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ABSTRACT

Seaports play an important role in the global economy, serving as international hubs
for the transportation of goods, trade, economic growth, job creation, and strategic
interests. Their continuous development and modernization are critical to supporting
economic growth and addressing new challenges in the maritime industry. Adequate
economic performance can contribute to efficient seaport production. The aim of this
researchistoanalyse theimpact ofeconomic, human capital,andinfrastructural factors
influencing seaport production on a sample of 86 European Union (EU) port regions
observed from 2009 to 2019. The Pooled Ordinary Least Squares (POLS), Fixed Effects
(FE), and Random Effects (RE) estimation techniques were used as the estimation
strategy. The results confirm that all three groups of factors have a significant impact
on seaport production. Firstly, GDP per capita, which is the economic factor, shows
a significant positive effect. Secondly, within the human capital category, education
and innovation capacity prove to be important factors for the seaports’ performance.
Finally, the motorways’ length, as an indicator of infrastructure, significantly impacts
seaport production. Based on these findings, the policies that promote economic
growth, stimulate consumption, and support international trade are recommended. In
addition, policies that promote digitalization and innovative technologies in seaport
operations, strengthen workforce development, foster collaboration with educational
institutions, and enhance multimodal connectivity are encouraged.

1. INTRODUCTION

Seaports serve as connecting hubs in international trade, enabling the exchange
of goods between countries and supporting global supply chains. They support and
facilitate global trade, connect different modes of transportation, promote economic
integration, and contribute to regional economic development. Seaport performance
and trade facilitation are essential for efficient maritime transport and seamless
supply chains, both in seaports and in their connections to inland areas (UNCTAD,
2022,2023).

Numerous researchers have analysed the impact of seaports on economic growth
and the benefits that seaports bring to their economies, including the increase in GDP
in the areas where they are located (Ayesu et al., 2023; Bottasso et al., 2014; Fratila
et al., 2021; Mudronja et al., 2020; Ozer et al., 2021; Shan et al., 2014), the promotion
of direct employment through seaport operations and indirect employment through
related industries (Ayesu & Boateng, 2024; Bottasso et al., 2013; Hidalgo-Gallego &
Nufiez-Sanchez, 2023; Seo & Park, 2017), trade enhancement (Ayesu et al., 2022;
Mlambo, 2021), and the creation of other port-related activities (Ferrari et al., 2010).
The economic importance of seaports extends far beyond the seaport regions and
can have spillover effects on neighbouring regions (Bottasso et al., 2014.). Moreover,
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seaports influence the growth of their regional economies, and the growth of regional
economies affects the development of seaports. Given that seaports positively affect
local economies, understanding what drives their success is essential. Identifying
these factors can help improve seaport performance, leading to additional beneficial
outcomes.

While seaports’ impact on economic growth is well-studied, few researchers have
explored how regional economies affect seaport productivity. Given the seaports’
complex structure, appropriate economic performance can support their development
and adaptability to changing business conditions (Huang et al., 2022). Various variables,
including logistics performance, trade statistics, infrastructure quality, operational
expenses, GDP per capita, population statistics, etc., have been used to study seaport
performance (Bochenski et al., 2021; Caldas et al., 2024; Mahpour et al., 2023; Munim
& Schramm, 2018; Xing, 2021). However, the empirical literature lacks a thorough
examination of regional factors influencing seaport production.

Recent policies on seaport production in port regions have largely focused on
sustainability, energy transition, and boosting competitiveness through innovation
and infrastructure development (ESPO, 2023; European Sea Ports Organisation
(ESPO), 2023), which led this study into researching the impacts of innovations and
infrastructure development on seaport production, among other factors. The European
Sea Ports Organisation (ESPO) noted that seaports are becoming both trade hubs and
centres for sustainable energy and innovation, with an €80 billion investment needed
for decarbonization and seaport infrastructure modernization over the next decade
(ESPO & De Langen, 2024). Smart Port initiatives in the European Union (EU) aim
to enhance seaports’ efficiency, sustainability, and competitiveness through digital
technology, automation, and data-driven solutions. These initiatives are part of broader
efforts to modernize maritime infrastructure and align with the EU’s sustainability
and digital transformation goals, using technologies such as the Internet of Things
(IoT), artificial intelligence (Al), self-driving vehicles, robotics, blockchain technology,
and Port Community System (PCS) (European Sea Ports Organisation (ESPO) & De
Langen, 2024). The above provides a basis for researching the impact of innovation
capacity and educational achievements on seaport production.

Only a study by Cheung and Yip (2011) examines port cities’ effects on seaport
production in China, but no empirical studies exist on regional factors affecting EU
seaports, to the best of our knowledge. This paper is the first to analyse how regional
factors impact seaport production in EU port regions, examining variables like GDP
per capita, population change, employment, education, innovation capacity, and
infrastructure. Understanding what drives seaport production helps policymakers
and seaport managers to optimize resource allocation and develop strategies aimed at
improving seaport production in the EU, particularly for seaports with lower freight
turnover that are aiming to expand and grow their operations.

The aim of this research is to analyse the impact of economic, human capital, and
infrastructural factors influencing seaport production. This paper proposed a model
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for determining the impact of port regions on seaport production, offering better
insight into its key determinants. The remainder of the paper is organized as follows:
Section 2 reviews the literature, Section 3 describes the methodology, Section 4
presents results and discussion, and Section § gives concluding remarks.

