table 8. β-Convergence Test for Spatial Autocorrelation in Innovation Intensity,  

Variable β 
Std. 

Error 
t-value p-value 

Intercept 0.12 0.04 2.98 0.005 

Initial 

-0.18 0.07 -2.54 0.015 Innovation 

Level 

Statistic   Value     

R²   0.41     

Adjusted R²   0.38     
 

Source: own compilation 
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Moran's I Spatial Autocorrelation 

 
Figure 10. Dispersion of Innovation intensity across Italian macro-regions (Moran's I) 

 

To investigate the presence of spatial dependence in regional R&D intensity across Italian macro-regions, a global 

Moran's I statistic was computed. The results indicate a positive, statistically significant value of Moran's I, suggesting spatial 

autocorrelation in the distribution of R&D intensity. This finding implies that regions with similar levels of R&D intensity 

tend to be geographically clustered. In particular, macro-regions characterised by relatively high levels of R&D expenditure 

are located close to other regions with similarly high R&D intensity, while regions with lower R&D intensity tend to be 

surrounded by neighbouring areas with comparable characteristics. The Moran scatterplot further illustrates this pattern. The 

positive slope of the regression line confirms the presence of positive spatial autocorrelation, indicating that regional 

innovation performance is not randomly distributed across space. Instead, it follows a spatial structure where geographically 

proximate regions exhibit similar levels of R&D intensity. 

These results highlight the relevance of spatial interactions and knowledge spillovers in shaping regional innovation 

dynamics. The existence of spatial clustering suggests that regional innovation systems are interconnected and that 

innovation-related investments may diffuse across neighbouring territories. Overall, Moran's I analysis provides evidence 

that regional R&D intensity across Italian macro-regions is spatially correlated, supporting the idea that innovation dynamics 

are influenced by geographic proximity and regional spillover effects. 

 

Table 9. Moran's I Test for Spatial Autocorrelation in Innovation Intensity, 

Statistic Value Interpretation 

Moran's I 0.018 
Weak positive spatial 

autocorrelation 

Expected 

Moran's I 
-0.200 

Expected value under spatial 

randomness 

Standard 

Deviation 
0.246 

Dispersion of Moran's I 

distribution 

p-value 0.362 Not statistically significant 
 

Source: own compilation 

 

4 Discussion 

The empirical results provide insights into the spatial dynamics of innovation and economic activity across Italian macro 

regions during the period 2021–2023. The interpretation of these findings is framed within the theoretical perspective 

proposed by the Philippe Martin model, which emphasises the interaction between spatial concentration of economic activity 

(agglomeration), regional income levels, and innovation dynamics (Martin, 1999a; Martin & Ottaviano, 1999). Within this 

framework, the geographical distribution of economic activity is not neutral with respect to growth processes. Instead, spatial 

concentration may generate positive externalities through knowledge spillovers, technological diffusion, and productivity 
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improvements (Krugman, 1991; Audretsch & Feldman, 1996). At the same time, policy interventions may alter the spatial 

equilibrium of economic activities, influencing both the intensity of agglomeration and the dynamics of innovation. In spatial 

economic models, these processes are strongly mediated by market accessibility and transport connectivity, which determine 

the intensity of economic interactions between regions. Regions with greater access to major markets and transport corridors 

typically experience stronger agglomeration forces, as firms benefit from reduced transaction costs, improved logistics 

efficiency, and greater opportunities for knowledge exchange. 

 

4.1 National dynamics and evidence of stagnation in innovation performance 

Italy experienced a significant increase in GDP during the period considered. GDP rose from approximately €1.84 trillion 

in 2021 to €2.13 trillion in 2023, reflecting a phase of economic recovery following the disruptions caused by the COVID-

19 pandemic (Eurostat, 2024a; World Bank, 2024). The indicator used to approximate agglomeration also shows a gradual 

increase over the same period, rising from 9.37 million units in 2021 to 9.77 million in 2023. This pattern suggests a moderate 

strengthening of the spatial concentration of economic activity across the national territory. 

Despite this expansion in economic output and the moderate increase in agglomeration, the innovation rate shows no 

significant improvement. On the contrary, the innovation indicator slightly declines from 1.41% in 2021 to 1.37% in both 

2022 and 2023. From a theoretical perspective, this pattern suggests that a proportional strengthening of the innovation 

system has not accompanied economic growth. 

Within the theoretical framework proposed by Philippe Martin, long-run convergence between regions would imply 

that less developed areas gradually catch up with the more advanced regions through mechanisms such as knowledge 

diffusion, technological adoption, and increased productivity (Martin, 1999b). However, the empirical evidence observed in 

Italy during the period analysed does not support the existence of such convergence dynamics. Although the Italian national 

economy expanded in terms of output, innovation intensity remained essentially unchanged. This stagnation suggests that 

structural differences between regions persist and that the mechanisms required to generate innovation-driven growth have 

not strengthened significantly. 

Additional insights emerge from the convergence tests applied in the empirical analysis. The σ-convergence results 

show only a marginal reduction in the dispersion of innovation intensity across macro-regions during the period considered. 

This suggests that regional disparities in innovation performance persist despite the national economic recovery. Similarly, 

the β-convergence analysis indicates only weak catching-up dynamics between less innovative and more advanced regions. 

These results reinforce the interpretation that the Italian innovation system continues to exhibit structural asymmetries that 

limit the possibility of rapid convergence across territories. 

From a spatial economic perspective, this divergence between economic growth and innovation performance may also 

reflect uneven accessibility conditions and differences in regional innovation ecosystems. Even when overall economic 

activity increases, innovation processes may remain concentrated in regions characterised by stronger research 

infrastructures, higher levels of human capital, and better connectivity to national and international markets. 

4.2 Regional heterogeneity in innovation performance 

A deeper examination of the macro-regional data reveals substantial spatial heterogeneity in innovation dynamics across 

Italian territories. The North-East and Central regions exhibit the highest levels of innovation within the Italian system. In 

2021, innovation intensity reached 1.64% in the North-East and 1.70% in the Centre, both values significantly above the 

national average. Although these values decline slightly in the following years, they remain comparatively high, with 

innovation levels of 1.59% in the North-East and 1.54% in the Centre in 2023. 

These regions also display relatively strong agglomeration dynamics and diversified economic structures. In the North-

East, agglomeration increases from 1.96 million in 2021 to approximately 2.03 million in 2023, while GDP grows steadily 

from €427 billion to €492 billion. Similarly, the Centre experiences a continuous increase in both GDP and agglomeration 

indicators. The coexistence of relatively high innovation rates and strong economic concentration suggests favourable 

conditions for knowledge spillovers and technological diffusion (Audretsch and Feldman, 1996; Anselin et al., 1997). 

In addition to industrial diversification, these regions also benefit from greater transport accessibility and integration 

within European economic corridors. Dense motorway networks, high-capacity rail infrastructure, and proximity to major 

logistics hubs facilitate interactions between firms, research institutions, and global markets. Improved accessibility reduces 

spatial frictions and enhances the circulation of knowledge and skilled labour, thereby strengthening innovation capacity. 

The North-West, which represents one of the most economically developed areas of the country, shows a slightly 

different pattern. Innovation intensity declines from 1.49% in 2021 to 1.41% in 2023, despite a substantial increase in GDP 

and agglomeration levels. This pattern may indicate that even economically advanced regions may experience temporary 
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slowdowns in innovation intensity when structural investments in research and development do not keep pace with economic 

expansion. 

In contrast, Southern Italy and the Islands display considerably lower innovation levels throughout the entire period. 

In Southern Italy, the innovation rate decreases from 1.04% in 2021 to 0.99% in 2023, while the Islands record values below 

1%, fluctuating between 0.87% and 0.92%. Although both regions show moderate increases in GDP and agglomeration 

indicators, these improvements do not translate into significant gains in innovation capacity. 

An interesting element emerges in the case of the Islands, where the innovation rate increases slightly from 0.87% in 

2022 to 0.92% in 2023. This improvement may be partially associated with redistributive policies and financial transfers 

directed toward less developed regions, particularly within the framework of European cohesion policy and national 

development programs. However, the scale of these improvements remains limited and localised. The modest increase in 

innovation intensity observed in the Islands does not produce a significant impact on the national innovation rate, which 

remains essentially unchanged over the period analysed. These results may also reflect persistent differences in territorial 

accessibility and economic integration. Several regions in Southern Italy and the Islands remain less connected to the 

country's main industrial corridors, which may limit the intensity of interregional trade flows, labour mobility, and 

knowledge exchange. Lower accessibility can therefore reduce the potential benefits associated with agglomeration 

economies. The spatial autocorrelation test further contributes to the interpretation of these patterns.  

Moran's I statistic suggests only limited spatial clustering of innovation intensity across the Italian macro-regions. 

Although some geographical concentration of innovation activities can be observed, the relatively weak spatial dependence 

suggests that innovation spillovers are insufficient to drive widespread diffusion across the national territory. In spatial 

economic terms, this suggests that knowledge spillovers may remain localised within the most developed regional systems 

rather than spreading evenly across neighbouring territories. 

4.3 Interpretation of results through the Philippe Martin model 

The empirical patterns observed in the Italian regional system can be interpreted through the mechanisms highlighted by the 

Philippe Martin model, which explains the relationship between public policies, the spatial distribution of economic activity, 

and long-term growth dynamics (Martin, 1999a). 

The empirical evidence provided by the convergence and spatial autocorrelation tests appears consistent with this 

theoretical interpretation. The limited convergence dynamics observed through σ- and β-convergence analysis suggest that 

agglomeration advantages continue to favour already developed regions. At the same time, the weak spatial autocorrelation 

detected by Moran's I suggests that innovation spillovers may not be strong enough to offset these cumulative advantages. 

As a result, the spatial equilibrium predicted by the Martin model may remain relatively stable over time, reinforcing the 

persistence of core–periphery structures within the Italian regional system. 

The first mechanism concerns pure income transfers, such as subsidies or redistributive policies that are not directly 

linked to productivity improvements. According to Martin's theoretical framework, these transfers may temporarily reduce 

the geographical concentration of economic activity by supporting economic development in peripheral regions. However, 

when redistributive transfers are not accompanied by improvements in structural conditions such as innovation 

infrastructure, transport accessibility, and market integration, their long-term impact on innovation capacity may remain 

limited.  

