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ABSTRACT 

Innovation efficiency is crucial for regional development, yet remains uneven across territories. This study evaluates the innovative efficiency of 

Paraná’s 399 municipalities in 2021, examining their ability to transform energy use and knowledge-intensive activity capacity into GDP and 

intellectual property outcomes. An output-oriented DEA model and a log-linear OLS regression were applied. Results show substantial 

disparities, with most municipalities operating below the efficiency frontier. Energy use and KIA density increase efficiency, while GDP and PI 

display negative elasticities. The study offers insights for place-based policies aimed at strengthening local innovation ecosystems. 

KEYWORDS: Innovation; DEA; Energy Efficiency; Territorial Disparities; Paraná. 

 

1. INTRODUCTION 

Innovation and knowledge-intensive activities play a central role in shaping regional development, productivity and long-term 

competitiveness. In emerging economies, however, the capacity to transform knowledge assets into concrete economic and 

technological outcomes is unevenly distributed across territories, reinforcing structural disparities and limiting the diffusion of 

innovation benefits [1,2]. Recent empirical evidence highlights that local innovation systems are strongly conditioned by the 

density of knowledge-intensive activities, infrastructural endowments and institutional capabilities, which jointly influence how 

regions absorb, combine and exploit knowledge [3-5]. 

In Brazil, and particularly in the state of Paraná, the expansion of knowledge-intensive sectors, higher education 

institutions, and research infrastructure has not been accompanied by a homogeneous pattern of innovative performance across 

municipalities. While some localities concentrate economic activity, qualified human capital and intellectual property generation, 

others exhibit limited capacity to convert available resources into innovation outcomes. This context highlights the need to 

examine how municipalities differ in their efficiency in using knowledge-intensive structures and infrastructure to generate 

economic and innovative results, and how these differences are spatially distributed within the state [6,7]. 

In this context, the general objective of this article is to evaluate the innovative efficiency of the 399 municipalities of 

Paraná in 2021, considering their ability to transform energy use and knowledge-intensive activity (KIA) capacity into GDP and 

intellectual property (PI) outcomes. Specifically, the study (i) estimates municipal efficiency scores through a Data Envelopment 

Analysis (DEA) model [8], (ii) investigates the determinants of these efficiency differentials using a log-linear regression 

framework [4,7], and (iii) examines the spatial distribution of innovative efficiency to identify intra-state disparities. 

The study is justified on both analytical and policy grounds. Analytically, it contributes to the literature on regional 

innovation by combining frontier efficiency analysis and econometric modelling at the municipal level, offering evidence on how 

local structures condition the use of knowledge-intensive resources [4,9]. From a policy perspective, Paraná is a relevant case 

due to its diversified productive base and a growing innovation ecosystem, as well as its persistent territorial inequalities. 

Understanding which municipalities are more efficient (and under which conditions) provides useful insight for designing place-

based strategies that strengthen local innovation systems and promote more balanced regional development [1,2]. 

2. THEORETICAL FRAMEWORK 

2.1 INNOVATION, REGIONAL DEVELOPMENT AND TERRITORIAL INEQUALITIES 

Innovation has become a central element in contemporary discussions about regional development, particularly in countries 
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where productive structures are heterogeneous and institutional capacities vary significantly across space [10]. Rather than 

being restricted to firms or isolated technological centers, innovation is increasingly understood as a process shaped by territorial 

conditions, local institutions and the capacity of regions to absorb, adapt and recombine knowledge [11]. 

This perspective has shifted analytical attention toward the geography of innovation, emphasizing that proximity, 

networks and regional capabilities influence how knowledge circulates and how benefits are distributed across territories [5,12]. 

These dynamics become even more evident in emerging economies, where regional disparities in infrastructure, productive 

complexity and organizational density condition the formation of innovation ecosystems and the intensity of local innovation 

efforts [9]. 

Regional development in knowledge-based economies depends on the capacity of territories to mobilize and transform 

knowledge into economic and technological outcomes [1]. The author argues that regions differ not only in the volume of 

resources they possess but also in their ability to orchestrate learning processes and coordinate actors. 

These differences generate persistent territorial asymmetries. Some regions sustain dynamic innovation ecosystems 

supported by universities, research centers and knowledge-intensive sectors, which enhances their ability to generate and 

diffuse knowledge [13]. Others face structural constraints such as limited institutional density, weak infrastructure and low levels 

of human capital, conditions that reduce their capacity to transform available resources into innovation and technological 

progress [8]. 

