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Today, most large port hubs embrace the circular economy (CE) transformation challenge,
and include this together with smart digitalization and the Internet of Things (IoT) in their strategic
priorities. The CE transition is particularly challenging because it is complex: ports do not only
have to reconsider their own core activities within their port boundaries, but also their role in the
supply chain of shippers [1], to lift themselves out of the linear lock-in. Developing business models
with allied partners and intensified stakeholder co-creation will be key to this successful strategic
change. The articles in this special issue support port strategists and managers by demonstrating and
explaining different aspects that ports should consider for their circular economy transformation and
advanced sustainability.

Importantly, the CE transition should not merely be focussing on its potential threat to the volume
of handled goods, because CE also creates opportunities for new and different flows. The CE transition is
understood to imply shortened and more regional streams of goods, and potentially also inversed
material trades [2]. Hence, collaboration and data-exchange with key customers of ports on their
change of flows, are crucial to be able to seize these opportunities. In this sense, a successful CE
transition of ports implies smart digitalization and more data control on its flows and customers.

However, it also implies financial or business sustainability of this change process. Non-business’
(for example government, city, cluster organisations, etc.) initiatives and support are most often
behind current circular projects. Much as this support can serve as an engine for innovation towards
sustainable port development, in the end port authorities as well as port businesses need to embrace
circular learning and turn these projects into sustainable business models, i.e., the design of the value
creation, delivery and capture mechanisms employed [3]. Hence, this CE-oriented strategic change
requires new insights in innovative governance and business frameworks and further developing the
link between strategy and commercially viable business models.

Moreover, ports need to initiate and foster CE-related networks. Through intensified stakeholder
collaboration and co-creation, they will together be more powerful in ensuring a business model and
form a larger resource pool for developing CE projects and traffic segments.

Finally, ports may have to reconsider their investment policy and landowner role and provide
dedicated space, in view of hosting more CE opportunities and enabling related infrastructure in the area
and connection regions. Space for pilot projects, labs and pipelines, among other things, can accelerate
the CE transition. In this context, port alliances and networks need to exploit their synergies for
accommodating CE-activities and their mutual benefits from connecting infrastructural links.

1. Special Issue Content

This special issue in Sustainability on “Port Strategy for Sustainable Development:
circularization and value creation” attracted ten interesting academic papers, which each contribute in
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a particular way to support sustainable port management, and enrich the insights in the domain of
port value creation through sustainability and in the rather novel domain of CE.

Basically, the ten contributions of this special issue can be grouped into three themes which they
address and study: (1) the importance of metrics and data sharing; (2) the salience of space attribution
and organization; and (3) ensuring the survival of CE investments through solid business cases.

Within the first theme, the subjects addressed in five papers are:

1. Measures of port value creation and corporate sustainability (CS) metrics: a rigorous CS
measurement framework is developed.

2. Emission control policy and use of accurate data as key to reduce emissions in ports and the air
quality of neighbouring residential areas.

3. Better manoeuvring of captains and pilots in ports, given appropriate training and knowledge
transfer, can substantially reduce emissions in port areas.

4. Circular supply chains and role of secondary ports depend on data sharing and coordination,
among others, and is negatively affected by the linear mindset of port authorities. In secondary
ports, stevedores play a key role in developing circular supply chains.

5. Disclosure of data to stakeholders and sustainability reporting for inland ports: expected content
of reports is viewed differently for various stakeholders and should unite all views to create a
transparent account of the contributions of ports.

The second topic is studied in three papers, on:

1. The importance of less focus on ‘negative’ CE operational capacity, such as landfills and incinerator
capacity: a cap in this capacity encourages port cities to become more circular.

2. Managing port–city distances and in-between areas in a coordinated way is critical to the capacity
enhancement and sustainable and ecological development of both ports and cities.

3. Port design and flexible space is important to minimize the impact of road traffic in ports,
and simulation can be used for more sustainable ‘green’ port master planning.

The third topic is specifically addressed in one paper on the business model of port authorities to
engage in and foster CE, usually involving new logistical (but fewer international) services that create
input-output synergies, and industrial ecology synergies.

Finally, one paper covers all three topics in one: mapping CE initiatives in different port settings
and hence benchmarking the CE project portfolios, based on available data, their location or territorial
interaction, and the budget and subsidies involved.

2. Suggestions for a Future Research Agenda

While these special issue articles address current CE transition concerns, such as first strategic
changes towards circular ports, building awareness on the importance of sustainability data and
available space, and how port authorities can develop circular business models, several areas remain
open to further research.

1. Considerable resources and funding are currently attributed to the CE transformation of ports.
But how does the CE investment pay off? Ports need to measure and monitor the performance of
their CE activities. The development of an optimal monitoring system, a “CE dashboard” including
the regular measurement of value added, jobs, return on investment, emission reduction, etc.,
could serve internal and external reporting, and investment valuation. In addition, this monitoring
should provide feedback on missing links and/or processes. This is certainly a promising future
research endeavour.

2. In the short term, measuring the direct value added and jobs of CE efforts and CE-dedicated space
developments is meaningful for port authorities, policy makers and stakeholders. Given the
frequent opposition to the expansion of port capacity in terms of the societal costs versus benefits,
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any changing strategy towards CE should prepare for these broader economic effects as soon
as possible.

3. Given most CE initiatives are heavily funded or subsidized, it is salient to study how and with
whom these projects can become a new business line for port firms as well as for port authorities.
What is in it for whom, and how can port authority business models embed CE in their renewed and
more comprehensive business model?

4. Alliances and networks have been pointed out as enabling mechanisms and relationships to accelerate
circularity in ports. But how inter-port collaboration and stakeholder co-creation should be organised
and how it effectively impacts the transition is currently under-researched.

5. Another future stream of research should establish an integrated sustainability strategy for port
managers, reconciling their current corporate social responsibility (CSR) projects such as solar and
wind turbine projects, their modal shift ambitions, and their CE transition projects. There may in
fact be potential trade-offs complicating this integrated strategic focus. For example, when ports try to
shift cargo from road to rail transport, they encourage cargo bundling over longer distances so as
to make rail transport a viable alternative. However, the CE transition of ports may imply shorter,
more regional and local flows of goods, which may then become, because of their inherent shorter
distances, less economically favourable when using environmentally friendly modes of transport.

6. As a final reflection of this editorial, some intriguing research questions can be obtained from a
governance perspective: What is the role of each actor in a CE coalition; and how are the ambitions aligned
among partners and in relation to their competences and their infrastructure and space capacity?

Funding: This research received no external funding.
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Abstract: Large seaport hubs in Northwestern Europe are aiming to develop as circular hotspots
and are striving to become first movers in the circular economy (CE) transition. In order to facilitate
their transition, it is therefore relevant to unravel potential patterns of the circular transition that
ports are currently undertaking. In this paper, we explore the CE patterns of five Belgian seaports.
Based on recent (strategy) documents from port authorities and on in-depth interviews with local
port executives, the circular initiatives of these ports are mapped, based on their spatial characteristics
and transition focus. The set of initiatives per port indicates its maturity level in terms of transition
towards a circular approach. For most studied seaports, an energy recovery focus based on industrial
symbiosis initiatives seems to dominate the first stages in the transition process. Most initiatives are
not (yet) financially sustainable, and there is a lack of information on potential new business models
that ports can adopt in view of a sustainable transition. The analysis of CE patterns in this paper
contributes to how ports lift themselves out of the linear lock-in, as it demonstrates that ports may
walk a different path and at a diverging speed in their CE transition, but also that the Belgian ports so
far have focused too little on their cargo orchestrating role in that change process. Moreover, it offers
a first insight into how integrated and sustainable the ports’ CE initiatives currently are.

Keywords: circular economy; ports; strategy; maturity; patterns; transition; process; circular initiative;
case studies; Belgium

1. Introduction

The circular economy (CE) poses a challenge to ports around the world. In general, the business
models of ports and (semi-)independent port authorities (PAs) are based on volume and financial
growth, whereby the PAs at least break even, preferably making profits [1,2]. Landlord ports and their
PAs increasingly incorporate activities beyond the maintenance of infrastructure as their core business,
and now also include the development of the local economy, business integration, urban development
and environmental protection [3–6]. However, the main source of income for PAs is still the leasing
of land and port dues on incoming and outgoing cargo. In other words, the business models of PAs
are based on the expansion of their port area and increasing throughput volumes. Considering the
pollution, decrease in wetlands, congestion and many other external effects of core port activities,
the environmental impact of this business model is apparent [4,7–9].

The CE is seen as a new business model whereby economic growth is decoupled from
environmental impact. The CE implies cleaner production patterns at the company level and

Sustainability 2020, 12, 9269; doi:10.3390/su12219269 www.mdpi.com/journal/sustainability5
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the use of renewable materials as much as possible [10,11]. However, the CE is only in its early stages
as an industry or business line, and a lot is still uncertain [12,13]. Nevertheless, if a CE is the main or
only sustainable business for the future, beyond what we already do “circular” today, a significant
amount of innovation is necessary [11,14]. The CE in practice currently seems to focus primarily on
(re)production, but also in terms of product design, logistical processes (cf. collection and treatment
of waste), management and production networks, a lot of innovations and potential benefits can be
generated [1,15–17].

While in the first instance, a decoupling of economic growth and environmental pressure poses
a problem to the landlord PAs’ prevailing business model, at the same time port areas have the
potential to become essential places in fostering a CE. The European Parliament as well as European
port organizations, such as the European Federation of Inland ports (EFIP) and the European Sea
Ports Organisation (ESPO) [18–20], have stressed the enormous potential of ports to play a leading
role in the context of the CE transition. Indeed, ports are crossings of transport modes and waste
flows, but also accommodate industrial sites and/or unlock urban areas and economies. Ports operate
within a competitive and clustering (industrial) environment, which may offer opportunities to treat
residual flows and products in a circular way. Furthermore, ports close to urban areas may offer the
necessary space for recycling activities of all wastes created by the city or help in their energy transition.
In addition, ports are essential nodes wherein and whereby (global to local) production networks are
possible, in terms of established technologies and processes, and in terms of incremental innovation.
Especially the combination of extensive, specialized industrial and logistical maritime areas with urban
economies, explains why ports are attractive for circular activities [21,22]. These circular activities
are broad and can vary from small companies or start-ups focusing on new management processes,
the establishment of new educational programs training the circular skills of tomorrow [23,24],
engineering bureaus dealing with product design, new (spatial) policies encouraging circular activities,
new infrastructure connecting companies whereby existing material flows become connected, and the
creation of circular consortia and think thanks [5] (e.g., [12]), to large-scale projects involving the
construction of new circular industrial plants or labs. Hence, for the identification of circular actions or
activities within ports, we focus in this paper on hard investments (plants, space allocation and other
infrastructure) as well as on soft commitments such as networks and skill development.

In this paper, we focus on the CE initiatives of ports from the viewpoint of the port cluster
managers, most often PAs. Besides smart digitalization and Internet of Things (IoT), the CE is high on
the strategic agenda of PAs. PAs regard the CE as a (potential) solution to many of their problems,
for example, the increased congestion and environmental impact, the need for added value and job
employment, and the need to remain competitive. Yet, PAs are struggling to develop an integrated CE
strategy and find their role in this transition. Hence, the relevant research questions addressed in this
paper are: “How are ports facing the CE transition in relation to an integrated approach, and what can
port cluster managers learn from CE port patterns?”

To answer these questions, this paper uses a cross-case analysis with primary and secondary data
on the portfolio of CE activities in five Belgian ports, a sample consisting of an interesting variety of
port clusters, ranging from large hubs, medium-sized diversified ports, a niche port and an inland port.
The paper is organized as follows. In the next section, we give a brief overview of the origin of the
concept and theoretical foundations of CE. We will show how “circularity” originates from within
(applied) industrial ecology, and therefore the majority of existing studies relate to material flows and
stocks but lack a connection to (port) business models and socioeconomic processes [7,16,17,20]. In the
third section, we develop a framework presenting a potential CE development path based on the nature
and (spatial) impact of circular projects within ports. We then present our method, data collection and
empirical results in the fourth section. We end this paper with a discussion section, and finally some
concluding remarks and future research suggestions.

6
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2. Circular Economy Concept

Circular economy has its origins within industrial ecology and goes back to the 1980s with the
waste hierarchy concepts, better known as the 3Rs, 4Rs, etc. [14,16,17,25]. The circular economy
concept was initially introduced by Stahel [26] in his paper ‘The product life factor’, where he
described it as a spiral system with the aim of reducing the used inputs, waste flows and ecological
detriment, without limiting economic, social and technological advances [27]. He also claimed that the
circular economy impacts products as well as processes, and primary as well as secondary materials.
Peace and Turner [28] added to Stahel [26] that a circular economic system is the only sustainable
future for production, based on the laws of thermodynamics, saying that energy and material can
neither be created nor destroyed. Instead, they can be reduced to a non-valuable quality. In 2002,
McDonough and Braungart [29] presented their cradle-to-cradle process, which was seen as a first
step towards new processes including upcycling or upgrading the value of outputs into new inputs.
In the aftermath, researchers focused on decoupling growth and welfare [30,31], and on internalizing
external costs [26,32]. We could argue that most classic frameworks of reducing, reusing and recycling
are far from being ambitious. A currently prevailing definition of CE [33–36] proclaims CE is a new
model for industrial organization, which enables us to decouple growing welfare from using more raw
materials and which goes beyond efficiency gains and realizes a transformation change (regenerative
by design). In fact, waste from industries becomes valuable input for other processes, and products
can be reused or upcycled.

As the CE concept is trending, especially in industry-wide management practice and policy,
the concept tends to diffuse [18,22]. Several literature reviews on this topic have been conducted, and a
more recent systematic and comprehensive one by Kirchherr et al. [18] concludes that the CE definition
of van Buren et al. [33] is complete and yet understandable, and therefore recommended the use of this
one out of hundreds as a basic concept to build upon.

While in the past two decades CE was very much directed at industrial and product environments,
more attention in recent years has been given to CE in services (examples can be found in [15,16,23,37]).
Van Buren et al. [33] developed their concept for the Dutch logistics industry, a typical sector offering
services, which they saw as “a genuine enabler (so for other industries as well) to implement a
successful and sustainable circular strategy”. Ports are salient nodes in logistic networks, and therefore,
the present paper builds upon their definition of CE: “A circular economy aims for the creation of
economic value (the economic value of materials or products increases), the creation of social value
(minimization of social value destruction throughout the entire system, such as the prevention of
unhealthy working conditions in the extraction of raw materials and reuse) as well as value creation in
terms of the environment (resilience of natural resources)” [33].

3. A CE Transition Framework for Port Clusters

3.1. Three Pillars of a Strategic CE Port Vision

According to van Buren et al. [33], a distinction can be made between options or levels of circularity
when applying CE. Although different levels are used, commonly one refers to the R hierarchy here,
such as the 9Rs model. These are (1) Refuse (preventing the use), (2) Reduce (using less materials),
(3) Reuse (second-hand), (4) Repair, (5) Refurbish, (6) Remanufacture (new products by assembling old
parts), (7) Repurpose, (8) Recycle (reuse of materials) and (9) Recover energy (incineration of residual
flows) [27,33]. In line with this, van Buren et al. [33] suggest that “recovering energy” is the final option
for extracting value from resources as it ends the resource cycle. Recycling, as the eighth R, is the
one before the last option to extract value. Recycling is a process that often degrades the materials
and makes secondary resources of a lower quality [33]. In the R model, the degree of increasing
circularity is considered inversely related to the number of the R strategy, so where recovering energy
(R9) is “less circular” than recycling materials (R8), which is then again “less circular” than for example
repair (R4) etc. [27]. As sectors and industries attempt to gradually move from linear to circular
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economic models, it can be assumed that “increased circularity” indicates a higher maturity level in
this change process.

Applying this to the port industry, R9 and R8 in the circular R model are in line with the concepts
of reusing materials and energy of de Langen and Sornn-Friese [38]. These authors argue that a circular
supply chain does not end with waste nor just with reusing it. Hence, these activities are preceding
a more advanced CE transition of ports. In fact, the activity of reusing energy and materials could
be considered as the first stages of a port’s CE transition. Van Buren et al. [33] add to this that a
circular economy should be much more than recycling and energy recovery, because in focusing too
much on these two aspects, it would result in a so-called “economy with feedback loops”, rather than
a serious circular economy. In a recycling-based economy or an “economy with feedback loops”,
the reuse of materials or resources is regarded as a separate (or secondary) optimization step [33].
As such, it is seen as a potentially interesting new business line, next to or maybe less important
than “business as usual”, and nice to communicate to stakeholders sensitive to environmental issues.
Within port clusters, (industrial) energy consumption is for example primarily based on the large-scale
use of oil and gas, which may be partly offset when these industries connect to waste-to-energy plants
where steam is turned into electric energy, for example in the Ecluse project in the Antwerp seaport
(The Ecluse project is a port heating network in the Waasland part of the Antwerp seaport, where steam
is sluiced from the Indaver and SLECO waste-to-energy plants to industrial (mainly oil) companies in
the port. More details on the Ecluse project can be found via http://www.ecluse.be). Although the
Ecluse project is considered as a showcase circular project by the port of Antwerp, the initial choices
of the industries partnering in this project are not circular. The primary choices made in the phase
of design and production should be integrated as well. In sum, if a port takes the circular challenge
seriously, it should therefore not only consider recycling and energy recovery, but also consider the
flows following the initial choices of firms. This would therefore indicate a more advanced level of
maturity in a port’s CE change process.

The problem with this advanced CE transition is that any port is only partly able to influence
those (industrial) companies within or beyond their port area, and for which the port operates as a
nodal point in their logistics chain. Ports actually depend on the circular transition in those industries
using port services, and their transition thus requires simultaneous changes in many port subsystems,
or (trans)port demanding clusters. So, the challenge for ports is also in how much they can actually put
pressure on their clients and leverage subsystems to become circular in their design and production,
or collaborate with shippers to facilitate their transition and control the changing flows of goods,
because it ultimately affects the circular strategy of ports as well.

Many industries using port facilities operate beyond the port boundaries, so a circular port is also
one that impacts products and processes beyond the port cluster demarcations [38]. A port should
therefore be looking at “valuable new inputs”, as already suggested by Peace and Turner in 1989 [28],
in terms of new cargo flows for example. A simple look into the strategy reports of most European
ports, disclosing information on their circular initiatives, intuitively indicates that most ports do not
yet address this third essential pillar of circularity, besides energy recovery (pillar one) and recycling
(pillar two). In fact, we may even question whether ports at all recognize this advanced yet crucial
stage in their CE transition. Here, the Ellen MacArthur Foundation (2017) [36] was right in stating that
some circularity models may not be ambitious enough, and this may also be the case for ports.

3.2. Territorial Level of CE in Ports and Space as an Accelerator

Given the challenge of reaching out beyond port borders to realize the huge circular ambition,
ports should also collaborate with actors outside the port area itself. Fusco Girard [39] researched
how port areas can circularize from a territorial perspective. He suggested that three levels of
symbiosis, or mutually beneficial relationships, can interestingly take place between three different
spatial levels, as depicted in Figure 1, which he named: industrial symbiosis (IS), urban symbiosis (US)
and city-territorial symbiosis (CTS) [39].

8
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Figure 1. Port area/urban circularization [39].

The earlier argued three pillars for the CE transition of ports are in line with the proposed relations
of Fusco Girard [39]. He [39] actually links the geographical level to the strategic CE pillars of ports,
where industrial symbiosis mainly reflects the energy recovery potential, urban symbiosis creates a
huge opportunity for recycling activities, and territorial symbiosis points at relationships with the
hinterland to organize new cargo streams. Moreover, this implicitly suggests which actors in that
geographical dimension can become interesting partners, may have innovative ideas and/or may
possess CE know-how. In turn, the (landlord) port may be the best partner and location to provide
space to develop CE knowledge, relations, products and processes. These symbiosis levels add
another dimension to the dual CE transition of ports as argued by de Langen and Sornn-Friese [38],
beyond “renewable energy” and “renewed materials for products”, which we earlier suggested to
complete a third CE transition pillar or strategic focus.

In line with the work of Fusco Girard [39], more recently, Salomone et al. [30] have argued that
in order to effectively achieve a sustainable development, it is necessary to relate the CE concept to
the concept of industrial symbiosis (IS), especially to understand the crucial social and organizational
aspects of the circular transition. IS is namely a business-focused approach to promote sustainability by
recovering residues from one entity for use in another [3]. In recent years, IS has become a sub-field of
the CE, rising to become the primary concept in relation to sustainable development [19], and referring
to the first strategic CE pillar, as explained in the previous section.