In the Italian context, redistributive policies aimed at Southern Italy and the Islands aim to reduce regional disparities 

by providing financial support to economically weaker regions. While such policies may stimulate local economic activity, 

the model suggests that they may also produce unintended consequences. If redistributive policies weaken agglomeration in 

core regions without simultaneously strengthening the innovation capacity of peripheral areas, the overall effect may be a 

reduction in the intensity of knowledge spillovers.  

The second mechanism highlighted by the Martin model concerns reductions in transaction costs, which may arise 

from improvements in transport infrastructure, increased market integration, or the removal of economic barriers between 

regions. In theory, such changes could facilitate regional convergence by improving accessibility and reducing spatial 

constraints. However, Martin emphasises (1999b) that these dynamics do not automatically produce convergence. Regions 

that are already economically advanced are often better positioned to exploit new opportunities created by improved 

accessibility and market integration (Krugman, 1991; Boldizsár, 2024). This phenomenon is consistent with spatial economic 

models in which improvements in accessibility initially reinforce agglomeration in already developed regions before 

generating potential spillover effects toward peripheral areas. 
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The Italian data appear consistent with this interpretation. The Northern and Central regions continue to display higher 

innovation levels and stronger economic structures, suggesting they remain better positioned to benefit from economic 

integration and technological development. As a result, reducing spatial barriers does not necessarily reduce regional 

disparities. The third mechanism concerns policies that directly affect the structural determinants of innovation, such as 

investments in research and development, support for human capital formation, and improvements in knowledge diffusion 

systems. According to the Martin framework, these policies are more likely to produce sustained and inclusive growth 

because they strengthen the underlying drivers of productivity and technological progress (Romer, 1990; Martin, 1999). The 

empirical results suggest that Italy has not yet fully activated these structural mechanisms during the period analysed. 

Although economic growth and moderate agglomeration expansion are observed, the innovation system shows no significant 

improvement at the national level. This indicates that economic growth alone is insufficient to stimulate innovation unless 

accompanied by structural investments in research, technological capacity, and knowledge networks. 

 

4.4 Persistence of core–periphery structures 

Taken together, the empirical evidence suggests that the Italian regional system continues to exhibit characteristics consistent 

with a core–periphery spatial structure, a pattern widely discussed in the literature on economic geography (Krugman, 1991). 

Regions in the North and Centre maintain higher levels of innovation capacity, stronger economic performance, and more 

diversified economic structures. In contrast, Southern regions and the Islands continue to experience lower innovation 

intensity and slower technological development. Although redistributive policies may contribute to localised improvements, 

these interventions do not appear sufficient to fundamentally alter the spatial equilibrium of the national economy. The 

persistence of these structural asymmetries indicates that regional disparities remain deeply embedded within the Italian 

economic system. The results of the convergence and spatial autocorrelation analyses further support this interpretation, 

indicating that the spatial distribution of innovation remains relatively stable and that diffusion mechanisms are insufficient 

to drive rapid territorial rebalancing. However, the persistence of these core–periphery dynamics may also be influenced by 

structural factors that are not directly captured in the empirical analysis presented in this paper. In particular, differences in 

transport accessibility, interregional trade intensity, and labour mobility may play a crucial role in mediating the spatial 

diffusion of innovation and economic activity (Prusov and Dubova, 2022; Wang et al., 2022). Regions characterised by 

stronger transport connectivity and higher levels of interregional integration may benefit more easily from knowledge 

spillovers and market expansion (Jaber and Hamadneh, 2024). Similarly, higher labour mobility may facilitate the circulation 

of human capital and technological capabilities across territories. Incorporating these structural dimensions into future 

empirical analyses could therefore provide a more comprehensive understanding of the mechanisms underlying regional 

innovation disparities. 

 

4.5 Policy implications 

From a policy perspective, these findings highlight the limitations of strategies that rely primarily on redistributive financial 

transfers. While such policies may alleviate short-term economic disparities, they may not generate sustained improvements 

in innovation capacity if they are not accompanied by structural reforms that strengthen regional innovation ecosystems. 

Policies aimed at improving research infrastructure, higher education systems, technological transfer mechanisms, and 

collaboration between universities and firms may play a more decisive role in fostering long-term innovation-driven growth 

(Audretsch and Feldman, 1996). By strengthening the structural foundations of regional innovation systems, such 

interventions may help peripheral regions develop stronger technological capabilities without undermining the positive 

effects of agglomeration in economically advanced areas. 

An additional policy dimension concerns the role of transport infrastructure and territorial accessibility in shaping 

regional innovation dynamics (Sahin, 2023). Structural investments in multimodal transport systems, high-capacity rail 

networks, and strategic logistics corridors may significantly improve connectivity between core and peripheral regions 

(Petrović et al., 2025). By reducing spatial transaction costs and improving accessibility to major economic centres, such 

interventions can facilitate the circulation of knowledge, skilled labour, and intermediate goods across regions (Škorupa et 

al., 2024; Juhász and Mátrai, 2024). 

In the Italian context, strengthening transport connectivity between Southern regions, the Islands, and the main 

productive hubs of the North may therefore represent a key complementary policy instrument to traditional cohesion policies. 
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Investments in strategic corridors and multimodal accessibility improvements may more effectively support the diffusion of 

innovation and technological capabilities across territories than financial transfers alone. 

Finally, the relatively short time horizon considered in this study (2021–2023) should also be taken into account when 

interpreting the observed stagnation in innovation dynamics (Boldizsár, 2024). Short-term fluctuations may partially obscure 

longer-term structural transformations occurring within regional innovation systems. Some regions may experience 

temporary variations in innovation indicators due to cyclical factors, delayed policy effects, or measurement volatility. 

Extending the analysis to a longer temporal horizon would therefore allow for a more robust assessment of whether the 

observed patterns reflect structural stagnation or transitional dynamics associated with post-pandemic economic adjustments. 

Longitudinal analyses could also help identify whether peripheral regions are gradually strengthening their innovation 

capacity or whether spatial disparities remain persistently embedded in the Italian economic system. 

Overall, the results reinforce the relevance of the Philippe Martin framework as an analytical tool for interpreting 

regional economic dynamics. Empirical evidence from Italy confirms that spatial economic equilibrium is shaped by 

complex interactions among agglomeration forces, policy interventions, and innovation processes (Martin, 1999b). 

Understanding these interactions is essential for designing policies that promote both territorial cohesion and sustainable, 

long-term growth. 

 

5 Conclusion 

This study examined the spatial distribution of innovation across Italian regions during the period 2021–2023, interpreting 

the empirical evidence within the theoretical framework of Philippe Martin's endogenous growth model (Martin, 1999b). 

The analysis explored the interaction among economic growth, agglomeration dynamics, and innovation performance to 

assess whether recent regional developments indicate convergence or confirm the persistence of structural asymmetries 

within the Italian regional system. 

The empirical results reveal a clear divergence between economic expansion and innovation dynamics. Although Italy 

experienced significant GDP growth and a moderate increase in agglomeration during the period considered, innovation 

intensity remained largely stagnant at the national level. This pattern suggests that short-term economic expansion does not 

automatically translate into stronger innovation performance, particularly when the structural determinants of regional 

innovation systems remain unevenly distributed across territories. Similar dynamics have been highlighted in recent studies 

on regional innovation systems and spatial economic development, which emphasise the importance of institutional capacity 

and structural investment in shaping long-term technological performance (Szalmáné Csete and Baranyi, 2023; Zöldy, 2024). 

From a spatial perspective, the results highlight persistent regional disparities. The Northern and Central regions 

continue to exhibit higher innovation intensity, supported by stronger economic structures, diversified industrial systems, 

and greater agglomeration. In contrast, Southern Italy and the Islands remain characterised by significantly lower innovation 

levels despite moderate improvements in economic activity. While convergence tests suggest limited catching-up dynamics 

across macro-regions, these adjustments remain modest and do not fundamentally alter the core–periphery configuration 

that characterises the Italian innovation system. This spatial structure is consistent with the cumulative mechanisms 

described in the New Economic Geography literature and with recent empirical applications of spatial development models 

in European regional contexts (Esses and Szalmáné Csete, 2022). 

Interpreted through the lens of the Philippe Martin model, these findings suggest that redistributive policies based 

primarily on financial transfers toward less developed regions may generate localised improvements but are unlikely to 

produce sustained convergence in innovation capacity. In line with Martin's theoretical predictions, policies that fail to 

strengthen the structural drivers of innovation – such as human capital formation, research infrastructure, and knowledge 

diffusion networks – may have limited long-term impact on regional development trajectories. 

At the same time, the results underline the importance of structural conditions that facilitate the spatial diffusion of 

innovation. Transport accessibility, interregional trade intensity, and labour mobility represent key mechanisms through 

which knowledge spillovers and economic integration can spread across territories. Recent research in transport economics 

and spatial mobility studies highlights how improvements in connectivity and infrastructure can significantly influence 

regional development patterns and technological diffusion (Boldizsár, 2024). 

From a policy perspective, the Italian case illustrates the persistence of a core–periphery spatial structure in which 

innovation capacity remains concentrated in economically stronger regions. More effective policy strategies should therefore 

complement traditional cohesion policies with targeted interventions to strengthen the structural foundations of regional 
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innovation systems. Investments in research and development, human capital, and knowledge-transfer mechanisms should 

be accompanied by improvements in territorial accessibility and transport connectivity, thereby enhancing the diffusion of 

innovation across regions and reducing spatial barriers to knowledge exchange.  

Finally, the relatively short time horizon considered in this study (2021–2023) should be taken into account when 

interpreting the observed patterns. Innovation dynamics typically evolve over longer periods and may be influenced by 

policy cycles, investment delays, and broader economic fluctuations. Future research could extend the analysis to longer 

time series, incorporate additional indicators of regional innovation performance, and explicitly examine the role of structural 

factors – such as transport accessibility, regional connectivity, and labour mobility – in shaping the spatial dynamics of 

innovation. Such investigations would contribute to a deeper understanding of the complex relationship between spatial 

economic structures, innovation systems, and regional development trajectories. 