2. LITERATURE REVIEW

This section provides an overview of the theoretical and empirical literature relevant
to the research. The theoretical review examines key concepts and frameworks
offering a foundation for understanding the influence of regional factors on seaport
production. The empirical review focuses on previous studies analysing findings from
existing research.

2.1. Theoretical review

Several economic theories support the analysis of factors influencing seaport
production, including production function theory, New Economic Geography,
the balanced theory of port competitiveness, and cluster theory (de Langen, 2004;
Ducruet et al., 2009; Hales et al., 2016). The New Economic Geography proposed by
Krugman (1991) explains how and why economic activities are spatially concentrated
in particular regions, with agglomeration forces such as economies of scale, transport
costs, and market size playing a key role. The theory shows how the reduction of
transport costs and labour mobility can lead to uneven development, with initially
favourable locations becoming increasingly attractive and the periphery falling
behind. A balance is sought between forces favouring concentration (e.g. proximity
of buyers and suppliers) and forces favouring dispersion (e.g. higher cost of living
and competition). The theory has important applications in regional policy and in
understanding urban and industrial clusters. Although the New Economic Geography
provides valuable insights into the spatial concentration of economic activity and
the role of infrastructure in regional development, it is not directly applicable as
a theoretical basis for this study. The present analysis focuses on quantifying the
impact of selected input factors on seaport production and not on modelling spatial
agglomeration or location decisions.

The balanced theory of port competitiveness provides insights into a model that
jointly considers the influence of customers and investors on seaport competitiveness
(Hales et al.,, 2016). The theory comprises ten key factors: five that influence
volume-related competitiveness (e.g. location, service, port fees) and five that
influence investment-related competitiveness (e.g. reputation, finance, institutional
framework). The focus is on the balance of these aspects, as an excessive focus on one
aspect can have a negative impact on the others. The aim is to help seaports make
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better strategic decisions in a global environment. Although the balanced theory of
port competitiveness provides useful insights into seaport management behaviour,
it is not a suitable theoretical framework for analysing the determinants of seaport
production at the level of EU regions due to its micro-focus and dependence on
qualitative assessments. Firstly, the theory focuses on the micro level of individual
seaport management, whereas the present study focuses on the macro level. Secondly,
the theory uses subjective indicators derived from the perception of stakeholders (e.g.
seaport managers), while the present study uses a quantitative analysis with objective,
regional indicators.

Cluster theory (Porter, 1998) provides a conceptual framework for understanding
the geographic concentration of interconnected companies, institutions, and
infrastructures that together increase regional productivity and innovation.
Clusters provide easier access to skilled labour, knowledge, innovation, and shared
infrastructure, which increases efficiency and productivity. They also promote
entrepreneurship, faster diffusion of technologies, and increase the ability of
regions to attract investment. Cluster theory has important applications in regional
development and industrial strategies, as it assumes that success depends not only on
individual companies but also on the quality of the local economic ecosystem. In the
context of seaports, this theory has been applied to analyse the role of seaports within
broader industrial or logistics clusters. However, due to its qualitative orientation
and emphasis on institutional and relational dynamics, cluster theory is not directly
applicable to this research. The empirical focus of this research is on the quantifiable
effects of economic, human capital, and infrastructural inputs on seaport production,
for which a production function approach is more appropriate.

Considering that the production function theory explains the relationship
between the inputs used in production and the resulting output, it provides the
most suitable framework for determining the factors influencing seaport production.
Moreover, it represents how resources, such as labour, capital, land, and technology,
combine to produce goods or services (Cobb & Douglas, 1928). The Cobb-Douglas
production function has been extensively used to study seaport operations and their
economic effects. Researchers have used this theory to estimate the role of seaports
in economic growth (Jouili, 2016), measure seaport production overcapacity (Li et al.,
2019), and evaluate the influence of port cities on seaport production (Cheung & Yip,
2011). The advantages of the Cobb-Douglas production function are visible through
its capacity to manage multiple inputs, address market imperfections, and facilitate
computations (Bhanumurthy, 2002). It presumes a certain level of interchangeability
between inputs, which makes it an effective tool for analysing the interactions
between various inputs influencing seaport production and assessing how a change
in one input impacts overall seaport production, when other inputs remain constant
or experience a decrease. Since the Cobb-Douglas production function allows for
multiple inputs in the production process, it is suitable for determining the factors
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that influence seaport production, and it can be expanded to encompass a variety of
factors, including economic, human capital, and infrastructural factors.

2.2. Empirical review

A considerable amount of research has been devoted to examining the impact of
seaports on economic growth; the emerging benefits are a reduction in transportation
costs (Crescenzi & Rodriguez-Pose, 2012), an increase in GDP (Ayesu et al., 2023;
Bottasso et al., 2014; Fratila et al., 2021; Mudronja et al., 2020; Ozer et al., 2021; Shan
et al,, 2014), more employment (Ayesu & Boateng, 2024; Bottasso et al., 2013; Ferrari
et al., 2010; Hidalgo-Gallego & Nufiez-Sanchez, 2023; Seo & Park, 2017), the boosting
of private investments and the promotion of trade (Ayesu et al., 2022; Bottasso et al.,
2014; Mlambo, 2021), the attraction of other port-related activities (Ferrari et al.,
2010) and the improvement of logistics (Notteboom & Winkelmans, 2001). Empirical
studies researching the regional factors that influence the production and growth of
seaports are seldom, to the best of our knowledge.