Urban symbiosis reflects the relationship a port, and city-ports in particular, may develop with its
surrounding or adjacent urban environment. Recycling activities in city or inland ports, being faced
with huge waste issues, were already developed decades ago as the first port CE projects.

City-territorial symbiosis may take place in the wider hinterland of ports, so this symbiosis level
reflects the starting point of a new “port-logistics provider/forwarder–customer/shipper” relationship,
bringing larger parts of the supply chain into a circular transition. It may also result in more local or
regional freight flows and supply chains, different cargo types to handle, and opportunities for new
(reversed) logistics.
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Finally, CE should today be applied in an even broader sense. It should not only deal with the
design of products, but also with processes and infrastructure. Because CE has been rapidly brought
to the forefront by many public and private organizations [6,19], it is only gradually being linked
from operational to also more organizational aspects [20,21]. Actually, it also influences the different
planning initiatives, e.g., spatial planning and product design [16,17]. The CE era is still in its early
stages, and multiple issues and trade-offs related to spatial, temporal and scale impacts have not yet
been extensively explored [30]. For example, CE strategies can aim for degrowth and thus a reduced
demand for (and flow of) new goods. Ports are still mainly aiming at maximizing cargo volumes, so it
may feel contradictory to invest in CE strategies at the same time. On what scale such degrowth will
happen, and if maybe on other levels more (regional and local) growth will consequently be triggered,
is yet to be explored [12,34]. Crucial hereby will be to understand if and how existing global production
networks will be reconfigured, or in other words, what (re)consumption and/or (re)productive elements
of proximity, tangible or intangible [1,21], will be more or less important. Especially for ports, being
core locations within the current local to global production networks, this could be a true game changer.

A recent Belgian study commissioned by OVAM (OVAM stands for Openbare
Afvalstoffenmaatschappij (translated as “Public Waste Organization”). OVAM is a Flemish
government agency making sure that Flanders (Belgium) treats its waste, materials and soil in
an environment-friendly way) [40], “Circular City Ports”, revealed indeed how proximity and spatial
aspects, within and beyond the port cluster area, are intertwined with the symbiosis opportunities of
ports. The development of ports towards a more circular economy depends on qualitative coalitions
between the PA, businesses, the city, knowledge institutes, federations and policy makers. This study
also revealed how the PA can gradually use its own space or land as an accelerator of the symbiosis
levels. Indeed, ports may host eco-industrial parks or other important colocation spaces, ideal for
accommodating CE initiatives. Moreover, PAs have the potential, through their sites, to unlock urban
areas and to organize test-phase sites and recycle hubs for urban mining. Proximity is key to qualitative
coalitions here.

3.3. An Integrated Framework for Circular Maturity of Ports

3.3.1. Scope of Circular Economy-Related Port Projects

In previous sections, we have elaborated on the CE strategic goal for ports, based on three pillars
“energy recovery”, “recycling” and “orchestrating valuable new cargo streams”. We continued with
how symbiosis levels are linked to those strategic pillars, and how spatial aspects can contribute to
these levels of a port’s CE transition. In this section, the scope and key characteristics of CE initiatives
in ports contributing to one or more of the three CE pillars for ports are described.

Building upon the results of OVAM’s “Circular City Ports” [40], presented in a Workbook,
a non-exhaustive set of several European city-port CE practices was explored. All practices were
structured according to three categories of aspects of the initiative, which contributed most to the CE
transition in that project: “orgware”, referring to the organization, platform or collaboration type,
“framework”, referring to the process in the port, and “materials”, which are the tangible products or
resources that are impacted through the initiative, see Figure 2.
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Figure 2. Types of initiatives and circular economy (CE) building blocks [40].

Other valuable variables for each initiative are the location where the initiative takes place or is
developed, which stakeholder took the initiative and who are the other partners involved (cf. role of
actors in line with de Langen, Sornn-Friese and Hallworth [41]), when was the initiative started and
what collaborative steps have been taken since the start, to more comprehensively understand the
evolution of the involved actors. Together, these characteristics enable us to map port CE initiatives
according to their strategic goal (for PAs, especially when they are initiating the CE project), location and
territorial collaboration.

3.3.2. An Analytical Framework to Map a Port’s Strategic Transition to CE

The above information explains what the CE transition for ports should entail, but does not tell
us how ports or PAs should or can implement this. To adopt a new strategy, organizations often rely
on a maturity model that includes all steps to consider towards the implementation of an innovation
process [9,42], in this case CE transition in ports. A maturity model for strategic change is based on
the levels of maturity or developed capabilities as set out by Crosby [43]. The evolutionary process
consists of succeeding levels of maturity, and provides the prerequisites for improvements that lead
to the next stage [42]. Sehnem et al. [42] added that these levels guide growth based on continuous
improvement and incremental changes, rather than radical transformations. Hence, maturity levels
lead the organization to identify and evaluate its current state in the pursuit of excellence [42,44].
In line with the R hierarchy model for CE transition, as discussed in Section 3.1, the succeeding levels
of CE maturity for ports, in relation to the ambitious three strategic pillars of a CE transition process,
are (1) energy recovery, (2) recycling materials and (3) orchestrating new cargo streams. With maturity
levels in the context of this paper, we do not aim to measure the progress of CE transition in terms of
results or business success, but to outline what potential patterns or CE project dynamics characterize
ports, which may help them in view of the next step in their change process.

It is important to stress that a circular transition is not only characterized by disruptive changes,
but is also complemented by incremental sustainability innovations. Even more so, scientists warn that
counting too much on disruptive innovation may slow down the incremental processes, because the
disruption is supposed to solve all issues later anyway [45]. The paradigm shift through innovation
then risks leaving the linear lock-in optimizations [46]. On the contrary, both ways for a sustainable
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transition should be embraced in parallel. Therefore, individual CE projects can be considered as
interesting indicators to observe the pathway of a port’s development in its CE transition.

Mapping the individual port CE initiatives or projects in such a way that shows how ports
innovate towards a CE paradigm shift can be interestingly done by combining the scale or symbiosis
level with the strategic focus (or stages of circularity) of the particular initiative.

This leads us to our analytical framework. In the framework, we combine two axes as described
before. On the Y-axis, we map the scale on which the circular activity unfolds. This axis is based
on the work of Girard [39], which we translated into, from small to large: intra-port, port-city and
territorial levels. The higher the level, the more complex it becomes to organize these, as more and
more actors are involved [47]. On the X-axis, we map the type of circular activity, based on the three
pillars of a circular transition strategy for ports. Linked to the maturity stages of this circular transition,
ports are assumed (from left to right on the X-axis) to first start with energy recovery, then initiate
additional, new projects in recycling, and then orchestrate new cargo streams. These two axes lead to
our analytical framework in Figure 3, which enables us to plot our empirical results.

 
Figure 3. Development path for CE in ports (source: compiled by authors).

4. Empirical Analysis of CE Patterns in Five Belgian Ports

4.1. Multiple Case-Study Method and Data Collection

Because our research is problem-driven and we are, in particular, searching for circular activities
within ports related to their strategy and geographical scale of symbiosis, we turn towards a multiple
case-study method. The research is explorative in nature, and little research currently exists on the CE
transition of ports. A cross-case analysis is suitable in this context and enables the discovery of a variety
of transition processes based on ports’ CE initiatives and in quite different port contexts. The choice
of the cases will be discussed in the next section. A cross-case analysis enabled us to focus on an
individual port’s results, but also on results in reference to each other. As for the data, we first collected
all available secondary information on the different CE activities of the ports, with port sustainability
and annual reports, information retrieved from the PA websites and all specific websites existing for
some CE initiatives. In the first instance, we limited ourselves to the most recent 5-year period because
CE has only recently been added to the strategy of port authorities. However, some circular initiatives
existed before 2015; thus, in the second instance we also looked at the important circular projects

12



Sustainability 2020, 12, 9269

initiated before that date and still active (e.g., recycling of ships). Our first dataset was cross-checked
with the sustainability manager and/or CE project responsible of each port under study, and finetuned
together with the authors. For each initiative, we collected data on the strategic focus, the territoriality
and relationship with actors, the role of the port authority, and the investment amount and level
of subsidies (if available). In using these data for our mapping, we especially focus on the level of
circularity (energy, recycling, new cargo streams), the scaling and the involved budget. For the latter, if
available, we differ the amount of public and private budgets. Lastly, we look at the involvement of
the port authority within the several activities. In what follows, we first describe our results per port
and finally bring our results together.

4.2. The Case Selection of Five Belgian Ports

The selection of the five Belgian ports, namely, the ports of Antwerp, Zeebrugge, Ostend, Brussels
and North Sea Port, is based on the size, function and diversification of these port clusters, including
two large hubs, a medium-sized diversified port, a niche port and an inland port. These five selected
ports are all important ports active in the same region of Flanders in Belgium, yet diverse in their size,
operations or traffic scope. The case selection includes an inland port (Brussels) and a cross-border
merged port cluster (North Sea Port), two coastal ports of different size and focus (Zeebrugge and
Ostend), and a large seaport hub (Antwerp) considering closer cooperation with the port of Zeebrugge.
This variety of cases enables us to obtain rich insights into their patterns of CE initiatives, linking to
their unique position and clustering dynamics, yet all operating in the same area and under similar
regulations and policies.

The port of Antwerp counts no less than 65 circular initiatives, of which almost half are initiated
by the PA and publicly subsidized. There is a clear imbalance in the number of activities related to
energy recovery (47), recycling (14) and new cargo streams (4). The energy focus may be embedded in
the long-term development of the Antwerp port hub, with a large industrial cluster of petrochemical
and chemical companies. Given these businesses’ environmental impact, many of them have been
triggered a long time ago to invest in ways to reduce and recover waste and energy. For the majority
of these initiatives the budget is unknown, yet for those where it is known, the public subsidies are
quite high. Recycling activities seem to mainly occur in relation to port companies within the port hub,
but not in relation to the adjacent city for example. Organizing new cargo streams seems to be the
newest activity developed and remains very explorative at this stage.

The Dutch/Flemish North Sea Port exists since the merger in 2018 between the Dutch port of
Zeeland Seaport, being a merger itself between the ports of Flushing and Terneuzen, and the Belgian
port of Ghent. We found 18 relevant circular activities. These are almost equally distributed over
the different circular activities, with six related to energy, seven to recycling and five to orchestrating
new cargo streams. Looking at the involved budget, there are more clear differences. Most of the
focus is on energy. The most important activities here are the approved hydrogen factory in Flushing
(around 100 M €) and the factory in Steelanol (around 160 M €). The latter project strives to transform
the CO2 of the steel plant of ArcelorMittal into bio-ethanol. Currently, the project is within the
demonstration phase, the last one before the potential upscaling. Another point is that these relative
large projects go beyond the port area and relate to the whole territory. Next, the recycling activities
are mostly related to existing companies, some for more than a century. Here, no relevant important
investments have been made. Lastly, and most recently, activities focus on creating an industrial
symbiosis within the port. Here, the most relevant is the ongoing Steel2Chemicals project. This project
strives to convert the CO2 of the steel plant of ArcelorMittal into naphtha, which can be used as an
input commodity by the chemical plant of DOW Terneuzen. Here, the port authority is an important
partner because ArcelorMittal is located within Ghent, while DOW is located across the border. Hence,
cross-border infrastructure (cf. pipelines) is needed. Most likely, within the near future, these industrial
symbiosis projects linked to circularity will only increase in impact. The question remains, though, if it
will also go beyond the port area and connect to the region.
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For the port of Zeebrugge, our analysis did only find four relevant circular activities. On the
one hand this is not really surprising, because Zeebrugge is foremost a throughput port, focusing on
logistical processes and less on manufacturing processes. In Zeebrugge, three companies are related to
recycling activities, linked to their historical presence going back more than a century. More recently,
the port authority is building wind turbines within its port area, explaining the one activity related to
the intra-port level or area, and energy recovery as a focus.

Considering the port of Ostend’s small size in cargo throughput, this port developed quite a
few initiatives, mainly in energy recovery and recycling. Little is known about the investment size
or subsidy levels of these projects, but it is clear from the initiator perspective that most projects are
privately embedded and facilitated by the PA in its area.

As an inland port, but capable of receiving maritime vessels and therefore legally categorized
as a seaport, the port of Brussels is characterized by a large number of CE initiatives, both initiated
by its companies and by the PA itself. Most initiatives are situated in the recycling activity and in
relationship with the city of Brussels and its region, which reflect an urban mining focus, but intra-port
and port-city energy recovery projects are also well developed.

4.3. Results: Mapping of CE Initiatives of Five Ports in the Transition Framework

In Table 1, some key figures (throughput and port area) and the main CE variables collected per
port are presented.

Table 1. Overview of circular initiatives of Belgian ports.

Antwerp Ostend Brussels North Sea Port Zeebrugge

Throughput (2019) (a) 240,000,000 ton 1,600,000 ton 5,200,000 ton 71,400,000 ton 45,800,000 ton

Port area (b) 12,068 ha 658 ha 107 ha 9100 ha 2857 ha

Number of initiatives 65 14 49 19 4

Number of initiatives initiated
by the port authority

28 2 13 5 1

Number of supported initiatives
by public subsidies

27 4 18 8 1

Total budget public subsidies 193,954,287 € 3,423,565 € 48,692,476 € 100,000,000 € not known

Strategic focus Energy hub Recycle vs.
Energy hub

Recycling
hub Energy hub Energy hub

R-strategies Reduce, recycle Recycle,
recover Recycle Reduce, recycle Reduce,

recycle

Sources: (a) [48], (b) [49].

Taking all results together, as shown in Table 1, it is clear that the larger diversified port hubs,
Antwerp and North Sea Port, have more CE activities in absolute number, as well as in relative size.
The medium-sized port of Zeebrugge has as few as four initiatives to report. The port of Ostend,
a small niche port amongst others involved in off-shore windmill projects, has a relatively large number
of initiatives, almost all situated in the port area itself. The inland port of Brussels also has a large
number of CE projects, and here we observe a more balanced spread over the three strategic pillars,
which is also geographically more extended.

Translating these results to our framework, most ports concentrate their CE initiatives in the
lower-left side of the framework in Figure 4. Within the colored circles and squares in Figure 4,
the mentioned numbers are referring to the found number of different initiatives or projects existing in
the ports.
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Figure 4. Mapped circular initiatives for five Belgian (sea)ports (source: compiled by authors).

5. Discussion

Considering the fact that larger port hubs have more means and firms to support initiatives,
taking all the results together, as shown in Table 1, it is clear that larger diversified ports have more CE
activities in absolute number as well as in relative size. However, it is apparent that for many projects
the total budget is unknown, and for approximately a quarter of the projects, at least, public subsidies
are keeping them alive.

Arguably, the port of Brussels stands out, especially considering its small size. We detected many
circular activities, although they are in most cases on a relatively small scale and related to existing
cargo streams within and between port and city. This is not a surprise, taking into account that the port
of Brussels is a true urban port, understood as being located in a dense urbanized region. This lends
itself to more cooperation between urban processes (e.g., building materials, bio-based flows) and the
logistical and processing processes in the port areas. The CE will bring increasingly localized and
closed material flows, coming with a considerable logistical challenge to make this possible, especially
in spatial terms. Hence, the city of Brussels, having a maritime port area at its heart, has many
advantages to really develop the more urban centered circular processes. This is confirmed by the
type of circular activities. In Brussels, the majority of circular activities deal with recycling activities,
while in the other Belgian ports, energy is more important, which deals with larger-scale processes and
industrial activities.

What we also see is that ports that focus on energy activities tend to deal with higher budgets.
This is to some level quite logical, because these energy activities are on a larger scale and involve
more (capital-powerful) actors. Nonetheless, Brussels does not have the smallest budget involved—on
the contrary. The city of Brussels is the largest city in Belgium (around 1 million inhabitants) and the
capital of Belgium and Europe. Hence, the potential for urban circular activities is relatively higher
than in the other Belgian cities. In other words, although we found that recycling activities tend to
involve less money than energy and industrial symbiosis activities, following the large amount of
recycling activities in Brussels, they account for the third largest budget involved in Belgian ports.
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Overall, the port of Antwerp takes the lead in number of activities, activities that are supported,
as well as the involved budget. Second is North Sea Port, then Brussels, Ostend and finally
Zeebrugge. Zeebrugge is a greenfield port, focusing on logistical processes, cross-channel feedering
and trans-shipment, and so far did not manage to attract nor initiate many CE initiatives.

What clearly differs thus is the overall focus of the different ports. Brussels and to a smaller
extent Ostend focus on recycling, while the largest Flemish seaports of Antwerp, North Sea Port and
Zeebrugge focus much more on energy activities. However, increasingly—following the more recent
date of the respective initiatives of our dataset—activities are moving towards the lower- and mid-right
side of the framework. In other words, this confirms our hypothesis that slowly the circular transition
is getting more mature and will—most likely—increasingly cross port areas and borders and reach out
to the surrounding urban environments, similar to what occurred with energy activities. It is however
very clear for every port that the orchestration of new CE-based cargo streams is still a lower priority
or evolved at a slower pace. The fact that many of the studied ports do not control many information
links on their cargo flows, or develop strong data-relationships with their shippers in their hinterland,
may be a bottleneck for developing these more complex, yet important and sustainable CE initiatives.

The observation that limited information is available on the budget and on the extent and
prospected timing of subsidies does raise some questions on the funding continuity and the sustainability
of these initiatives in the longer run. In fact, very few initiatives are confirmed as building upon a
positive business case today.

6. Conclusions

In this paper, we developed a framework to indicate the maturity level of the circular transition of
ports, through their portfolio of circular initiatives in which the port authority either takes the lead,
partners or facilitates by offering space. We mapped all current CE initiatives based on the strategic
focus of the project in the CE transition, and on the symbiosis level and geographical outreach of each
initiative or project. We find that the studied Belgian ports almost all focus on the lower-left side of
the framework. This is rather natural for seaports with a large industrial development area. Only the
inland port of Brussels has a stronger focus on recycling, but being close to a large metropolitan area,
this is also a more expected development for this port. In line with this observation, we could conclude
that the CE provides especially interesting new strategies for urban ports such as Brussels. During
recent decades, the growth and success of ports were mostly based on a growth of throughput and land
leasing. However, this is problematic for ports that have a lack of space or are locked-in in a densely
populated area, such as Brussels. The CE transition provides a way to turn this disadvantage of being
located within or close to large urban metropoles into an advantage. The CE strives for more closed,
but also more local material flows. Hence, urban areas with industrial and logistical (maritime) areas
within their centers have a clear advantage to realize their CE potential. For Brussels, we thus expect,
based on their context and front runner position in CE, that increasingly they will be able to move
more quickly towards the right side of the framework, but still very much linked to urban activities.

For the larger-scale circular activities, ports that already host huge industrial and energy processes
have more intrinsic potential for intensified symbioses [50]. We observed that so far the focus has been
on pure energy processes (e.g., transforming CO2 into fuels). However, these energy processes will
increasingly blend into more ‘clear’ circular processes, whereby waste from one organization becomes
input for another, without the current intermediary step of transforming waste into energy before being
used by a new actor, such as in the Ecluse project in Antwerp. The Steel2Chemical project in the North
Sea Port can be seen as an example here, whereby CO2 is not being transformed into fuels which only
then can be used by actors, but is directly being transformed into a commodity (cf. naphtha) that can
be used to make plastics. As a result, new cargo streams in and through the port will occur, and hence
we foresee that circular activities within ports will move towards the right side of the framework.

Of course, we should not underestimate the crucial role of the port authority in facilitating the
emergence of circular activities within their ports. Despite the fact that the CE potential may depend
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on the present type of activities, it is still important that actors are networked, ideas are exchanged and
funding is provided to proceed. The port authority plays an important role in this process. From this
perspective, we can conclude that the ports of Brussels and Ostend really ‘jumped’ on the circular
bandwagon and have successfully put themselves on the map as circular ports. Zeebrugge, on the other
hand, and although it is a clear logistical greenfield port, until now has not succeeded in doing the same.
Next, both North Sea Port and the port of Antwerp are increasingly positioning themselves as places
where circular activities can—and should—emerge. The question, however, remains how sustainable
the initiatives are in terms of their business case, and how the PAs also realize the importance of the
third CE pillar of orchestrating new CE cargo streams. Their history and economic profile play to
their advantage. Different than for example the port of Zeebrugge, North Sea Port and the Antwerp
seaport are more industrial ports, already having many industrial clusters and related supporting
infrastructure. The potential to further increase circular symbioses is there; the question is if this
potential is fully recognized and exploited. To conclude, all ports can embrace more partnerships
and clustering, as well as benefit from better understanding the importance of data and capturing
information on their traffic flows to and from their hinterland. Hence, they could co-create with
shippers and other actors the cargo streams of tomorrow and play a lead role in the CE transition.