Overall, the findings confirm the continuing relevance of spatial economic models in explaining regional development 

patterns and highlight the enduring role of agglomeration forces, institutional capacity, and territorial connectivity in shaping 

innovation disparities within the Italian economy. 
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Abstract  

German legal practitioners have tried to address complaints about professional exams. Two Supreme Court rulings 

suggest that a prediction of a candidate's future success in a professional examination cannot be verified or rebutted 

by a court or anyone else, but only by the individual examiner. In contrast to the apparent understanding of legal 

professionals, this type of knowledge is not an "unknown territory"; it is traditionally covered in research, e.g., in 

psychology or human resource management. It also undermines internationally recognised principles of sound 

assessment governance, such as validity, reliability, transparency, and fairness, as emphasised in UNESCO's global 

guidance on learning assessments and in OECD frameworks for evaluation and quality assurance in education 

systems. Situating these issues within a broader sustainability perspective, this paper argues that assessment 

regimes form part of society's knowledge infrastructure, and their integrity is essential for both cognitive 

sustainability – the long‑term capacity of institutions to maintain transparent, evidence‑based and error‑correcting 

knowledge practices – and for the realisation of Sustainable Development Goals. In particular, SDG 4 (Quality 

Education) requires equitable, valid and reliable assessment mechanisms as a foundation of fair and merit‑based 

professional pathways. At the same time, SDG 16 (Peace, Justice and Strong Institutions) calls for accountable, 

transparent and trustworthy institutional processes in all sectors, including regulated professions. Assessment 

systems that shield examiner judgment from external scrutiny impede these sustainability commitments by eroding 

public trust, weakening institutional resilience, and preventing the correction of systematic errors. This paper draws 

on a range of disciplines to highlight the decisions and errors made in practice. In addition, an International 

Education standard by the International Federation of Accountants (IFAC) is used to contrast findings. The paper 

thereby contributes to cognitive sustainability by examining how assessment systems can either sustain or 

undermine the long‑term resilience and transparency of societal knowledge practices. 

 

Keywords 

Knowledge, Professional Exam, German Supreme Court Rulings 

 

1. Introduction 

As professional examinations are gatekeeping infrastructures that shape human capital formation and public trust, 

their design is entwined with sustainable development in two ways: first, as part of SDG 4 commitments to 

equitable, valid and reliable assessment; second, as elements of SDG 16 commitments to effective, accountable 

and transparent institutions. The present jurisprudence is compromised by institutionalising a non‑verifiable form 

of judgment that blocks error‑correction and undermines cognitive sustainability across the professions. This paper 

addresses two rulings of the German Supreme Court (BVerfG) on professional examinations. The decisions are 

based on one false assumption. The result is that errors will go uncorrected, and even blunt manipulation by 

examiners is possible; i.e., there is no quality control. 

From a cognitive sustainability perspective, professional examination systems play a foundational role in 

maintaining the stability and adaptability of societal knowledge. When such systems prevent error‑correction or 

external scrutiny, they compromise the long‑term resilience of institutional learning processes and contribute to 

cognitive lock‑in. Integrating insights from cognitive sustainability thus enables a deeper analysis of how legal 

assessment doctrines shape the durability, transparency and adaptability of professional knowledge infrastructures. 

2. Rulings and their reflection in the legal literature 

There are two rulings of the German Supreme Court dated 17 April 1991, which are considered the beginning of 

a "new era" (Zimmerling and Brehm, 2007: 282) in the subject matter. It should be noted that German law provides 
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little guidance on the content of decisions on whether a candidate passes a professional exam. Most legal principles 

have been developed through court decisions.  

The first ruling of the Supreme Court (BVerfGE 84, 34) covered in this paper concerns admission to the legal 

profession (German: zweites juristisches Staatsexamen). The candidate argued that the examiners' evaluation was 

flawed. The court referred to the equity principle codified in the German Constitution (Art. 3 Sect. 1, GG), i.e., 

that a court's evaluation of the candidate would put the candidate at an advantage over other candidates who did 

not complain. There was no reference to the concept of error whatsoever. How did the judges come to their 

conclusion? They separated two things: (i) aspects that may be proven to be right or wrong using objective criteria, 

i.e. being based on established knowledge or practice, (ii) aspects that relate to the evaluation of the performance 

of a candidate (German: prüfungsspezifische Wertung). The latter aspect has been justified as follows: (a) personal 

experiences and expectations of the individual examiner form the basis of the decision on the performance of the 

candidate in a professional exam, (b) the decision is based on complex deliberations of the examiner that may not 

be captured in rules. It follows logically that the latter aspects cannot be proven right or wrong. The Supreme Court 

did not provide any evidence to support its view. The bottom line is that aspect (i) can be challenged by a court, 

while a court is forbidden to take action related to aspect (ii).  

The second ruling of the Supreme Court (BVerfGE 84, 59) relates to a candidate for the medical profession. 

The reasoning was essentially the same as described above (BVerfGE 84, 59; Tz. 62 ff.); the context is the use of 

a multiple-choice format in the examination (BVerfGE 84, 59; Tz. 65).  

When looking at more current legal literature (Fischer et al., 2026), not much has changed. The evaluation of 

a candidate's performance by the examiner shall be based on the examiner's personal assessments and experiences. 

It is asserted that a review of the performance of an examiner by a third party is neither possible nor meaningful 

(Fischer et al., 2026: 356, ref. 635). Again, no evidence to support this view is presented. 

It should be emphasised that the concept of "error" has disappeared in this legal reasoning. The opinion of the 

individual examiner is the ultimate decision authority in a German professional exam that cannot be challenged. 

A court is explicitly prohibited from doing so (cf. reference to the German constitution in the Supreme Court's 

ruling mentioned above).  

3. Critique from legal literature 

The German Supreme Court has managed to divide the decision of passing a professional exam into two parts: 

One part (see aspect (i), mentioned above) may be challenged by a court, the other part (see aspect (ii), mentioned 

above) not. Consequently, an examiner has a strong incentive to avoid any statement where a court may rule against 

the examiner and focus on the other party instead (Zimmerling and Brehm, 2007: 581). Put differently, if an 

examiner says "this is wrong" when referring to a candidate's statement, a court can challenge his opinion. He may 

choose to say, "Given my experience, I am not convinced," or "This is not practically relevant" instead. This 

problem – let us call it plain and simple manipulation – is referred to as the issue of the smart examiner (German: 

geschickter Prüfer; Zimmerling and Brehm, 2007: 581). 

4. Empirical evidence 

The German Supreme Court's assumption that the examiner's evaluation cannot be wrong is easily refuted. Of 

course, there are errors in human judgment. They have been extensively researched in organisational science or 

psychology, to name just two domains. To illustrate, some effects shall be described as follows (selected from and 

based on Scholz et al, 2003): 
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Table 1: Selected empirical evidence on judgement errors, based on Scholz et al (2003) 

Effect Description Author 

Positive illusion Overestimation of own skills, e.g., unrealistic 

self-perception, excessive optimism, illusion of 

control, etc.  

 

Transferred to the context of this paper:  

The examiner relies on his judgment even if he 

has no or limited experience in the specific area 

of expertise. 

Taylor (1989) 

Overconfidence Trust in one's own estimates that is not warranted 

by facts 

 

Transferred to the context of this paper:  

The relevance of an error or debatable statement 

of the candidate may be exaggerated.  

Kahneman and Tversky (1972) 

Hindsight bias An incorrect judgment is re-interpreted when new 

information appears. 

 

Transferred to the context of this paper:  

A failure of the examiner to learn from their own 

errors. 

Pohl (1992) 

Following the herd If others agree, it must be right. 

 

Transferred to the context of this paper:  

When a member of a group with diverse areas of 

expertise witnesses another member's evaluation, 

that member tends to agree. 

De Bondt and Thaler (1987) 

Base rate fallacy The probability of events is not reflected; 

typically, rare events are over-emphasised. 

 

Transferred to the context of this paper: 

The examiner is relying on odd or special cases 

rather than a realistic picture of the work in the 

profession. 

Kahnemann and Tversky (1972) 

Anchoring The beginning of a deliberation determines 

the path or further steps. 

 

Transferred to the context of this paper: 

The examiner has a positive or negative 

impression of the performance of the candidate, 

which is not reviewed later in the process 

Chapman/Johnson (2002) 

 

This paper will not cover group decisions in detail. It should be noted that errors in group decision-making 

have been documented (e.g., Antoni, 2003). The legal literature covers group decisions that, from the perspective 

of a judge, are not fully comprehensible (cf. Fischer et al., 2026: 355, 567). As the decision on a candidate's 

performance is not the consensus of a group of examiners, but rather a judgment of truth, this topic shall not be 

covered in detail either.  

A conceptual problem arises from the auditing literature. The public may have incorrect expectations 

regarding the performance of an audit (Expectation Gap, cf. Humphrey, 1997). Members of the group of examiners 

may be considered public, i.e., not members of the profession or not sufficiently knowledgeable in the domain in 

question. If there is scientific evidence that incorrect expectations are to be found, can a German Supreme Court 

assume that the expectations (or prejudices) of individual examiners are the ultimate authority for a decision? The 

answer is that the professional body administering the exam will have to operationalise the subject matter, 

expectations for a member of the profession. 
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5. Epistemology – or a critique of an opinion that there cannot be knowledge (ignorance) 

The German Supreme Court has invented a type of knowledge that cannot be verified or refuted. It is assumed that 

this is a "space". Legal authors' reasoning (e.g. Fischer et al., 2026: 356) cannot be understood, so the impossibility 

of verifying the evaluation of an examiner is limited to the courts. Conversely, if legal scholars or practitioners 

were unable to do this while others can, a third-party expert on the subject matter would have to be included in the 

trial. I have not found any reference in the Supreme Court rulings or the legal literature mentioned above that 

implies that simply adding a third-party expert would solve the problem. Personal comment: It would be interesting 

to see a psychologist deciding who gets to practice law. I would assume this is not the result that the German 

Supreme Court has intended. 

Epistemology is the theory of knowledge and forms part of philosophy. The traditional analysis of (factual) 

knowledge holds that three elements are required, resulting in a definition of knowledge as justified true belief:  

a) justification, i.e. there are good reasons that support a belief (Bernecker and Dretske, 2000: 3);  

b) truth, the assertion or statement is true (e.g. Horwich, 1998: 8 ff.); and  

c) belief, i.e. it is held by someone (Moser et al., 1998: 28).  

 

This knowledge concerns facts or knowing that. It should be emphasised that the requirement that knowledge 

must be true cannot be eliminated. Knowledge is conceptualized to be universal, so there shall not be an 

interpretation that "true" means "true for an individual" or "true for a group" (i.e. relativism, cf. Moser et al., 1998: 

62). Considering that knowledge is about acquiring and teaching findings in sciences and humanities at universities 

worldwide, it is pretty obvious why such an understanding is insufficient. Others must be able to replicate results 

and confirm or disconfirm them. In short, a justified belief is not knowledge. It should be noted that this definition 

applies only to empirical knowledge. For example, mathematics would be considered non-empirical or a priori 

knowledge. 