Cheung and Yip (2011) researched how port cities impact seaport production,
considering port cities as production organizations, city factors as inputs (economic,
demographic, and infrastructural), and seaport production as output. They found that
economic factors are the largest contributors to seaport growth, but the effects of
infrastructural and demographic factors remain unclear, possibly due to the variables
used. The classification of city factors into economic, demographic, and infrastructural
categories offers a clear study framework. However, limited results for infrastructure
and demographics may be due to the variables used (e.g. fixed asset investment for
infrastructure, population, and employment for demographics). Focusing on port
cities rather than larger entities such as port regions may also narrow the research’s
scope, missing broader interdependencies and spillover effects that are more apparent
in regional analysis.

Caldas et al. (2024) found that higher GDP per capita negatively affects seaport
performance, while lower GDP correlates with better performance. Munim and
Schramm (2018) similarly found that seaport infrastructure enhances trade and
economic growth in developing countries but has less impact as countries become
wealthier. This paper challenges the above conclusions and assumes GDP per capita
positively impacts seaport operations for developing regions and wealthier regions
since GDP per capita reflects a region’s general economic well-being, leading to
increased trade activity and demand for seaport services.

UNCTAD (2023) highlights that digital solutions and interoperability significantly
impact seaport performance. Technologies like data exchange and AI improve
efficiency, benefiting global supply chains and streamlining government regulatory
processes, leading to enhanced trade efficiency. Agati¢ and Kolanovi¢ (2020) found
that digital technologies enhance seaport services by improving reliability, flexibility,
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security, digital-based infrastructure and superstructure, and digital skills, making
them more competitive. Similarly, Adabere et al. (2021) showed that information
technology (IT) positively affects seaport operations, improving efficiency, flexibility,
and customer satisfaction. Tijan et al. (2022) noted that seaport competitiveness
depends on infrastructure quality, connectivity, service standards, cost reduction,
and the possibilities of business process digitalization. Building on the above, since
seaports operate in highly competitive markets, they require continuous development
through innovation and digital solutions. Development of new ideas and technologies
should be supported by quality human capital (Bronzini & Piselli, 2006), considering
an educated workforce is the backbone of research and development (R&D) that
drives innovations, adaptability to innovations, and addresses complex challenges.
This formed the foundation for selecting the human capital variables in the research.

To determine the impact on seaport performance, various authors used different
variables such aslogistic performance index, import volume index, GDP, Gross national
income (GNI) (Mahpour et al., 2023), number of berths, enterprise total assets, total
imports and exports (Xing, 2021). Furthermore, the authors used logistics facilities,
ferry connections, the number and capacity of terminals, the population of the port
city (Bochenski et al., 2021), total quay cranes, terminal area, quay length, operational
expenses (Caldas et al., 2024), quality of seaport infrastructure, seaport traffic, GDP
per capita (Munim & Schramm, 2018). However, the empirical literature does not
provide a comprehensive look at regional drivers of seaport production. Additionally,
since recent seaport production policies emphasize the adoption of innovations and
digital technology, this variable is absent from the mentioned studies, leaving the
analysis incomplete.

The theoretical and empirical literature reviewed demonstrates that seaports play
an important role in economic growth, increasing employment, and enhancing trade.
However, no empirical research has been conducted specifically within the framework
of EU port regions to examine regional factors influencing seaport production.
Consequently, this study provides the first empirical evidence of the impact of
economic, human capital, and infrastructural determinants of seaport production in
EU port regions in the existing literature. Assessing the influence of regional factors on
seaport performance is essential for understanding how these factors affect efficiency.
Those insights support informed decision-making and help create specific policies
promoting sustainable and efficient seaport operations.

3. METHODOLOGY

This section describes the methods used to achieve the aim of the research. Namely, it
provides the specification of the empirical model, describes the used data and variables,
and defines the estimation technique.
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3.1. Model specification

The economic model used in this paper examines the impact of economic, human
capital, and infrastructural factors on seaport production and has the following format:

SEAPORT PRODUCTION = f (ECONOMIC, HUMAN CAPITAL, INFRASTRUCTURAL) (1)

where seaport production = freight; economic = GDP per capita; human capital =
population, employment, education, and innovation capacity; infrastructural = gross
fixed capital formation and motorways.

Freight traffic was selected to represent seaport production and is a commonly
recognized measure of seaport performance and operational efficiency in the literature
(Bottasso et al., 2013; Cheung & Yip, 2011; Ferrari et al., 2010; Mudronja et al., 2020;
Park & Seo, 2016; Shan et al., 2014). Indicators such as seaport profit, the annual
number of vessels, and passenger count can assess seaport activity, but they are either
unavailable on the regional level or unsuitable for this study.

Since GDP per capita is one of the most commonly used indicators of economic
performance that helps estimate a region’s standard of living, this variable was
chosen to represent economic factors. This aligns with the existing literature (Ayesu
et al., 2023; Bilbao-Osorio & Rodriguez-Pose, 2004; Bottasso et al., 2014; Crescenzi
& Rodriguez-Pose, 2012; Fratila et al., 2021; Jouili, 2016; Mudronja, 2020; Ozer et al.,
2021; Park & Seo, 2016; Shan et al., 2014).