The persistence of territorial inequalities has been documented by several empirical studies. Innovation tends to 

concentrate in regions with strong networks of collaboration and diversified productive structures [2]. These areas usually present 

higher creativity levels and greater resilience in moments of economic instability. In contrast, territories with lower technological 

density struggle to participate in innovation networks, which limits opportunities for the diffusion of advanced knowledge. Such 

patterns create a cumulative dynamic in which leading regions maintain their advantage while lagging ones face increasing 

difficulties in catching up. 

The Brazilian context illustrates this dynamic clearly. Spatial disparities in innovation capacity reflect historical patterns 

of development, unequal access to infrastructure and institutional fragmentation. Brazilian regions exhibit significant variance in 

their ability to generate and combine knowledge within local innovation systems [3]. Areas with strong research institutions and 

diversified industries tend to form more cohesive innovation environments. Meanwhile, municipalities with lower socioeconomic 

indicators often depend on external knowledge sources and face obstacles in sustaining innovative activities over time. 

Institutional structures play an essential role in shaping territorial innovation capacity. Regional innovation ecosystems 

are influenced by governance arrangements and the ability of public and private actors to coordinate strategies that support 

learning, experimentation and technological upgrading [14]. When local institutions operate in isolation or lack strategic 

orientation, innovation efforts become fragmented. The result is a scenario where even regions with potential resources fail to 

generate consistent innovative outcomes. 

Energy infrastructure also interacts with regional development paths. Although often treated as a purely technical factor, 

energy availability conditions the viability of modern productive activities and the adoption of advanced technologies. Recent 

contributions demonstrate that territories with more robust energy bases tend to experience faster technological diffusion and 

greater capacity to maintain complex industrial processes [5]. Energy, therefore, supports not only production but also the 

operational environment necessary for innovation. 

One of the persistent challenges in regional development research is identifying how efficiently territories transform 

their resources into innovation outcomes. Traditional economic indicators frequently fail to capture these nuances, which 

motivates the use of alternative analytical approaches. Frontier-based methods provide insight into how regions differ in their 

ability to convert knowledge, infrastructure and production factors into technological and economic results. Innovation efficiency 

depends not only on the availability of inputs but also on institutional coordination, absorptive capacity and the broader 

environment in which innovation occurs [4]. 

Overall, the theoretical literature reinforces the idea that innovation is uneven across space because territories differ in 

their institutional maturity, productive complexity, and capacity to support knowledge generation [15]. These factors shape long-

term development trajectories, influencing how regions accumulate capabilities and build comparative advantages over time 

[16]. Understanding why municipalities exhibit different innovation performances requires examining structural conditions, 

governance mechanisms and the spatial organization of economic activities [17]. This understanding is essential for designing 

territorial policies that encourage balanced development and strengthen regional innovation ecosystems [18,19]. 

 

2.2 KNOWLEDGE-INTENSIVE ACTIVITIES, LOCAL CAPABILITIES AND INNOVATION EFFICIENCY 

Knowledge-intensive activities are widely recognized as core drivers of regional development, shaping the ability of territories to 

create, transform and apply knowledge in ways that support long-term economic performance. Their emergence is strongly 
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conditioned by localized learning processes, institutional arrangements and the capacity of regions to sustain cumulative 

trajectories of capability building [20]. The interplay between these elements helps explain why some regions become persistent 

centers of innovation, while others face structural limitations that restrict their engagement in knowledge-based activities. 

The formation of knowledge-intensive structures depends on the articulation of local institutions, networks of 

collaboration and territorial infrastructures that support knowledge circulation. Innovative activities increasingly rely on 

interconnected systems in which local and global knowledge flows intersect [21]. Regions capable of integrating these flows 

tend to develop more robust innovation ecosystems, while those lacking coordination mechanisms often struggle to benefit from 

external knowledge sources. 

The role of technological regimes and sectoral conditions also influences innovation efficiency. The structure of 

industries affects how knowledge is generated, appropriated and disseminated across space, shaping the potential for localized 

learning [22]. This process is closely related to institutional capacity, and regions with stronger governance arrangements can 

better coordinate strategic actions and foster environments conducive to innovation [23]. 