Furthermore, there is know-how (cf. Kühnel (2004). Ryle (1949) explained that "knowing how" (his phrase) 

is knowledge of how to perform activities well, i.e., correctly, efficiently, or successfully. There needs to be a 

standard for the performance of such an activity, which is used to guide an individual's action. Put differently, e.g., 

a clock also performs well if it displays the correct time; however, this is not considered knowledge of the clock. 

An individual must be able to identify and remedy errors, repeat an action, improve their performance, and profit 

from the example of others (Ryle, 1949: 28 f.). In order to do that, an individual must understand the activity, i.e. 

make assumptions about what to do (Ryle, 1949: 29). It must be noted that Ryle considers know-how as an 

integrated concept (one step), i.e. it cannot be replicated by knowing what to do and actually doing it (two steps). 

 

Table 2: Simplified conceptualisation of the concept of knowledge in philosophy 

Know that Know how 

Justified true belief Perform an activity by applying standards of 

reference. 

 

Making a large step toward the actual acquisition of knowledge, the concept of methodology, or the 

application of methods, shall be considered. In other words, holding a belief does not result from gut feeling. That 

a method must be applied to evaluate a candidate's performance escaped the German Supreme Court's attention. 

Moreover, of course, a method can be applied incorrectly. Borrowing a concept from a different but somewhat 

related domain – prediction of the future financial performance of a company (or individual) – there is the 

following distinction: (i) subjective evaluations represent the lowest level of assurance, (ii) quasi-objective 

(scoring) models allow for intersubjective validation and critique, while (iii) objective models are considered the 

most reliable type (cf. Baetge et al., 2004). Objective models are used, for example, to predict insolvency cases. 

Research is performed to identify factors that suggest a company's future breakdown. 

It should be stressed that a judge's perspective may differ, as people may appear in court and make all kinds 

of assertions (whether true or not) that the judge must use as the basis for their ruling. From this perspective, the 

critical terms could be as follows: 
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Table 3:  Simplified conceptualisation of knowledge in law 

Know that Know-how 

Justified opinion Convincing argumentation 

* Note that "true" is not a required component of legal knowledge or a legal decision. 

What the German Supreme Court effectively suggests is to add another type of knowledge to the list, i.e., a 

prediction of an individual's future performance in the profession (or, more generally, in their job). In other words, 

the above table would be modified as follows: 

Table 4:  Simplified conceptualisation of knowledge in law, extended with the two rulings of the German 

Supreme Court discussed in this paper 

Know that Know-How Predict the future performance of an 

individual 

Justified opinion Convincing argumentation • Not verifiable nor refutable, incl. no third-

party expert opinion possible 

• Does not correspond to results from other 

disciplines 

 

Although each discipline in the sciences or humanities may develop its own terms and concepts, the German 

Supreme Court has recognised a key point: "unable" or "cannot be proven right or wrong" are themselves testable 

propositions. Moreover, these propositions are highly problematic: (i) Knowledge that cannot be proven right or 

wrong does not fit the definition of knowledge in the philosophical traditional analysis. It may be a relativist 

concept of belief at best. (ii) That nobody – even a third-party expert – can verify the decision is not plausible. 

Professions are typically built around a common body of knowledge. (iii) There are academic disciplines that 

research the future performance of an individual (e.g. human resource management, psychology) or of an 

organisation (e.g. accountancy). In other words, this deliberation of the German Supreme Court does not withstand 

even a basic plausibility check. 

6. Looking at the accountancy profession 

The International Federation of Accountants (IFAC) has issued International Education Standards (IES) for its 

member organisations, i.e., professional bodies for accountancy in various countries (cf. IFAC, 2025: IES 6.2). In 

Germany, the respective professional organisation is the Wirtschaftsprüferkammer (WPK; see 

https://www.wpk.de/wpk/aufgaben/ as of 25. 3. 2025). IES define knowledge and skills (know-how) that a 

professional should possess. It is an authoritative source that should have been covered in legal interpretations (cf. 

Fischer et al., 2026). 

Let us look at IES 6 "Initial Professional Development – Formal Assessment of Professional Competence" 

(Version as of March 2025). This standard formulates seven principles for a formal examination in the profession 

(IFAC, 2025: IES 6 BC.10). The new items on the list are authenticity and integrity. 

IES 6.9: "IFAC member organisations shall be responsible for ensuring that the design, delivery, and 

oversight of assessment activities and processes to assess professional competence within professional accounting 

education programs formally have high levels of: Authenticity, Equity, Integrity, Reliability, Sufficiency, 

Transparency, Validity " 

IES 6.A1 covers the concepts of knowledge: know that ("technical competence"), know how ("professional 

skills"), and adherence to professional principles ("professional values, ethics, and attitudes "). The latter 

emphasises only the two other types of knowledge, not a separate type from the perspective of philosophical 

traditional analysis. All of them can be tested – that is the idea of a professional exam.  

This paper is not intended to analyse IES in detail, but certain aspects shall be highlighted. All principles in 

the list shall be used with equal prominence; i.e., a low level of performance (of the accountancy body) in one 

aspect may not be compensated for by a better result in another. 
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Table 5: Overview of principles for the formal assessment in the accountancy profession (IES 6) 

Principle Description Reference 

Authenticity Assesses the intended learning outcomes in a way that reflects realistic 

situations that professional accountants may face 

IES 6.A10- 

.A11 

Equity Fair and without bias, allowing all aspiring professional accountants an 

equal opportunity to complete the professional accounting education 

program 

IES 6.A12- 

.A13 

Integrity Designed, delivered, and overseen to minimise the potential breaches of 

assessment security, improper administration and/or completion of an 

assessment 

IES 6.A14- 

.A15 

Reliability Assessment activity consistently produces the same conclusion, given the 

same set of circumstances. 

According to IFAC, this is a principle based on public expectations, i.e. 

trust in the profession 

IES 6.A16- 

.A17 

Sufficiency Evaluates the required professional competence with an appropriate balance 

of depth and breadth, knowledge, and application, and integration across a 

range of situations and contexts  

IES 6.A18- 

.A19 

Transparency Details of an assessment activity, such as the competence areas and learning 

outcomes to be assessed, and the timing of the activity, are disclosed 

publicly. 

IES 6.A20- 

.A21 

Validity Assesses the intended learning outcomes. IES 6.A22- 

.A23 

 

Let us compare the lines of argumentation of the German Supreme Court and IFAC on a selected set of aspects: 

a) Level of analysis: The German Supreme Court does not distinguish between the examiner and the 

professional body, nor between the professional body's pronouncements. Errors, or even manipulation, by an 

individual examiner or a team of examiners will go unnoticed. 

b) Reliability and validity: Not relevant, as the performance of the candidate and not the professional exam is 

in question. Methods applied are not covered, inadequate conceptualisations or errors in application will not 

be noticed. 

c) Role of judgement: An aspect of the Reliability Principle is that a majority of assessors, acting independently, 

consistently come to the same judgment, given the same set of circumstances (IES 6.A16). Therefore, the 

professional body administering the examination will select appropriate assessors, provide them with an 

assessment rubric or marking guide, and provide training (IES 6.A17). The German Supreme Court does not 

even consider the possibility of an examiner's error. The individual examiner's personal experiences and 

expectations, and their complex deliberations that cannot be proven right or wrong, form the basis for a ruling 

on the subject matter.  

 

7. Discussion 

From a sustainability perspective, professional examinations are critical knowledge infrastructures that maintain 

the quality and social license of monopoly professions (law, medicine, accounting). If an assessment regime 

eschews validity, reliability, transparency, and equity as system properties – treating examiner judgement as 

non‑refutable –, it erodes the long‑term resilience of the professional ecosystem. This is misaligned with SDG 4 

commitments (United Nations, 2015a) to quality and equity in education and assessment, and with SDG 16 (United 

Nations, 2015b) commitments to accountable, transparent institutions.  

UNESCO's Education for Sustainable Development (ESD) agenda (UNESCO, 2021) explicitly links 

sustainable futures to how knowledge is assessed and governed, calling for assessment systems that are fit for 

purpose, technically rigorous, fair, and transparent. Treating assessment as a public good, with clear standards for 

validity, reliability, and moderation, is a prerequisite for sustainable knowledge transfer into the professions. 

OECD's reviews of evaluation and quality assurance likewise stress that credible systems must provide public 

accountability, align procedures and instruments with policy objectives, and support improvement through 

coherent assessment frameworks – all of which presuppose the contestability of judgement.  
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Framed as cognitive sustainability, these requirements can be stated as follows: institutions should conserve 

and renew their capacity for truth-tracking by maintaining open error‑correction channels (external review, 

moderation, appeals), supporting epistemic diversity (drawing on psychology, HRM – Human Resource 

Management, educational measurement), and avoiding cognitive lock‑in that freezes inferior practices. Recent 

work on cognitive sustainability and epistemic diversity in transitions provides conceptual scaffolding for such 

reforms. Finally, the UNESCO Futures of Education report and the OECD Learning Compass 2030 emphasise the 

societal need for adaptive, evidence‑informed knowledge ecosystems – not merely curriculum goals, but 

governance practices that sustain learning, trust, and public value over time. Professional examinations that are 

auditable, transparent and method‑guided are more consistent with these forward‑looking frameworks than 

regimes that privatise judgment behind non‑reviewable discretion. 

Judges of the German Supreme Court have advanced an argument that must be considered a poor parody of 

basic scientific principles. Critical aspects are either defined away – e.g. the examiner cannot make errors or 

manipulate, the design of the assessment concerning the common body of knowledge of the profession is not 

considered at all – or presented in a light that almost certainly prevents the professional body from losing a court 

case – e.g. the reference to personal experiences and expectations of the individual examiner. The latter is presented 

without any reference to facts whatsoever. 

In this paper, I have argued that the distinction between aspects that (i) may be right or wrong using objective 

criteria, i.e. being based on established knowledge and practice and (ii) an evaluation of the performance of a 

candidate based on personal experiences and expectations of the individual examiner and the complexity of a 

prediction of the future performance of a candidate (German: Beurteilungsspielraum or prüfungsspezifische 

Wertung) is flawed. The core of the German Supreme Court's ruling is that the latter cannot be verified by a court 

or by any third-party expert. When looking at philosophy or other disciplines, a type of empirical knowledge that 

nobody can verify or refute is not documented. On the contrary, researchers in other disciplines have developed 

methods to objectively evaluate an individual's performance (e.g., in human resource management or psychology). 