Despite these insightful results, our study also indicated future research is necessary on the role of
each actor, on the developed business models for the CE initiatives, and on how the results for Belgian
ports relate to the CE transition in other ports in Europe and beyond.
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Abstract: There is a gradual but clear transition towards a circular economy (CE) that will potentially
have significant impacts on ports, both in their function as transport nodes and as locations for logistics
and manufacturing activities. A rough appraisal of new investments in circular manufacturing
activities in ports in Europe drawn from organizational reports and official webpages illustrates the
(slow) development of circular activities in ports. This paper is to our knowledge the first paper
which deals with the implications of CE for the business model of the port development company.
We assess if and how the circularity transition affects the role and business model of port authorities
as developers of port clusters. We outline a framework for analyzing the consequences of CE on the
business model of the port authority. We then apply this framework to get a detailed understanding of
the emerging CE ecosystem in the Port of Amsterdam, which is clearly a frontrunner in the transition,
and the role of the government-owned Port of Amsterdam port development company (PoA) in
developing this ecosystem. In Amsterdam, a CE ‘business ecosystem’ has emerged and continues to
evolve with three types of synergies between the companies in this ecosystem: logistics infrastructure
and services synergies, input–output synergies and industrial ecology synergies. We find that the
spatial scale of the CE value chains in the port varies between segments and that they are generally
less international than ‘linear’ value chains. The development of CE activities occupies a central place
in PoA’s strategy, and PoA assumes new and active roles in advancing the circular business ecosystem,
most notably through developing industrial ecology synergies and nurturing and attracting new,
innovative CE companies. Finally, the circularity transition leads to changes in PoA’s business model,
with an increasing focus on new services that create synergies, and a decreasing importance of the
share of port dues in the total revenue mix.

Keywords: circular economy; ports; port of Amsterdam; case study; circular economy ecosystem

1. Introduction

There is a clear transition towards a circular economy (CE), a gradual and incremental process
of structural societal change where materials and components are increasingly reused or recycled
at the end of their lifecycle (EOL). This transition, which may, on the one hand, be understood as a
subcategory of a more general sustainability transition [1] and on the other be seen as a development
that pushes the frontier of sustainability [2], has important consequences for supply chains, ranging
from the way products are designed to the business models of companies [3]. The trend towards
circular supply chains is partly driven by profit potential for companies and partly by societal pressure
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to increase the sustainability of the local or national economy, which leads to policies to promote
sustainability and ‘green purchasing’ of consumers and companies. Recycling is already advanced
for materials such as glass, steel and paper, while for others, such as construction and demolition
waste, considerable efforts are made to increase recycling rates [4]. However, recycling of food waste,
e-waste, tires and textiles is still limited. The volumes of waste that are still generated at the product
EOL represent an enormous loss of material and energy resources. Thus, an increasing number of
companies focus on creating value through advancing the circularity of supply chains.

Ports as transport nodes and as locations for logistics and manufacturing activities will be
affected by the transition towards CE. Ports handle huge volumes of non-renewable primary resources.
The trend towards CE will likely lead to a decline in these volumes [5]. The majority of non-fossil
imports and exports furthermore consist of products in linear supply chains, and these flows will be
impacted as well, especially when supply chains move from current globalized and linear structures to
more localized and circular ones. The CE transition also offers an opportunity for ports to diversify
into circular economy activities as alternative lines of business [6].

In most ports, an autonomous but government-owned port development company (PDC) is
responsible for port development [7]. While such a publicly owned company operates commercially,
it is generally not oriented towards maximizing profit but towards creating value for society [8].
Thus, on top of the commercial logic of attracting CE as it provides growth opportunities, government
ownership of a PDC may increase the focus on attracting sustainable activities to the port complex,
especially given the fact that ports are under pressure from stakeholders to mitigate the social, economic
and ecological harms caused by the commercial, tourist and industrial activities localized in the port [9].

Notwithstanding the advances in the understanding of the role and business model of the
PDC [10,11], the role of the PDC in transitioning the port towards a circular model has not received
detailed attention. This paper is to our knowledge the first paper which deals with the implications of
CE for the business model of the port development company.

We first provide a cursory overview of new investments in circular manufacturing activities in
European ports based on primary data collected from their organizational reports and official webpages.
This allows us to map the transition towards CE and show the relevance for ports.

Second, we provide a framework for analyzing the role of the port development company in
transitioning the port business ecosystem, based on a review of the relevant literature. We then provide
an in-depth analysis of the role of Port of Amsterdam (PoA) in developing circular activities. The case
of Amsterdam is particularly interesting as it is clearly a frontrunner in the CE transition in ports and
has the highest number of CE activities of all European ports. We describe the emerging CE activities
in detail and assess the changing role of PoA. We finalize the paper with a concluding section.

2. CE Activities in European Ports

We first explore CE activities in the entire population of European Core and Comprehensive
ports, as listed by the EU Commission, except the ports in the United Kingdom (UK). UK ports
are excluded as they are developed mainly by private companies, which each operate a group of
ports and, to the best of our knowledge, report very limited data on specific ports. We rely on
primary data from the port’s organizational reports and official webpages. Organizational reports
are generally accepted for studying the interaction of organizations with their environments [12],
and port authorities are usually keen to reveal their environmental measures [13], thus reflecting the
tendency of environmentally high-performing organizations to disclose environmental management
information [14]. In sustainability reports, the relevant information is stated clearly and is generally
easy to find. However, only some ports provide such reports, of which several are accessible only
in the official languages in the respective countries. We supplement this with information from
annual reports, although here, CE information tends to be veiled within broader financial and strategic
statements. Finally, we analyze CE statements contained in mission and strategy descriptions disclosed
through the ports’ webpages. A drawback is that such information may differ greatly among the
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ports. For example, an earlier study found great variation in the extent and content of corporate
social responsibility (CSR) reporting on the webpages of 186 European ports [15]. Finally, some ports
do not have an official webpage and others provide incomplete information. We specifically assess
new investments in CE activities in the period 2010–2017, as these are most likely to be reported in
annual reports, news items or other publications. The data collection was executed from May 2018 to
March 2019.

Our assessment covers a total of 280 European ports. Broadly in line with [16], we include the
generation of renewable energy (mainly wind, solar and biomass) in ports as a circular activity, as well
as activities in collecting and processing materials at the end of a lifecycle (i.e., materials that have
previously been used) for a form of reuse. This material may be conventionally treated as waste,
(i.e., burned/landfilled), but may also already often be recycled (e.g., scrap). We include activities
that mainly use agricultural by-products for other purposes than food/feed. Food/feed processing is
excluded because it has always relied on agricultural products. Thus, the use of agricultural products
cannot be considered an alternative for using scarce natural resources. As an example, we consider
using biomass for making plastics as circular, while we do not regard a flour mill as circular.

We acknowledge the shortcomings of these population-level data. The detailed analysis of the
case of Amsterdam presented in this paper allows for a check on the composed population data.
While for Amsterdam, the actual number of new CE establishments in the period 2010–2017 was
11, our broad-based assessment of publicly available sources revealed eight of these (around 73%).
Thus, while our quantifiable population data are incomplete, they suffice to draw out the bigger picture
of the transition towards CE among European ports. Hence, the data are only used to provide a global
picture of CE activities in European ports. Tables 1 and 2 show the results.

Table 1. New CE activities in European ports 2010–2018.

Country
Number of Ports

in Database

Number of Ports
With at Least 1

New CE Activity

% Ports With at
Least 1 New CE

Activity

Average Number
of New CE

Activities in Ports

Belgium 4 4 100% 3.8
Slovenia 1 1 100% 3.0

The Netherlands 12 7 58% 2.3
Latvia 3 1 33% 1.0

Finland 15 4 27% 0.6
Sweden 25 6 24% 0.4
France 26 6 23% 0.6
Ireland 5 1 20% 0.6

Germany 20 4 20% 0.4
Denmark 22 4 18% 0.4
Croatia 7 1 14% 0.1
Estonia 8 1 13% 0.1
Greece 25 2 8% 0.2

Italy 39 1 3% 0.0
Bulgaria 2 0 0% 0.0
Cyprus 2 0 0% 0.0

Lithuania 1 0 0% 0.0
Malta 4 0 0% 0.0

Poland 4 0 0% 0.0
Portugal 13 0 0% 0.0
Romania 5 0 0% 0.0

Spain 37 0 0% 0.0

Source: authors based on publicly available information on websites of the ports.

Our observations on the broad population of European Core and Comprehensive ports allow
us to state the following conclusions. First, in about one out of three European ports, at least one
activity can be classified as circular. Second, there is a clear concentration of CE activities in the ports
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in West Europe, especially in Belgium and The Netherlands, and to a lesser extent, North Europe
(Scandinavia and the Baltic States). Virtually no CE activities were identified in East and South Europe.
This is partly due to the fact that ports in The Netherlands and in Belgium are also industrial complexes.
In some other countries, industrial activities are not formally (or functionally) part of the port complex;
as one example, the Port of Sines (Portugal) only encompasses the terminal and logistics activities,
whereas the industrial park is located outside of the port area. In addition, the central locations of
Dutch and Belgian ports in Europe make them attractive as hubs for waste collection and processing.

Table 2. Ports with 3 or more CE initiatives.

Port Number of CE Initiatives

Amsterdam 8
Nantes-St Nazaire 6

Antwerp 5
Oostende 5
Helsinki 5

Delfzijl/Eemshaven 5
Zeebrugge 4

Thessaloniki 4
Rotterdam 4

Copenhagen-Malmö 3
Le Havre 3
Marseille 3
Hamburg 3

Dublin 3
Ventspils 3
Moerdijk 3

Koper 3
Aalborg 3

Source: authors based on publicly available information on websites of the ports.

Third, investments in CE are only loosely related to cargo volumes. The three largest European
ports in volume terms (Rotterdam, Antwerp and Hamburg) have CE activities, but ports with relatively
small volumes, like Oostende and Groningen Seaports also have managed to develop a leading role in
CE activities. Given the demonstrated development of circular activities in ports and the expectation
that ports will attract more CE activities as the transition towards CE advances, it is relevant to assess
if and how the circularity trend affects the role and business model of the port development company.

3. The Port as a Business Ecosystem and the Role of the PDC in Transitioning This Ecosystem;
A Review

In most ports, an autonomous but government-owned PDC aimed at financial sustainability and
creating broader societal value is responsible for port development. The central concept in assessing
the role and business model of the port development company is the concept of the port as a ‘business
ecosystem’ [17]. This aligns well with various studies that also analyze circular economic activities
with a business ecosystem perspective [18].

In management studies, the ecosystem metaphor is often utilized without a clear definition,
and several partially overlapping concepts such as industrial, business and innovation ecosystems
have been introduced [19]. In the broadest definition, an ecosystem refers to a group of interacting
firms that depend on each other’s activities. More precise definitions have been proposed, partially
with the aim to distinguish ecosystems from related concepts such as networks and hierarchical,
vertically integrated firms. In such definitions, the focus is on the complementarity of products for
users. Cennamo et al. [20] define ecosystems as ‘a set of actors with varying degrees of multi-lateral,
non-generic complementarities that are not fully hierarchically controlled’. It is the non-generic nature
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of complementarities, which necessitates some degree of customization, that generates the uniqueness
of an ecosystem.

In this approach, so-called ’complementors’ (i.e., firms that offer complementary products) make
their own decisions (e.g., in terms of design choices or price setting), while still forming part of an
interdependent product or service. In this definition, ecosystems differ from integrated supply chains
through more limited hierarchical control, while they differ from networks in the sense that ecosystem
members may simply adhere to standards or common infrastructure without having developed
network ties. There is competition between ecosystems (i.e., all members benefit from the success of
the ecosystem as a whole). Firms in an ecosystem can be direct competitors, and in addition compete
for capturing a share of the profits generated in the ecosystem.

Management research on ecosystems focuses largely on the analysis of digital ecosystems and
consequently has so far not addressed cases where complementarities are derived from co-location
in space. Ports (as well as airports [21]) can be considered as ecosystems in which different types
of users benefit from complementarities and shared infrastructures [22,23]. For instance, shipping
lines purchase various complementary services in a port, such as cargo handling, bunkering, towage,
waste collection, inland transport and others. These are non-generic in the sense that they become more
attractive if the firms in the ecosystem coordinate their activities. Likewise, shippers also purchase
various complementary services in a port, ranging from warehousing to inland distribution. The same
applies for manufacturing firms that purchase transport, storage, energy and related services. For such
companies, purchasing some services within the spatially delimited ecosystem is more valuable than
purchasing them from outside of the ecosystem.

3.1. The Port Business Ecosystem and the PDC

The emerging concept of a ‘port business ecosystem’ [17] considers ports as localized business
networks in which individual companies strongly depend on the development of the ecosystem as
a whole. The business ecosystem perspective provides relevant insights for the role and business
model of the port development company (PDC). The literature on business ecosystems distinguishes
between different stylized roles in the ecosystem; the main distinction is between that of niche players
(or complementors) and the focal firm—also known as a hub firm [24] or an architect [25]—that leads
the development of the ecosystem. Helfat and Raubitschek [26] have recently argued that innovation
capabilities and integrative capabilities are critical for ecosystem developers.

Iansiti and Levien [27], while not confining their focus to geographically bounded systems (such as
ports or airports), distinguish three potential strategies for an ecosystem developer: distinguish three
potential strategies for an ecosystem developer: a landlord strategy, a dominator strategy and a
keystone strategy. They argue that for key actors, who possess crucial assets in the ecosystem and
depend strongly on the prospering of the ecosystem as a whole, a keystone strategy generally is most
suitable for the long-run development of the ecosystem. Keystones play a more active role in shaping
the ecosystem than landlords, which are more passive. Compared to dominators, keystones are more
oriented on creating value for and capturing value from third parties in the ecosystem. Keystones
aim at providing a proper level of diversity within the ecosystem (which sometimes means removing
parts of the system that do not contribute to raising system level productivity) and create platforms
(services, tools, or technologies) that allow other ecosystem members to be successful. Such a strategy
has proven extremely successful for companies such as Wal-Mart in the retail industry and Microsoft
Corporation in the computing business ecosystem [27].

3.2. The Strategy and Business Model of the PDC

The keystone strategy advocated by Iansiti and Levien is in line with the strategies developed by
many port development companies [28]. PDCs increasingly operate with a landlord business model,
i.e., they attract third parties to their ecosystem. Port reform in various countries has led to a shift from
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’operating ports’, in which the PDC provides port operations in-house (a dominator strategy, in the
vocabulary of Iansiti and Levien [27]). Most PDCs remain state-owned.

By operating a land lease model, the PDC leaves a substantial part of the port operations in the
ecosystem to third parties and focuses on improving the quality of the port as a platform. On the other
hand, many of those PDCs that traditionally operated as landlords have shifted away from a passive
role, in which they focused mainly on the provision of port infrastructure such as quays and basins
(the passive landlord strategy in the terms of Iansiti and Levien). Increasingly, PDCs develop a more
active role, which is described with different labels such as cluster manager [29], orchestrator [30] or
matchmaker, and is in line with the keystone strategy. In this strategy, PDCs develop services and tools
to make the port as a whole more productive and competitive.

Ports are special compared to other (digital) ecosystems in the sense that the ecosystem developer
is often state-owned. In line with the developing body of knowledge on SOEs, a state-owned PDC
is expected to behave differently from a private PDC. Two differences are relevant in the context of
the keystone strategy [17]. First, the state-owned PDC is expected to have a higher commitment
than a private PDC to investments in the ecosystem with benefits that are partly external to the PDC
(i.e., cannot be fully captured by the PDC). Second, the state-owned PDC is expected to have a higher
commitment to reducing negative externalities and creating positive externalities (especially in R&D
and training and education) than a private PDC. The state ownership is relevant for the firms in the port
business ecosystem as risks of niche firms in ecosystems are partly related to exogenous developments
but also partly to the actions of the core firm in the ecosystem [31]. These theoretical considerations are
taken into account in the questions addressed in the case of Amsterdam, which are detailed in the
next paragraph.

4. The Transition Towards CE; the Case of Port of Amsterdam

4.1. Research Questions and Methods

This paper applies a case study strategy [32,33] to the study of the role of PDCs in port business
ecosystem transitions. Following [34], we see the case study as a research strategy that employs a
variety of data sources to examine a particular phenomenon in its natural context and in this process
relate theories and concepts with practice. Following [35], we furthermore understand case studies
as the thorough study of a single unit for the purpose of understanding a larger class of similar
units. The particular phenomenon that we investigate is the role of PDCs in port ecosystem transition,
as exemplified by the transition to CE, and the formal unit chosen for intensive investigation is the
Port of Amsterdam (PoA).

In line with the emerging stream of research on PDCs as developers of the port business
ecosystem, described above, and the focus of this paper on CE activities, four broad questions are
addressed. First, there is the question of whether synergies and complementarities in Amsterdam’s
port business ecosystem are relevant for circular activities. This question is relevant as it sheds light
on the (ir)relevance of the ecosystem perspective for CE activities in ports. Second, we address the
question of how the transition towards circularity is incorporated in the strategy of Port of Amsterdam,
the developer of Amsterdam’s business ecosystem. This sheds light on the relevance of this transition
for port development companies. Third, we assess whether PoA’s approach in developing CE activities
incorporates an ecosystem logic. Finally, we assess whether the transition towards CE has implications
for the business model of PoA. This question is relevant given previous research that shows that the
circularity transition often leads to changes in business models [36].

Our study relies on both interview and non-interview data. A number of interviews were
held during December 2019 and January 2020 with the head of PoA’s commercial team ‘Circular &
Renewable Industry’ and a commercial manager of this team, the latter of whom is also one of the
authors of the present article. What started as an interview with the PoA by the other two authors of
the paper to discuss the transition to CE in the port evolved into a collaborative undertaking. This led
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to a deep shared understanding of the context of decision-making in PoA and better data (for the
advantages and disadvantages of participant observation, see [37]).

Regarding non-interview data, we have analyzed accessible documents published by PoA that
reveal its approach to CE, including its long-term strategy paper, annual reports, and other external
communication. The circular activities in Port of Amsterdam were identified from the port’s own list of
CE activities, which is available through the website of PoA [38]. The activities of the identified circular
activities in Amsterdam were analyzed to get a deeper understanding of the activities, the spatial scale
of the value chains and the co-location synergies. In this step, it was also verified that these activities
meet the criteria for CE activities deployed in this paper. PoA provided data on the firms involved in
circular activities as well as volumes and land use of the circular activities and PoA revenues related
to CE.

4.2. Amsterdam’s Port Business Ecosystem and PDC

Amsterdam’s port complex covers over 1400 companies, located in a port area of over 4500 hectares.
These companies have over 65,000 employees [39]. The PDC of Amsterdam is called ’Port of Amsterdam’
(PoA). PoA is a publicly owned corporate entity (fully owned by the municipal government of
Amsterdam) that operates with a landlord business model: land in the port is leased to private
companies. PoA became a commercial entity on the first of April 2013; previously, it was a department
of the public municipal administration. All shares are held by the municipality of Amsterdam.

The municipality of Amsterdam has a common shareholder policy for all municipal participation.
This policy specifically addresses the objectives for the Port of Amsterdam. While sufficient return
on investment is a key policy principle, the municipality does not aim for profit maximization
but, in line with other government-owned PDCs, aims to create value for society. The shareholder
policy of Amsterdam specifically mentions sustainability as a key interest for its municipally owned
corporations [40]. The municipality of Amsterdam has an ambitious strategy with regard to circularity:
it aims to become fully circular in 2050, with intermediate targets such as achieving a separated waste
delivery rate of 65% in 2020 (up from 19% in 2013) and a strong economic contribution from new
circular activities [40]. The municipality of Amsterdam identifies two of its public corporations as central
players in advancing circularity: the municipal waste company (Afval EnergieBedrijf, AEB, Amsterdam,
The Netherlands) and Port of Amsterdam (PoA).

