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ABSTRACT: This study evaluates the transshipment productivity of circular waste in six Polish seaports between 2013 and
2022 using the Malmquist Data Envelopment Analysis (DEA) method. The model is output-oriented and incorporates trans-
shipped waste volumes as outputs, while inputs include quay length, maximum permissible draft, and maximum ship length.
The results show that Gdynia achieved the highest productivity growth (+9.9%), followed by Dartowo (+2.8%) and Szczecin
(+1%). In contrast, Swinoujécie and Kotobrzeg experienced notable declines. Gdynia and Szczecin exhibited constant scale
efficiency, while others suffered from scale disadvantages. Overall, total productivity increased slightly (+0.3%) over the decade,
primarily due to technological change. Peaks in productivity in 2015 and 2020 correlated with significant technological improve-
ments. These findings have practical policy implications: port authorities can benchmark their operations, identify inefficiencies,
and tailor infrastructure investments to optimise the handling of circular waste. The results suggest that smaller, secondary
ports — often overlooked in port research - can play a strategic role in circular supply chains if supported by proper planning and
targeted modernisation. The application of Malmquist DEA in this novel cargo category and port group demonstrates the mod-
el's potential for sustainable performance evaluation in complex logistics environments.
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Abbreviations

CE -Circular Economy

CRS - Constant Returns of Scale

CSC - Circular Supply Chains

IRS - Increase Returns of Scale

TCE_EX - Exported Transshipment of Recycled Waste (CE materials)
TCE_IM - Imported Transshipment of Recycled Waste (CE materials)
3R - Reduce, reuse, and recycle

LQT - Length of Quays for Transshipment

MPD - Maximum Permissible Draft

MLS - Maximum Length of Ships

DEA - Data Envelopment Analysis

SDG - Sustainable Development Goals

EMI - Extended Malmquist Index

Introduction

In recent years, the concept of a Circular Economy (CE) has gained increasing attention in
addressing the pressing environmental and sustainability challenges faced by our global community.
CE is defined as an economic system that aims to eliminate waste and the continual use of resources
through the reuse, sharing, repair, refurbishment, remanufacturing, and recycling of materials (Goyal
et al,, 2020). The shift from the traditional linear “take-make-dispose” model to a more sustainable
CE form has the potential to generate significant economic, environmental, and social benefits.
According to research, CE can mitigate the depletion of natural resources, reduce waste and pollution,
and create both new business opportunities and employment (Medina-Mijangos et al., 2021; Geiss-
doerfer et al,, 2018). CE is based on the principles of designing products and services to be more
durable, reusable, and recyclable, thereby reducing the consumption of raw materials and the gener-
ation of waste. The concept aims to keep products, components, and materials at their highest utility
and value throughout their life cycle, through strategies such as repair, reuse, remanufacturing, and
recycling.

This approach not only reduces the environmental impact of production and consumption but
also generates new economic opportunities, such as the development of reverse logistics systems,
product-service systems, and new business models centred on circular principles. CE has emerged as
a promising paradigm to address the sustainability challenges faced by modern societies (Fassio &
Tecco, 2019). It focuses on minimising waste and maximising the utilisation of resources through
various strategies, such as reuse, repair, and recycling (Donner et al., 2020; Urbinati et al., 2017). To
assess the performance and effectiveness of CE initiatives, researchers have proposed the use of the
extended Malmquist Index technique (Urbinati et.al.,, 2020; Gupta et al,, 2018). This technique is a
data envelopment analysis-based approach that allows for the evaluation of productivity changes
over time. It considers multiple input and output factors, such as resource consumption, waste gen-
eration, and economic performance, to provide a comprehensive assessment of the impact of CE. The
application of the extended Malmquist Index technique in the context of CE has yielded valuable
insights (Gupta et al,, 2018; Siregar et al,, 2019). Studies have found that the implementation of CE
practices can lead to improvements in productivity, resource efficiency, and environmental perfor-
mance. For example, one study analysing the circular business models of European manufacturing
companies showed that the adoption of CE principles resulted in a reduction of waste and more effi-
cient use of resources. Another study highlighted the potential for big data analytics to support the
implementation of CE strategies, emphasising the importance of stakeholder collaboration and a
holistic, systems-level approach (Gupta et al., 2018). The extended Malmquist Index technique has
proven to be a valuable tool in evaluating the performance of CE initiatives. By considering multiple
input and output factors, this approach provides a comprehensive assessment of CE’s impact, ena-
bling policymakers and practitioners to make informed decisions and drive sustainable development.
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The study aims to assess changes in the productivity of the transshipment of circulating waste in
seaports and to identify related technological changes and economies of scale. The study selected
Polish ports as the target sample due to their suitability for analyses related to the circular economy.
Despite their limited capacity for handling large vessels owing to insufficient technical infrastructure,
these secondary ports possess ample potential to expand activities such as transshipment, storage,
industrial operations, distribution, and logistics. This capacity can position them as key contributors
to circular supply chains. Furthermore, the crucial role of stevedores is instrumental in fostering this
development. These workers, who are adept at adapting to shifting market trends, proactively seek
out new cargo types to replace those no longer available and adjust their services accordingly, driving
the advancement of circular supply chain operations at these secondary ports. Consequently, the
studied ports play a vital role as active participants in the land transport networks of circular supply
chain cargo (Czermanski et al., 2024).

An overview of the literature

In the context of seaport operations, productivity refers to the efficient utilisation of resources,
including labour, equipment, and infrastructure, to maximise the throughput of cargo and vessels.
Productivity in seaports is a critical measure of performance, as it directly impacts the cost-effective-
ness and competitiveness of a port (Singh et al.,, 2022).