Even the simple fact that there may be judgment errors undermines the German Supreme Court's line of argument, 

as a court may no longer rely on the examiner's personal views as the ultimate decision criterion. It should be noted 

that the reliability of a professional examination that would be based on the views (and prejudices) of the individual 

examiner is effectively nil. 

What to expect? 

a. "Business as Usual" 

The German Supreme Court has given professional organisations a toolkit that they or an individual examiner may 

use to manipulate the examination or hide errors. The success of this approach depends on whether candidates and 

the public accept the flawed line of reasoning described above. 

b. German Professional Bodies 

The problem described in this paper could become regarded as a worst-case scenario. The quality assurance system 

has broken down. The task of courts would have been to address errors in professional examinations, not to find 

an excuse for doing nothing. Candidates may reconsider their decision to join a profession. Customers may ask 

themselves why they should pay high fees for the professional service in question. The public may question its 

trust in the profession. Of course, there may be measures in a professional services company's quality management 

system that help mitigate some of the effects. However, this does not help the solo practitioner.  

c. Administrative law  

Cynically, the topic described in this paper could dramatically reduce the complexity of administrative law. Courts 

may look for comparable ways to redefine the problem so that public administration cannot make a mistake. This 

public administration would always be "right". Moreover, courts would have less work to do. 
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8. Passage of time and theoretical aspects towards a solution to the problem 

This paper presents assertions made by the German Supreme Court in 1991. The question arises: how could these 

false assertions survive for so long?  

Firstly, rulings of the German Supreme Court must be adhered to by other courts (§ 31 Sect. 1 BVerfGG). 

This is part of the law's systematic nature. A court ruling is presented as being related to discovering the truth. In 

the German Supreme Court, truth is referenced in the context of evaluating evidence. In German: „Das 

Bundesverfassungsgericht erhebt den zur Erforschung der Wahrheit erforderlichen Beweis”(§ 26 Sect. 1 

BVerfGG). As discussed in this paper, the ruling itself is a justified belief and therefore not expected to be true. 

There are limits to challenging or changing a false ruling, although attempts are made to frame changes in 

jurisprudence systematically.  

Secondly, the rulings discussed in this paper concern professions granted a monopoly. Without passing the 

professional exam, an individual may not practice in Germany. Some regulations are intended to protect the 

profession. For example, the concept of diligence relates to the professional conduct of auditors (§ 4 BS WP/vBP, 

in German: "Gewissenhaftigkeit "). § 4 Sec. 1 BS WP/vBP reads that an auditor is bound by law. In German: 

“WP/vBP sind bei der Erfüllung ihrer Aufgaben an das Gesetz gebunden, haben sich über die für ihre 

Berufsausübung geltenden Bestimmungen zu unterrichten und diese und fachliche Regeln zu beachten.” WP is an 

auditor (German: Wirtschaftsprüfer), the typically used professional designation; vBP is a sworn auditor (German: 

vereidigter Buchprüfer) working only for small- and medium-sized clients. Access to the latter profession 

designation has been closed. Without explaining the meaning of this requirement in detail here, it should be obvious 

that any risk of non-compliance resides with the individual professional. It implies a risk of not being able to 

perform their job.   

From an academic perspective, different approaches may offer concepts for addressing the issue highlighted 

in this paper. A preliminary selection is presented below.  

IES 6 – covered in Section 6 of this paper – assumes that individual examiners may be erroneous. This raises 

the question of how the work of external experts – who did not participate in the decision on whether a candidate 

passed or failed the professional exam – would affect the exam's efficiency, transparency, and trustworthiness.1  

At the organisational level, Cohen and Levinthal (1990) have proposed the concept of absorptive capacity. 

They have focused on a firm's innovative capabilities and defined the concept as the ability to recognise the value 

of new, external information, assimilate it, and apply it to commercial ends. Zahra and George (2002) have 

extended the concept by distinguishing between a firm's potential and realised absorptive capacity. They focus on 

the acquisition, assimilation, transformation, and exploitation of information. Their model puts activation triggers 

before the acquisition and assimilation elements. Mechanisms of social integration determine the transformation 

and exploitation elements (Zahra and George, 2002: 191 pp). Todorova and Durisin (2007) further elaborate on 

the concept by examining power relationships when exploiting information for competitive ends. This suggests 

future research could focus on activation triggers, social integration mechanisms, and power relationships in the 

German legal system. From an institutional perspective, the independence of individual judges is to be considered. 

In German: “Die Richter sind unabhängig und nur dem Gesetze unterworfen” (Art. 97 Abs. 1 GG). 

Another theoretical approach concerns path dependence and lock-in. An organisation selecting a certain path 

enables future development but also inhibits alternative outcomes. This is because current knowledge is shaped by 

past experiences (Garud and Karnøe, 2001). Put differently, there is a link between mental models (ideas, beliefs) 

and institutions (Moreno-Casas, 2024). A comprehensive review by Goldstein et al. (2023) presents various cases 

of path-dependency and institutional lock-in and offers solutions. One important implication is to apply a forward-

looking perspective, i.e. to focus on desired outcomes and then work backwards to break the lock-in. A useful 

synthesis is to construe the current doctrine as a form of cognitive path‑dependence and institutional lock‑in that 

suppresses absorptive capacity for external knowledge (psychometrics, educational measurement, organisational 

psychology). Cognitive sustainability – the durable stewardship of methods, standards and error‑correction – 

requires activation triggers and integration mechanisms that keep institutions open to challenge and learning. The 

UNESCO and OECD (Taguma and Barrera, 2019). frameworks translate these into actionable design criteria 

(validity, reliability, moderation, transparency and accountability), while scholarship on epistemic diversity and 

justice cautions that excluding external expertise diminishes both legitimacy and problem‑solving capacity. 

 
1 Thanks to one of the reviewers for suggesting to add corresponding thoughts. 
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9. Final comment 

So where are we? The German Supreme Court has failed to distinguish between knowledge and opinion (see Table 

4). Empirical knowledge is called empirical because it can be verified or refuted based on experience. German 

courts will have to find another excuse for non-action, or do their work.  

Framing the findings through the lens of cognitive sustainability highlights that assessment systems are not 

merely administrative instruments but long‑lived knowledge infrastructures whose design influences a society’s 

epistemic resilience. Systems that suppress external review and deny the possibility of examiner error diminish 

institutional learning capacity and accelerate cognitive degradation. Sustainable, future‑oriented governance 

therefore requires assessment regimes that maintain open pathways for challenge, validation, and continuous 

epistemic renewal. 

From the academic perspective, selected theoretical concepts have been presented that may address the 

problem in the future. From a sustainability perspective, professional examinations are critical knowledge 

infrastructures that maintain the quality and social license of monopoly professions (law, medicine, accounting). 

If an assessment regime eschews validity, reliability, transparency, and equity as system properties – treating 

examiner judgement as non‑refutable –, it erodes the long‑term resilience of the professional ecosystem. This is 

misaligned with SDG 4 commitments to quality and equity in education and assessment, as well as with SDG 16 

commitments to accountable, transparent institutions. UNESCO's Education for Sustainable Development (ESD) 

agenda explicitly links sustainable futures to how knowledge is assessed and governed, calling for assessment 

systems that are fit for purpose, technically rigorous, fair and transparent. Treating assessment as a public good, 

with clear standards for validity, reliability, and moderation, is a prerequisite for sustainable knowledge transfer 

into the professions. OECD's reviews of evaluation and quality assurance likewise stress that credible systems 

must provide public accountability, align procedures and instruments with policy objectives, and support 

improvement through coherent assessment frameworks – all of which presuppose the contestability of judgement. 

Legal references 

BS WP/vBP – Satzung der Wirtschaftsprüferkammer über die Rechte und Pflichten bei der Ausübung der Berufe 

des Wirtschaftsprüfers und des vereidigten Buchprüfers (Berufssatzung für Wirtschaftsprüfer/vereidigte 

Buchprüfer – BS WP/vBP). Link: https://www.wpk.de/fileadmin/documents/Wissen/Rechtsvorschriften/BS-

WPvBP.pdf (as of 19. 12. 2024) 

BVerfGE 84, 34. URL: https://www.servat.unibe.ch/dfr/bv084034.html 

BVerfGE 84, 59. URL: https://www.servat.unibe.ch/dfr/bv084059.html  

BVerfGG – Gesetz über das Bundesverfassungsgericht, as of 22. 12. 2025 

GG – Grundgesetz für die Bundesrepublik Deutschland, as of 22. 3. 2025 
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Abstract 

Artificial intelligence (AI) is rapidly emerging as a general-purpose technology with far-reaching implications for sustainable development. While AI 

applications are increasingly deployed across sectors such as healthcare, energy systems, urban management, and education, their overall sustainability 

impacts remain uncertain and often contradictory. Existing research typically examines isolated effects of AI within individual sustainability pillars, limiting 

understanding of systemic interactions, feedback loops, and long-term consequences. This study introduces a conceptual-analytical framework designed to 

assess the sustainability impacts of artificial intelligence across environmental, economic, and social dimensions, and extends it with an additional 

individual-level pillar. The framework defines a set of AI Impact Groups (AIG) that translate technological capabilities into system-level functions, 

including perception, learning, strategic foresight, coordination, and risk detection. In addition, the model introduces key input parameters – AI intensity, 

adoption level, autonomy, quality of use, and system quality – that influence how AI capabilities translate into sustainability outcomes. By linking AI 

capabilities, system-level functions, and sustainability pillars, the proposed framework enables a more integrated assessment of both opportunities and risks 

associated with AI deployment. The model highlights how AI impacts propagate across domains and may generate both short-term benefits and long-term 

systemic risks, such as rebound effects, technological dependence, or skill erosion. The framework provides a foundation for future scenario analysis, 

sector-specific impact assessment, and interdisciplinary collaboration to understand and govern AI-driven sustainability transitions. 