PoA has a supervisory board with five members, all of whom are independent (i.e., there are
no politicians or senior civil servants on the board that specifically represent the municipality of
Amsterdam). The supervisory board approves major decisions, and the shareholder has a more limited
direct influence: shareholder approval is only needed for strategically important decisions, for instance,
regarding mergers, take-overs and very large investments.

4.3. Circular Activities in Amsterdam’s Port Complex

PoA uses a formal classification of the activities in the port into different segments, as the
account management and commercial contacts of different segments are handled by different teams.
PoA currently classifies 22 establishments as circular. However, one of these, the headquarter of
Avantium, a stocklisted circular company, does not meet the criteria applied in this paper, as no circular
activities are carried out within Amsterdam’s port business ecosystem, and the headquarter is also not
located inside the formal port area. The remaining 21 circular establishments, of which 11 were created
in the period 2010–2017, all have a contractual relation with PoA and can be divided into five segments
(see Table 3). For each of these, we also assessed whether the activities entail a full transformation of
waste into a new product (for instance biofuel) or whether activities involve collecting, sorting and/or
processing waste which is then sold to other companies in the circular system (for instance, metal scrap
that is sorted, processed and exported as scrap).

In demolition waste and metals, the activities in the port are focused on sorting and processing
waste, not on turning scrap into new metals. On the contrary, the recycling of food and agricultural
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residues leads to a new product, in the majority of cases bioenergy. In general, the most common
end product of the circular activities in Amsterdam’s port is energy (either biofuels or electricity).
However, the number of firms that create feedstocks or new products from waste has increased over
the last years.

Table 3. Circular activities in Amsterdam’s port.

Categories of CE Activities Number of Companies Of Which Full Transformation

Recycling of plastics and rubber 5 3
Demolition waste recycling 2 0

Recycling of food and agricultural residues 7 7
Metals recycling 4 0

General waste processing 3 1

Source: own analysis based on Port of Amsterdam (PoA)’s own list of circular activities.

4.4. Synergies and Complementarities of CE Activities in Amsterdam

To make an assessment of the synergies between CE activities and other companies in Amsterdam’s
port business ecosystem, we have made a distinction between three types of synergies, based on previous
work on co-location synergies [41–43]. First, companies can benefit from a logistics infrastructure and
services synergy: companies have relatively cheap inbound and outbound logistics flows because other
firms in the ecosystem provide logistics services, enabled by logistics infrastructure [44]. This synergy
is due to the location of CE activities in the port, and it can be considered the most general type of
synergy: only companies that have local or no inbound/outbound material flows do not benefit from
this synergy type.

Second, companies can benefit from input–output synergy when they sell products or purchase
resources from other firms in the port business ecosystem. Third, companies can benefit from what
we term industrial ecology synergy, in which the exchange of (by)products is enabled by dedicated
infrastructure. Only this third type of synergy can be considered as non-generic in the definition of [20].
Table 4 provides a case of each of the three synergy types for the CE activities in Amsterdam’s port and
the number of firms that benefit from each synergy type.

Table 4. Types of synergy of circular activities in ports and examples for Port of Amsterdam.

Example CE in Amsterdam
Number of Firms Benefitting

from This Synergy Effect

Logistics infrastructure and
services synergy

Scrap recycling company exports scrap in containers
overseas, using the container terminal in Amsterdam. 20

Input Output Synergy Oils and fats recycling company sources its fats from a
nearby waste collection company. 20

Industrial ecology synergy A producer of bioelectricity uses dedicated electricity
connection to put the electricity in the grid. 4

Source: own analysis based on publicly available data, interviews and insider participant observation.

All firms but one benefit from the logistics infrastructure and services synergy. This is straightforward:
the presence of logistics infrastructure and services is the reason for locating in Amsterdam’s port
complex. Twenty out of 21 firms also benefit from input–output synergy, meaning that virtually all
firms either source from or sell material to another firm in the port business ecosystem. This shows
the strong interrelations between the CE activities in Amsterdam’s port complex. The co-location
benefits apply within Amsterdam’s port business ecosystem as a whole (4500 hectares), but a couple of
hotspots have been developed where companies are co-located at the same site to maximize synergies.
Most importantly, a site in the eastern part of the port of around 100 hectares hosts five circular
companies, with land reserved for another 4–5 CE companies.

The number of firms that benefit from dedicated infrastructure that enables synergies is four
(less than 20%). The clearest example is a fruit juice company that sends it sugar-rich wastewater
(from washing the fruit) to a biogas conversion plant that converts food waste into electricity and heat
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while also cleaning the water. There are currently a number of projects in various phases (from idea to
operation) to further create synergies through investing in dedicated facilities/infrastructures. The most
advanced is a dedicated pipeline to transport the heat generated by the major waste processing
company to a biodiesel refinery.

In addition, together with one waste processing company, the Port of Amsterdam is (as of March
2020) investing in a public berth on the southern bank of the Aziëhaven capable of receiving coaster
vessels and inland barges and serving the recycling companies located in this area. The geographical
situation of this new quay, combined with its public character (i.e., it can be reserved and used by
any company, making use of both mobile quay cranes and floating cranes) will allow many different
CE businesses in the immediate vicinity to transship both feedstocks and semi-finished or finished
products. AEB, SUEZ and BioEnergyNetherlands (BEN), which are all located directly adjacent to the
new quay, have expressed their intention to use this facility for the loading and unloading of both dry
bulk (i.e., wood chips) and liquid bulk (i.e., liquified CO2) cargoes. The realization of this multi-user
and multi-cargo infrastructure is expected to stimulate further growth in the number and type of CE
activity in this area of the port and generate revenues for PoA in the form of quay rental and port dues.

4.5. CE in the Strategy of the PDC

The relevance of CE in the Port of Amsterdam’s strategy is assessed based on three relevant
documents of PoA: first, the long-term port development vision, termed Vision 2030, which was
published in 2015; second, the strategy 2017–2021, which translates this vision into actions for a
5-year period; and third the annual report of 2018, which reports on the progress in 2018. The vision
2030 aims to develop the port as a ‘dynamic, diverse, adaptive and metropolitan port business
ecosystem’ [45] (p.5 -this and other quotes from Port of Amsterdam are the author’s translation from
Dutch). PoA distinguishes three roles for PoA: first, creating an attractive location climate, second,
a role as matchmaker that connects organizations and sectors around business opportunities and
shared challenges; and third, which PoA clearly states, its role as active developer of new activities that
strengthen the business ecosystem (or co-creator, in the terminology of PoA). The vision 2030 explicitly
mentions the transition towards circularity and the ambition of PoA to attract new circular economic
activities. In the strategy 2017–2021, published in 2016, the circularity ambition is strengthened and
translated into clear objectives. Four strategic roadmaps are defined: energy transition, circular
economy, logistics accessibility and digitalization. The aim is to lease 22.5 hectares of land in the port
to biobased and circular companies. Finally, the annual report 2018 reports the progress in achieving
the vision. In the message of the executive board, it is stated that ’2018 was a turning point [ . . . ].
There is a broad societal awareness that change is needed. In the port, sustainable development
took off. There were substantial investments in energy transition and circular economy’ [46] (p.5).
In addition, the statement of the supervisory board is also focused on circularity: ‘the supervisory
board compliments the port businesses and Port of Amsterdam with strong cargo handling volumes
and a clear transition towards more circular activities’ [46] (p. 8). Overall, CE clearly occupies a central
role in PoA’s strategy; PoA aims to change and diversify the port business ecosystem by attracting
decisively circular activities. PoA also states that given the scarcity of port land, the contribution of
tenants to advancing the transition towards circularity and/or sustainable energy is an important factor
in land allocation decisions [46] (p. 34).

4.6. PoA’s Emerging Ecosystem Approach

PoA uses the term ecosystem for the CE activities: ’From waste, raw materials and port logistics
to established demo plants and innovative circular businesses, everything comes together in Port of
Amsterdam’s ecosystem’ [46]. Beyond the terminology, PoA applies three instruments to develop
the CE ecosystem. Each of these instruments demonstrates that PoA is taking on a more active role
than simply acting as a landlord, much in line with the emerging theories on keystone strategies of
ecosystem developers as discussed in Section 3, and in tune with other PDCs [28].
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First, PoA aims to maximize synergies through promoting co-siting and co-location. For instance,
in a specific area in the port, where various CE activities are already established, vacant land is reserved
for CE activities; PoA would not sign lease agreements with linear activities, even if they would prove
more attractive from a strictly commercial viewpoint. Second, PoA invests in infrastructure that creates
synergies between all players. As a first example, PoA is currently investing in a public berth adjacent
to various CE activities. Through this investment, PoA enables these companies to bundle volumes.
As another example, PoA invested in the pipeline that enables sending the sugar-rich wastewater to the
processing company, creating savings as well as environmental benefits. The third active role of PoA to
strengthen the ecosystem is by supporting innovation and incubation. PoA provides an incubation
facility (Prodock) where companies develop demo projects for circular processes, with support from
PoA. In addition, PoA actively supports some new ventures; in one specific case, PoA decided to invest
venture capital in a CE start-up. All in all, these cases show that PoA invests to attract and support
innovative new CE companies.

4.7. Implications of the Circularity Transition for the Business Model of PoA

Like most PDCs, PoA currently has two principal revenue streams: port dues and land rents.
One central issue is the extent to which a transition to a circular economy goes hand in hand with lower
cargo volumes, which would have direct effects for PoA’s revenue streams from port dues. In order to
assess the maritime transport flows associated with CE activities, the spatial scale of circular value
chains is assessed.

In our analysis of spatial scale, we distinguish between continental and overseas, not between
national and international, as this allows us to more easily and clearly distinguish cargo flows within
mainland Europe (not including the UK) and cargo flows travelling overseas. This is because of the
importance of overseas flows for the port and because Belgium and to a lesser extent Germany are
relatively close to Amsterdam, thus limiting the relevance of the national vs. international distinction.
We furthermore analyze the spatial scale for the five segments, not for the individual CE activities,
as the precise origins and destinations change rapidly; many waste products are traded as commodities
(see Table 5).

Table 5. Spatial scale of inputs and outputs of CE activities in Amsterdam’s port.

Segment Spatial Scale Inputs Spatial Scale Outputs

Recycling of plastics and rubber

Mainly continental. There are no
substantial overseas import flows of

plastics waste; there are overseas imports
of used car tires from small niche markets

such as Iceland.

Mainly continental, even though some
products, such as fuels and tiles made

from plastics, are traded internationally.

Demolition waste recycling Continental, and mainly local. Demolition
waste is not traded internationally.

Continental. The demolition waste is
generally sorted by waste companies and

further processed by other firms in
Amsterdam’s CE ecosystem.

Recycling of food and agri residues

Mostly continental. Imported flows of
food and agri residues from overseas are
limited; commodities like used cooking
oil (UCO) are imported from overseas.

In case of biofuels, the market is
international. High value products may

export overseas; currently, volumes
exported overseas are limited.

Metals recycling
Continental, and mainly local. Metal
waste is not traded or shipped over

long distances.

Mainly international. Scrap (in various
qualities) is often traded internationally,
e.g., to India or Turkey where the metal

scrap is either rerolled or melted
for recycling.

General waste processing
Mostly local, even though the

state-owned waste processing installation
imports waste from the UK.

Mostly local. The processed waste is
mainly sold to other companies in

Amsterdam’s ecosystem.

Source: own analysis based on publicly available data, interviews and insider participant observation.
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Table 5 shows that, in the current situation, CE material flows are much more local than the
traditional end-of-lifecycle flows. Only the scrap flow and liquid biofuels are traded internationally.
The maritime volumes generated by the CE activities in Amsterdam are limited to about 3% of total
maritime volumes. However, the share of CE activities in the total land use of the port is much higher
at 11.6% in 2019 [46]. Figure 1 shows the evolution of the revenues from circular activities in the period
2013–2019 (for the port dues that come from CE activities the year 2010 is added; for the other two,
these figures were not available).

Figure 1. The development of cicular economy (CE)-related revenues in the PoA. Source: own elaboration
based on data from Port of Amsterdam.

Figure 1 shows that revenues from CE activities have grown rapidly over the last years. CE activities
now account for more than 8% of PoA’s total revenues. In terms of growth contribution, the relevance
of CE activities is larger: one-fifth of PoA’s revenue growth between 2013 and 2019 stems from
CE activities.

In line with the overview above, the data show that land lease revenues are much more important
than port dues. For the CE activities, land revenues are 7.5 times higher than port dues, compared to
less than 1.5 for total land revenues compared to port dues. This suggests that the transition to CE will
go hand in hand with lower throughput volumes and thus lower revenues from port dues. This may
explain why PoA mentions in its strategy 2017–2021 that the transition from linear to circular has
implications for its business model: land lease revenues become much more dominant compared to
port dues. In this respect, it is worth mentioning that so far, the transition towards a circular economy,
at least for PoA, has not led to a decline in total throughput volumes. Instead, volumes based on linear
flows have grown from about 70 million ton to about 85 million ton in the period 2013–2019. However,
a decline of these linear volumes may well be on the horizon: 15 million tons of Amsterdam’s total
throughput consists of coal, and 50 million tons consists of oil products. Further progress of the CE
transition is likely to further reduce the importance of port dues (which in 2019 accounted for 36% of
PoA’s total revenues). Figure 2 shows the evolution of the land rent incomes per hectare, for both the
CE activities and the traditional linear activities.

31



Sustainability 2020, 12, 4397

Figure 2. The evolution of the land rent incomes per hectare of PoA, for CE and linear activities. Source:
own elaboration based on data from Port of Amsterdam.

Figure 2 shows that while initially the land lease incomes per hectare for CE activities were
about 30% lower than for linear activities in 2013, in 2019 they were 15% higher. This is a significant
development in a relatively short period. Two relevant factors to consider in this regard are, first, the use
and continuous development of tenant incentives, which were introduced by Port of Amsterdam as a
commercial instrument to attract CE companies, and second, the increasing attractiveness of Port of
Amsterdam’s circular and renewable industry business ecosystem.

Many of the new CE activities are only able to generate revenue once they have secured a location,
secured (environmental) permits, invested in processing facilities and tested these processes. The substantial
time lag between signing a lease contract, receipt of permits and the first revenues poses a challenge
for the companies aiming to commercially exploit innovative recycling and upcycling technologies.
Without a suitable physical location (either rented for the short-term or in a long-term lease from Port
of Amsterdam), it is not possible to apply for an environmental permit. In turn, investors and banks are
reluctant to commit to financing a project that is not yet environmentally permitted. To overcome this
stalemate (no location, thus no permit, thus no financing, thus no means for a rent/lease agreement),
the Port of Amsterdam has developed a series of tenant incentives, which allow new CE companies
to lay claim to a plot of land (either in option or fully contracted) without high levels of expenditure
(either capital expenditure—CAPEX—or operational expenditure—OPEX) in the start-up phase.

PoA uses the following methods, all of which abide by EU competition policy prohibiting state
aid, to facilitate the establishment of CE activities in the port area:

1. Paid option on a plot of land in the port. If a company is not yet able to sign a long-term rental or
long-term lease contract, it can take a paid option (25% of the normal price) on the plot of land it
is looking to develop. The company cannot start physically developing the plot, but it can make
plans and start the permitting procedure in the knowledge that the land will not be rented out or
leased to a third party.

2. Start-up discounts. A new company does not start generating revenue until its activity is
(environmentally) permitted, designed, built, commissioned and up and running. The Port of
Amsterdam can provide temporary discounts to new tenants to reduce OPEX until a new activity
is operational and revenue streams have started flowing.

32



Sustainability 2020, 12, 4397

3. Delayed payment. For companies that plan to scale up processing capacity (i.e., in the case
of phased increase in production from, say, 100 tons per day to 600 tons per day), the initial
revenue streams may not be enough to sustain full lease payments. For these parties, PoA offers
delayed payment of the land rental or lease fees. Like the above-mentioned growth agreement,
this method reduces OPEX for the activity in the startup and/or growth phase of the operation.
The delayed payment is paid back to Port of Amsterdam at a later date or spread out across the
duration of the land rental or land lease contract. To ensure that this incentive tool adheres to
is EU state-aid regulation, PoA charges a market conform interest over the amount for which
payment is delayed.

4. Subordinated loans. Port of Amsterdam occasionally provides new companies and activities
with subordinated loans, in partnership with local investment funds. These loans provide the
funding to get a new activity built and operational. Like with the other mechanisms, the interest
is market-based to adhere to EU legislation. One of the reasons for partnering with public
investment funds is their expertise in due diligence and contractual agreements.

These instruments were used to attract CE activities. Thus, initial lease revenues were low and
have grown over time.

As for the second key factor to explain the increase in land lease income for circular activities,
the expanding circular and renewable industry business ecosystem in Port of Amsterdam has enabled
PoA to negotiate higher land lease fees in the most recent land lease agreements. Overall, this evolution
suggests that the tenant incentives developed for attracting circular and renewable industry activities,
with competitive prices to develop a CE ecosystem that can sustain higher income in the longer run,
have been successful.

5. Conclusions

This paper has provided an overview of CE activities in European ports and provided a detailed
overview of circular activities in Amsterdam’s port complex. Seven conclusions were found.

1. Our population-level assessment of CE activities in European Core and Comprehensive ports
shows that ports in Europe do indeed attract CE activities. However, there are huge differences
between the ports, and large ports in linear activities do not automatically also attract circular
activities. Furthermore, there are important regional disparities in Europe regarding the speed of
the CE transition in ports.

2. Amsterdam is a frontrunner in the CE transition in ports, with over 20 circular activities across
five segments and substantial growth in CE activity over the past couple of years.

3. A circular and renewable industry business ecosystem has emerged in Port of Amsterdam and
continues to evolve. Three types of synergies between the companies in this ecosystem can be
distinguished. The vast majority of CE companies benefit from a logistics infrastructure and
services because other firms in the ecosystem provide logistics services, enabled by logistics
infrastructure. Almost all CE companies also benefit from input–output synergy that arises
through sales to or purchases from other firms in the port business ecosystem. Finally, less than
20% of Amsterdam’s CE companies also benefit from industrial ecology synergies, in which the
exchange of (by)products is enabled by dedicated infrastructure.

4. The spatial scale of the CE value chains varies between segments but is in general less international
than linear value chains; resources (in the form of waste) are often confined to the hinterland of
the port, and often transported to the port by truck. Outputs of CE activities, either in the form of
new products or in the form of sorted waste, are in some cases traded internationally, but often
mainly reach continental markets within the European trading bloc. Amsterdam’s maritime
circular volumes amount to about 2.5 million tons, around 3% of total volumes, while CE activities
account for around 11.5% of the total land use in Amsterdam’s port.
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5. PoA, the government-owned landlord port development company, gives developing CE activities
a central place in its strategy. Circularity is mentioned frequently in PoA’s long-term vision,
its five-year corporate strategy and its recent annual reports. PoA also reports land use for CE
activities and has allocated a part of the port area for CE activities. PoA’s focus on CE is in line
with the ambitions and policies of its shareholder, the municipality of Amsterdam, which also
includes the challenge to shift to a circular economy in its shareholder policy.

6. PoA takes on new and active roles in advancing the circular business ecosystem. Most notable are
PoA’s active role in developing industrial ecology synergies through investments in infrastructure
to better connect the companies in the ecosystem and its role in nurturing and attracting new
companies through an incubator facility as well capital provision (through loans and in one
specific case equity).

7. The transition towards CE goes hand in hand with a transition of PoA’s business model, with an
increasing focus on new services that create synergy and a decreasing importance of the share of
port dues in the total revenue mix.

These conclusions deepen our understanding of the impact of the circularity transition on ports.
However, the findings from our study of Port of Amsterdam, as well as a limited number of other case
studies on CE in ports [47–49], are context-dependent and conjunctural, and hence other ports may
achieve similar outcomes in terms of CE, even if their conditions (e.g., the stage of business ecosystem
development or the apposition with the visions of main shareholders) are different than those of PoA.