The variables population, employment, education, and innovation capacity were
selected as proxies for human capital factors. Population influences market size,
labour force, and demand for goods and services (Rodriguez-Pose & Crescenzi, 2008).
A larger population provides more workers for port-related industries like logistics
and shipping. Employment levels also affect labour market efficiency, as seaports
commonly operate as significant employers, both directly and indirectly through
port-related industries. The population is frequently used in research as a foundational
variable related to socioeconomic and human capital factors (Bonnefond, 2014; Ferrari
et al., 2010; Hong et al., 2011; Vlahini¢ Lenz et al., 2018). A stable employment rate
indicates that the port region is capable of sustaining its logistics and supply chain
operations, which are essential for seaport production. Education also plays a key role,
as higher levels lead to a more skilled, innovative workforce, driving economic growth
and technological advancements (Crescenzi & Rodriguez-Pose, 2012; Mudronja et
al., 2020). Authors using the same proxy for education are the following: Crescenzi
(2005), Crescenzi and Rodriguez-Pose (2012), Ferrari et al. (2010), and Hong et
al. (2011). Innovation capacity is used as a proxy for the transformation of human
capital into innovation potential, particularly relevant in the seaport context, where
a highly skilled workforce is essential for adopting and operating technologies such
as IoT, robotics, self-driving vehicles, blockchain, and other advanced technologies.
Innovation capacity is important for long-term growth, especially in industries
that rely on technology and innovation, such as the maritime industry (Andrews &
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Criscuolo, 2013; Koilo, 2021; Rodriguez-Pose & Crescenzi, 2008). It is essential to keep
the seaport and its related industries competitive globally. In empirical studies, R&D
is often used as a proxy for measuring innovative and absorptive capabilities (Bilbao-
Osorio & Rodriguez-Pose, 2004; Crescenzi, 2005; Crescenzi & Rodriguez-Pose, 2012).
Together, these variables capture the human capital structure of a port region, offering
a comprehensive perspective on the size and quality of the workforce, its economic
participation, and its potential for future growth through education and innovation.

Gross fixed capital formation was chosen to represent infrastructural factors as
it measures resident producers’ net acquisitions of fixed assets, including machinery,
equipment, vehicles, buildings, dwellings, and other types of structures (Eurostat,
2024). A higher level of gross fixed capital formation in a port region suggests ongoing
investment in facilities like seaports, seaport technology, and warehouses, vital for
efficient freight handling. Lastly, the length of motorways was chosen as another
proxy for infrastructural factors, as it reflects the transportation network connecting
seaports to their hinterland. A longer, well-maintained motorway network enhances
seaport accessibility and enables faster, more cost-efficient freight movement (Arvis
etal., 2018).

Based on the economic model, a panel analysis model was proposed to show the
extent to which each of the factors mentioned influences seaports. The econometric
model is expressed as follows:

Freight, = Bo + p1GDPpcy + B2Popy. + B3Emply + ByEduc;, + PsRD; +
BeCapital;, + fyMotorwy, + A, + a; + uy (2)

Freight, =the value of freight traffic in the seaports for region i and time t,

GDPpc;, = the value of the gross domestic product per capita for region i and time t,

Pop; = the percentage share in the total population change for region i and time ¢,

Empl, = the percentage share of employed persons in the total workforce for
region iand time t,

Educ; = the indicator of persons who have completed tertiary education for region
iand timet,

RD;; = the value of investment in R&D for region i and time ¢,

Capital,, = the gross fixed capital formation for region i and time ¢,

Motorw; = the length of the motorways for region i and time ¢,

A= the unobservable time effects,

a;= the unobservable time-invariant individual effects,

u; = the relation error,

B, B2 B3 Bas Bs, s, and B, = the coefficients.

GDP per capita is expected to have a positive impact on seaport production since
it reflects the region’s economic strength and trade activity. The expectation is in
line with the maritime economics literature (Caldas et al., 2024; Cheung & Yip, 2011;
Mahpour et al., 2023; Munim & Schramm, 2018).
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Population is expected to positively impact seaport production, considering a
denser population typically drives higher demand for goods, economic activity, and
employment, leading to increased seaport traffic (Ayesu & Boateng, 2024; Bonnefond,
2014; Ferrari et al., 2010; Park & Seo, 2016). The employment rate’s coefficient is
expected to be positive, as a higher rate indicates greater economic activity and
consumption, amplifying seaport production. Education is expected to positively
impact seaport production since skilled workers enhance efficiency and support
modern technologies. An educated population drives innovation and success in both
the region and its seaports (Crescenzi & Rodriguez-Pose, 2012; Mudronja et al., 2020;
Thai et al., 2016). Innovation capacity is expected to have a positive impact on seaport
production since it enables the development of new technologies and innovative
methods to optimize operations (Mudronja et al., 2019).

The gross fixed capital formation coefficient is expected to be positive, considering
investments in fixed capital modernize seaport infrastructure and increase capacity,
attracting more customers and improving service (Munim & Schramm, 2018). The
length of the motorways is expected to positively impact seaport production, given
that motorways provide a key infrastructural connection between the hinterland and
seaports. A well-developed network facilitates the transport of goods, increasing port
traffic and enhancing trade (Arvis et al., 2018).