Territorial differences in knowledge accumulation are further reinforced by socio-economic and cultural conditions. 

Relational assets, shared norms, and interactive learning play a fundamental role in enabling regions to transform knowledge 

into productive outcomes [24]. Similarly, the ability to attract skilled human capital has been identified as a central element for 

sustaining innovation, since regions with more diversified labor markets tend to exhibit stronger adaptive capacity [25]. 

Empirical evidence shows that regions with more developed institutional frameworks and thicker knowledge 

infrastructures are better positioned to convert inputs into innovation results. Reports emphasize that innovation systems are 

shaped by interactions among firms, universities, government agencies and intermediary institutions whose density varies 

significantly across territories [26]. These differences affect not only the quantity of innovation but also its efficiency, since the 

presence of specialized services and research capabilities tends to facilitate knowledge spillovers. 

More recent literature reinforces the relevance of relatedness and cognitive proximity in shaping innovative 

performance. Regions benefit from technological complementarity, which facilitates the recombination of knowledge and the 

emergence of new activities [27]. In a similar perspective, diversification into technologically related sectors enhances regional 

resilience and supports more dynamic innovation trajectories [28]. 

Scholars have also highlighted that innovation policies must be sensitive to territorial specificities. Policy interventions 

disconnected from local capabilities often fail to generate meaningful impacts, especially in regions with weaker institutional 

foundations [29]. Complementary research emphasizes that localized learning depends on continuous interaction among firms, 

institutions and knowledge-producing organizations, which varies significantly across municipal contexts [30]. 

Finally, structural barriers continue to shape innovation efficiency in many regions. There are three types of regional 

innovation challenges (organizational fragmentation, lack of critical mass and institutional weaknesses) that influence the 

capacity of territories to support innovation processes [31]. These factors contribute to the heterogeneity of innovation 

performance observed across municipalities and underscore the importance of designing policies aligned with local conditions. 

Understanding these dynamics is essential for strengthening regional innovation ecosystems and promoting more balanced 

patterns of development. 

 

2.3 INSTITUTIONAL CAPACITY, TECHNOLOGICAL TRAJECTORIES AND REGIONAL INNOVATION PERFORMANCE 

Institutional capacity plays a decisive role in shaping regional innovation outcomes, particularly in contexts where economic 

structures are heterogeneous and knowledge-intensive activities are unevenly distributed. Institutions influence the incentives, 

coordination mechanisms and learning environments that make innovation possible, affecting how regions accumulate 

capabilities over time [32]. In territories where institutional frameworks are fragile or fragmented, innovation processes tend to 

be discontinuous, poorly coordinated and less efficient, reinforcing uneven development trajectories [33]. 

Technological trajectories also exert a strong influence on how regions transform knowledge into innovation outcomes. 

Territories follow cumulative learning paths in which prior knowledge, local competencies and historical specializations condition 

the types of technologies they are able to develop and absorb [34]. These trajectories shape both the quantity and the quality of 

innovation, determining whether regions remain at the technological frontier or fall behind in processes of economic 

transformation. In this sense, targeted innovation policies may strengthen or redirect local trajectories, especially when oriented 

toward strategic mission-driven goals [35].  

The structure of local economies further contributes to disparities in innovation performance. Research on economic 

complexity shows that territories with more diversified and sophisticated productive structures exhibit stronger capacity for 

knowledge recombination and innovation upgrading [36]. Empirical evidence suggests that regions embedded in dense and 

diversified networks of production and knowledge generation tend to generate more innovative and resilient growth paths [37]. 

Conversely, territories specialized in low-complexity activities often face structural constraints that limit their ability to engage 

with advanced technologies. 
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Territorial inequalities in innovation outcomes also reflect broader patterns of socio-economic development. Regions 

lacking institutional quality, human capital and infrastructural endowments tend to fall into persistent traps of underdevelopment, 

where innovation efforts are insufficient to overcome structural disadvantages [38]. Similarly, institutional coordination and 

investment in quality infrastructure significantly moderate the relationship between innovation and regional growth, highlighting 

the importance of governance for long-term development [39]. 

The role of learning processes is also central to understanding why innovation efficiency varies across municipalities. 

Early contributions from the literature on national and regional systems of innovation emphasize the importance of interactive 

learning, organizational routines and institutional complementarities in shaping innovation outcomes [40,41]. Such perspectives 

underscore that innovation does not arise solely from the availability of resources, but rather from the quality of interactions 

among firms, universities, research institutions and public organizations. 