Seaport productivity can be measured in various ways, such as the number of containers or cargo
units handled per hour, the turnaround time of vessels, or the utilisation of equipment and labour.
Measuring productivity helps port authorities and operators identify areas for improvement and
benchmark their performance against industry standards. However, measuring productivity in sea-
ports can be challenging due to the complexity of the operations and the multitude of factors that can
influence it. For example, factors such as weather conditions, cargo mix, and the efficiency of hinter-
land connections can all impact the overall productivity of a seaport. Seaport productivity can be
measured in various ways, such as the number of containers handled per hour, the turnaround time
of vessels, or the utilisation of crane and yard capacity. Improving productivity is essential for sea-
ports to remain competitive, as it allows them to handle more cargo with the same resources, reduce
congestion, and provide faster service to customers (Berhe et al., 2015). Productivity can be influ-
enced by a range of factors, including the availability and condition of equipment, the skills and train-
ing of workers, the efficiency of operational processes, and the use of technology and automation
(Singh etal.,, 2022; Berhe et al., 2015; Wacker et al., 2006). Investing in new equipment, implementing
process improvements, and adopting digital technologies can all contribute to enhancing seaport
productivity (Wacker et al., 2006; Sharma, 2014).

Efficiency in seaport operations refers to the optimal utilisation of resources to achieve the
desired outcomes. Efficiency is closely related to productivity, but it focuses more on the process of
converting inputs into outputs, rather than just the overall throughput. In the context of seaports,
efficiency can be measured in terms of the ratio of actual output to the maximum potential output,
given the available resources. Efficient seaport operations involve minimising waste, reducing down-
time, and optimising the use of labour, equipment, and infrastructure (Teng, 2014).

Achieving efficiency in seaport operations requires a holistic approach that considers various
aspects, such as workforce management, equipment maintenance, process optimisation, and the
adoption of technology (Berhe et al., 2015). Efficient seaport operations can lead to cost savings,
improved customer satisfaction, and a more sustainable business model.

The notion of CE has garnered significant attention as a revolutionary strategy for accomplishing
the Sustainable Development Goals (SDGs). It highlights the necessity for a comprehensive change in
patterns of consumption and production to guarantee the sustainability of the environment and pro-
mote social equity. Based on the literature review, several important premises can be drawn support-
ing the need to implement the concept of CE:

a) CE is acknowledged as a potential driver for socioeconomic and environmental advantages, with
challenges covering technological, organisational, financial, institutional, and social elements
(Pla-Julian & Guevara, 2019).

b) Empirical studies indicate a statistically significant association between CE activities and the
achievement of SDGs, notably in the European Union (Rodriguez-Anton et al., 2019).
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c) Achieving the SDGs’ goals for cheap, clean energy, living on land, decent employment and eco-
nomic growth, clean water and sanitation, and responsible consumption and production are all
directly impacted by CE practices (Valverde and Avilés-Palacios, 2021; Schroeder et al.,, 2019).

d) Reaching the SDGs depends on the convergence of Industry 4.0 and CE, which offers creative
approaches to sustainable business models and the production process (Dantas, 2021).

e) Although CE places a lot of emphasis on process redesign and material recycling, it is criticised
for not having a significant social component, which is crucial for a comprehensive approach to
sustainable development (Murray et al., 2015).

f) Reduce, reuse, and recycle (3R) business models are driving businesses in emerging economies
toward sustainable practices that mitigate resource shortages and environmental concerns
(Goyal et al., 2018).

g) By reducing waste via reuse and recycling, CE is suggested as a self-sufficient economic model
that may improve sustainability and productivity (Mehta, 2023).

h) Industrial symbiosis and regional collaboration are emphasised as successful CE business mod-
els that may greatly increase resource efficiency and aid in the accomplishment of the SDGs
(Cudecka-Purina et al., 2022).

As a transformational force for attaining the SDGs, CE is becoming increasingly acknowledged. It
provides an approach for reconsidering economic actions in a way that encourages resource effi-
ciency, social justice, and environmental preservation. To effectively solve global sustainability con-
cerns, it is critical to integrate CE principles into technical innovation and regional collaboration, as
shown by the study synthesis. Seaports participate in the implementation of the assumptions of the
CE concept as a link in reverse logistics (Mankowska et al.,, 2020).

The importance of seaports as key hubs in the shift to CE - one that prioritises sustainability and
resource efficiency - is becoming more widely acknowledged. The way ports do business has changed
because of this transformation, with greater emphasis on social and environmental issues, along with
waste reduction and increased local economic advantages. Dutch ports are used as case studies to
highlight the importance of ports for the CE initiatives. This is especially true in urban regions where
there is a high concentration of end-of-life items, which presents ports with both possibilities and
challenges (de Langen & Sornn-Friese, 2019). Adopting CE can help ports reduce the detrimental
effects of their activities on the communities around them and bring additional advantages to the
local economy (Roberts, 2021). What is more, and worth emphasising, is that it is important to note
that secondary ports could play a major role in Circular Supply Chains by expanding their transship-
ment, warehousing, industrial, distribution, and logistical operations, even despite their constraints
in processing large ships. However, secondary ports face several obstacles when implementing CE
practices, such as managing return-flow uncertainty, transportation and infrastructure problems,
identifying appropriate supply chain partners, coordinating and exchanging information, product
traceability, cultural concerns, and internal resistance to change (Mankowska et al., 2020).

The effectiveness and productivity evaluations are critical for seaports to increase competitive-
ness and adapt to the changing needs of global economic activities (Mankowska et al., 2020;
Mankowska et al., 2021). The effectiveness and productivity of seaports, which are vital hubs in inter-
national trade and supply networks, are assessed using the non-parametric Malmquist DEA tech-
nique (Wang et al,, 2022; Huang, 2022; Osundiran & Okonta, 2018). The Extended Malmquist Index
(EMI) technique is a widely recognised and extensively employed method in the field of productivity
and efficiency analysis, offering a robust framework for evaluating the performance of various enti-
ties, such as companies, industries, or even countries. This technique provides a comprehensive
understanding of the factors influencing productive and financial performance, enabling researchers
and practitioners to uncover the intricate relationships between technological, market, and other
significant variables. The EMI technique builds upon the traditional Malmquist Index, which was ini-
tially developed by Caves, Christensen, and Diewert in the 1980s (Rabat et al., 2017). The EM], as the
name suggests, incorporates additional factors beyond the traditional inputs and outputs, allowing
for a more nuanced and insightful analysis. Recent studies have demonstrated the versatility and
applicability of the EMI technique across diverse domains. In the context of the Moroccan public
hospital network, the technique revealed a decline in productivity gain from 2017/2018, followed by
an improvement in 2018/2019. This information can be valuable for hospital administrators and
policymakers in identifying areas for improvement and implementing targeted strategies to enhance
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the efficient utilisation of resources. Furthermore, the EMI technique has been employed to examine
the relationships between productivity, efficiency, utilisation, and quality in various industries,
including healthcare. The technique provides a framework for understanding the complex interplay
between these factors, enabling organisations to optimise their operations and deliver superior out-
comes.