3.2. Data, variables, and descriptive statistics

The sample of this research consists of panel data for 86 EU port regions from 2009
to 2019. This period was chosen because data from 2009 to 2019 are complete and
consistent. Furthermore, the end of 2019 serves as a pre-COVID benchmark, offering
insights into how seaports operated during a stable period before the pandemic’s
disruptions. This could be valuable for comparing seaport performance before and
after the pandemic in future studies. The port regions have the classification level
NUTS 2 (Nomenclature of Spatial Units for Statistics), which is a hierarchical system
for subdividing the economic territory of the EU and the United Kingdom for official
statistics. The research covered the regions of the following countries: Belgium,
Bulgaria, Denmark, Germany, Estonia, Ireland, Greece, Spain, France, Croatia, Italy,
Cyprus, Latvia, Lithuania, Malta, the Netherlands, Poland, Romania, Slovenia,
Finland, and Sweden. Norway is not part of the EU but was included in the research as
data were found in the database. Figure 1 shows the regions included in the research,
with different colours indicating the volume of freight traffic in thousand tonnes.
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Figure 1. The regions of the European Union included in the research
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All data used in this research were taken from the Eurostat Database (Eurostat
Database, 2022). The list of variables used is shown in Table 1.

Table 1. List and explanation of the variables

Dependent Variable Description Formulation
Freight Freight traffic in seaports 1,000 tons
Independent Variables Description Formulation
Economic factor
GDPpc Gross domestic product per Expressed in purchasing power
capita standards (PPS) in EUR

Human capital factors

Pop Population % of total population change per
1,000 persons

Empl Employment rate % of employed in the total
workforce
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Educ Education % population between 25 - 64
who completed tertiary education
RD Innovation capacity Intramural R&D expenditure as a
% of GDP

Infrastructural factors

Capital Gross fixed capital formation Resident producers” acquisitions,
less disposals, of fixed tangible
or intangible assets in millions

of EUR

Motorw Motorways Kilometer

Source: Author’s compilation

Prior to model testing, a descriptive statistical analysis was performed, and the
presence of correlation was tested. The descriptive statistics for the variables included
in the model are presented in Table 2.

Table 2. Descriptive statistics of the variables

Number of Standard

Variable Observations Mean Deviation Minimum Maximum
Freight 1,142 31,095.97 49,402.66 292 451,847
GDPpc 1,144 25,838.02 9,021.466 8,700 74,900
Pop 1,127 2.289885 7.153956 -21.9 54.8
Empl 1,144 63.1903 9.566955 28.1 80.1
Educ 1,129 28.27724 9.167671 8.3 53.7
RD 951 1.455578 1.064689 0.06 5.3
Capital 1,144 10,849.25 10,130.59 216.4 93,417.88
Motorw 890 326.2022 358.0408 o 2,626

Source: Author’s calculation

Freight traffic shows the largest standard deviation (49,402.66), which was to be
expected since different seaports have different levels of development and differing
levels of attractiveness for freight transport. The minimum value is 292, while the
maximum is 451,847, indicating significant differences between the various port
regions. GDP per capita also varies significantly (9,021.466), reflecting differences in
development across EU member states, which are transferred to their port regions. It
ranges from 8,700 to 74,900, underscoring notable disparities.

Education has a mean value of 28.27 and a standard deviation of 9.17, suggesting
considerable differences in the level of education. The minimum is 8.3 and the
maximum is 53.7, indicating that some regions have a high level of education while
others follow at a slower pace. The innovation capacity variable has the lowest mean
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value (1.46) and the lowest standard deviation (1.06), which indicates that investments
in R&D in the analysed regions are modest but relatively stable. The highest value of
5.3 indicates that some regions have a stronger focus on innovation, while others
allocate fewer resources to R&D.

There is notable variation in gross fixed capital formation and motorway length
due to differing infrastructure investments in EU port regions. The variable capital has
amean value 0f10,849.25 and a high standard deviation 0f 10,130.59, which indicates
great inequality between the regions. The minimum value (216.4) is drastically lower
than the maximum value (93,417.88), meaning some regions have significantly more
capital than others. The variable motorways has a mean value of 326.2, but a relatively
high standard deviation of 358.04, which means that there are notable disparities in
the length of motorways between the regions. The maximum value (2,626) suggests
that some regions have a very well-developed transportation infrastructure, while
others have no motorways (minimum = 0).

Overall, substantial differences can be observed in all variables, which indicates
uneven development between the regions. Extreme values for some variables (e.g.
freight traffic, capital, motorways) indicate regions with exceptionally high or low
resources. The high standard deviation for capital and motorways points out that
infrastructure and economic resources are unevenly distributed. Although there is
moderately high employment, investment in R&D is relatively low. Before testing the
model, the correlation between the variables was tested. The correlation coefficients
are shown in Table 3.