Three further research themes on circularity and port development are particularly relevant:
first, developing detailed datasets on circular activities in ports, to allow cross-section and analysis
of drivers of CE in ports; second, comparative research, or even comparative-historical analysis [50]
sensitive to contextual differences, addressing the emergence of port related incubation and start-up
support services in ports and the further role of port development companies in the transitioning
towards CE is called for. Many ports have embraced innovation as a key mechanism to transition
the port business ecosystem towards more circular and sustainable ecosystems (as manifested by the
innovation initiatives in various ports, often under the label ’smartport’). More comparative research
on the efforts to nurture CE firms can shed light on its impact on the transition of ports. Finally,
more detailed research on the effect of public ownership [17,51], and especially mechanisms through
which public ownership may translate in more focus into attracting circular activities to the port, would
yield important insights.
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Abstract: This paper assesses the potential of the circular economy (CE) policy ambitions of the port
cities of Ghent (Belgium) and Amsterdam (The Netherlands). Both Ghent and Amsterdam are
municipalities that potentially lend themselves ideally to set up a more local-oriented circular
(re)production and (re)consumption system. Subsequently, both have the ambition that, in 2050,
the CE will have become an achieved public value that influences all activities to be more
circular in comparison with today. However, while having ambitious policies is important,
we explain that a public value also requires alignment with the operational capacity used or
needed to achieve this policy ambition. In this paper, we focus on the ‘negative’ CE operational
capacity: landfills and incinerators. Our results show that the CE ambitions of Ghent are more
realistic than Amsterdam. During the last few decades, Dutch waste management has been largely
privatized. This led to a significant increase in incinerator capacity and a lowering of the incineration
price. This differs from Flanders, which has a deliberate capping on the allowed incinerator capacity,
keeping the price for incineration high. This increases the incentive for urban and maritime actors to
climb the waste hierarchy, eventually thus making the port city (potentially) more circular as a whole.

Keywords: circular economy; port cities; public value; strategic management; incinerator capacity

1. Introduction

This paper assesses the potential of the circular economy (CE) policy ambitions of port cities,
specifically, the policy ambitions of their urban and their port authorities. To do so, it, however,
does not focus primarily on port cities, but on the institutional and socioeconomic structures they are
part of. We do this to avoid a bias towards success, in geography also known as the so-called ‘territorial
trap.’ Hereby, the outcome of the research is being predefined by the idealizing of a given territorial
bordered object [1]. Originally, the territorial trap was developed during the dawn of the post-cold
war globalization to criticize research using territorial variables to explain the (non-) success of states
to accommodate international businesses without focussing on the business itself or take into account
international relations that would shape territorial spaces [2]. Arguably, to assess the (non-) success
of the CE, the ‘danger’ of the bias towards success is relevant (again). Although the CE is a relatively
new concept, it has experienced an enormous hype among public and private actors [3,4]. The CE
is increasingly seen as one of the key strategic societal goals towards sustainable development [5].
While being a strategic goal in China since the late 1990s [6], more recently it has been adopted by
the United Nations [7], the Organisation for Economic Co-Operation and Development (OECD) [8]
and the European Union [9,10] among others. Within Europe, both Belgium (for this paper we focus
on the region of Flanders) [11] and The Netherlands [12] have set the ambition to become fully circular
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in 2050. All of these policies are, however, arguably difficult to assess, as they all in essence are the same:
having a full CE in 2050. Said otherwise, only in 2050 will we be able to assess the (non-) success
of the policies and their ambitions today. Therefore, to make it more concrete, policy reports or research,
e.g., [13], focus on best practices to assess the results of CE policy ambitions [14]. However, a recent
study in The Netherlands revealed that the best practices of CE innovations only represent a very small
amount of the total amount of CE innovations. The vast majority innovate the highest recycling activities
but no higher R-steps of the waste prevention hierarchy [15,16]. This is a concern, as in reality, the world
is increasingly less circular [17]. Today, 8.6% is circular of all materials (around 100 billion tonnes) used
per year, down from 9.1% two years ago because of an increase of extraction, the build-up of material
stocks, and low levels of end-of-use processing and cycling [18].

Here lies the territorial trap of the CE, whereby a conceptual error occurs regarding region or
cities as fixed units or containers, separated from outside political and socioeconomic spaces. If, then,
the (non-) success of circular policies of these spaces is used, the results are predefined (cf. [19]).
As such, the more or less amount of successful CE stories defines then how a government is performing,
(implicitly), thus favouring individual (mostly subsidized) efforts instead of more overall adjustments
regarding the CE. This makes it also difficult to objectively compare administrative areas regarding
their efforts to strive towards a CE. Moreover, as agenda-setting theories have pointed out [20], as such,
the uncritical discourse of circular success stories can even be used by policy actors as a strategy to
push particular agendas to the front at the expense of others [21,22].

In this paper, the research objective was to assess the (potential) success of circular policy
ambitions without focusing on the (successful) projects themselves. Our hypothesis was that focussing
on success stories blurs our understanding of the actual situation of the CE of a certain region or city.
Therefore, in contrast, we assessed circular policy ambitions by analysing what their potential is to
effectively let the CE emerge as a public value. Thus, to become more circular, in comparison with
the current situation, this requires influencing all activities and not only creating a few success stories
within or linked to the administrative responsible area or structure [23]. Our focus is on the lowest
administrative level, namely, the municipal level. In particular, we focus on port cities, municipalities
characterized by an economy centring on knowledge and industrial logistical economy [24]. We focus
on these, because our proposition is that they have particular contexts that potentially lend themselves
better to adapt (more) a CE. Next, to avoiding the use of primary materials, it is assumed that the CE
also will strive towards a (re)production and (re)consumption system or paradigm [25] that remains as
local as possible [26,27]. Therefore, if successful, the CE will most likely be characterized by a ‘glocal’
system [28], whereby global (re)production networks will keep on existing [29,30], but with a more
(sustainable) balance departing from the local level. What is more, translating the CE of 2050 back
to the policy choices today, urban regions having the space for and/or are already hosting industrial
(re)production or logistical functions, have a higher potential to adapt to a CE in comparison with urban
regions which, today, do not have the space and/or industrial (re)production or logistical functions.
The assumption here is that existing residential, agricultural, or nature land use will not (all) be
transformed into industrial land use. However, this is of course only the CE potential of matching
(re)production and (re)consumption, understood in geographical economic terms. In a reciprocal
way, this is also the opportunistic reason why many port cities’ authorities, the local and the port
authorities, put the CE as their central competitive ambition and are trying to let the CE emerge as
a public value that defines all activities within, towards, and from their urban/maritime economies.
However, in spatial terms, as described by Van den Berghe and Vos [22], the CE ambitions of the local
authorities and the port authorities can conflict within the same port city. In Amsterdam, currently
a land use conflict exists between port and city to transform an existing maritime area into a residential
area, although both use the discourse of circularity to claim their ‘right’ on that particular area.
The urban government links circularity to the built environment, stating that all new built buildings
will be circular, consequently helping to achieve its CE ambitions. The port authorities link circularity to
(re)production processes and the need of such functions to be located as close as possible to the city [22].
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In other words, the higher potential of port cities to adapt to a CE, understood in geographical economic
terms, is not (always) the same perspective on CE from some policy-makers within port cities.

The remaining of this paper is as follows. First, we will introduce the concept of public value
and how it is constituted by its legitimacy and operational capacity. Legitimacy is understood as the legal
and policy context, while the operational capacity is understood in this paper as the industrial/physical
production capacity. The public value concept lends itself ideally to assess how the circular policy
ambitions (legitimacy) are aligned or not with the existing operational capacity. In other words, as
such, we are able to link policy of the CE with the economic/technical side of the CE, two ‘parts
of the CE’ that are mostly not linked to each other [25]. The (non-) alignment between the two
then informs us of the potential of the policy ambitions to let the CE emerge as a public value,
eventually thus influencing all activities to become more circular. The third section explains our
operational framework. In our results, we map the legitimacy and support, or the circular policies
and their ambitions, and the operational capacity of the CE. As we will explain, we assess the latter
by looking at the ‘negative’ CE operational capacity, or the operational capacity of incinerators
in Flanders (Ghent) and The Netherlands (Amsterdam). In our discussion, we will show how
in Flanders the local-to-regional CE ambitions are better aligned with the operational capacity of the CE,
while in The Netherlands a lock-in is created that hinders a CE that is able to go beyond the incineration
or recover level. Based on our results, we conclude with policy recommendations towards the local
and regional strategic CE management of the port cities of Ghent and Amsterdam.

2. The Circular Economy as Public Value

2.1. The Public Value Concept

The public value concept was coined by Moore [31] and is an organizing principle focusing
originally on public sector organizations but has become more widely used. Public value describes
the value that an organization contributes to the society. It can be the result from improving
the government itself as an asset to society, or it can be the result from the delivery of specific benefits
to the people. Moore saw public value as the equivalent of the shareholder value sought by the private
sector, whereby public organizations seek public value, rewarded in an arguably similar way as
pursuing shareholder value. Moore used public value as a ‘counterweight’ for the then widely applied
New Public Management approach.

New Public Management (NPM) emerged in the United Kingdom during the Thatcher and Major
governments in the 1980s and 1990s, subsequently adapted in many different ways around the world [32].
In general, it focuses on using approaches from the private sector in public management. The basic
idea is that a government outsources a number of its tasks via competitive contracting, increasing
the efficiency and the quality of the public service delivery and leading to an increased value for
the taxpayers’ money. It is considered that the private sector, motivated by market incentives, is better
capable of efficiently delivering a number of public services, within the conditions set by government.
The public administration itself should thus insist on accountability, supported by methods such as tools
as performance-based budgeting. This then results in reducing governments in search of their most
effective size and shape, accomplished through strategic reviews, consolidation, and reorganisation
and leaving those tasks to the market to which the market is best equipped.

From a democratic point of view, NPM creates, in theory, more transparency and a better
understanding of how the government spends public money. Central to NPM is, namely, the use
of performance measurement systems that enhance the legitimacy and accountability of government
operations. Consequently, based on these analyses, one should be able to detect if a government
performance is ‘good’ or ‘bad’ based on predefined criteria. However, this is the case in theory.
The challenge is to operationalize this. As explained by Moore [33], at first, the need for objective
measures seems to be a technical one to measure the success—or not—of public organizations in altering
social conditions in order to create public value. However, in turn, it becomes a managerial problem

39



Sustainability 2020, 12, 4889

as to how to deploy such technical tools in combination with day-to-day activities in organizations;
for example, how to hold someone accountable for their performance? At that point, it exposes
a political problem: what is the value that is pursued?

2.2. The Lack of Strategic Management can Constrain Sustainable Development

The main limitation of NPM is the difficulty, or even impossibility, to attribute observed changes
in social conditions. Causality is difficult to observe due to the many intervening variables. In addition,
in many cases, changes need a long time before they visibly emerge. The feedback comes in late,
which makes it little verifiable to relate change to the daily operations and adjust and improve
them if needed. Consequently, the NPM focus on measuring results to improve the accountability
led not to a predicted ‘creative destruction’ [34] of inefficient and ineffective public services, but to
a defensive behaviour of public agencies and to an endless discussion on the definition of public
value. With, amongst others, its ill-defined character and absence of agreed-upon evaluation criteria,
the NPM concept qualifies as a ‘wicked problem’ [35]. The result of this all was that, rather than
focusing on solving societal problems, public agencies started to focus on justifying past performance,
leading to stronger institutional inertia instead of change. Such reinforcing feedback mechanisms
leading to institutional lock-in and reduced or absence of organisational responsibility for collectively
produced outcomes have also been observed by Ulrich Beck in his work on the ‘risk society’ [36].

Following this, one crucial element of private agencies’ behaviour did not immediately find its way
to public governance, namely, strategic management [33]. Strategic management has been developed
in the business world to guide the often-by-scenarios driven decision-making of private-sector firms [37].
Nonetheless, strategic management was incorporated in public management, albeit in a slightly
different way [38]. Strategic management in public governance does not focus on the uncertain
risks. In contrary to private policy-making, it focuses on a desired future, giving attention to
the aspects that are controllable and less the external complex and dynamic environment that
influences development [33,39].

Especially for sustainable development, taking into account the external complex
and dynamic environment, when aiming to achieve a desired future, is important.
Sustainable development—thus also the CE as its ‘newest’ concept—requires strong strategic
management, combining the private- and public-sector understanding of this instrument.
Contributing to changes in the long term requires the alignment of different stakes in the short
term and the long term. However, as explained by Boons and Spekkink [40], in many countries,
the responsibility for sustainable development, in light of NPM, has since the 1980s been externalised
for a large part to the private sector. Hereby, the role of the government has evolved to
the facilitator of transformation, setting the long-term goals, while market mechanisms were expected
to incentivize private parties in making the changes needed to achieve the goals. The private-sector
and market-dominated process poses a challenge for the strategic management of sustainable
development for public governments, as they are not (anymore) directly in control of the effective
(re)production capacities.

3. Operational Framework

To guide public managers in a complex and dynamic environment, Moore [31] introduced
his strategic triangle. The strategic triangle informs public managers as to how to create
public value by successfully aligning the sources of legitimacy and support of the public value
and the operational capacity. Within the triangle lies then the strategic management, or the area
of control of the decision-makers (Figure 1).
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Figure 1. The Strategic Triangle (Moore [31])

In this paper, we regard the CE as a public value that, however, is ‘still in the making.’ While a lot
of attention has already been given to describing the legitimacy and support of the CE, especially during
recent years (cf. [41]), arguably less attention has been given to the operational capacity to enhance
a CE. Moore [31] defines the operational capacity as the developed capacity to achieve the desired
result. Translated to the CE, we understand the operational capacity thus as the capacity within
a given location, in this case Ghent (Flanders) and Amsterdam (The Netherlands), that can enable
activities to become (more) circular. While these activities can be also software or orgware, in this
paper we focus on the hardware operational capacity, understood as the technical capacity to make
existing production and consumption processes more circular. Moore’s triangle thus enables us to link
the political and public administrative side of the CE with the operational capacity, which is an economic
and technical view on the CE. In other words, the triangle checks if the policy ambitions are in line
with the existing economic operational capacity. If the legitimacy and operational capacity is aligned,
according to Moore [31], a public value can emerge. However, methodologically, it is arguably
impossible to assess the operational capacity of the CE. Every product has different parts, which have,
again, different applications and require different (re)production processes. In addition, in geography
and time, these differ significantly. Therefore, we take into account the non-, or negative-operational
capacity of the CE, based on the ladder of Lansink (Figure 2).

 
Figure 2. The ladder of Lansink and the (negative) operational capacity of the circular economy (CE)
(source: authors).
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Different from the ‘positive’ CE operational capacity, the ‘negative’ operational capacity is the same
for all products and materials: all materials or waste that are sent to a landfill or are being incinerated
cannot be recycled or reused. Otherwise stated, landfills and incinerators can be seen as the CE’s
negative operational capacity, arguably thus producing a negative circular public value. Note that
many incinerators also generate (‘green’) energy, given that waste-to-energy solutions have been
considered to deliver ‘green’ energy according to the European directives on renewable energy and on
biomass [42]. We, however, take incinerators into account that burn all kinds of waste, or residual waste,
including biomass. Biomass that is collected separately, is being exclusively gassed and/or incinerated to
generate energy, is here not included and can be regarded as a ‘grey zone’ for sustainable development
(Figure 2). Nonetheless, we are aware of the contested status given the many perverse incentives that
possibly annihilate the reduction of the environmental impact; for example, by growing forests for
incineration or by importing bio-waste, thus generating transport-related emissions and impact [43].

To assess the current public value of CE, we will map the (un)alignment between the CE public
management legitimacy and support, and the economic and technical CE negative operational
capacity. We focus hereby on the port cities of Ghent and Amsterdam, respectively in Flanders
(Belgium) and The Netherlands. We have chosen these two port cities because, first, both
Flanders and The Netherlands are seen as forerunners in waste management within Europe [44,45].
Second, while both the cities of Ghent and Amsterdam have stated clear circular policy ambitions
for their urban economies, also their ports—and thus their port authorities—have put the CE as
a central policy ambition for their maritime economies. Third, arguably, port cities are administrative
regions or municipalities wherein both (re)consumption and (re)production can (potentially) be
organised. Internationally, in general, two main categories of waste are distinguished: household
waste and company waste. Within port cities, these two categories are present in significant amounts.
Fourth, in regard to a full CE, port cities can potentially become places were thus (re)consumption
and (re)production is better aligned, an argument that is today already used within the discourse
of the port of Amsterdam to safeguard its license to operate [22]. Summarized, port cities can offer
a lens on the challenges between the alignment of CE policy ambitions and the CE operational capacity
to facilitate this. We base our analysis on a historical analysis of the waste management in Flanders
and The Netherlands, eventually assessing Moore’s triangle today.

4. Results

4.1. The EU Waste Reduction Policies

The European Commission (EC) has a long tradition on regulating waste and supporting recycling
activities. For municipal waste (MSW) the important directives are the Packaging and Packaging Waste
Directive (94/62/EC) [46], the Landfill Directive (1999/31/EC) [47], the Directive on the incineration
of waste (2000/76/EC) [48], and the Waste Framework Directive (WFD, 2008/98/EC) [49]. The latter sets
the bar of minimum 50% recycling, increased to 60% by 2025 and 65% by 2030, in its 2015 report [10].
Nonetheless, discrepancies in their implementation and the Union’s aspiration to become more circular
by the middle of this century, made an amendment of WFD needed. Perhaps, one of the main reasons
for a Directive change was the Waste-to-Energy debate on its role in the CE. While the WFD resorts
on Lansink’s ladder, some authors and organizations (e.g., Zero Waste Europe, Global Alliance for
Incinerator Alternatives) believed that much more attention was put on incineration than on waste
prevention and recycling [50]. Proof of this is that the EC highlights the opportunities for energy
recovery through incineration in its Science Hub, through an article by Scarlat et al. [51] setting
the potential for almost 250 new incineration and co-firing plants in Europe. Directive 2018/851/EC [52]
came to amend the WFD with the aim of transforming current European’s waste management into
sustainable material management, providing a definition of material recovery apart from energy
recovery, and, among other measures, seeks to avoid support to landfilling and incineration among
local and regional authorities. Likewise, the European Green Deal [53] privileges the opportunity to
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expand sustainable and job-intense economic activities, sustainable product policies with the potential
of significant waste reduction, and the stimulation of a potential lead market by developing new
technologies and sustainable innovative solutions to waste.

4.2. Flanders-Ghent

The institutional waste landscape in Belgium is regionalized (cf. Flanders, Brussels, and Wallonia).
First, for household waste, every region is responsible for the waste plans, while—as in most European
countries—municipalities are responsible for the collection and treatment. During the second half
of the 20th century, municipalities increasingly experienced difficulties to cope with the growing
amount of waste [54]. There were several reasons for this. First, the increased use of artificial fertilizers
in the agriculture sector turned human, animal, and organic waste useless. Second, increasingly
gas and gasoline were used to centrally heat buildings, making families let go of their ‘individual’
waste-to-energy: their fireplaces. Third, the increasing consumption society resulted in an increase
of plastics and packaging materials that not only increased the amount of waste, but also became
mixed with other (re)usable waste, thus making it all unusable. This resulted eventually on its
top during the 1970s, in around 250 kg residual, or unusable, waste per capita per year—in total
1.5 million tonnes—that was generated in Flanders [54]. At that time, there was almost no treatment
opportunity for this residual waste. The standard procedure was to dump the waste into large landfills
or to (non-filtered) incinerate it, only sporadic with waste-to-energy. From the beginning of the 1970s,
the Belgian state increasingly started to subsidise incinerators. An important reason was the oil crisis,
which made waste-to-energy more lucrative [54]. Incinerators remained, however, more expensive than
landfills. Within Flanders/Belgium, numerous landfills existed and, although there were protests [54],
they remained an important destination for national and international waste. Illustrative is that,
in 1979, the municipality of Amsterdam intended to dump 400,000 tonnes of household residual waste
in the municipality of Rupel [54], which was eventually cancelled [54]. Eventually, in 1983, it was
forbidden to use the Flemish landfills for non-Flemish waste. However, since waste is regionalized
in Belgium, for years, Dutch residual waste was landfilled in Wallonia [54,55].

From the mid-1970s, the first separate waste collections were organised. Following the European
directive on waste [56], also Belgium, and thus Flanders, had to come up with a waste plan.
Because of the political restructuring of Belgium, the Flemish decree on Waste Products eventually came
into force in 1985 [57] and became renewed every five years [54]. This first plan focused on regulating,
closing, and cleaning the existing numerous landfills (in 1983 there were 455 landfills, of which only
one-third had a permission, [54]) to optimize the use of incinerators and to increase the separate
collection of waste. During the 1980s, the total of household waste, from which first 31% was combusted
and 44% went to a landfill, changed to 55% and 20%, respectively [54].