Research methods

The Malmquist DEA technique, which is frequently supplemented by other models such as the
EBM (Wang et al., 2021; Nguyen et al., 2022) or alternative DEA techniques (Pannala et al., 2023; Seth
& Feng, 2020), is an effective tool for evaluating the efficiency and productivity of port transshipment
processes. This approach is used in many studies that concentrate on various seaports throughout
the world, including those in Korea (Pham & Kim, 2022), Tunisia (Ben Mabrouk et al., 2022), Europe
(Nguyen et al,, 2022), Vietnam (Nguyen et al., 2019), and Norway (Odeck & Schgyen, 2020). These
studies examine efficiency and productivity patterns, outlining areas for improvement and discover-
ing best-performing seaports by merging the Malmquist DEA results. A thorough evaluation of sea-
port operations is made possible by the Malmquist DEA technique, which also provides insights into
changes in productivity, efficiency, and competitiveness in the marine sector. The technique not only
assesses present performance but also offers information on productivity growth, technological
advancements, and technical efficiency (Nadarajan et al.,, 2023; Barros et al., 2018).

The EMI technique is a powerful tool for analysing productivity changes in complex systems, such
as seaports, where multiple inputs and outputs are involved. This approach can be particularly useful
in evaluating the impact of technological advancements, changes in trade patterns, and the imple-
mentation of sustainable practices on the overall performance and efficiency of seaport operations.
One key aspect of the EMI technique is its ability to decompose productivity changes into different
components, such as technological change, technical efficiency change, and scale efficiency change
(Charnes et al.,, 1978). This allows researchers and policymakers to identify the specific drivers of
productivity growth or decline and tailor their strategies accordingly. For example, a recent study
using the EMI technique found that the inefficiency observed in container ports was primarily due to
scale, rather than technical inefficiency (Charnes et al., 1978). This suggests that port authorities
should focus on optimising the operational scale of their facilities, rather than simply investing in
more inputs, to improve overall efficiency.

Evaluating the productivity and performance of entities, such as nations or regions, in a variety of
areas, including waste management, is another of use for the Malmquist model in DEA. Because it
measures changes in productivity and efficiency over time, this approach can be very helpful in eval-
uating the CE elements of waste management. Examining variations in solid waste management per-
formance over time while taking economic and environmental aspects into account is possible using
the Malmquist Total Factor Productivity Index. In one research project, two models were developed:
one centred on economic performance, utilising public sector investment and expenditures to opti-
mise recycling and recovery ratios, and the other on environmental performance using waste man-
agement factors (Tiizliner & Alp, 2018). An EMI technique, which integrates a cooperative game net-
work DEA, may assess the overall, subsystem, and factor efficiency of industrial CE systems. With the
use of this technique, the EMI may be thoroughly broken down into dynamic indicators of efficiency
change and technical advancement, exposing differences in efficiency across different cities and
industrial CE subsystems (Ding et al., 2020). The Malmquist model and its variants are useful tools
for assessing the efficacy of waste management systems in CE. To properly comprehend the effective-
ness and productivity of waste management services, it is crucial to take environmental indicators
into account. They make this possible by allowing the examination of both economic and environ-
mental factors. By tracking the advancement of waste management methods toward sustainability
goals, these tools can assist managers and policymakers in identifying areas for improvement.

The Malmquist DEA model is a widely used approach for measuring productivity changes over
time, and the EMI is a variation of this model that provides additional insights (Guajardo, 2015). The
EMI technique allows for the evaluation of production efficiency while considering the presence of
ratio inputs and outputs, which is a common occurrence in many real-world applications. This
approach is particularly useful in situations where the production function is unknown or difficult to
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specify, as it does not require the assumption of a specific functional form (Guajardo, 2015; Francis &
Visser, 2020). The use of the EMI has been demonstrated in various fields, such as assessing organi-
sational efficiency and workforce diversity (Guajardo, 2015), ranking decision-making units using
Pythagorean fuzzy DEA models (Saini et al., 2020), and estimating the influence of extraction method
and processing location on forest harvesting efficiency. These studies have shown that the extended
Malmquist Index can provide valuable insights into the scale characteristics of the production tech-
nology, including the identification of the most productive scale size and the measurement of scale
and overall efficiency (Guajardo, 2015; Francis and Visser, 2020; Saini et al., 2020; Olesen et al., 2022).
The ability to incorporate ratio inputs and outputs is a key advantage of this approach, as it allows for
a more accurate representation of the underlying production processes.

The study aims to assess changes in the productivity of the transshipment of circular waste in
seaports and to identify technological changes and their economies of scale. Malmquist Data Envel-
opment Analysis was used as the tool in the research procedure:

1
db(Xe+1,Ve41) d5+1(xt+1'yt+1)]2 (1)
d5(xe,ye) dstt (xeve)

Mo (Ves1r Xe41 Ve Xe) = [

where:

m = Malmquist Index,

o0 = output-oriented,

d = distance matrix,

X = inputs matrix,

y = outputs matrix,

t = base period,

t+1 = next period after the base period.

It should be added that productive port efficiency is expressed in three ways (Merk and Dang,
2012):

a) an efficient production frontier that maximises port output for varying input levels,

b) an efficient production frontier-based benchmark of best practices,

c) observable gaps between what ports produce at present and what they would optimally produce
if they were operating efficiently.

By measuring current inefficiencies against the most efficient ports and taking into account rela-
tive differences in production volumes, input utilizations, and approved technologies, the efficiency
indicator is able to measure the inefficiencies (Merk & Dang, 2012).

The Malmquist DEA model is output-oriented, with numerous inputs and multiple effects built
into its design. The data envelopment analysis technique is a non-parametric approach to effective-
ness analysis and assessment. Unlike traditional and advanced econometric approaches, this meth-
odology does not need to determine the functional form (specifying, estimating, and verifying). The
number of variables and their associations do not need to be reduced, unlike in econometric models.
The Malmquist DEA model assumes:

a) outputs: volume of exported waste as transshipment in seaports (for each seaport and each sec-
tor), the volume of imported waste as transshipment in seaports (for each seaport and each sec-
tor),

b) inputs: lengths of quays for transshipment, maximum permissible drafts of ships, and the maxi-
mum lengths of the ships.