Finally, structural conditions such as income levels, human capital and investment capabilities influence the capacity 

of territories to sustain innovation over time. Classical empirical evidence suggests that differences in economic performance 

arise from the ability of regions to accumulate physical and human capital and to adopt new technologies [42]. Complementarily, 

the evolution of technological paradigms and sectoral dynamics affects how regions generate, diffuse and apply knowledge, 

shaping long-term trajectories of innovation and productivity [43]. 

Understanding how these institutional, structural and technological factors interact is essential for interpreting the 

heterogeneous innovation performance of municipalities. These elements highlight that innovation is not merely a technical 

process, but a territorially embedded phenomenon shaped by complex, cumulative and institutionally mediated dynamics. 

Addressing these disparities requires policies that strengthen local capabilities, align innovation strategies with regional 

characteristics and foster environments conducive to sustained technological upgrading. 

 

3. METHODOLOGY 

This study employs a quantitative approach to evaluate the innovative efficiency of all 399 municipalities in the state of Paraná 

for the year 2021. The state was selected due to its economic relevance and the availability of detailed municipal data that 

enable a comprehensive analysis of regional innovative performance [6,7]. The year 2021 was chosen because it provides the 

most recent and consistent dataset for economic, energy, and technological variables. 

The database includes four main indicators: Gross Domestic Product (GDP), electricity consumption (Energy), the 

number of intellectual property registrations (PI), and an aggregated index of knowledge-intensive activities (KIAtotal). The 

KIAtotal index was constructed by standardizing and averaging employment, groups, and establishments in knowledge-intensive 

sectors, representing the density of knowledge-based production across municipalities [3,4,14]. These variables align with recent 

studies that highlight the roles of technological infrastructure, human capital, and knowledge diffusion in regional innovation [5,9]. 

To measure the relative efficiency of municipalities in transforming productive and cognitive resources into economic 

and technological outcomes, a Data Envelopment Analysis (DEA) was applied with an output-oriented specification and variable 

returns to scale (VRS) [8]. This non-parametric model identifies efficient and inefficient decision-making units based on the ratio 

of weighted outputs to weighted inputs: 

 

𝐸𝑖 =
𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑂𝑢𝑡𝑝𝑢𝑡𝑠

𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝐼𝑛𝑝𝑢𝑡𝑠
 

 

where Ei = 1 denotes full efficiency, and Ei > 1 indicates relative inefficiency. The inputs used were Energy and KIAtotal, 

while the outputs corresponded to GDP and PI. Finally, a log-linear OLS regression was estimated to identify the determinants 

of innovative efficiency: 

 

ln(Ei) = α + β1 ln(GDPi) + β2 ln(Energyi) + β3 ln(KIAtotal,i) + β4 ln(PIi) + εi 

 

The coefficients were interpreted as elasticities, expressing the expected percentage change in efficiency resulting 

from a one-percent variation in each explanatory variable. The integration of DEA and OLS follows recent empirical approaches 

to regional innovation and endogenous growth [4,5,7]. 

 

4. RESULTS AND DISCUSSION 

The empirical analysis begins by estimating efficiency scores for the 399 municipalities of Paraná in 2021 using the output-

oriented DEA model under variable returns to scale. This approach captures how effectively each municipality converts its 
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available inputs (energy consumption and knowledge-intensive activity (KIA) capacity) into outputs associated with economic 

and innovative performance, represented by GDP and intellectual property (PI) generation. 

Table 1: Descriptive statistics of innovative efficiency (DEA model, 2021). 

 

Variable Min 1st Qu. Median Mean 3rd Qu. Max 

Efficiency score (Ei) 1.000 2.713 3.646 4.017 4.973 11.305 

    Source: Author’s elaboration based on DEA results (output-oriented, VRS). 

 

Table 1 presents the distribution of innovative efficiency across municipalities. The average efficiency score of 4.02 

indicates a considerable performance gap among local economies, suggesting that several municipalities operate below the 

efficiency frontier established by the best performers. The median score (3.65) and the relatively high upper quartile (4.97) 

highlight a strong heterogeneity in the transformation capacity of knowledge-related resources into innovative and economic 

outcomes. This dispersion reinforces the notion that innovation-based productivity remains spatially uneven across the state. 