In 2018, on average 468.5 kg per person per year was collected in Flanders. Of this household
waste, 68.9% (up from 10% in 1988, [54]) was recycled (44.2%) or composted (21.5%). This resulted
in 145.6 kg per person per year as residual waste [58]. Of this residual waste, after, for example,
sand is separated, 91.3% is incinerated with energy recuperation (30% of the total amount of waste).
Among the residual waste, more than half (56%) is still recyclable or compostable [58]. Hence, to further
encourage the municipalities to increase the prevention and the separate collection of waste, the Flemish
Public Department of Waste (OVAM) has set the bar on average in Flanders to 138 kg per person per
year in 2022 [59].

Next to household waste, there is company waste. For a long time, company waste did not
receive any attention as the economy prevailed over ecology. However, during the 1970s, especially
the treatment of the enormous quantities of often-dangerous industrial waste became an important
political debate in Flanders. Until then, in most cases, industrial waste was being dumped on land
or in the sea or being incinerated on land or via large incinerator ships. If this was not possible,
industrial waste was exported. However, the European Union started to forbid dangerous waste being
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transported across borders (finalized in [60]). Similarly to household waste, company waste treatment
became a mandatory aspect, and to date, it is being separated into reusable and residual waste.

In Flanders, the total household waste in 2018 was 3,087,209 tonnes (Figure 3). Of this, 959,204 t
were household residual waste (around 70% is thus at least recycled). After another legal specification
of waste handling, for example, the exclusion of sand and other non-flammable elements, 91.3%, or
around 876,000 tonnes went to an incinerator [58]. Annually, around 8 million tonnes of company
waste are generated (2016: 8.2 Mtonnes) [61]. Around 85% is reused, thus higher than for household
waste, while around 15% is incinerated or landfilled (881,036 tonnes). While the household residual
waste had decreased from 1,016,604 tonnes in comparison with 2013, company residual waste saw
an increase of 5.8%. Even corrected with the increased employment, relatively, company residual
waste increased, implementing that it has to decrease by 15% towards the 2022 goal. OVAM [58] did
an analysis on the company residual waste and found that around 44% of the waste could be reused.

 

 

Figure 3. The total and deviation of amount of incinerated waste and landfill in Flanders,
and the evolution of the prices for incineration in Flanders (figure: authors). Note that these
prices are a combination of taxes (around 10%) and operational costs. For company residual waste,
the prices are a combination of the two prices for low and high calorific waste [62].

In total, taking also into account other smaller residues, there was a total supply
of almost 2 million tonnes (1,978,224 tonnes) of waste that could be incinerated in 2018. This is higher
than the available incinerator capacity in Flanders, which is 1,867,754 tonnes. In other words, within
Flanders, in 2018, there was a shortage of around 80,000 tonnes incinerator capacity [62]. This deficit
is being exported or (temporally) sent to a landfill (Figure 3). In 2020, an extra 100,000 tonnes capacity
will be opened, which, in other words, will imply that the total supply of household and company
waste is approximately the same as the capacity of incinerators in Flanders. OVAM, via the Flemish
Government, actively controls the total capacity of incinerators in Flanders [59]. The basic idea here
is to encourage separating and reusing waste, and only in a last stepping to combust it [54]. By capping,
and gradually lowering, the incinerator capacity in Flanders, the prices for incineration are deliberately
kept relatively high (Figure 3), to thus encourage higher steps on the ladder of Lansink.
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Ghent is a port city located in the west of Flanders. The city hosts around 250,000 inhabitants.
In 2018, the port of Ghent merged with the Dutch port of Zeeland, creating the European North
Sea Port (NSP) port authority. Both the city as well as the port authority have stated their circular
ambitions [63–65]. First, the city of Ghent has put the CE as an inclusive resilient future of its urban
economy that is able to lead the transition of its employment structure. Under this umbrella, it has
put six themes to the forefront: mobility/logistics, circular building, water, materials, food, and local
production. In general, the city of Ghent plans to achieve a CE whereby materials are reused as
much as possible, combining a network view (of actors and materials) with a geographical view
(to keep it as local as possible) [65]. Moreover, Ghent explicitly states that it wants to become a ‘glocal’
production place, whereby as much as possible is produced locally, with global import and export
where needed [64]. Ghent operates its own incinerator where it combusts the residual waste of its
inhabitants. The incinerator has a capacity of 100,000 tonnes per year that generates heat and electricity
for its own purposes as well as for a nearby hospital. The capacity is sufficient to process the residual
waste of Ghent and several neighbouring municipalities [54].

Second, the North Sea Port has an overall sustainable strategy to strive for climate neutrality
of 50% in 2030 and 100% in 2050 [63]. To achieve this, it prioritizes four strategies: (i) sustainable energy
production, (ii) the use of hydrogen, (iii) circular production, and (iv) the storage and use of CO2.
In practice, on the one hand, the NSP is a partner, with the city of Ghent among others, of the Cleantech
Cluster Ghent, wherein via subsidies and projects circular practices are subsidised. On the other hand,
the NSP will further extend its Flemish/Dutch pipeline infrastructure within its port area and towards
the hinterland, whereby both materials as energetic products (e.g., CO2, H2) can be exchanged [66].

4.3. The Netherlands/Amsterdam

During the 20th century, similar to Belgium and many other countries, waste treatment
was the responsibility of local municipalities. The dominant processing of waste was via
landfills. However, following the increased economic activity, the amount of waste grew and also
the contamination of it by synthetic products [67]. During the 1970s, the ecological cost and the impact
on our planet became higher on the agenda, notably by the Club of Rome [68]. Within the European
Union, The Netherlands, arguably, took a leading role in the regulation of the waste sector. Illustrative
is that parliament member Ad Lansink became linked to the then-introduced ‘ladder of Lansink’
(Figure 2), which is yet much referred to as a leading principle for sustainable development [55].
Therefore, this is different from Belgium. The Netherlands, some ten years earlier, in 1979, introduced
laws regulating chemical and regular waste. Consequently, it became very difficult to keep on using
landfills. As these laws did forbid the import of waste—the opposite of today—they did not forbid
the export of waste. Thus, since the landfills in Flanders were not yet strictly regulated, soon a significant
flow of residual waste was transported from The Netherlands to Flanders and, after 1983 until the 1990s,
to Wallonia [54,67].

During the 1980s and the beginning of the 1990s, a significant restructuring took place of the Dutch
waste infrastructure. The main concern was to better organize the waste processing capacity of Dutch
waste, instead of exporting it to other countries (e.g., Belgium). Therefore, a significant increase of public
investments in incinerators took place, and the responsibility became centralised to the national level.

In 2018, 8.5 million tonnes of household waste were collected. This results in 494 kg per inhabitant
per year, a decrease of around 60 kg since 2008; 206 kg consisted of residual waste (34.8%), 288 kg
were collected separately (65.2%). Absolutely and relatively, these figures per capita are comparable
with Flanders. In total, around 3 million tonnes of household waste annually were combusted [69].
Next, around 4.5 million tonnes of company residual waste were combusted in 2018 [70]. Different
from Flanders, no combustible residual waste was sent to landfills (Figure 4).
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Figure 4. The amount of company and household residual waste combusted and the total landfill
(figure: authors, data from [70]).

The reason for this is because the incinerator capacity in The Netherlands is significantly higher
than the supply of combustible waste. While in 1980 the incinerator capacity was 2.2 million tonnes,
this increased to almost 8 million tonnes today [55]. (Figure 5). The increase of incinerator capacity
was needed to prevent the growing amount of waste from being landfilled. Especially by the end
of the 1990s, new incinerator technologies were introduced to further reduce the emissions through
placing filters and optimising the energy recovery of the plants. In addition, the Dutch Government
encouraged the use of the residuals to make concrete, especially for road and infrastructure constructions.
From the 1980s to the beginning of the 21st century, the incinerator capacity doubled [67].

 
Figure 5. The amount and origin of combusted waste, the authorized incineration capacity
in The Netherlands, and the evolution of the price of combustion (figure: authors, data from [70]).
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From the beginning of the 21st century, an important shift occurred in the Dutch waste policy [55].
Waste became regarded as a valuable economic good. While this was derived in the first place from
an ecological point of view, a consequence was also that the waste became an economic market
and, as all other economic markets, should have its own (inter)national regulations and privatized
companies. This led to the fact that, in 2006, it was allowed that non-Dutch waste could be imported,
while until now, exporting waste is still taxed highly. Thus, the waste management of The Netherlands
became linked with the waste management of other countries. As explained by [67], the situation
in the 2000s was that The Netherlands had chosen incinerators and re-use as the main options; Belgium
focused on consumers and recycling, and the United Kingdom for landfilling.

During the last decade, a lot has changed. First, in The Netherlands, the amount of combustible
waste kept on decreasing and is supposed to decrease towards 5 million tonnes in 2022. At the same
time, the incinerator capacity kept on growing. This led to two intertwined effects. First, an overcapacity
of incinerators illustrated that, since 2010, 1 million tonnes capacity has been added. Since incinerator
plants need a minimal operational flow of waste, foremost waste from the United Kingdom is today
imported to The Netherlands, around 1.5 million tonnes today. Remarkable is that, during the beginning
of the 2010s, within policy reports this was perceived environmentally positively [71]. This was based
on the difference of environmental effects of or sending waste to landfills in the United Kingdom
or transporting this waste to The Netherlands towards its incinerators; the latter thus being more
environmental positive than the former. Without going further into that in this paper, this changing
point of view is a consequence of taking into account or not the effect of ‘problem displacement’ [25],
or here, arguably, the opposite ‘problem inclusion.’ While with problem displacement there
is a lack of responsibility to tackle the (environmental) problem, here one is dependent on the lack
of responsibility of another actor. Second, the price of incineration decreased significantly, from around
100 euros per tonne in 2010 to around 65 euros per tonne today (Figure 5). This is significantly lower
than in Flanders.

Arguably, within The Netherlands, the port and city of Amsterdam are leading in terms of CE
ambitions. Already in 2015, the city of Amsterdam launched its circular plan, which has been renewed
in 2020 [72,73]. The city has appointed three focus areas: food and organic flows, consumption
goods, and the built environment. These are three of the five focus areas appointed by the Dutch
Government [12]. Of these five, the industrial sector and plastics are not appointed as a priority for
the city of Amsterdam [72]. The port authority of Amsterdam has put the CE as part of its central
strategy since 2016 [74]. Since then, CE has only become more important for the port authority within
its strategy, albeit this is part of its strategy to defend its license to operate following the particular
situation with the city of Amsterdam regarding a land use conflict between maritime and urban land
use [75,76]. Remarkably, this land use conflict is using on both sides the CE discourse, albeit different
‘parts’ of the CE are chosen [22]. The city authority, aiming to redevelop an existing maritime area close
to the city into a new residential area, uses circularity within its plans linked to the built environment.
Their reasoning is that the new built area will be constructed in a circular way (e.g., design, material use)
that will help to achieve its CE ambitions. The port authority, though, uses circularity understood
in (re)production processes. They claim that the area under discussion is needed to host circular
functions (e.g., waste treatment) that are located as close as possible to the city; this to avoid thus
the effect of ‘problem displacement’ [25,26].

5. Discussion

Using this triangle as a framework, we can now bring our results together (Figure 6). Our results
show that, arguably, Flanders and The Netherlands in terms of waste management have switched
positions recently. The Netherlands, with their early national waste management plans, were during
the 1970s and 1980s a forerunner in terms of sustainable development. Illustrative for this is that
their national ladder of Lansink became also an internationally known strategic and policy tool
for short- and long-term environmental policy [27]. While at that time the incinerator capacity
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in The Netherlands was not sufficient, significant flows of waste were sent to landfills in Flanders
and later to Belgium. This shows that, in Flanders, ecology was not high on the policy agenda,
and the (linear) economy prevailed.

Figure 6. The result of the mapping of the evolution of waste management in Flanders
and The Netherlands, using the triangle of Moore and the ladder of Lansink (1995) (source: authors).

During the 1990s, Flanders gradually caught up with The Netherlands. Incinerators were
built and modernised, and, at the same time, attention was given to recycling and reuse.
Nonetheless, the amount of waste kept on growing, both in Flanders and in The Netherlands, following
the increased economic activity and the growth of population. However, landfills gradually were closed,
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and, in both Flanders and The Netherlands, relatively more waste was recycled, with incineration and,
finally, landfill as last resorts.

The Legacy of an Internationally Oriented New Public Management Hinders a Balanced Local-Oriented
CE Triangle

This brings us to the centre of the triangle of Moore [31]: strategic management. As explained,
to successfully create a public value, one needs to align the legitimacy and support with the operational
capacity—hence the strategic management. In light of creating the CE as a public value, two essential
aspects are needed: (i) the recycling, reuse, or refuse of materials, and (ii) striving to do these as
local as possible. The first aspect is used to foster innovation and increased employment [15,34]
in the existing activities or to attract non-existing activities and employment in that particular region.
The second is used to link this to the spatial planning of such innovative CE. Both aspects explain to
some level—next to for example climate change goals—why many local administrative governments,
like port cities, put the CE as a central policy ambition for their economies. This will demand,
especially in The Netherlands, a difficult transition. With the dawn of the 21st century, The Netherlands
had optimized their waste management. At this moment, an arguably lock-in emerged that focussed
on waste incineration. We understand lock-in here as the situation whereby two systems, in this case
waste management and waste treatment, are so much linked to each other that the situation in one
of the systems hinders, or locks, the other one from evolving. This lock-in between the ladder of Lansink
and the incinerator capacity explains why the strategic management towards a CE of the port city
of Amsterdam is more limited than the one of the port city of Ghent. The lock-in of Amsterdam can be
linked to two main reasons. First, increasingly the European environmental ambitions were heightened.
In particular, the European Commission raised its ambitions on renewable energy sources (RES) for
electricity (RES-E) and transport (RES-T). According to Hoppe and van Bueren [77], Dutch shares
of RES were disappointing compared to the Union’s ambitions, for the Dutch electricity system
is “best described as a fossil-based thermal system, dominated by inexpensive natural gas and coal
as main production sources” (p. 67). Likewise, the modest target of 9% by 2010 and 17% in 2020
of the Directive 2001/77/EC [78] on RES-E was not seen as a threat, since RES-E was produced from
biomass and different types of waste were considered as such. The latter brings us to the second
main reason. From the beginning of the 2000s, The Netherlands—in line with NPM—began to see
waste as an economic good and incinerators as assets that could be financially break-even and rely
on forms of self-regulation within the regulatory framework set by central and local governments.
This created an internationally oriented incinerator market in The Netherlands. In other words,
the NPM principles here got mixed with the sustainable goals of waste-to-energy as an ideal win-win
solution: manage waste, while increasing the share of ‘green’ energy, as demanded by the EU.

This is in contrast to Flanders, where the capping of the maximum allowed amount of incinerator
capacity was deliberately kept low, and from 2022 even will decrease. The prices to incinerate
are therefore significantly higher in Flanders than in The Netherlands, especially during the last
decade. The lock-in in The Netherlands has even increased, as more and more waste-to-energy
incinerators have been connected to heat networks, also to decrease the use of natural gas.
Consequently, there is an increasing demand of this type of generated heat, thus an increased
need to combust waste. This makes the (local) energy system dependent on waste combustion.
More recently, this became a greater challenge, because, as in the rest of Europe, increasingly the CE
is embraced, and thus the prevention of waste is strived for. Already in the figures, it can be seen that
the total amount of residual waste is decreasing. Therefore, not only because of the increased capacity
of incinerators, but also of the increased link with local heating networks, The Netherlands has to
import waste.

To summarize, if one wants to assist the (potential of) local CE strategic management, one should
analyse how the triangle is (un)aligned (Figure 7). Only in this way, the potential of a CE within a port
city, and thus the (re)connection of port and city, could be achieved. Essential for a CE is that materials
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are at least recycled, but also remain as local as possible. Such localization requires not only dedicated
and consistent regulative frameworks across scales and sectors, but also an operational capacity
that is not (only) aimed at optimizing economic drivers, but also takes into account the ecological
aspects of these.

Figure 7. The strategic management of port cities to create a local/regional CE.

6. Conclusions

This paper focussed on the potential of the CE strategic management of local port cities,
by not focusing on them in the first place. Local authorities, in cases such as the port cities of Ghent
and Amsterdam, have increasingly put forward the CE as their core future socioeconomic business
model. Similar to other concepts in the past, increasingly, policy documents and ambitions are
formulated in this field. Arguably, Amsterdam is seen as an (international) forerunner, both the urban
government as the port authority, following their clearly stated ambitions and regulations (cf. [79]).
As explained by Moore [31], it is, however, also necessary that these policy ambitions are aligned with
the operational capacity to enable the emergence of the CE as (local) public value. In other words,
urban regions which have the space for and/or already host industrial (re)production or logistical
functions, have a higher potential to adapt to a CE compared to urban regions which, to date, do not
have the space and/or industrial (re)production or logistical functions.

Our results show that, in this respect, the CE policy ambitions of Ghent are more realistic
than those of Amsterdam. In The Netherlands, in light of NPM, the waste management sector
has developed towards an internationally oriented incinerator sector, competing on market prices.
During the last decade, the capacity of incinerators has increased, while the price has decreased
significantly. In addition, increasingly the incinerators have been linked to waste-to-energy heat
networks, creating all together a lock-in between waste management and waste treatment, resulting
in that the ladder of Lansink ‘is stuck on’ the incinerator step.

Bringing this back to Amsterdam, in reality, it is increasingly relatively more expensive to
recycle, reuse, or refuse materials, than to incinerate waste. Thus, if at least circular programs
are not subsidised or increasingly other factors (e.g., social and/or environmental externalities) are
taken into account within the price, the circular business models of Amsterdam-based companies
and organisations—and thus also the overall circular ambition of the port city of Amsterdam—, are less
realistic compared to Ghent’s. In Flanders, the incinerator capacity is capped and decreasing, keeping
the incinerator price high to make recycling, reusing, or refusing more interesting over incineration.
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This will only become more if social and/or environmental externalities (e.g., CO2) are taken into
account. If the legal framework and support are further improved (e.g., making it fiscally more
interesting to reuse materials, create ‘circular labels’), the operational capacity to enhance the CE
(e.g., clusters) is more likely to happen.

Such context holds important policy recommendations for port cities and other governmental
organisations. Creating a CE is not only about posing ambitious circular goals or to put all efforts
in a successful story that lends itself ideally for marketing. The real challenge is to align the existing
circular operational framework with these ambitions, fostering changes in the systems of production
and consumption at operational levels rather than changes over the whole system, or transitions usually
urged for. Especially for ports and their port authorities, that host international companies thriving
on global production and supply chains, it is a challenge to help transit their business case towards
locally recycling, reusing, or refusing of materials as much as possible. While much attention now goes
to the ‘positive’ circular operational capacity such as establishing pipelines or altered (re)production
processes, another way is to decrease the ‘negative’ circular operational capacity such as landfills
and incinerators and thus decrease the ‘negative’ circular public value. If this is done, the incentive to,
first, move up on the ladder of Lansink and, second, to remain as local as possible, will become bigger,
therefore the potential of the policy ambition to let the CE emerge as a local public value.
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Abstract: This paper focuses on the development of secondary ports in the circular economy model
(as a node of circular supply chains) to implement sustainable seaports in the context of the structural
changes taking place in the global economy, trade, and maritime transport. The purpose of this
article is to identify the opportunities, challenges, and key actions to be taken by secondary ports in
circular supply chains. The research method applied was a single case study. The object of the study
was the seaport of Szczecin (Poland). Our study showed that the secondary ports lacking technical
conditions to serve large vessels, but with available space to develop their transshipment, storage,
industrial, distribution, and logistics activities, may become major participants in circular supply
chains. Taking advantage of the opportunities associated with participating secondary ports in the
circular supply chain requires facing a number of challenges identified in the current literature, such as
return-flow uncertainty, transport and infrastructure, the availability of suitable supply chain partners,
coordination and information sharing, product traceability, and cultural issues. Our study partially
confirms the significance of these challenges for secondary ports. The significance of these challenges
depends on the kind of circular supply chain, i.e., whether the supply chain is a producer or a consumer
chain. Our study shows that a very important challenge for both types of chains is the problem of
internal resistance to change. This still-unsolved issue involves the persistent linear mindset of the
port authority, which is manifested mainly as investor evaluation policy based exclusively on the
declared annual transshipment volume, which fails to take actions to provide the available land
plots with the infrastructure necessary for the terminals and industrial plants that participate in
circular supply chains. Simultaneously, for secondary ports, we proved that it is stevedores (who
are flexible and fast in adapting to new market conditions, strongly determined to search for new
cargo types to replace those that have vanished, and who adapt the scope of their services) who
play a key role in stimulating the development of circular supply chains. As a main managerial
implication for the authorities of secondary ports, such authorities should create appropriate policies
for investor assessments and the utilisation of available areas within the port premises to encourage
the enterprises engaged in circular supply chains to invest in and develop their businesses within the
port’s premises. It is also necessary to develop appropriate communication between port authorities
and their external stakeholders. As a managerial implication for the stevedores in secondary ports,
these entities should first develop their service offers to address cargo as part of the circular supply
chains (with more comprehensive service offers and added-value services, such as freight forwarding
services, stuffing, packing, and mixing of cargo) and develop cooperation with other stakeholders of
circular supply chains.