The data used in this study were collected in close cooperation with port authorities and port-op-
erating companies. Given the decentralised nature of data sources, one of the key challenges involves
the need to standardise heterogeneous data inputs and to classify diverse types of cargo into appro-
priate waste categories and further into circular waste groups, aligned with relevant classification
systems. Undertook a meticulous data harmonisation process to ensure consistency and comparabil-
ity across ports and years. Another limitation stemmed from the inherent complexity of the dataset,
which included a wide variety of circular waste types (e.g., ash, glass cullet, biomass, scrap, etc.)
reused in several sectors (e.g., construction, steel, energy). This required breaking down aggregated
figures into analytically meaningful components. Despite potential inconsistencies or missing values,
particularly in earlier years or at smaller ports, efforts were made to validate and cross-check data
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with internal reports. That prioritised the objectivity, consistency, and quality of the dataset, employ-
ing triangulation of sources where possible. As a result, the final dataset provides a robust basis for
comparative analysis, albeit with the acknowledgement that classification ambiguities could influ-
ence port-level outcomes. The reliance on this data also limited the inclusion of qualitative factors
(e.g., operational disruptions, port policies) that may have influenced efficiency. Another important
limitation concerns the selection of input and output variables used in the Malmquist DEA model.
While quay length, maximum permissible draft, and maximum vessel length were appropriate infra-
structural proxies, they do not fully capture the operational complexity and performance dynamics of
waste transhipment processes. Key efficiency determinants, such as cargo dwell time, the availability
and capacity of handling equipment, workforce size, frequency of vessel calls, hinterland connectiv-
ity, and the degree of digitalisation or automation, were not included due to data limitations. Addi-
tionally, the study does not control for external variables that could significantly affect transshipment
productivity over time. These include changes in environmental regulations, shifts in waste classifi-
cation standards, economic disruptions (e.g., the COVID-19 pandemic), fluctuations in commodity
prices, and policy-driven incentives for circular economy practices. The exclusion of such exogenous
factors limits the interpretability of year-to-year changes in productivity, as some variations may be
driven by external influences rather than internal efficiency or technological progress. Future
research should consider integrating such variables or adopting hybrid models to better isolate
endogenous efficiency effects.

Results of the research

The analysis used secondary data for 6 seaports in Poland in 2013-2022: Dartowo, Gdansk, Gdy-
nia, Kotobrzeg, Szczecin, and Swinoujscie. They are all located in the Baltic Sea basin. The ports in
Gdansk, Gdynia, Szczecin, and Swinoujécie are strategic destinations, while the ports in Dartowo and
Swinoujécie are regional. The analysis included data such as the transshipment of recycled waste in
the export relation (TCE_EX; in thousand tonnes), the transshipment of recycled waste in the import
relation (TCE_IM; in thousand tonnes), the length of the quays (LQT; in meters), maximum permissi-
ble draft (MPD; in meters) and the maximum length of the ships (MLS; in meters). Transshipment of
circular waste concerned the following types of waste: expellers, pulp, meal, oilcake, wheat bran,
gypsum, ash, coal tar, glass cullet, scrap, slag, biomass, biomass pellets, tires, sulfuric acid, and post-
sulfite lye. They are reused in the construction and chemical, energy, steel, and food sectors. Table 1
presents the main characteristics of the analysed ports.

Description of selected navigation and infrastructure conditions of the examined ports (in 2013-2022)

TCE_EX TCE_IM Lat MPD MLS

Variables
thousand tonnes meters

Ports output 1 output 2 input 1 input 2 input 3
Darfowo 9.8 5.2 350.9 4.0 75.0
Gdansk 105.7 84.5 10053.0 15.0 300.0
Gdynia 59.4 556.1 10726.7 135 340.0
Kotobrzeg 15.4 0.0 726.2 55 100.0
Szczecin 124.0 102.1 11041.8 9.2 215.0
Swinoujscie 50.5 702 6534.6 135 270.0

Source: authors’ work based on (Statistics Poland 2012, 2013, 2014, 2015, 2016, 2017, 2018, 2019, 2020, 2021, 2022) and
internal data from seaports.

Table 1 indicates that the longest quay for transshipment (average value from 2013-2022 - val-
ues have varied) was at the seaport in Szczecin (approx. 11 km), Gdynia (approx. 10.7 km), and
Gdansk (approx. 10 km). The ports with the highest maximum allowable ship draft were Gdansk (15
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m), Gdynia (13.5 m), and Swinoujécie (13.5 m). The Gdynia and Gdansk seaports allowed ships of up
to 340 m and 300 m in length throughout the research period. In analysing exported circular waste
for the years 2013-2022, the largest average volume was recorded in Szczecin (124 thousand tonnes)
and Gdansk (105.7 thousand tonnes), while the smallest occurred in Dartowo (9.8 thousand tonnes)
and Kotobrzeg (15.4 thousand tonnes). However, it was the seaport in Gdynia that imported most of
this waste - the average volume in the analysed research period was 556.1 thousand tonnes. A high
value was also recorded for Szczecin (102.1 tonnes). The lowest value of the average volume of
imports of circular waste in the examined period was recorded in Dartowo (5.2 thousand tonnes).
The seaport in Kotobrzeg was the only one that did not import this type of cargo in 2013-2022.

Table 2 shows the Malmquist productivity index (total factor productivity change - TFPch) of
circular waste transshipment in the 2013-2022 analysed period. The results show changes to the
previous year, and the geometric mean covers the entire research period. The table also includes
changes in pure efficiency, scale efficiency, the catching-up effect, and technology.