To further explore the determinants of innovative efficiency, an Ordinary Least Squares (OLS) regression was estimated 

in log-linear form, linking efficiency to GDP, energy consumption, the aggregated KIA index, and intellectual property registrations. 

The results are reported in Table 2: 

 

Table 2: Log-linear OLS regression results for innovative efficiency determinants (2021). 

 

Variable Coefficient Std. Error t-value Significance 

Intercept 3.9642 0.1956 20.27 *** 

ln(PIB) -0.8975 0.0253 -35.50 *** 

ln(Energy) 0.7642 0.0225 33.92 *** 

ln(KIAtotal) 0.2977 0.0196 15.17 *** 

ln(PI) -0.1246 0.0068 -18.41 *** 

Observations 399 municipalities 

R-squared 0.833 (Adjusted R2 = 0.831) 

F-statistic 491.4 (p < 0.001) 

 

Source: Author’s elaboration based on OLS estimates. Notes: *** p < 0.01; ** p < 0.05; 

* p < 0.10. 

 

Table 2 reveals a strong explanatory power of the model, with an adjusted R2 of 0.83. The negative coefficient for 

GDP (ln(PIB)) suggests that a larger economic scale does not necessarily imply greater efficiency in innovation, which may 

reflect diminishing returns in municipalities already operating near capacity. Conversely, energy use and the KIA composite index 

exhibit positive and highly significant effects, confirming that the expansion of knowledge-intensive activities and energy 

infrastructure are key driver of innovative productivity. The negative relationship between intellectual property (ln(PI)) and 

efficiency could indicate that patent activity, although concentrated, may not immediately translate into higher short-term 

innovation efficiency, consistent with previous findings in regional innovation studies. 

To ensure the robustness of the results, conventional econometric diagnostics (such as normality, multicollinearity, and 

heteroskedasticity tests) were conducted, with the necessary corrections already incorporated into the final estimates 

presented above. 

Finally, the spatial distribution of efficiency scores was analyzed using municipal-level mapping, providing an 
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intuitive visualization of regional disparities. 

 

Figure 1: Spatial distribution of innovative efficiency in Paraná (2021). 

 

Source: Author’s elaboration based on DEA estimates and IBGE cartographic data. 

 

Figure 1 reveals a heterogeneous spatial pattern: while some municipalities achieve higher efficiency levels, a large 

group remains concentrated in lower classes, especially in areas with weaker productive and institutional structures. This 

configuration is consistent with the literature on spatial concentration of innovation and smart specialization [1,2], reinforcing the 

argument that policies aimed at strengthening local knowledge bases, supporting KIA sectors and improving access to 

infrastructure are essential to mitigate intra-state disparities in innovative efficiency. 

5. CONCLUSION 

This article aimed to evaluate the innovative efficiency of the 399 municipalities of Paraná in 2021, analyzing their ability to 

transform energy use and knowledge-intensive activity capacity into economic output and intellectual property generation. The 

evidence obtained through the DEA model and the log-linear regression confirms that the general objective was achieved, as 

significant efficiency differentials were identified among municipalities, strongly associated with local infrastructural conditions 

and the density of knowledge-intensive activities [1,2]. 

The results indicate that municipalities with more consolidated knowledge-intensive activities and robust energy 

infrastructure tend to exhibit higher innovative efficiency, while economic scale alone does not ensure a more efficient use of 

resources. These findings reinforce the importance of public policies that go beyond traditional growth models and focus on 

strengthening local innovation ecosystems [11]. Policy initiatives should prioritize the development of knowledge-intensive 

sectors, expansion of technological and digital infrastructure, collaboration between universities, firms, and governments, and 

the diffusion of innovation capabilities to less efficient municipalities [7,10]. Such place-based approaches are aligned with 

contemporary perspectives on regional innovation and smart specialization, contributing to more balanced territorial 

development. 

However, some limitations must be acknowledged. The analysis focused exclusively on a cross-sectional perspective, 

which restricts dynamic inference about the temporal evolution of efficiency. Additionally, the use of aggregate indicators 

(particularly intellectual property registrations) does not fully capture informal or incremental innovation processes. Future 

research should extend the DEA analysis to a panel framework, integrate environmental and digital transformation indicators, 

and employ spatial econometric models to explore inter-municipal spillover effects and the role of innovation networks [6,13]. 
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