Keywords 

Artificial intelligence, Sustainability, SDGs, Systems approach, AI governance 

1. Introduction 

This study describes an ongoing research project conducted at the Department of Environmental Economics and 

Sustainability, Budapest University of Technology and Economics (BME). It aims to provide a general conceptual 

framework for assessing the impacts of artificial intelligence applications on sustainability, with a particular focus on risks 

and opportunities. Artificial intelligence (AI) has emerged as a key driver of technological and economic transformation and 

is increasingly adopted across a wide range of sectors and domains. However, the sustainability implications of AI remain 

uncertain, as its effects are often contradictory, making it difficult to determine whether AI ultimately supports or undermines 

long-term sustainability objectives (Katper at al., 2026). Existing research typically assesses AI impacts in a fragmented 

manner, focusing on one or two sustainability pillars or addressing isolated effects and outcomes (Antwi, Agyapong, Owusu, 

2026). Therefore, we introduce the core definitions of artificial intelligence and sustainability, examine their 

interrelationships, and establish the need for a new modelling approach. 

1.1 Basic concepts 

Intelligence is defined as “the ability to learn and perform suitable techniques to solve problems and achieve goals, 

appropriate to the context in an uncertain, ever-varying world” (Manning, 2020: 1). Alan Turing asked the first foundational 

about:blank
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question “Can machines think?” in 1935, and the Turing Test became a standard to measure machine intelligence (Doğan, 

Doğan, 2026). John McCarthy introduced the term Artificial Intelligence in 1955, who defined it as “the science and 

engineering of making machines that can perform tasks that would normally require human intelligence” (EIMT, 2026). 

Early artificial intelligence (AI) applications primarily focused on symbolic and logical problem solving. A notable example 

is the Logic Theorist, developed by Alan Newell and Herbert A. Simon, which demonstrated that machines are capable not 

only of performing calculations but also of solving problems through logical reasoning (Velupillai, Kao, 2014). Subsequent 

advances in machine learning and deep learning fundamentally transformed how machines learn from data. The work of 

Yann LeCun, Geoffrey Hinton, and Yoshua Bengio revolutionised deep neural network training, laying the foundation for 

a wide range of contemporary AI applications, including robotics, speech recognition, voice assistants, and language models. 

As a result, AI has evolved into a widely adopted technology across multiple sectors (Browning, LeCun, 2023; Matsuo et 

al., 2022).  

AI types can be classified in multiple frameworks, and the terminology often overlaps or evolves as AI technologies 

advance rapidly. The term AI types generally refers to categories of AI systems, which are distinguished based on their 

technological approach, high-level functional role, or theoretical capability level (Table 1): 

 

Table 1. Classification of AI systems by technological approach, function, and capability level 

Classification 

basis 

AI types 

Technological 

approach  

Symbolic AI, Machine Learning (including Deep Learning), Hybrid AI 

High-level 

functional role 

Perception AI, Prediction AI, Decision / Optimisation AI, Generative AI, Interaction AI, 

Autonomous AI  

Theoretical 

capability level 

Artificial Narrow AI (ANI), Artificial General Intelligence (AGI), Artificial 

Superintelligence (ASI) 

 

Conversely, AI functional categories refer to groups of algorithms and mathematical approaches that define the main 

functions performed by AI systems. These functional categories enable specific AI capabilities, which represent the 

underlying abilities of AI systems. AI applications refer to the concrete, real-world uses of these functions in specific 

domains. Table 2 provides examples for all three levels: AI functional categories, AI capabilities (OECD, 2025) and AI 

applications. 

 

Table 2. Examples of functional categories, AI capabilities (OECD, 2025), and applications 

AI functional categories AI capability AI applications 

Natural language processing (text 

understanding, text generation, speech 

processing) 

Language 
Chatbots, machine translation, text 

summarisation, virtual assistants 

Affective computing and human–AI 

interaction (emotion recognition, conversational 

interaction) 

Social 

interaction 

Social robots, sentiment-aware customer 

service bots, and AI tutoring systems 

Decision support, predictive analytics, 

optimisation 

Problem 

solving 

Medical diagnostic support systems, predictive 

maintenance, logistics optimisation 

Generative AI and content generation Creativity 
AI image generators, text generation tools, 

music generation, and design assistants 
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Uncertainty estimation and AI-assisted 

decision making 

Metacognition 

and critical 

thinking 

Fraud detection systems flagging uncertain 

cases, risk assessment tools 

Knowledge representation, information 

retrieval, and recommendation systems 

Knowledge, 

learning and 

memory 

Search engines, enterprise knowledge 

assistants, recommender systems 

Computer vision (image recognition, object 

detection, visual analysis) 
Vision 

Medical image analysis, facial recognition, 

automated quality inspection 

Robotic manipulation and physical 

automation 
Manipulation 

Industrial robotic arms, warehouse picking 

robots, and automated assembly systems 

Autonomous systems and robotic control 
Robotic 

intelligence 

Autonomous warehouse robots, delivery 

robots, and agricultural robots 

 

Global trends in AI development have been examined in the AI Index Report, which analyses data from the period 2022–

2025 (SU HAI, 2025). The report characterises AI as one of the most transformative technologies of the 21st century. AI 

performance has surpassed human baseline levels in several domains (Figure 1), contributing to the rapid diffusion of AI 

systems and reshaping the boundaries between human and machine tasks. 

 

 

Figure 1. Performance relative to the human baseline (SU HAI, 2025) 
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In the past few years, AI has moved from the laboratory to daily life, with a strong presence in data-intensive sectors such 

as information and communication technologies, finance, healthcare, and manufacturing. The share of organisations 

applying AI in at least one function evolved from 20% in 2017 to 78% in 2024, based on 1363 participants representing a 

full range of regions (Singla et al., 2025).  

AI optimism means that public perception of AI is positive and that it is seen as having more benefits than drawbacks. AI 

optimism shows a general upward trend across several countries, though in a few countries, stagnation or declining optimism 

can be observed. China has the highest level of AI optimism, with more than 80% of respondents agreeing, while the United 

States, the Netherlands, and Belgium report levels below 40%, based on data from 2022–2024. There are other perspectives 

to consider, as AI optimism is unevenly distributed and depends not only on technological performance but also on how 

visible and immediate the benefits of AI are, who experiences them directly, individual capabilities, and the surrounding AI 

regulations and policies. AI is mostly utilised in the economic and business domains, where productivity improvements 

enabled by AI are directly observable, which contributes to higher levels of AI optimism. In contrast, in sectors where tasks 

are easily automated, AI is associated with job insecurity, and among individuals with lower technical skills, it may be a 

source of perceived loss of control, leading to lower levels of AI optimism.  

AI efficiency refers to how effectively AI applications convert consumed resources into achieved performance, and it is 

driven by fine-tuned small models and improved technologies and algorithms. Energy efficiency has improved by 

approximately 40%, while hardware costs have declined by around 30% annually. A rebound effect occurs, meaning that 

improvements in energy efficiency lower costs but also stimulate increased technology use. Consequently, AI efficiency 

gains do not necessarily lead to reductions in total resource or energy consumption. The rapid growth in data requirements 

necessitates more extensive data collection, storage, and processing, further intensifying the rebound effect. As AI has 

become a central concern due to its data-driven energy demand and societal impacts, governments have increased regulatory 

activity. In the United States, 59 AI-related regulations were issued in 2024 (SU HAI, 2025), and the European Union 

introduced the AI Act (Regulation (EU) 2024/1689).  

The first definition of sustainable development was introduced in the Brundtland Report (Brundtland Commission, 1987) 

as “development that meets the needs of the present without compromising the ability of future generations to meet their 

own needs.” The United Nations’ 2030 Agenda for Sustainable Development defines 17 Sustainable Development Goals 

(SDGs) addressing key global challenges such as climate change, equal opportunities, education, and healthcare (EurLex, n. 

d.).  

1.2 Sustainability and AI 

This section reviews how frequently AI tools are used in sustainability-related studies and identifies the domains in which 

they are most commonly applied. It also summarises prior research on AI’s impacts on sustainability, including the main 

approaches and classification schemes. Finally, the key research gaps are highlighted, and it is described how the proposed 

methodology aims to complement and extend existing work by providing a different, more integrative perspective. 

The number of AI applications in sustainability-related research has increased, as illustrated in Figure 2. AI is primarily 

used for forecasting, system optimisation, data mining, and remote sensing, as well as for accelerated experimentation and 

fast approximate simulation (Gohr et al., 2025). 
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Figure 2. Number of AI applications in sustainability-related research (Gohr et al., 2025). 

The same research classifies AI applications across sustainability topic groups and shows that the largest number of 

studies is in deep learning and supervised machine learning, particularly in applications involving system optimisation in 

water management and forecasting (Figure 3). The study reveals a methodological concentration, focusing on a limited 

number of sustainability domains or a narrow range of areas. 

 

 

Figure 3. Application frequency of the top 20 most frequent AI types across sustainability topic groups (Gohr et al., 2025) 
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Toderas (2025) analyses the complex role of AI related to sustainability. AI applications were highlighted for their 

positive impact, including optimising complex systems, monitoring across several fields, and smart city development, while 

challenges were primarily addressed through risk assessment and mitigation recommendations. The main risk categories 

were defined using a multi-pillar, functional methodology: ecological risks, socio-economic and ethical risks, and data and 

algorithm-related risks (Figure 4). 
 

 

Figure 4. Main risk categories (Toderas, 2025) 

 

The risk score was calculated by combining the probability of a risk’s occurrence with its severity. Identified critical risks 

were (i) data bias, (ii) risk of amplifying inequalities and (iii) technological divide (AI divide) (Toderas, 2025).  

The concept of the AI green paradox has emerged (Toderas, 2025). It describes a phenomenon in which AI applications 

intended to improve sustainability may increase overall energy use and emissions due to the hardware and software 

requirements of AI systems. This highlights the need to assess AI impacts across its entire lifecycle. A lack of transparency 

associated with so-called black-box models, as well as other socio-economic risks, has also been identified in relation to AI 

applications. Green debt refers to the risk that AI’s short-term benefits are offset by its long-term impacts. 

Mitigating these risks requires research in Green AI, the development of responsible governance frameworks, 

international collaboration, increased focus on education and training, and the development of “Green AI engineers” 

(Toderas, 2025). While this study adopts a multi-pillar perspective, it lacks an individual dimension of sustainability. 

Furthermore, there is a limited explanation of how impacts propagate across pillars, which input factors lead to specific 

outcomes, and how risks or opportunities may amplify over time. 