Malmaquist productivity index of circular waste transshipment by years

Efficiency

Year Pure efficiency Scale efficiency i s Technological Totql _factor
change change effect) change productivity change
2014 0.917 1.007 0.924 1.222 1.129
2015 0.924 0.992 0.917 1.277 117
2016 0.870 0.998 0.869 0.805 0.700
2017 1.049 0.991 1.040 1.008 1.048
2018 0.956 0.998 0.954 1.060 1.012
2019 1.046 1.019 1.065 1.053 1122
2020 0.977 0.994 0.971 1.253 1.217
2021 0.999 1.015 1.014 1.023 1.038
2022 1.1562 0.898 1.035 0.714 0.739
Geometric mean 0.985 0.99 0.975 1.029 1.003

Source: authors’ work based on (Statistics Poland 2012, 2013, 2014, 2015, 2016, 2017, 2018, 2019, 2020, 2021, 2022) and
internal data from seaports.

As can be seen from Table 2, the levelized productivity factor for the last 9 years for all the ana-
lysed Polish ports experienced a slight improvement in productivity (by about 0.3%), although there
were years where productivity relative to the previous year was high. The highest increase in seaport
productivity was recorded in 2020 by about 21.7% compared to 2019, which was mainly due to a
significant increase in technological progress (by about 25.3%). The highest technological progress
was recorded in 2015 relative to 2014, followed by 2020 relative to 2019 and 2014 relative to 2013
(by about 22.2%).1n 2015 and 2022, there was a regression in the total productivity of circular waste
handling at all ports in general. These results are a product of changes in the pure efficiency of the
ports’ circular waste handling and economies of scale, which affected the change in efficiency
(catch-up effect). The rates of change in pure efficiency suggest that the studied ports were efficient
onlyin 2017,2019, and 2022, compared to each previous year, the other years being characterised by
inefficiency. However, in 2014, 2019, and 2021, there was a change in the economies of scale (an
increase), while in the others, unfortunately, there were disadvantages of scale or a decrease in the
economies of scale. The result of these two quantities is important in assessing the catch-up effect.
The highest catch-up (or even overtaking) effect was recorded in 2019, thanks to economies of scale,
and in 2017 and 2022, thanks to pure efficiency. A small overtaking effect was also recorded in 2022
due to an increase in economies of scale. However, from the averaged values, over the entire period
under study, the ports were inefficient (pure efficiency) and experienced mainly lagging effects (lack
of sufficiently rapid responses to market changes) while technological progress was made. Against
this background, it is worthwhile to present the situation of individual ports over the entire period
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under study (Table 3), with detailed results for the ports in individual years being included in the
supplementary material - see Appendix 2 (the distance analysis is included in the supplementary
material - see Appendix 1).

Malmquist productivity index of circular waste transshipment by ports

Port Pure efficiency Scale efficiency ~ Efficiency change = Technological Totgl factor
change change (catch-up effect) change productivity change
Darfowo 1 0.972 0.972 1.058 1.028
Gdansk 0.998 0.985 0.983 1.011 0.994
Gdynia 1 1 1 1.099 1.099
Kotobrzeg 1 0.983 0.983 0.982 0.966
Szczecin 1 1 1 1.010 1.010
Swinoujscie 0.914 0.999 0.913 1.018 0.930
Geometric mean 0.985 0.99 0.975 1.029 1.003

Source: authors’ work based on (Statistics Poland 2012, 2013, 2014, 2015, 2016, 2017, 2018, 2019, 2020, 2021, 2022) and
internal data from seaports.

Based on Table 3, the ports of Dartowo, Gdynia, Kotobrzeg, and Szczecin were efficient in terms
of pure efficiency related to total circular waste handling over the entire study period. The seaports
of Gdansk and §winouj§cie, on the other hand, were inefficient throughout the period under study.
Some diseconomies of scale were experienced throughout the 2013-2022 - time horizon by the
ports of Dartowo, Gdansk, Kotobrzeg, and Swinoujécie , while the ports of Gdynia and Szczecin had
constant scale effects. Therefore, a catch-up effect was recorded at Dartowo , Gdansk, Kotobrzeg, and
Swinoujécie , due to being too slow to respond to the market. The diseconomies of scale in those
seaports may result from:

a) the limitation of reloading equipment (including those with a longer range), which are also used
to service larger ships,

b) barriers related to the coordination of transshipment (including waste) at the port hinterland,
lack of an effective possibility of coordinating supply chains due to the lower frequency of port
calls, and the need to maintain larger stocks in warehouses,

c) increase in port congestion in the sea-land chain (congestion),

d) availability of cargo storage space (including waste) - impossibility of future market expansion,

e) limited space and inability to quickly respond to changes,

f) displacement of waste by higher value cargo (container before bulk cargo, and others),

g) the need to achieve similar ship traffic due to the lack of capital-intensive infrastructure invest-
ments (related to obtaining greater drafts),

h) limited number of ports that can accommodate larger ships requiring larger drafts (port of call
problem),

i) dispersed import or export demand, smaller volumes of waste transported on one vessel,

j) insufficient proximity of suppliers or recipients of waste - external diseconomies of scale.
Moreover, the five ports surveyed (except Kotobrzeg) experienced technological progress, with

the highest technological progress! being recorded in the seaports of Gdynia and Dartowo. In sum-

mary, increases in the productivity of circular waste handling were recorded in the seaports of Gdynia

(by about 9.9%), Dartowo (by about 2.8%), and Szczecin (by about 1%). The seaports of Gdansk saw

a slight regression in this indicator by about 0.6%, Kotobrzeg (by about 3.4%), and the seaport of

Swinoujécie (by about 7%)).

1  Interms of the change in technological efficiency over time.
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Discussion

This study presents novel insights into the transshipment productivity of circular economy (CE)
waste in Polish seaports using the Malmquist DEA methodology. The results show that although some
ports achieved productivity gains, others exhibited declining or stagnant performance, largely due to
inefficiencies or technological stagnation. These findings align with prior research indicating that
performance differentials across ports can stem from discrepancies in infrastructure, investment
capabilities, and the institutional support for CE practices (Roberts et al., 2021; Pannala et al.,, 2023;
Mankowska et al., 2020; Guldmann & Huulgaard, 2023). The observed technological progress in ports
like Gdynia and Dartowo suggests a growing adoption of CE-friendly practices, potentially supported
by investments in equipment modernisation or digital infrastructure. This supports the argument by
Roberts et al. (2021) that technological and organisational innovation is essential for ports seeking to
align with CE principles. However, the relatively flat or negative productivity trends in other ports
point to barriers such as inefficient resource allocation or lack of integration with industrial symbio-
sis networks (Tovar & Wall, 2022; Cudecka-Purina et al., 2022).