Table 3. Correlation coefficients

Freight GDPpc Pop Empl Educ RD Capital Motorw

Freight 1.0000

GDPpc 0.1988  1.0000

Pop -0.0388 0.4056 1.0000

Empl -0.0241 0.6371  0.2163  1.0000

Educ 0.0506 0.5605 0.2644 0.5820 1.0000

RD 0.0771 0.6384 0.3193 0.5651 0.6246 1.0000

Capital 0.3816 0.4816 0.2362 0.1339 0.1931 0.3785 1.0000

Motorw 0.3006 -0.0822 -0.0460 -0.2505 -0.0021 -0.0177 0.5661 1.0000
Source: Author’s calculation

A threshold for the presence of a correlation is a positive or negative correlation
that is greater than 0.80 (Lovri¢, 2005). There are no coefficients that exceed the
defined threshold, which is an indicator of the absence of multicollinearity.
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3.3. Estimation technique

The standard approach in panel data analysis consists of three different estimators:
Pooled Ordinary Least Squares (POLS), Fixed Effects (FE), and Random Effects (RE).
The selection of these estimators is based on previous empirical research using POLS
and FE to determine the effects of port city factors on seaport production (Cheung &
Yip, 2011). The POLS estimator is a simple approach that treats all data as a single set,
regardless of the panel structure. This means that data from all units (e.g. regions) and
all time periods are combined and treated as one large data set. The POLS estimator
assumes homoscedasticity and the absence of correlation between the errors. Since it
does not account for individual effects, it can lead to biased estimates if unobserved
heterogeneity is present. In the presence of heteroscedasticity or correlated errors,
the standard errors are imprecise, which can lead to incorrect conclusions about
statistical significance. Also, if individual effects are correlated with the regressors,
the POLS estimates may be biased and inconsistent (Wooldridge, 2015). For seaports,
it can provide efficient, unbiased estimates if they are similar in production and lack
significant individual-specific unobserved heterogeneity. However, if unobserved
port-specific factors exist and are related to the independent variables, it can result in
biased estimates.

The FE estimator accounts for individual-specific characteristics that remain
constant over time and treats them as fixed parameters, controlling for unobserved
heterogeneity and focusing on time-varying variables. This estimator eliminates all
time-invariant characteristics by transforming the data, which is usually done by
centering around the mean of each unit. The FE estimator is used when there is a
correlation between the individual effects and the explanatory variables (Wooldridge,
2015). This is important for seaport production, where factors like geographical
location and long-term contracts affect efficiency. The FE estimator uses variation
within each seaport over time to estimate the relationships, making it well-suited
for analysing how changes in operational factors such as changes in the workforce or
technology influence production within each seaport. The limitation of using the FE
estimator is that it does not allow for the estimation of time-invariant variables, such
as distance to major markets or water depth, because it eliminates all cross-sectional
variations (Wooldridge, 2015). Another limitation is that the FE estimator uses only
the variation within each seaport over time and it does not consider variations between
seaports such as differences in capacity, size, etc.

The RE estimator assumes that the individual effects are randomly distributed
and uncorrelated with the explanatory variables. This means that the specific effects
for each unit are random and independent of the regressors. The RE estimator uses
the within- and between-unit variation to estimate the effect and is appropriate when
analysing the influence of time-invariant variables. However, if the assumption of
uncorrelated individual effects with the independent variables is violated, it may lead
to biased estimates, making the FE estimator a better choice (Wooldridge, 2015).
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An F-test confirmed the suitability of the FE estimator over the POLS estimator.
The Hausman test further indicated that the FE estimator is more appropriate than the
RE estimator, rejecting the H, hypothesis. The FE estimator helps address endogeneity
by controlling for time-invariant, unobserved variables that may correlate with the
independent variables. Specifically, it estimates the model using deviations from the
individual’s time-mean, removing any unobserved effects that do not vary over time,
and eliminating the part of the error term that is correlated with the independent
variables (Wooldridge, 2015).

4. RESULTS AND DISCUSSION

This section presents the impact of economic, human capital, and infrastructural
factors on seaport production using the FE estimator. Regardless of the selected FE
estimator, the results of all three estimators are given in Table 4, as estimating the
model using all three approaches allows for robustness checks. The consistency of
results across the methods refers to more precision in results. Data were analysed
using statistical software Stata.

Table 4. Results of the model testing

POLS FE RE
VARIABLES Freight Freight Freight
GDPpc 1.417%** 0.476** 0.483%**
(0.286) (0.185) (0.181)
Pop -903.3*** 2.663 -0.478
(207.8) (45.49) (45.77)
Empl -617.4*** 156.5 143.7
(230.5) (131.4) (130.7)
Educ 136.0 300.6* 262.7*
(214.6) (156.1) (152.4)
RD -3,186* 4,414%** 4,245***
(1,809) (967.7) (956.5)
Capital 1.075*** -0.349** -0.291**
(0.256) (0.137) (0.134)
Motorw 16.31%*%* 41.23%** 41.38***
(5-379) (8.534) (7-251)

Constant 24,305* -16,469* -13,943
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(12,834) (9,270) (10,276)
Time effects included Yes Yes Yes
Observations 727 727 727
Number of regions 86 86 86

Standard errors in parentheses

% D<0.01, ** p<0.05, * p<0.1

Source: Author’s calculation

The Cobb-Douglas production function is used to describe how different
production factors contribute to total seaport output. In this research, port regions
are treated as production entities, with seaport production as the output. Economic,
human capital, and infrastructural factors are considered inputs. In essence, seaport
metrics (freight traffic) represent output, driven by regional production factors.
Regional factors influence seaports and promote their development in a reciprocal
relationship, with seaport production being the cumulative outcome of these regional
factors.