Keywords: circular economy; circular supply chain management; secondary seaports; port
authority; stevedores
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1. Introduction

While the concept of sustainable and green ports has become the subject of numerous in-depth
studies [1–6], the transformation of seaport business models towards a circular economy is a relatively
new area of research. The concept of the circular economy is also perceived as a prerequisite for
the sustainable growth of a seaport [7]. This approach is observable in the European Union (EU)
policy [8–10], in which seaports that function within a circular economy model may constitute a driving
force toward sustainable growth.

At the same time, the studies completed so far indicate that, due to the diversity of seaports and
port cities, there cannot be a single, universal plan of action for a seaport to undergo a transition towards
a circular economy model [11]. Taking into account the classification of seaports that distinguishes
between primary, secondary, and tertiary ports [12], current studies on the transformation of ports
towards a circular economy focus mainly on the analyses of case studies describing the primary
ports in Europe and Asia that hold high competitive positions in the maritime transport market and
have significant technological and innovative advantages, i.e., [4,13–16]. Pursuing a circular economy
through these ports is mainly done via symbiosis with industry or research and innovation centres
focused on a circular economy, while the purpose of those measures is to decrease dependence on
fossil fuels, improve energy efficiency, optimise waste management, and increase the engagement of
stakeholders in the planning of port development.

To date, no studies address issues related to secondary ports that aspire to implement a circular
economy but have lesser technical parameters and operate on a smaller scale (often in a highly
competitive environment of primary ports, for whom they fulfill complementary functions) [17].
For any ports of this category, striving for sustainable growth and implementing a circular economy
may be a challenge. Secondary ports, to a large extent, are affected by any structural changes in the
global economy, trade, and maritime transport, which are stimulated by the increasingly stricter climate
policies [4,18–21]. The impacts of those changes on the operations of seaports are manifested by the
gradual decrease in traditional bulk cargo groups (e.g., coal and ores) in port transshipment operations.
Competitiveness among this category of ports is also limited by the technical parameters that prevent
such ports from handling the increasingly larger vessels being put into operation. Consequently,
secondary ports are under strong pressure to attract new cargo groups to replace the vanishing ones.
A great opportunity for the sustainable development of these ports may be circular supply chains.
However, to develop a competitive position with a secondary port as a node in circular supply chains,
that port must first face several challenges.

The purpose of this article is to identify the opportunities and challenges, as well as the key
actions, for secondary ports approaching circular supply chains. This study applied a single-case-study
method for the secondary port in Szczecin (Poland). The results may be used by port enterprises and
management bodies of other secondary ports that have similar potential and face similar challenges to
help them elaborate their strategies for development as links in circular supply chains.

2. The Literature Review

The underlying assumption of a circular economy model is that waste is used as a resource in
other parts of the value chain by shifting the focus to closing material loops through reduction, reuse,
and recycling at the system level [22–25]. Therefore, the general purpose of the circular economy model
is ‘closing the loops’ [8]. At the same time, the circular economy model does not focus exclusively
on limiting the use of environmental resources as a sink for residuals but instead strives to create
self-sufficient production systems in which materials are recycled [26–28].

The circular economy concept stimulates the creation of circular supply chains that make it
possible for all products to re-enter the cycle as input materials at the end of their life cycles [29,30].
Nasir et al. [28], by comparing the linear and circular supply chain systems, proved that the circular
supply chain makes it possible to reduce greenhouse gas emissions and that transport processes are
responsible for more total emissions than the linear chain. At the same time, the enterprises in the study
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were not convinced that circular supply chains are cost-effective and did not think that obtaining social
benefits was a sufficient argument to implement them, especially because the higher levels of circularity
attained by the enterprises could be related to higher economic costs due to the increasing prices of
resources [31]. The studies completed so far have also shown that the most successful enterprises in
implementing reverse supply chains are those able to strictly coordinate their reverse and forward
supply chains, thereby creating a closed-loop system and maximising value creation throughout
the product life cycle. Nevertheless, reverse supply chains may also be open-loop chains when the
materials are recovered by entities other than the original producers and used in the production of
other products [32,33].

The related studies underline the key role of seaports in developing a circular economy [16,34–36].
Seaports, as industrial complexes and intermodal nodes with strong interconnections to the hinterland
and urban areas, play the role of global centres that handle the flow of resources for which they
create added value [37]. Moreover, their impacts reach far beyond the administrative borders of
the port. Girard [25] emphasises that the circular economy model in seaports is a manifestation of
a synergistic approach that combines economic, logistic, and industrial activities with the cultural
heritage of the port and the port city, as well as the creativity of its public, which yields a dynamic,
complex, and balanced system. Striving to implement a circular economy model through a port is
a circularisation process of the port, which consists of industrial, urban, city-territorial, or regional
symbiosis. The transition of the linear structure of major ports like Amsterdam and Antwerp towards
circular models is facilitated by the presence of industrial parks, cluster interconnections, and urban
centres in the vicinity [35]. In previous studies that consider the experiences of various countries
and major ports (especially European, Asian, and North American ports), the circular economy
activities comprise three levels: micro, i.e., reusing the waste flows within one company; mezzo,
i.e., the industrial symbiosis between two or more companies within the port (the development of
eco-industrial parks); and macro, i.e., establishing inter-regional port industry networks focused on
exchanging recycled resources [13,23,24,38–40]. Notteboom et al. [16], based on the best practices of
leading European ports such as Rotterdam, Antwerp, North Sea Port, and Zeebrugge, emphasize that,
under the circular economy business model, the main port activities are the promotion of industrial
ecology, the use of renewable energy sources, and the development of seaports as hubs for recycle
flows. In this last case, seaports are core nodes (recycling hubs) in the circular supply chains whose
recycling flows are delivered, transformed into new products, and re-exported around the world.
The experience of primary ports, according to past studies, shows that the port authorities play the key
role in stimulating the development of sea–land circular supply chains [4,13,16,41].

At the same time, these studies [4,18,20,21] demonstrate that seaports have to cope with many
challenges determined primarily by structural and climatic changes. The circular economy concept
may help seaports to increase their competitiveness in an economy with scarce natural resources,
thereby facilitating the growth of their innovativeness and decreasing the negative impacts of port
operations on the environment and the neighbourhood [42–44]. This particularly concerns the
secondary ports threatened with obsolescence and dereliction resulting from, inter alia, the ongoing
transformation of the port premises to fulfil urban and tourist functions while abandoning traditional
port operations. Secondary ports are also known as minor, assisting, peripheral, feeder, regional,
or small and medium-sized ports. In the most general terms, they are classified by their size, capacity,
and throughput, which are smaller than those of national major ports [12,45–47], and more broadly
by assessing their location, international connectivity, industries, logistics and distribution activities,
relative cluster position, hinterland capture area, gross domestic product (of the port city and of the
hinterland), and market share [12,48]. In terms of annual handling volumes, secondary ports are
considered small and medium seaports —those with an annual handling volume of less than or equal
to 10 million tonnes (small ports) and more than 10 million tonnes but up to and including 50 million
tonnes (medium ports) [41].
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The development of secondary ports is hindered mainly by factors such as the insufficient technical
parameters preventing the ports from serving large vessels, deficient systems of hinterland transport,
a lack of space for development, or an unfavourable regulatory framework. The transformation of
secondary ports towards a circular economy thus constitutes an opportunity but also a challenge.
Carpenter et al. [13] rightly point out that, for all ports, a key requirement for commercial and economic
viability is to retain the business of the ships served by them and to remain accessible to those
ships. Simultaneously, De Langen and Sorn-Friese [4] (based on the commodity composition of the
United States’ foreign trade and in-depth case studies of Dutch ports) indicate that even though the
development of the circular economy model stimulates the emergence of circular industries within
seaports, it may also contribute to a decrease in transshipment volumes in traditional bulk cargo groups
(the outcome of the ‘shortening’ of supply chains). In our opinion, these effects of the transformation
will be experienced most strongly by secondary ports. A greater engagement in the circular supply
chains may be an effective solution to secure the future of secondary ports in this competitive and
ever-changing environment, thus promoting the sustainable growth of the port and the port city and
helping them maintain and develop their basic functions (i.e., ship serving).

However, previous studies rightly highlight the numerous challenges faced by seaports developing
their activities in circular supply chains [49,50]. Linder and Williander [49] emphasize that the transition
towards circular supply chains may raise challenges related to the uncertainty of the quantity, quality,
and timing of product returns that arise, especially in closed-loop supply chains. The importance
of return-flow uncertainty in circular supply chain management was also indicated by Bressanelli
et al. [50]. The authors, using an in-depth literature review (63 papers) and their own research
(the multiple-case-study method), identified 24 challenges to transition towards a circular economy,
grouped into the seven categories of economic and financial viability, market and competition, product
characteristics, standards and regulation, supply chain management, technology, and users’ behaviour.
For supply chain management challenges, in addition to return-flow uncertainty, the authors also point
to such major challenges as the availability of suitable supply chain partners, higher transportation
costs, and problems of coordination and information sharing.

To summarize, the studies completed so far on the transition towards a circular economy in
seaports are mainly based on the experiences of major ports that have at their disposal high-quality
infra- and superstructures, as well as appropriate regulatory frameworks and know-how. Such ports
play the role of major hubs for large general and bulk cargo flows and are less affected by the structural
changes taking place in the global economy. In general, these studies show that, in major ports,
the process of circularisation pertains mainly to developing industrial symbiosis and implementing
solutions that apply renewable energy sources. The studies completed so far have hardly addressed
the opportunities and challenges faced by ports as recycling hubs in circular supply chains, particularly
secondary ports, which this article focuses on.

3. Materials and Methods

The main steps of the overall research process are presented in Figure 1.
In the first stage, the literature review process was carried out, which highlighted an existing

research gap. Then, the research method and main object of the research (a secondary port in
Szczecin) were selected. This study applied the single-case-study method [51]. As pointed out in [52],
single-case-based research enables direct observations and interactions that provide insights that are
not possible from a distance. Following the principles of this method, the following research questions
were formulated:

1. What are the main opportunities for secondary ports as nodes in circular supply chains?
2. What kinds of challenges are faced by secondary ports when approaching circular supply chains?
3. How do secondary ports respond to these opportunities and challenges?
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The object of the study was the seaport in Szczecin, as a link in sea–land circular supply chains.
The seaport in Szczecin is one of the main universal seaports in Poland; it is located on the Baltic Sea
and meets the criteria of a secondary port.

Figure 1. The main steps of the research process.

In recent years, this port has faced a number of challenges connected predominantly with the
structural changes in the global economy, in trade and maritime transport, and in the Polish economy
(political changes and the development of a free-market economy initiated in the 1990s), which have
led to gradual decreases in the transshipment volumes of major bulk cargo, such as coal and ore,
accompanied by an increased share of general cargo or cargo classified as ‘other bulk cargo’ (Figure 2).
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Figure 2. The breakdown of transshipment volumes in the port of Szczecin (1990–2019). Source:
Compiled by the authors based on the Szczecin and Świnoujście Seaports Authority.

Handling the cargo flows moved within circular supply chains is a great opportunity for the port
in Szczecin due to the lack of a possibility to handle large ships and the lack of interest of the operators
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of large specialised terminals, the availability of vast areas for investment, the possibility of being
served by various hinterland transport modes (including inland shipping), the stevedores’ experience
in serving various cargo groups (which includes distribution and logistics services), and the location of
port industry facilities and waste recycling plants [53].

To apply the single-case-study method to the period of January–February 2020, direct in-depth
interviews were conducted among the companies operating in the port of Szczecin, such as stevedores
and various port industries. An in-depth interview was also conducted with a representative of the
Szczecin and Świnoujście Seaports Authority.

The first step of the study was to identify the entities engaged in the operating activities (stevedores)
and industrial activities (port industries) in the port of Szczecin, connected (in whole or in part) with
circular supply chains (the cargo flows involved waste or by-products in at least one direction).
The entities were selected on the basis of our own observations and knowledge obtained by the
literature review, studying the enterprises’ websites, and information obtained via unstructured
in-depth interviews held with a representative of the Szczecin and Świnoujście Seaports Authority.
This information, along with statistical data on the volume and breakdown of port transshipments
(in terms of cargo type and destination), helped to identify the target stevedore group, while the data
on industrial activities (line of business) made it possible to identify the target port industry group.

Finally, out of the total group of 12 stevedoring companies running their operations in the port
of Szczecin, 4 entities were selected for further study. Out of the 8 port industry entities, 4 were also
selected for further study (3 of which dealt with pyrolysis and 1 with limestone grinding). Due to the
temporary suspension of business activity, it was not possible to hold an interview with one of the
pyrolysis plants. Consequently, interviews were only conducted with the representatives of 3 entities.
The necessary data on the fourth entity’s operations were obtained from the Szczecin and Świnoujście
Seaports Authority, which made it possible to consider that entity in the research results. (See Table 1).

Table 1. Number and breakdown of the examined entities.

Type of Entity Stevedores Port Industries

Total number of entities active in the port in Szczecin 12 8

Number of entities selected to be studied via the in-depth interview method 4 4

Number of entities fully examined via the in-depth interview method 4 3

The second step of the study involved a semi-structured in-depth interview (held by phone and in
person) of the 7 entities (4 stevedores and 3 port industries). The interviews were aimed at identifying
the circular supply chains that involve the examined entities and operate via the port in Szczecin.
The interviews were based on open-ended questions.

In the first part of the interviews with the stevedore representatives, the respondents were asked
about their type of handled cargo. The obtained information made it possible to specify the kinds of
cargo handled by the entities and to select the cargo types that are part of the flows of the circular
supply chains. At this stage, it was necessary to explain to the representatives of said entities the idea
of a circular supply chain. The respondents did not know the concept and were not aware that they
participated in supply chains defined as circular supply chains. The second part of the interview was
aimed at a detailed analysis of the flow and handling of the selected groups of cargo by the examined
entities. The surveyed respondents were asked the following questions:

1. What are the directions of the analysed cargo flows (identification of cargo flow routes in the
supply chain: place/country of departure)?

2. How is the cargo handled in the sea–land transport chains (identification of subsequent
transport modes)?

3. What scope of cargo-related services is provided on the port premises (transshipment, storage,
and additional services)?
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4. What are the main conditions for serving the analysed cargo groups and developing the relevant
services (legal, market, organisational, social, and especially environmental factors)?

In the first part of the interviews with the port industry representatives (analogous to the
stevedores), we focused on identifying the resources and products applied in the production operations
and their intended use. Further into the interview, the subjects were asked questions analogous to
those used for the stevedores (items 1–3) on the directions of the cargo flows, transport services,
and the operating conditions for the examined groups of resources / semi-products / finished goods.
Additionally, this group of respondents was also asked the following questions:

1. Does the applied production/processing technology have any adverse environmental impacts?
2. How is your cooperation with other entities on the port premises?
3. What are the perspectives for your business operations?

Apart from selecting the entities to be included in the study, the unstructured in-depth interview
held with the Szczecin and Świnoujście Seaports Authority was also used to obtain information on
the following:

1. Interests of the enterprises engaged in the international trading of waste/by-products, whose
business activities are located in Szczecin port, including transshipment and storage services,
additional services, and industrial operations.

2. The prerequisites for developing this kind of activity in the port of Szczecin with regard to the
available land reserves (port premises management policies) and the cooperation between the
port authority, stevedores, and port industries operating on the premises.

The main difficulties encountered during the interviews with all the respondent groups were the
groups’ lack of knowledge about the circular economy and circular supply chains. Moreover, for some
industrial plants, it was not possible to obtain full information due to their business secrets.

The obtained data made it possible to identify and analyse in detail the sea–land circular supply
chains running through Szczecin. Flows of the following cargo were analysed: steel products–scrap
metal, copper concentrate–sulphuric acid, limestone–gypsum, car tyres–oil, soot, scrap metal, and wood
waste–ground wood waste.

In the next stage of research, a qualitative strengths, weaknesses, opportunities, and threats
(SWOT) analysis for the secondary port in Szczecin was performed. The main opportunities and
challenges of the secondary port as a node in the circular supply chains were identified. Then, the main
directions of the necessary remedial actions were determined. The challenges identified in the single
case study of the seaport in Szczecin, in connection with the existing opportunities and directions of
the postulated actions, were confronted with theoretical knowledge. In the last stage, we verified the
obtained results by matching current theory with our empirical observations [52].

4. Results

4.1. In-Depth Analysis of the Circular Sea–Land Supply Chain via the Port in Szczecin

To illustrate the opportunities and challenges related to the transformation of seaport business
models towards the circular economy as a prerequisite for sustainable seaport development
(and considering the gradual decrease in the transshipment volumes of traditional bulk cargo),
in-depth analyses of the circular supply chains served via the seaport in Szczecin were performed.
This analysis included all supply chains currently passing through the port of Szczecin whose cargo
flows involve waste or by-products (in at least one direction). The circular supply chains identified in
this way were analysed in terms of their cargo flow routes, subsequent transport modes, cargo-related
services, and the main conditions for their presence in the seaport (for legal, market, organizational,
social, and especially environmental reasons).

Chain 1. Steel Products–Scrap Metal.
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One of the most frequently noted circular supply chains is the transport of steel products (product)
and scrap metal (waste/resource). In the port of Szczecin, there are two variations of this chain, which
differ by the degree to which the transshipment and industrial enterprises operating in the port engage
in processing the cargo being moved within the chain.

In the first variant (1a), the port’s role in the chain focuses exclusively on the operations of
transshipment and the temporary storage of products (steel products, i.e., wire rods and reinforcement
steel) and waste (scrap metal). Scrap metal is transported to the port from the foreland (mainly from
Russia) using handy-sized vessels. The port handling operations are performed in the bulk area of the
port in Szczecin. The scrap metal is carried on barges to the steelworks located in the port’s transit
hinterland where steel products are manufactured. On the reverse route, steel products, such as wire
rods and reinforcement steel, are shipped to metal engineering and automotive plants in the distant
and proximate foreland (ports located mainly in North America, Africa, and Europe). See Figure 3 for
detailed cargo flow diagram and cargo flow model.

 

(a) 

 

(b) 

Figure 3. Example 1a: The supply chain loop for steel products–scrap metal. (a): detailed cargo flow
diagram; (b): cargo flow model. Source: Compiled by the authors.

In the second variant (1b), the flow of products and waste occurs in the opposite direction.
Additionally, the variant includes the partial processing of waste, as well as additional operations
related to cargo distribution and logistics. (See Figure 4)

Steel products are brought from the ports located in the foreland of the port in Szczecin (i.e., ports
in Russia and Finland) to the general cargo and bulk areas in the port of Szczecin, where they are
unloaded and stored. The cargo are delivered to consignees in the Szczecin port’s hinterland by rail
and road transport. On the reverse route, the waste (scrap metal) is brought from customers (mainly
from Poland and Germany) by rail and road. In that case, however, port handling is not limited only
to transshipment and short-term storage. Scrap metal goes to a dedicated, specialised terminal for
processing and transshipment, where scrap metal mixes are prepared to meet the specific needs of
specific metalwork. At the terminal, scrap metals are crushed and mixed with some components
imported by maritime transport. The sea portion of the reverse chain comprises the transport of scrap
metals to various consignees (metalworks) in the foreland of the Szczecin port (i.e., to Finland).
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(a) 

 

(b) 

Figure 4. Example 1b: The supply chain loop for steel products–scrap metal. (a): detailed cargo flow
diagram; (b): cargo flow model. Source: Compiled by the authors.