Notably, ports such as Gdansk and Swinoujécie, despite their strategic positions, underperformed
in terms of pure efficiency and economies of scale. This outcome reinforces the idea that physical
capacity alone does not guarantee productivity improvements unless accompanied by systemic opti-
misation and policy support (Notteboom et al,, 2022; Castellano et al., 2020). Moreover, the results
confirm that performance improvements in ports are more likely when operational strategies are
aligned with long-term sustainability frameworks (Gonzalez-Cancelas et al.,, 2025; Molavi et al,,
2019).

One critical limitation of this study lies in the DEA model’s inability to account for external shocks
or qualitative contextual factors. For example, fluctuations in transshipment productivity during
2020-2022 may have been influenced by the COVID-19 pandemic, shifts in EU waste regulation, or
disruptions in regional logistics flows. That is why there is a need for hybrid models that integrate
external variables to better capture dynamic system changes (Kunambi & Zheng, 2024).

This research reinforces the strategic potential of secondary ports within CE logistics chains.
Ports like Kotobrzeg or Dartowo, though limited in scale, may serve niche functions in circular supply
chains (Mankowska et al.,, 2020). However, tapping this potential requires overcoming structural con-
straints, such as inconsistent cargo flows, limited economies of scale, and underdeveloped CE ecosys-
tems. This study confirms also the relevance of the Malmquist DEA method in capturing the produc-
tivity dynamics of circular waste transshipment. The method’s ability to decompose efficiency from
technological change offers a valuable analytical lens. However, future research should aim to inte-
grate environmental and social indicators into port productivity models, in line with the broader
goals of sustainable development.

The results of this study provide actionable insights for port authorities, particularly in the con-
text of planning and managing transshipment operations of circular economy (CE) waste. By identi-
fying specific inefficiencies, such as scale disadvantages, limited technical efficiency, or insufficient
technological progress, port authorities can benchmark their performance against best-performing
facilities like Gdynia or Szczecin. These findings may support more informed decisions on invest-
ments in digital infrastructure, coordination with hinterland logistics, and service models adapted to
the characteristics of CE cargoes.

From a policy and regulatory standpoint, the results emphasise the need for tailored reforms that
reflect the logistical and material complexity of CE cargo. Current waste legislation at both national
and EU levels often fails to account for the characteristics of secondary ports or the specificity of CE
flows. Adjustments could include improved classification schemes for recyclables, simplified permit-
ting procedures for intermodal CE shipments, and stronger incentives for infrastructure projects
enhancing regional waste valorisation capacity. These frameworks should also recognise that certain
circular cargoes, such as biomass, combustion by-products, or scrap, require differentiated treat-
ment, given their strategic role in energy and industrial transitions.

Moreover, a shift in perception is needed among port authorities regarding CE cargo. Instead of
viewing such flows merely as waste, residues, or low-value products, ports should position CE cargo
handling as part of the broader green port transition. Biomass, for example, represents a viable short-
term alternative to coal in thermal power generation, while steel manufacturers are increasingly sub-
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stituting iron ore with scrap metal. Port service models must adapt to support these macroeconomic
trends. Beyond upgrading existing handling capabilities, port estates should accommodate distribu-
tion terminals and even production facilities dedicated to CE-based processes. This includes creating
operational space for manufacturers seeking to transform circular inputs into final products directly
in port-adjacent zones. Regulatory updates are also critical. In Poland, existing provisions discrimi-
nate against imported biomass relative to domestic sources, limiting market flexibility. Further, stable
support mechanisms are needed for low-value CE cargoes - such as coal combustion by-products -
which often remain stockpiled due to a lack of end-market coordination. Market instruments are also
necessary to mitigate extreme price volatility, especially in sectors like ferrous scrap. Lastly, long-
term legal uncertainty surrounding a potential ban on GMO soybean meal imports continues to
undermine investment planning in port agroterminals.

Looking ahead, future research should move beyond the traditional focus on how ports enable
circular flows and instead examine how CE dynamics influence port development. Relevant avenues
include identifying the factors that determine why specific ports are integrated into CE logistics
chains, strategies for stabilising circular cargo flows to enable long-term planning, and the role of CE
cargo in transforming port throughput structures, especially as traditional bulk segments like coal or
iron ore decline. The use of real-time operational data in DEA models could improve responsiveness
to changing logistics conditions. Moreover, extending the analysis to other European ports would
facilitate cross-country comparisons and support the construction of CE-oriented performance
typologies. Finally, integrating environmental and social dimensions into Malmquist DEA frame-
worKks, such as emissions reduction or green job creation, would enhance the capacity of such models
to assess CE performance in ports holistically.

Conclusions

This study, using Malmquist Data Envelopment Analysis, provides valuable insights into the
transshipment productivity of circular waste in six Polish seaports between 2013 and 2022. By
employing an output-oriented model and considering factors like quay length, maximum permissible
draft, and ship length as inputs, the research quantifies the efficiency of waste transshipment opera-
tions. The findings reveal variations in productivity levels across the analysed seaports, highlighting
areas for potential improvement. The application of the Malmquist Index allows for the decomposi-
tion of productivity change into efficiency change and technological change, offering a nuanced
understanding of the factors driving performance differences. This analysis contributes to the
broader discussion on sustainable port management and the role of CE principles in the maritime
sector.

However, the study acknowledges certain limitations. The reliance on secondary data may intro-
duce potential biases or inaccuracies. Additionally, the chosen input and output variables, while rele-
vant, may not capture the full complexity of waste transshipment operations. Furthermore, the study
focuses solely on Polish seaports, limiting the generalizability of the findings to other geographical
contexts.

The observed variations in transshipment productivity across the six Polish seaports raise impor-
tant questions about the factors influencing performance. Differences in infrastructure, management
practices, and local regulations could contribute to the observed disparities. The study’s findings
underscore the need for port authorities to adopt a data-driven approach to optimise waste trans-
shipment operations. By identifying best practices and implementing targeted improvements, ports
can enhance their efficiency and contribute to a more sustainable maritime industry. The study also
highlights the potential of DEA as a valuable tool for benchmarking and performance evaluation in
the context of circular waste management.