Economic factors contribute significantly to seaport production; if the region’s
economic situation improves, the seaports will operate more successfully, which
is in line with expectations. Higher GDP per capita may be accompanied by higher
consumption of the population, and, at the same time, higher production of goods
and services, which may subsequently lead to greater import and export of goods via
the seaports. Furthermore, more prosperous areas are more prone to innovation and
technological progress (Rodriguez-Navarro & Brito, 2022), which can be implemented
in the operations of seaports and increase their efficiency. Improved economic activity
often leads to better infrastructure (Miyamoto et al., 2020), such as modernized
terminals and increased seaport capacity. Higher GDP per capita can also lead to stricter
environmental standards, prompting investment in green technologies, as seen in
many EU countries that are already influenced by policies such as the European Green
Deal (European Commission, 2024). Although stricter policies might seem harmful
to the economy, OECD data shows they have minimal impact on employment,
investment, and productivity (OECD, 2021). The more prosperous regions in the
EU will presumably see their seaports thrive, while less developed areas may lag in
infrastructure and competitiveness. This could lead to a disparity in the capacity and
efficiency of seaports across the EU, where Western and Northern European countries
like the Netherlands or Germany have more advanced and competitive seaports
compared to less developed Southern or Eastern European countries such as Croatia or
Greece. To address this, the EU will likely need to focus on regional cohesion policies to
ensure that less developed regions can keep pace, using targeted funding and support
for green technologies and innovation, with programs like the Cohesion Fund playing
a key role.
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Human capital factors, particularly education and innovation capacity,
significantly impact seaport production. Higher levels of tertiary education improve
seaport efficiency, as skilled workers enhance productivity, handle complex processes,
and adopt advanced technologies (Doms et al., 1997; Kampelmann et al., 2018).
Educated workers are also adept at using ICT for logistics, security, and freight
tracking, have a greater awareness of environmental protection in seaports, and are
more willing to use environmentally friendly technologies and promote sustainable
development. This suggests that EU regions with stronger educational systems will
gain a better competitive advantage. Seaports in countries such as the Netherlands,
Germany, and Denmark, with well-educated workforces, are likely to experience
greater productivity and more effective technology adoption, helping them stay
competitive in the market. Education fosters innovation, leading to new technologies
that improve seaport operations. Therefore, innovation capacity, which is statistically
significant and has a positive impact on seaport production, was included in the
research.

Investing in R&D fosters new technologies that improve seaport efficiency,
productivity, and safety by optimizing processes like inventory and logistics,
ultimately reducing costs. It enhances environmental protection through eco-
friendly technologies, such as alternative energy sources and emission-reducing
innovations (Geerlings & Wiegmans, 2018). Technological progress helps preserve
the environment while maintaining strong economic performance (Napolitano et al.,
2022). In addition, it leads to more tertiary education, reduces low-skilled workers,
and raises their wages (Prettner & Strulik, 2020). In the dynamic seaport industry,
adopting new technologies is key to staying competitive. Moreover, a combination of
education and innovation capacity is essential, as R&D alone is ineffective without
skilled human capital to apply innovations (Mudronja et al., 2019). Disparities in
education and innovation capacity could increase the gap between more developed
and less developed regions. Seaports in economically and educationally stronger
regions, such as Western and Northern Europe, are likely to progress faster than
those in Southern or Eastern Europe unless additional measures are taken to support
education and innovation capacity in these regions.

The research results show that population change is not a statistically significant
variable, except in the POLS estimator, but with a negative sign. Population growth can
haveacompleximpactonseaports. Potential benefitsarereflectedinincreased demand
for the transportation of goods, but if seaports do not have sufficient infrastructure and
labour capacity, there may be reduced efficiency and business congestion. Although
the employment rate was expected to positively impact seaport production as a sign
of economic activity and consumption, it did not prove significant. There are several
possible economic explanations for this phenomenon. High employment can lead
to a skilled labour shortage; therefore, attracting and retaining workers in seaports
requires an increase in wages, which consequently increases the seaports’ business
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costs and may reduce their competitiveness. Additionally, high employment promotes
inflation, increasing overall costs, including seaport resources.

According to the results obtained, infrastructural factors have a statistically
significant influence on seaport production, with motorway length positively
influencing operations. Road connectivity is essential as it facilitates the movement of
goods to and from seaports. Improved connectivity promotes trade, increases seaport
traffic, lowers costs, and enables faster delivery, improving seaport competitiveness by
attracting more business and increasing volumes (Cohen & Monaco, 2008; Crescenzi
& Rodriguez-Pose, 2012; Parikesit et al., 2019). EU regions that invest in improving
road connections between seaports and hinterland will promote trade and stimulate
economic growth. This is particularly important for regions with major seaports like
Rotterdam, Antwerp, and Hamburg, which significantly rely on efficient transport
networks, and for seaports aiming to increase their freight traffic in the future.

Gross fixed capital formation is a significant variable, but it does not have the
expected sign in the FE and the RE model. The reason for this may lie in the insufficient
focus of fixed capital investments on the modernization and maintenance of seaport
infrastructure, as the variable used includes all fixed capital investments in the region,
not only those related to the seaports, which could not be assessed due to alack of data.