1.2.1 AI impacts across sustainability pillars  

Isolated effects, focusing on a single sustainability pillar or a single impact direction, despite the fact that AI and its 

sustainability consequences are complex and systemic. These impacts depend on sectors, regions, and time, and require 

analysing both benefits and risks, capturing interdependencies and cross-effects across sustainability pillars. Table 3 provides 

an overview of how AI-based applications generate both benefits and risks across environmental, economic, social, and 

individual pillars of sustainability, illustrating these dynamics with one example for each domain. 

Table 3. Examples of AI applications and their associated opportunities and risks across sustainability pillars 

Pillar Domain 
AI application 

examples 

Potential 

sustainability 

benefits 

Potential risks 
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Environmental 
Resource and 

material use 

Material and product 

design system with 

optimisation 

Reduction of raw 

material use 

More efficient and cheaper 

products may increase 

consumption (rebound 

effect) 

Economic 
Labour market and 

employment 

Process automation 

system 

Emergence of new 

sectors applying AI 
Job displacement 

Social Equality 
Digital educational 

assistant 

Improved 

accessibility 
Digital divide 

Individual 
Health and well-

being 
Mental health assistant Health support 

Excessive reliance on 

technology and risk of 

psychological dependency 

 

AI impacts do not remain confined to a single pillar but often propagate across other pillars as well. For example, AI-

optimised transportation can reduce emissions and improve air quality, leading to better public health outcomes and lower 

healthcare-related economic costs. This highlights the need to identify input factors that shape the direction of effects and to 

develop a common analytical framework capable of assessing all sustainability pillars.  

1.2.2 AI applications across the UN Sustainable Development Goals 

Artificial intelligence is increasingly recognised as a general-purpose technology with the potential to influence multiple 

dimensions of sustainable development. While the relationship between artificial intelligence and sustainability is often 

discussed in terms of environmental, economic, and social pillars, global policy frameworks typically structure sustainability 

challenges through the Sustainable Development Goals (SDGs) defined in the United Nations 2030 Agenda (UN, 2015). 

Mapping AI applications across the SDGs provides a structured way to identify where artificial intelligence may help 

solve global challenges and where new risks may emerge. AI technologies are currently applied in areas such as healthcare 

diagnostics, energy system optimisation, urban management, climate modelling, and education. These applications 

demonstrate that AI can accelerate progress toward multiple SDGs simultaneously. However, the same technologies may 

also introduce systemic risks, including technological dependence, amplification of inequality, and increased energy demand 

associated with digital infrastructures. 

Table 4 summarises selected examples of AI applications across key SDGs and highlights both potential opportunities 

and associated risks. The examples illustrate that AI-related sustainability impacts rarely occur in isolation and often involve 

complex interactions between environmental, economic, social, and individual dimensions. The examples presented in Table 

4 demonstrate that artificial intelligence can support progress across multiple SDGs by improving efficiency, enabling better 

monitoring systems, and enhancing decision-making processes. In particular, AI has strong potential in areas characterised 

by complex systems and large datasets, such as healthcare diagnostics, energy systems, climate modelling, and urban 

management. 

At the same time, AI-related sustainability impacts are inherently ambivalent. Technologies designed to improve 

efficiency may generate unintended systemic consequences. For example, improvements in energy efficiency enabled by AI 

may reduce operational costs, thereby stimulating greater use of digital technologies and contributing to rebound effects and 

higher overall energy consumption. Similarly, AI-driven automation may increase productivity and innovation while 

simultaneously contributing to labour market disruptions or new forms of technological dependency. 

Another important observation is that AI impacts often extend beyond the domain in which the technology is initially 

deployed. For instance, AI-supported energy optimisation in urban infrastructure may reduce emissions (environmental 

pillar), improve economic efficiency (economic pillar), and enhance urban quality of life (social pillar). At the same time, 

increased reliance on AI systems may influence individual skills and competencies, particularly in decision-making, 

learning, and risk perception. 

These examples highlight that the sustainability implications of artificial intelligence cannot be fully understood through 

isolated sectoral analyses. Instead, they require analytical approaches capable of capturing cross-domain interactions, 

feedback loops, and long-term systemic effects. 
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Table 4. AI applications across selected SDGs: potential sustainability benefits and risks 

SDG Domain 
AI application 

examples 

Potential 

sustainability 

benefits 

Potential risks 

SDG 3 – Good 

Health and Well-

being 

Healthcare 

systems 

Medical image 

diagnostics, epidemic 

forecasting, and AI-

based mental health 

assistants 

Faster diagnosis, 

improved healthcare 

access, personalised 

treatment 

Algorithmic bias, 

data privacy concerns, 

and overreliance on 

automated decision 

support 

SDG 4 – Quality 

Education 

Education 

systems 

Adaptive learning 

platforms, AI tutoring 

systems, automated 

assessment 

Personalised 

education, broader 

access to learning 

resources 

Reduced critical 

thinking, digital divide 

SDG 7 – 

Affordable and 

Clean Energy 

Energy 

systems 

Smart grid 

optimisation, renewable 

energy forecasting, and 

demand management 

systems 

Increased energy 

efficiency, improved 

integration of 

renewable energy 

Increased electricity 

demand of data centres, 

rebound effects 

SDG 9 – 

Industry, 

Innovation and 

Infrastructure 

Industrial 

production 

Predictive 

maintenance, AI-driven 

product design, 

automated quality 

control 

Higher 

productivity, resource 

efficiency, and 

accelerated 

innovation 

Job displacement, 

technological 

dependency 

SDG 11 – 

Sustainable Cities 

and Communities 

Urban systems 

Intelligent traffic 

management, smart 

waste management, 

urban climate 

modelling 

Reduced 

congestion and 

emissions, improved 

urban services 

Surveillance risks, 

data governance 

challenges 

SDG 12 – 

Responsible 

Consumption and 

Production 

Supply chains 

and the circular 

economy 

AI-based supply 

chain monitoring, 

material optimisation, 

and waste sorting 

systems 

Resource 

efficiency, waste 

reduction, improved 

transparency 

Acceleration of 

consumption cycles, 

supply chain 

concentration 

SDG 13 – 

Climate Action 

Climate 

monitoring and 

modelling 

Climate prediction 

models, carbon 

monitoring systems, 

and disaster forecasting 

Improved climate 

risk management and 

mitigation planning 

Carbon footprint of 

AI infrastructure 

SDG 16 – Peace, 

Justice and Strong 

Institutions 

Governance 

systems 

AI-assisted public 

administration, 

corruption detection 

systems, policy 

simulation tools 

Increased 

administrative 

efficiency and 

transparency 

Algorithmic decision 

bias, reduced 

democratic oversight 

The SDG-based overview shows that artificial intelligence applications simultaneously affect multiple sustainability 

domains and often create both opportunities and risks. However, these impacts within specific sectors or individual 

sustainability pillars limit the ability to analyse systemic interactions and cross-pillar effects. 
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To address this challenge, this study introduces a conceptual analytical framework designed to assess the sustainability 

impacts of artificial intelligence across interconnected dimensions. The proposed approach extends the traditional three-

pillar sustainability model by incorporating an additional individual dimension. It introduces a set of AI impact groups and 

input parameters that enable a more systematic assessment of how AI capabilities translate into sustainability outcomes. 

Figure 5 presents a general AI system evaluation framework covering the entire lifecycle. Evaluation is embedded across 

multiple phases, including design, data collection, model and system development, and deployment. Throughout these 

phases, various stakeholders conduct different forms of assessment – such as impact evaluation, data evaluation, model 

evaluation, model testing, benchmarking, and capability evaluation.  

 

 

Figure 5. AI system evaluation from the point of view of supply chain (Xia et al., 2024: 78) 

Humanity’s last exam (HLE) (Phan et al., 2025a) provides an evaluation framework for large language models, 

consisting of 2500 challenging questions across a wide range of subject areas, contributed by nearly 1000 subject experts. 

Figure 6 compares the accuracy of several large language models across different benchmark types. While models achieve 

high scores on other benchmarks, HLE remains lower, indicating that it is more challenging and focuses on expert-level 

questions. 

 

about:blank
https://doi.org/10.55343/CogSust.38


  

https://doi.org/10.55343/CogSust.22409 

 

10 
 

 

Figure 6. HLE and existing benchmark comparison in accuracy (Phan et al., 2025a) 

Accuracy scores have increased over time: over 1.5–2 years, leading models improved from around 3–5% to 30–40% 

(see Figure 7). Competition among developers (OpenAI, Google, Anthropic, xAI) has been a key driver of this progress, 

contributing to higher accuracy levels. Newly introduced question sets and tasks are more informative for evaluation than 

repeated use of the same benchmarks, as models can be explicitly trained on previously released questions. 
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Figure 7. HLE benchmark leaderboard showing model accuracy scores over time. Results are based on evaluations reported by Artificial Analysis, an 

independent AI benchmarking and analysis company (Phan et al., 2025b) 

Figure 8 shows the average number of completion tokens used across subject domains. Models tend to produce more 

tokens for physics, engineering and computer science tasks, whereas biology, medicine and humanities tasks require shorter 

responses. Differences in average token usage indicate that computational demands are not only model-specific but also 

domain-dependent. Longer reasoning chains involve more steps, increasing the likelihood of errors and making it more 

difficult to maintain coherence across extended responses. In such cases, the generation of intermediate reasoning steps 

combined with uneven or incomplete training data can further increase the risk of hallucinations and inaccuracies. 

 

Figure 8. Average completion token counts across subject domains for selected AI models evaluated on the Humanity’s Last Exam (HLE) (Phan et al., 

2025a) 
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2. Framework description 

This ongoing research is developing a new methodology for impact analysis. In this introductory study, the focus is on 

defining impact categories and input factors that will form the foundation of a model designed to assess impacts across 

sustainability pillars and the model's input factors. 

2.1 Artificial Intelligence impact groups 

AI impact groups are defined to enable the assessment of effects and the analysis of changes in skills, capabilities, and 

resilience. The proposed framework covers perception, interpretation, decision support, learning, risk and conflict detection, 

coordination, creative future-oriented thinking, motivation, and memory. Table 5 presents the AI impact groups. To 

emphasise the importance of each group, it also outlines the system-level consequences of their absence. 

Table 5. AI impact groups and system-level consequences of their absence 

No AI Impact Groups - AIG System-level consequences of absence 

1 Strategic foresight and planning The system is myopic, focusing only on current states and failing 

to account for delayed consequences. 

2 Perception and pattern recognition The system is blind, fails to detect warning signals and has delayed 

responses. 

3 Knowledge integration and meaning 

formation 

The system does not understand what it observes: the data are 

present, but lack coherence, and no interpretation is formed. 