Several challenges emerged during the research process. Data collection proved to be a signifi-
cant hurdle, particularly in accessing reliable and consistent data across all six seaports. The com-
plexity of the Malmquist DEA model also posed a challenge, requiring careful consideration of input
and output variable selection and interpretation of the results. Furthermore, the dynamic nature of
the maritime industry and the evolving landscape of circular economy practices necessitate ongoing
monitoring and evaluation of transshipment productivity.
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This study represents a significant methodological and thematic innovation in the field of port
performance analysis. For the first time in the academic literature, the productivity of circular waste
transshipment operations has been evaluated using the Malmquist Data Envelopment Analysis (DEA)
method. While previous studies have predominantly focused on major ports and conventional cargo
types such as containers or bulk goods, this research shifts the attention to an underexplored cargo
category - circular waste - and to secondary ports, which are often overlooked despite their growing
importance in regional logistics and circular economy frameworks. The application of the Malmquist
DEA approach in this specific context not only fills a critical gap in existing research but also estab-
lishes a new analytical foundation for assessing environmental and operational performance at the
micro-regional level. The findings of this study have important implications for future research and
policy development, offering a data-driven basis for enhancing sustainability and efficiency in mari-
time waste management practices.

This study identifies several gaps in existing research that warrant further investigation. Limited
research exists on the specific application of Malmquist DEA to circular waste transshipment in sea-
ports. Future studies could explore the impact of different policy interventions, technological innova-
tions, and stakeholder collaborations on transshipment productivity. Additionally, comparative anal-
yses across different countries or regions could provide valuable insights into best practices and
inform policy development. Further research is also needed to explore the social and environmental
dimensions of circular waste transshipment, considering factors such as job creation, community
impacts, and greenhouse gas emissions.

Based on the findings and limitations of this study, the following recommendations are proposed
for future research:

Expand the scope of analysis: Future studies should consider a wider range of seaports, both
domestically and internationally, to enhance the generalizability of the findings.

Incorporate additional variables: Explore the inclusion of other relevant input and output varia-
bles, such as energy consumption, waste composition, and treatment methods, to provide a more
comprehensive assessment of transshipment productivity.

Employ qualitative research methods: Complement quantitative analysis with qualitative data
collection, such as interviews and case studies, to gain a deeper understanding of the contextual fac-
tors influencing productivity.

Investigate the impact of policy and technology: Analyse the effects of different policy instru-
ments and technological innovations on waste transshipment efficiency and sustainability.

Develop a framework for best practices: Based on comparative analyses and best practice identi-
fication, develop a framework for optimising circular waste transshipment operations in seaports.
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Supplementary materials

Supplementary material 1. Distances for Malmquist DEA for seaports in 2013-2022

crs te rel to tech in yr VRS
YEAR Port
t-1 t t+1 TE
Dartowo 0 0.888 0.48 1
Gdansk 0 1 1.027 1
Gdynia 0 1 1.028 1
2013
Kotobrzeg 0 1 0.804 1
Szczecin 0 1 1.002 1
Swinoujécie 0 0.898 0.774 09
Dartowo 2.234 1 0.558 1
Gdansk 1.13 1 1.037 1
Gdynia 0.998 1 0.85 1
2014
Kotobrzeg 0.899 0.723 0.52 0.76
Szczecin 1.21 1 0.905 1
Swinoujscie 0.798 0.687 0.569 0.706
Dartowo 1.791 1 2.837 1
Gdanisk 0.764 0.77 0.751 0.775
Gdynia 1.348 1 0.78 1
2015
Kotobrzeg 0.796 0.573 0.847 0.623
Szczecin 1.346 1 1.33 1
Swinoujscie 0.747 0.671 0.776 0.693
Dartowo 0.653 1 1.092 1
Gdansk 0.361 0.431 0.437 0.44
Gdynia 1.439 1 0.963 1
2016
Kotobrzeg 0.416 0.617 0.61 0.67
Szczecin 0.81 1 1.132 1
Swinoujscie 0.407 0.477 0.473 0.492
Dartowo 1.113 1 0.937 1
Gdarisk 0.658 0.659 0.624 0.692
Gdynia 1.143 1 0.986 1
2017
Kotobrzeg 0.634 0.627 0.57 0.686
Szczecin 0.997 1 0.954 1
Swinoujscie 0.393 0.389 0.37 0.408
Dartowo 1.107 1 0.891 1
Gdarisk 0.826 0.783 0.622 0.822
Gdynia 1.035 1 1.07 1
2018
Kotobrzeg 0.465 0.423 0.37 0.467
Szczecin 1.048 1 1.342 1
Swinoujscie 0.384 0.366 0.339 0.385
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YEAR

2019

2020

2021

2022

Port

Darfowo
Gdansk
Gdynia
Kotobrzeg
Szczecin
Swinoujscie
Darfowo
Gdansk
Gdynia
Kotobrzeg
Szczecin
Swinoujscie
Darfowo
Gdansk
Gdynia
Kotobrzeg
Szczecin
Swinoujscie
Darfowo
Gdarisk
Gdynia
Kotobrzeg
Szczecin

Swinoujscie

t-1
1.141
1.293
0.996
0.398
0.844

0.55
1.391
1.283
1.306
0.456
1.299
0.513
0.968
1.312
1.067
0.443

1.09
0.352
0.579
0.561
1.137
0.425
1.011
0.255

crs te rel to tech in yr

t

1

1

1
0.348

0.51

0.351

0.424

1

1

1
0.497

1
0.326
0.686
0.856

1
0.86

1
0.395

t+1

0.759
0.858
0.912
0.268
0.859
0.413
1.231
0.843
1.133
0.393
0.921
0.375
2.062
2.022
0.923
1.004
1.006
0.48

o O o o o

Source: authors” work based on (Statistics Poland 2013, 2014, 2015, 2016, 2017, 2018, 2019
2020, 2021, 2022) and internal data from seaports.