These results emphasize the significance of accounting for economic, human
capital, and infrastructural factors when evaluating seaport performance and
identifying potential areas for enhancement. Identifying key influences helps seaport
managers allocate resources wisely and ensure long-term sustainability. By focusing
on these factors, seaports and regions can prioritize investments in technology,
infrastructure, human capital, and operational improvements. Recognizing these
factors enables seaports to anticipate future demands and investments in technology
and infrastructure as well as to align with regulatory standards and to improve
customer satisfaction. Efficient seaports are more likely to attract more customers
and freight which consequently leads to more revenue, greater employment, and a
positive impact on regional economic growth.

The findings of this research are in line with EU policies on seaport production.
The research results indicate that innovation and technological advancements are
important drivers of seaport production which is also encouraged by the Horizon
Europe funding program for research and innovation. One of the areas supported by
Horizon Europe is the advancement of smart ports by utilizing technologies like the
IoT, big data analytics, and AL These innovations help seaports enhance efficiency,
optimize resource management, and adapt to freight demands, leading to increased
production (ESPO & De Langen, 2024; European Commission, 2017). The research
confirms a positive link between infrastructure and seaport operations, aligning
with the Connecting Europe Facility (CEF) goals. Through this funding instrument,
the EU supports the expansion and modernization of transport networks, including
seaports, aiming to improve connectivity, efficiency, and capacity to handle larger
freight volumes (European Commission, 2024a). The EU’s Trans-European Transport
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Network (TEN-T) policy seeks to build a comprehensive and efficient transport
network across Europe, including seaports, to promote economic growth and foster
greater integration within the EU (European Commission, 2024d). In conclusion, the
research findings align with key EU policies on seaport production, emphasizing the
role of innovation and infrastructure in driving efficiency and capacity.

5. CONCLUSION

This paper contributes to the examination of key determinants influencing seaport
production, seeking to enhance seaport efficiency and increase freight turnover.
The increased seaport production is proven to have many benefits for their regional
and national economies, such as economic growth, trade development, increased
employment, and attraction and improvement of other port-related activities;
therefore, it is valuable to examine what factors affect the operations of seaports. The
paper examined the impact of regional economic, human capital, and infrastructural
factors on seaport production in the EU within the framework of the Cobb-Douglas
production function. The estimation is based on panel data from 86 EU port regions
for the period 2009-2019 employing the POLS, FE, and RE estimators.

The empirical results show that there is an influence of economic factors on
seaport production, as better economic activity increases the consumption and
production of goods and services, leading to more seaport traffic. However, at the
same time, there might arise the need for a better intermodal transport system that
might impose additional investments. Education and innovation capacity, as human
capital factors, also positively impact seaport production. Considering the maritime
industry is dynamic and subject to frequent change, to remain competitive in the
market, seaports must regularly respond to innovations, new technologies, and new
knowledge. Innovations such as automated cranes, IoT, blockchain technology, AL,
machine learning, and PCS are among the new advancements in the maritime industry
that seaports will have to adapt to. Alongside innovation, it is essential to have a
well-educated workforce, as they are better prepared to adapt to new technologies.
Seaports can encourage education through collaboration with universities,
establishing innovation hubs, and offering internships. Finally, the research results
show that infrastructural factors affect seaport production, especially motorways,
which are important for the transportation of freight to and from seaports. Better road
connectivity can boost trade, reduce costs, and enable faster delivery of freight, which
increases seaport production.

Given these findings, the economic factors highlight the need for policies that
promote sustainable economic growth, increase domestic consumption, and expand
international trade flows. Strengthening these dimensions of economic activity
contributes directly to higher demand for goods and services, which in turn increases
the volume of imports and exports through the seaports. In addition, the implications
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for policymakers are to promote digitalization and innovative technologies in
seaport operations since enhancement in automation and greater adoption of smart
port technologies such as IoT, A, big data analytics, PCS, etc. can improve seaport
efficiency. Furthermore, policymakers should aim for policies that strengthen
workforce development, focusing on upskilling seaport workers in new technologies.
Collaboration with educational institutions and the establishment of innovation
hubs, that would provide knowledge exchange and collaborative research to help
overcome business challenges, should be supported. Lastly, policymakers should
enhance programs that improve multimodal transport connections between seaports
and other transportation modes, considering that improved integration between
seaports and hinterland transport networks will enhance the movement of goods,
aligning with the objectives of the TEN-T.

Although these findings offer valuable insights, it is essential to recognize the
limitations of this study. The research employed the EU regional data, which are
less diverse and available compared to data at the aggregate level. The only indicator
of seaport production available on the regional level was freight traffic. To provide
more detailed insights into seaport production, having data on seaport profits or
seaport investments would have been advantageous. For that reason, future research
should implement other metrics to gain more comprehensive insights and assist in
the development of more efficient policies. Additional recommendations for future
research include incorporating other factors influencing seaport production, such as
environmental factors, government performance, trade openness, and safety. Finally,
the proposed model can be tested on different data samples that are not exclusive
to the EU, which would provide insight into the drivers of seaport performance in
different areas, and the obtained results could be compared with the ones from this
study.
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