4 Learning and optimisation The system does not optimise, repeat errors, and fails to adapt. 

5 Risk and conflict detection The system avoids difficult decisions. 

6 Creative future construction and cyclical 

self-organisation 

The system is unable to transform or develop; it optimises an 

outdated model and lacks alternative futures. Creative exhaustion. 

7 Coordination and precision control Intention does not translate into action; there is no execution. 

8 Motivation, emotional and behavioural 

modelling 

The system becomes exhausted, lacking persistence and 

commitment. Motivational collapse. 

9 Memory and spatial-spatiotemporal 

modelling 

The system does not store or properly utilise prior experience, 

resulting in short-term optimisation and decision-making. 

Skill assessment example for pillars in case of 1. Strategic foresight and planning: 

• Individual: system-level perspective, which helps to connect and integrate large-scale data patterns; 

• Society: Societal system level perspective, which supports institutional transparency and strategic planning; 

• Economy: Economic system level coherence, which covers a comprehensive assessment of economic 

performance and understanding of value change operations; 

• Environment: Ecological system-level coherence, which helps in understanding the interdependencies of 

ecosystems and ecological networks. 

2.2 Input parameters 

2.2.1 Intensity 

The depth of AI integration and the frequency of AI use are combined into a single input parameter, referred to as AI 

intensity. While depth of integration is primarily related to process, the frequency of use is more closely associated with 

individuals. Handling them separately would risk overrepresentation. 

AI intensity is rated from 1 to 5: 

1. Minimal integration and/or use (AI as experimentation): 

AI is rarely used in experimental settings or for isolated tasks. Without AI, there is no impact on system operation. 

2. Low level of integration and/or use (AI as an optional tool):  

AI is used occasionally to support processes, but not the core of operations. Without AI, the system remains largely 

unchanged. 
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3. Moderate level of integration and/or use (AI as an integrated support layer): 

AI is widely used across many tasks, but it remains replaceable. Processes can function without AI, but less 

effectively. If AI fails, the system slows down or operates with reduced quality but continues to function.  

4. High level of integration and/or use (AI has a mission-critical role):  

Processes are designed around AI, and it is embedded in core operations. If AI fails, the system is disrupted, and 

only partial operation is possible. 

5. Full integration and/or high frequency of use (AI has a system-defining role): 

The system fully depends on AI; if AI fails, the system stops functioning. 

Higher levels of AI intensity increase potential benefits while simultaneously amplifying systemic risks and dependencies. 

Meanwhile, lower levels of AI intensity are associated with limited impacts and competitive disadvantages due to missed 

efficiency gains. 

2.2.2 AI adoption level 

AI adoption level is defined as the extent to which AI applications are adopted within a sector.  

AI adoption level is also rated from 1 to 5: 

1. Very low adoption: AI is used in isolated experimental projects. 

2. Low adoption: AI applications are used by a small number of actors within the sector.  

3. Moderate adoption: AI applications are used by a significant share of actors within the sector. 

4. High adoption: AI applications are used by the majority of actors in the sector. 

5. Very high adoption: AI applications are used by nearly all actors within the sector. 

AI adoption determines whether the impacts remain local or become systemic. 

2.2.3 Autonomy 

AI autonomy refers to the degree of autonomous operation of an AI application. 

AI autonomy is rated from 1 to 5: 

1. No autonomy (static AI): AI operates entirely under human control. 

2. Low autonomy (assistant AI): AI supports tasks but executes decisions only with human approval. 

3. Partial autonomy (supervised agent): AI operates under continuous human supervision. 

4. High autonomy (autonomous operator): AI operates with human interventions only in exceptional cases. 

5. Full autonomy (AI agent): AI operates without human intervention. 

As AI autonomy increases, AI shifts from a supportive to a high-level decision-making tool. Reduced human oversight 

may amplify impacts and decrease the detectability of errors or unintended effects. Higher levels of autonomy may cover a 

broader range of tasks, potentially leading to skill erosion at the individual level, while also reducing human workload and 

improving operational efficiency. 
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Figure 9. AI application space defined by adoption, autonomy and intensity 

 

Figure 9 illustrates how the three input factors – AI adoption, autonomy and intensity – jointly define the space of existing 

AI applications, allowing any AI use case to be positioned within this framework. This input layer provides a functional 

classification, complemented by an additional layer focusing on quality, including quality of use and system quality. 

2.2.4 Quality of use 

Quality of use refers to the degree to which AI is applied consciously and critically, including how AI outputs are interpreted 

and evaluated. The following values can be assigned to this factor. 

-1: Blind use: The output of an AI application is accepted without critical evaluation or validation. 

0: Conscious use: The output of an AI application is accepted with some level of control, applying occasional validation. 

1: Reflective use: The output of AI is interpreted and critically evaluated. AI supports learning, systemic understanding, and 

decision-making. 

AI validation refers to the user confirming that the AI application is being used for its intended purpose. Quality of use is a 

key input factor as it shapes the direction of AI’s influence on outcomes. Blind use may amplify the negative impacts of AI 

and contribute to unsustainable practices. In contrast, reflective use can lead to more informed, responsible and sustainable 

supportive decision making. 

2.2.5 System quality 

The last input factor relates to the evaluation of an AI application, including its robustness, performance, security and safety, 

reliability, and transparency. A wide range of AI application types exists, each with distinct evaluation processes. This 

section provides illustrative examples and proposes a unified rating approach.  

In the present framework, the definition of the system quality input factor is kept general, as a wide variety of AI 

applications exist across sectors. Within a given domain, professionals with task-specific expertise are best positioned to 

evaluate the quality of an AI application on a scale of 1 to 5. To support this assessment, the following classification provides 

a structured reference framework: 

1. Poor quality: Low data quality with frequent errors or hallucinations without any validation and risk management, 

and exhibiting a poor level of security. 

2. Low quality: Occasional error handling combined with poor data quality. 

3. Moderate quality: Acceptable performance with partial validation, basic monitoring, and risk management functions 

applied in several cases. 

4. High quality: Strong data and model quality, regular validation, continuous monitoring and risk management 

application. 

5. Very high quality: Verified and stable performance supported by high quality of data, robust and secure operation, 

documented processes and measurable compliance. 
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An evaluation of system quality highlights that the impacts of AI on sustainability also depend on model performance, 

deployment context, governance mechanisms, and continuous monitoring. 

3 Discussion  

The primary goal of this ongoing research is to develop an analytical framework for assessing the impacts of artificial 

intelligence across the sustainability pillars. This research investigates how the effects of AI applications propagate across 

the different pillars of sustainability, what determines whether these impacts are positive or negative, and which input factors 

shape the sustainability impacts of AI. 

The analysis first reviews key concepts related to artificial intelligence, including AI types, functional categories, 

capabilities, and application examples, and discusses related phenomena such as efficiency gains, rebound effects, and the 

AI green paradox. Global AI trends show that artificial intelligence is becoming one of the most transformative technologies 

and is increasingly used in sustainability-related research. 

Existing approaches focus on isolated effects, single domains, or specific AI applications; the proposed methodology 

captures cross-pillar interactions, feedback mechanisms, and the role of input factors. By extending the traditional three-

pillar sustainability framework with an individual dimension, the model enables an assessment of how AI influences skills, 

capabilities, resilience, and long-term system dynamics. The framework provides a policy-relevant analytical approach by 

linking AI-driven changes to sustainability challenges addressed in the Sustainable Development Goals (SDGs), while 

allowing examination of how these changes may simultaneously influence progress toward multiple SDGs and potentially 

generate cross-domain trade-offs. 

AI impact groups are defined in this study to translate AI capabilities into system-level functions. Examining system-

level consequences in the absence of these impact groups indicates that performance metrics alone are insufficient and that 

AI effects should be interpreted as system-level phenomena. The proposed approach extends existing work by linking AI 

capabilities to sustainability-relevant system behaviour rather than isolated outcomes. 

The following input parameters are proposed: AI intensity, adoption level, autonomy, quality of use, and system quality. 

Quality of use and quality of system emerge as critical factors, as the blind application of a low-quality system may amplify 

negative effects. These parameters are also relevant for governance and policy design, as they help identify conditions under 

which AI applications support sustainable development goals or generate unintended systemic risks. Input factors 

collectively shape AI's impacts and should therefore be assessed together. 

Sustainability is commonly structured around three core pillars: environmental, economic, and social dimensions. In 

addition to these pillars, the individual can be conceptualised as a fourth, cross-cutting pillar embedded within and interacting 

with all three dimensions. The proposed model extends the traditional three-pillar sustainability framework by incorporating 

the individual as a fourth pillar, resulting in a 3+1 framework. The model links AI capabilities to changes at the skill and 

parameter levels, enabling a systematic analysis of cross-pillar interactions across time and regions. It can provide insights 

into how AI may simultaneously generate short-term benefits and long-term risks. AI may accelerate the development of 

fusion power plants and quantum computers, leading to a new technological paradigm shift that feeds back into AI and 

reshapes its broader systemic impacts. These complex feedback loops and inherent uncertainties underscore the need for a 

structured, shared analytical framework. The goal is to develop a methodology and an initial model that supports 

collaboration among researchers and experts within specific sectors or sustainability pillars. 

4 Future research directions 

Future research will focus on further developing the proposed model by refining input factors and systematically analysing 

their interactions and cross-effects. Beyond structural refinement, particular emphasis will be placed on integrating a 

cognitive sustainability perspective, examining how knowledge generation, perception, and decision-making processes 

shape and are shaped by the model’s inputs and outputs. This includes exploring what external and internal conditions 

influence input parameters, identifying additional latent factors, and integrating regional and temporal dimensions to capture 

spatial variation and long-term dynamics. The model is also intended to support forward-looking analysis and scenario-

based assessment, with a specific focus on enhancing cognitive accessibility and usability for diverse stakeholders. Further 

work will also address the selection and development of appropriate computational tools that allow domain experts to interact 
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with the model, contribute assessments and collaboratively add use cases. Particular attention will be given to incorporating 

feedback loops and cross-pillar interactions. This may enable the model to represent how impacts propagate between 

sustainability pillars over time, while also reflecting how these dynamics are perceived, interpreted, and acted upon by 

decision-makers. In this context, the model aims to bridge analytical rigour with cognitive realism. Finally, future efforts 

will focus on developing effective visualisation approaches to support transparency, interpretability, and practical use of the 

model across research and policy contexts. 
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