Supplementary material 2. Detailed Malmquist Index for seaports in 2013-2022

Year

2014

Pure efficiency

Port change
Darfowo 1
Gdansk 1
Gdynia 1
Kotobrzeg 0.76
Szczecin 1
Swinoujscie 0.784

Scale efficiency

change

1.126
1
1
0.952

0.975

Efficiency change
(catch-up effect)

1.126
1
1
0.723

0.765

Technological
change

2.032
1.049
0.985
1.243
1.099
1.161

VRS
TE

0.371

0.522

0.381

0.443

0.506

0.331

0.983

0.399

Total factor
productivity
change
2.289
1.049
0.985
0.899
1.099
0.888
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Year

2015

2016

2017

2018

2019

2020

Pure efficiency

el change
Darfowo 1
Gdansk 0.775
Gdynia 1
Kotobrzeg 0.819
Szczecin 1
Swinoujscie 0.982
Darfowo 1
Gdansk 0.567
Gdynia 1
Kotobrzeg 1.077
Szczecin 1
Swinoujscie 0.71
Darfowo 1
Gdansk 1.574
Gdynia 1
Kotobrzeg 1.023
Szczecin 1
Swinoujscie 0.829
Darfowo 1
Gdansk 1.188
Gdynia 1
Kotobrzeg 0.681
Szczecin 1
Swinoujscie 0.944
Darfowo 1
Gdarisk 1.217
Gdynia 1
Kotobrzeg 0.794
Szczecin 1
Swinoujscie 1.355
Darfowo 1
Gdansk T
Gdynia 1
Kotobrzeg 1.027
Szczecin 1
Swinoujscie 0.848

Scale efficiency
change

0.993

0.967

0.994

0.988

1.002

0.97

0.993

0.982

1.001

0.992

0.997

1.049

1.036

1.029

0.982

0.982

Efficiency change
(catch-up effect)

0.77

0.792

0.977

0.56

1.077

0.712

1.627

1.016

0.814

1.189

0.675

0.941

1.217

0.822

1.394

1.009

0.832

Technological
change

1.791
0.979
1.259
1.39
1.22
1.159
0.48
0.926
1.358
0.675
0.781
0.858
1.01
0.993
1.089
1.012
0.938
1.01
1.087
1.065
1.024
1.1
1.048
1.05
1.131
1.276
0.965
1.144
0.793
1.079
1.354
1.223
1.197
1.299
1.23
1.221

Total factor
productivity
change
1.791
0.753
1.259
1.101
1.22
1.132
0.48
0.519
1.358
0.727
0.781
0.611
1.01
1.516
1.089
1.028
0.938
0.823
1.087
1.255
1.024
0.742
1.048
0.988
1.131
1.629
0.965
0.941
0.793
1.504
1.354
1.223
1.197
1.311
1.23
1.017
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Pure efficiency ~ Scale efficiency = Efficiency change | Technological iRy

Year Port ) productivity
change change (catch-up effect) change i

Dartowo 1 1 1 0.887 0.887
Gdarisk 1 1 1 1.248 1.248
Gdynia 1 1 1 0.97 0.97

2021
Kotobrzeg 1.33 1.064 1.416 0.892 1.263
Szczecin 1 1 1 1.088 1.088
Swinoujscie 0.748 1.029 0.769 1.104 0.849
Dartowo 1 0.686 0.686 0.64 0.439
Gdarisk 0.983 0.87 0.856 0.57 0.487
Gdynia 1 1 1 1.11 1.11

2022
Kotobrzeg 1974 0.877 1.731 0.495 0.856
Szczecin 1 1 1 1.002 1.002
Swinoujscie 1.205 1.005 1211 0.662 0.802

Source: authors' work based on (Statistics Poland 2013, 2014, 2015, 2016, 2017, 2018, 2019, 2020, 2021, 2022) and internal
data from seaports.

Elzbieta SZARUGA * Ernest CZERMANSKI « Izabela KOTOWSKA
Aneta ONISZCZUK-JASTRZABEK = Michat PLUCINSKI

OCENA WYDAJNOSCI PRZEL ADUNKOWEJ POPRZEZ WDROZENIE METODY
MALMQUIST DEA. DOSWIADCZENIA Z OBSUGI t ADUNKOW GOSPODARKI
OBIEGU ZAMKNIETEGO W POLSKICH PORTACH MORSKICH

STRESZCZENIE: W artykule oceniono produktywno$¢ przetadunkéw odpadéw cyrkularnych w szesciu polskich portach mor-
skich w latach 2013-2022 przy uzyciu analizy obwiedni danych Malmquista (Malmgquist DEA). W badaniu zastosowano model
DEA zorientowany na wyniki, biorgc pod uwage ilosé¢ eksportowanych i importowanych odpadéw jako wyniki, z dtugoscig
nabrzeza, maksymalnym dopuszczalnym zanurzeniem i maksymalng dtugoscia statku jako danymi wejsciowymi. Wyniki poka-
zUja, Ze najwiekszy wzrost produktywnosci osiggnat port w Gdyni (+9.9%), nastepnie w Dartowie (+2.8%) i Szczecinie (+1%).
Natomiast w Swinoujsciu i Kotobrzegu odnotowano wyrazne spadki. Gdynia i Szczecin wykazywaty statg efektywnosé skali,
podczas gdy pozostate porty cierpiaty z powodu niekorzystnych efektéw skali. Ogéinie dla wszystkich portéw, catkowita produk-
tywnos$¢ wzrosta nieznacznie (+0,3%) w ciagu dekady, gtownie dzieki zmianom technologicznym. Szczyty produktywnosci
w latach 201512020 korelowaty ze znaczacymi postepami technologicznymi. Wyniki te maja praktyczne znaczenie dla polityki
portowej: wtadze portowe moga poréwnywac swojg dziatalno$é, identyfikowaé nieefektywnosci i dostosowywaé inwestycje
infrastrukturalne w celu optymalizacji obstugi odpaddw cyrkularnych. Badanie sugeruje, ze mniejsze, drugorzedne porty — choé
czesto pomijane w badaniach portowych — mogg odgrywac strategiczna role w cyrkularnych taricuchach dostaw, jesli zostana
odpowiednio zaplanowane i zmodernizowane. Zastosowanie metody Malmquista DEA do tej nowej kategorii tadunkéw i grupy
portéw pokazuje potencjat tego modelu w ocenie zréwnowazonej wydajnosci w ztozonych srodowiskach logistycznych.

StOWA KLUCZOWE: operacje portowe, przetadunek, gospodarka obiegu zamknietego, ocena wydajnosci, metoda Malmquist
DEA
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