Chain 2. Copper Concentrate–Sulphuric Acid.

The second analysed supply chain encompasses the flow of resources (copper concentrate) and
by-products of copper production (sulphuric acid). See Figure 5.

 

(a) 

 

(b) 

Figure 5. Example 2: The supply chain loop for copper concentrate–sulphuric acid. (a): detailed cargo
flow diagram; (b): cargo flow model. Source: Compiled by the authors.
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The resource (copper concentrate) is brought from the distant foreland of the seaport in Szczecin
(the ports of South America) and is transshipped in the bulk area of the seaport in Szczecin by a
stevedoring company. The recipient is a large copper company in the distant hinterland, and the
cargo is delivered by rail (using Talbot self-unloading wagons). On the reverse route, 98% sulphuric
acid (post-industrial waste in copper production) is brought by tank wagons to the port in Szczecin.
The port handling operations are performed by the same stevedoring company in a specialised terminal
for sulphuric acid transshipment. The consignees of the acid located in the foreland are chemical plants
(mainly manufacturers of fertilisers) located in Africa, Europe, and South America.

Chain 3. Limestone–Gypsum.

The third analysed supply chain comprises the flow of the resource (limestone) and post-industrial
waste (gypsum). See Figure 6.

 

(a) 

 

(b) 

Figure 6. Example 3: The supply chain loop for limestone–gypsum. (a): detailed cargo flow diagram;
(b): cargo flow model. Source: Compiled by the authors.

The resource (limestone) is supplied from Gotland with small coaster vessels to the port in
Szczecin, where it is unloaded in the bulk cargo terminal. Next, the cargo goes to the limestone
grinding plant located on the port premises. Following processing, a portion of the cargo is shipped by
road transport to the (conventional coal-fuelled) power plant located in the proximate hinterland of
the port, where the ground limestone is used to remove sulphur dioxide from flue gases. Synthetic
gypsum is the return load. It is brought to the port in Szczecin by road transport, transshipped onto
sea vessels, and carried to the ports in Sweden and then to building material manufacturers.

Chain 4. Tyres–Oil, Soot, Scrap Metal.

The fourth analysed supply chain encompasses the haulage of waste, including used vehicle tyres
and products resulting from the processing of tyres (pyrolysis). See Figure 7.
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(a) 

 

(b) 

Figure 7. Example 4: The supply chain loop for tyres–oil, soot, and scrap metal. (a): detailed cargo
flow diagram; (b): cargo flow model. Source: Compiled by the authors.

Used tyres are brought to the port in Szczecin both from the hinterland (by road transport from
Poland and Germany) and from the port’s foreland (both as bulk and containerised cargo). On the
port premises, the used tyres are processed in two processing plants, located, respectively, in the
general cargo area and in the industrial part of the port. The resulting products are scrap metal, soot,
and oil. Currently, these products are shipped mainly to consignees located in the hinterland. Oil is
the most popular among customers, as it is predominantly used as fuel and is one-third cheaper than
conventional fuel oil. A potential target group for this oil could also be sea vessel operators. Based on
an agreement with one of the companies, a tank for the storage and distribution of this oil by sea was
constructed on the port premises.

The other product, soot, is also transported by road (with silo trucks) to customers in the domestic
market. In the future, soot could also be shipped in a containerised form to overseas consignees. Soot is
a resource used in the automotive industry for the production of rubber products such as car mats and
new tyres (if sufficient quality can be assured). The third type of product resulting from the pyrolysis
of tyres, scrap metal, is used in the metal industry.

Chain 5. Wood waste–ground wood waste.

The fifth analysed supply chain covers the flow and processing of wood waste as a resource for
the power engineering sector. See Figure 8.

Polluted wood waste is delivered to the seaport in Szczecin from Swedish ports. The port handling
services are performed in the bulk cargo terminal of the port in Szczecin by a stevedoring company.
Then, the cargo is carried by inland shipping to a wood-waste processing plant in the proximate
hinterland (cross-border transport to Germany). On the reverse route, ground wood waste is carried to
the bulk cargo terminal in the port of Szczecin This cargo, which is lightweight and takes up significant
space, is difficult to transship. Therefore, it requires a wider range of services apart from transshipment
(e.g., compacting it on the ship). Next, the cargo is carried by sea to Swedish ports, from where it is
delivered to power stations as biomass.

There are many factors important for creating the abovementioned circular supply chains via
the seaport in Szczecin. For example, for the ‘steel products–scrap metal’ chains (1a, 1b), the most
significant factor was waiving the obligation for companies to have permits for the cross-border
transport of scrap metal in 2013. Obtaining these permits took much time and effort. Issuing a permit
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was dependent on indicating a concrete entity with which the company was to cooperate in serving the
supply chain, as well as the cooperation time and estimated cargo (scrap metal) volume to be brought
into the country. Apart from the proximate location in relation to the German market, an important
factor was also the navigable inland waterway connecting Szczecin with the German inland waterway
system (chain 1 and chain 5), the vast unoccupied areas within the port premises (suitable for the
location of distribution terminals and industrial plants) (chain 1b, chain 2, chain 3), and the stevedore’s
guarantee of high-quality transshipment, distribution, and logistics services for the cargo in question
(all the chains covered by the study). The study also showed that the durability of the identified
sea–land circular supply chains via the secondary port of Szczecin is affected mainly by the rising
domestic demand and changes in the destinations of waste deliveries and products as the objects of
the transport flows. These factors cause a periodic and partial shifting of cargo flows from sea–land
supply chains to land supply chains (chain 2, chain 3).

 

(a) 

 

(b) 

Figure 8. Example 5: The supply chain loop for wood waste. (a): detailed cargo flow diagram; (b): cargo
flow model. Source: Compiled by the authors.

Moreover, the analysed examples indicated that the developing local cooperation between the
entities participating in the circular supply chain (i.e., between stevedores and industrial plants
and between stevedores and specialised distribution terminals) did not rule out further cooperation
between the entities operating in the port with the circular supply chain links in the distant hinterland
or more remote foreland. The decisive factor is the value of the cargo (waste) itself. For cargo of a low
unit value (e.g., saw dust, gypsum, and scrap metal), the shippers strive to minimise the transport
costs (proximate locations in the hinterland and in the foreland). In turn, for cargo with higher unit
values (e.g., acid), the costs of transport are less important and are not a constraint when searching for
partners, even in the more distant foreland of the port.

The analysed sea–land circular supply chains contribute to the diversification of the transshipment
volume breakdown of the seaport in Szczecin (Figure 9).

An increasingly more significant share in the breakdown is held by cargo from the ‘Other bulk
cargo’ group, which contains the above described by-products or waste. The share of this cargo
category, excluding periodic decreases, has presented a rising trend since 2004, while the volumes of
traditional cargo groups, such as the coal and ore transported in linear supply chains, have been falling.
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Figure 9. Changes in the port transshipment volumes in the analysed sea–land circular chains (‘Other
bulk cargo’) compared to the transshipment of coal and ore in the seaport in Szczecin for 1990–2019 in
k tonnes. Source: Compiled by the authors based on the Szczecin and Świnoujście Seaports Authority.

4.2. SWOT Analysis for the Port in Szczecin Approaching Circular Supply Chains

Taking advantage of the opportunities associated with the greater participation of the seaport
in circular supply chains, as one of the ways to achieve sustainable development, requires tackling a
number of challenges. To identify these challenges, a qualitative SWOT analysis for the port in Szczecin
as a node in the circular supply chain was performed (Table 2).

Table 2. SWOT analysis for the secondary port in Szczecin as a nodal point in a circular supply chain.

Strengths Weaknesses

1. Location of the port far from residential areas
2. Land reserves within the port premises
3. Varied and flexible offer of added-value services
4. Proven cooperation model:

producer–stevedoring company–port authority
5. Labour market–universal staff availability
6. Access to road, rail, and inland waterway

hinterland transport infrastructures

1. No circular supply chains among the priorities
of the port authority’s strategy

2. Complicated ownership structure for the
port premises

3. No infrastructure in undeveloped port areas
4. Existing evaluation criteria for investors

interested in investing in the port
5. Emissions performance of some

industrial technologies

Opportunities Threats

1. Sustainability policy implementation:

a. planned development of the inland
waterway infrastructure

b. policy of promoting alternative sources
of energy

c. changes in waste management policy
d. the development of low-emission

processing technologies

2. Dredging the entrance fairway to the port and
to the quays

1. Increased consumer demand in the
port’s hinterland

2. Increasing sensitivity of the local environment
to adverse environmental impacts of the port

3. Regulations on the cross-border movement of
hazardous waste

4. No cross-border arrangements for the
development plans for the Oder
waterway infrastructure

Source: Compiled by the authors.

Although circular supply chains do not generate large transshipment volumes, they generate
considerable quantities of added-value services like the stuffing, packing, or mixing of cargo.
A significant opportunity for developing these chains in the port of Szczecin, as well as in other seaports,
lies in the activities connected to sustainability policy implementation, including the promotion of
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alternative sources of energy or changes in waste management that make it possible for industrial
plants to obtain profits because they collected the waste.

Unfortunately, even though waste utilisation provides clear benefits in terms of environmental
protection, some waste processing technologies generate considerable pollutant emissions. A clear
advantage of the port in Szczecin is its location in an area excluded from residential functions. However,
this does not limit the social pressure to mitigate the negative impacts of business activity on the local
environment. A challenge and opportunity for the future growth of circular supply chains involving
environmentally harmful processing is to apply new processing technologies. This is exemplified by
the emission-free tyre pyrolysis technology developed in cooperation with academics and applied in
practice (chain 4).

From the perspectives of various stakeholders of circular supply chains (e.g., industrial plants
and distribution terminals), an important advantage of the examined port is the availability of land
reserves on its premises. However, for the port in Szczecin, this land is undeveloped and lacks any
hydrotechnical or land infrastructure (e.g., quays, electric power networks, a water supply, or sewage
pipework). The priorities listed in the current strategy of the Szczecin and Świnoujście Seaports
Authority do not include any provisions related to supporting circular supply chains through this port.
Moreover, it seems that the measures generally applied by ports to evaluate investors (total turnover)
disqualify any investors who are unable to declare large transshipment volumes (i.e., several hundred
thousand tonnes per year). The transshipment of the cargo served in circular supply chains is much
smaller (most often tens of thousands of tonnes per year), which, as per the current investor evaluation
criteria, makes such ports unattractive to the port authority. A possible challenge and guideline to be
followed by port authorities would be an enlargement of the investor evaluation criteria, e.g., including
the environmental benefits of the planned activities (disposal /waste processing).

Another barrier to the development of circular supply chains in the analysed port is that some land
plots to be used for business purposes belong to entities other than the port authority. This Authority
has a pre-emptive right to purchase land plots. However, in recent years, the Authority has rarely
availed itself of this right. Having all the land plots located on the port premises would provide a
better possibility for the port authority to administer the land resources and would make it possible to
establish new entities operating within circular supply chains.

An undoubted advantage of the examined port becoming a participant of circular supply chains
is the varied and flexible services provided by stevedores, such as flexible transshipment and storage
services, as well as additional services (e.g., freight forwarding) and added-value services provided in
relation to the cargo in circular supply chains (e.g., chain 5, where stevedores provide typical handling
operations, such as compacting the wood waste on the ship), as well as a wide range of services offered
to industrial plants and specialised distribution terminals participating in such chains. This flexibility
would not be possible without highly qualified staff, which is an advantage held not only by the
analysed port. In secondary ports equipped with multitask terminals, qualified staff perform various
works (e.g., on-site transport, stacking, stowage, and other handling operations). The said service
offers are related to the trilateral cooperation model developed in the port: producer–stevedoring
company–port authority. The process by which stevedores adapt to serving cargo as part of a circular
supply chain is a permanent process that results from both the diversity of cargo and the added-value
services accompanying the cargo flows, as well as the legal requirements connected with handling
hazardous cargo in cross-border transport.

The strength of the studied port is its access to three modes of transport, including inland shipping,
which is suitable for carrying low-value waste. An opportunity for the further growth of circular supply
chains via this port is the national programme for developing the inland waterway infrastructure,
which has been adopted and commenced, through which the Oder Waterway is set to be upgraded to
achieve international waterway parameters. A threat for this programme implementation is the lack of
coordination of activities in the cross-border area.
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Opportunities for the development of circular supply chains should be identified with the
development project implemented within the current EU programming period, which consists of
dredging the entrance fairway and the quay area up to 12.5 m (to serve fully loaded 40,000 DWT vessels
instead of the present 20,000 DWT). The new parameters of the port infrastructure will contribute to
improved competitiveness of the land–sea chains via Szczecin relative to the land chains (resulting
from the growing demand for some types of cargo to be part of circular chains in the port’s hinterland).
Vessels with a two-times higher carrying capacity will make it possible to reduce the transport costs,
which will enable the fulfilment of contracts with partners located in the port’s more remote foreland.
Some threats for circular supply chains may be connected to the following interdependence: serving
larger ships requires the storage of larger consignments in the port, which requires more storage
space. Consequently, there may be more pressure on using the last available areas provided with
the infrastructure for purposes other than handling the cargo that is part of the circular supply chain.
Therefore, it is important to coordinate any development projects aimed at improving the parameters
of the existing port infrastructure with any development projects aimed at providing infrastructures
in undeveloped parts of the port premises. Many secondary ports implement measures to serve
larger vessels. Given that the port authorities’ strategies do not aid circular supply chains, many new
investors operating in circular supply chains may go unnoticed.

To generalize the obtained research results based on the SWOT analysis for the port in Szczecin,
the identified challenges for secondary seaports connected with the development of circular supply
chains were confronted with the current literature.

5. Discussion

The current literature has thoroughly investigated the challenges of circular supply chains. Great
cognitive value can be found, for example, in the research results of Bressanelli et al. (2019) [50],
which include a broad overview of the academic literature supplemented by empirical studies, thereby
offering a source of current knowledge about the major challenges connected to the development of
circular supply chains. However, these studies do not refer directly to land–sea chains. The challenges
to circular supply chain development identified in the literature, compared to the research results for
the secondary port in Szczecin, are presented in Table 3. Our study primarily showed that the relevance
of particular challenges depends on the kind of circular supply chain. Based on the completed analyses
of the circular supply chains running via the port in Szczecin, we identified the following two kinds
of chains:

1. Consumer chains, which include the individual consumers from whom the waste originates
(chains 1a, 1b, and 4)

2. Producer chains, which include post-industrial waste or the by-products of industrial plants
(chains 2, 3, and 5)

Table 3. Challenges of secondary ports when approaching circular supply: Current theory versus
empirical observation.

No./type of circular supply chain
Challenges:

1a 1b 2 3 4 5

Consumer Consumer Producer Producer Consumer Producer

Return-flow uncertainty � � o o � –

Transportation and infrastructure � � – – � –

Availability of suitable supply chain partners – – – – – o

Coordination and information sharing � � o o � o

Product traceability � � – – – –

Cultural issues � for port authorities
– for stevedores

Legend: � - applied; o - partly applied; – - not applied. Source: Compiled by the authors based on [50].
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In the literature, the most frequently indicated challenge to circular supply chain development is
return-flow uncertainty. However, the study conducted in the port of Szczecin only partially confirmed
the importance of this challenge to secondary ports. This challenge is relevant predominantly to the
circular supply chains whose waste comes from individual consumers. This is exemplified by the
analysed chains 1a, 1b (scrap metal), and 4 (tyres), even though, for these chains, the implemented
waste management policy (mandatory waste collection by municipality services) ensures the possibility
of recycling more waste, so the stabilisation of such chains may be expected.

For the chains whose waste is derived directly from the production process (chains 2, 3, and 5),
the risk resulting from flow uncertainty is generally no different than that of linear chains. Both the
nature of the contracts (the contracting parties are often large industrial plants) and the minimum
volumes agreed upon with the port terminals guarantee the continuity of flows in the circular supply
chains. Some degree of uncertainty results only from the fluctuations in the regional and national
demand for cargo to be a part of the circular supply chains (chain 2 and chain 3).

According to the literature, circular supply chains generate a greater demand for transport
compared to linear chains. Our study only partially confirmed the legitimacy of this claim. For chains
based on production waste (chains 2, 3, 5), the engagement of transport processes in circular supply
chains is similar to that for two separate linear chains (resources for production and products), whereas
an increase in transport takes place for chains engaging individual customers who generate waste.
This situation is observed for chains 1a, 1b (closed-loop chains), and 4 (partially closed-loop).

Another significant factor indicated in the literature is the availability of suitable supply chain
partners. However, this study conducted in the port in Szczecin did not confirm the problems connected
with sourcing partners to serve circular supply chains. Considering the problems faced by secondary
ports (a decrease in transshipment volumes, e.g., coal and ores), stevedoring companies having at their
disposal multitask terminals and qualified staffwho are eager to serve circular supply chains. However,
the challenges may be significant when serving chains that involve hazardous cargo (e.g., chain 5) that
requires appropriate administrative permits, or when the production plant in the seaport applies a
pollution-intensive technology (one of the plants in chain 4), but even these obstacles are overcome by
the ports (through the development of alternative technologies).

Another significant challenge is the problem of coordination and information sharing.
The significance of this challenge was confirmed by the majority of cases we analysed. This problem
is distinctly visible for consumer chains (1a, 1b, and 4), as waste dispersion among small suppliers
generates problems with the information flow. However, for producer chains (2, 3, and 5), in which all
the links within the chain are unambiguously identified and between which cooperation takes place
on a long-term contract basis, this factor has limited impact. It is manifested if there was no prior and
precise information on the planned transshipments in a given year from a producer participating in
the circular supply chain.

Our study also confirmed the significance of yet another challenge identified in the literature:
product traceability. This is a significant challenge for consumer chains, whose waste is not standardised
(e.g., the scrap metal in chains 1a and 1b). For chains whose waste is precisely specified (which is a
requirement for any waste generated in production plants) or when waste comes from individual
consumers but with standardised parameters (chain 4), product traceability does not seem to be a
considerable challenge.

However, our study confirmed the considerable challenge of internal resistance to change (cultural
issues). This challenge impacts all the circular supply chains in a similar manner. In the operational
areas (stevedores) of secondary ports, there is already a strong conviction that it is necessary to adapt to
handling the cargo involved in circular supply chains. However, this is not the case for port authorities,
who show a more linear mindset. As a consequence, their fundamental instruments (i.e., the port’s
development strategy) do not provide any offers for circular supply chains. The investor evaluation
policy is thus based on the transshipment volume only, and no actions are taken to provide available
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land plots with the infrastructure necessary for the terminals and industrial plants that participate in
circular supply chains.

6. Conclusions

This paper focused on issues connected with the development of secondary ports as nodes in
the circular supply chains of the circular economy model, which is the basis for implementing the
sustainable seaports in the context of the structural changes taking place in the global economy, trade,
and maritime transport.

Firstly, our study confirmed that the most important threat to the development of secondary
ports is a decrease in the transshipment volume in the traditional bulk cargo group. This is shown by
the changes in the breakdown of transshipments in the port of Szczecin (Figure 9). Secondary ports
that do not have technical conditions to serve large vessels, but have available space to develop their
transshipment, storage, industrial, distribution, and logistics activities (and are trimodal (i.e., have
access to road, rail, and inland waterway hinterland transport infrastructures)), may become major
participants in circular supply chains. Focusing port development on serving circular supply chains
can help secondary ports retain the business of ships. The completed analysis of the case studies
additionally indicates that, regardless of the significance of geographical proximity (highlighted
in the literature) for the development of industrial symbiosis and eco-industrial parks in seaports,
circular supply chains may also operate on a global level. This concerns cargo with higher unit values
(e.g., chain 2), where transport costs are not a constraint in searching for partners, even in the port’s
remote foreland.

Secondly, taking advantage of the opportunities associated with the secondary ports in the circular
supply chain requires facing several challenges. Our study partially confirmed the significance of
the challenges to circular supply chain management identified in the literature, such as return-flow
uncertainty, transport and infrastructure, the availability of suitable supply chain partners, coordination
and information sharing, product traceability, and cultural issues. The significance of these challenges
depends on the type of circular supply chain, i.e., whether it is a producer or a consumer chain.
The in-depth analysis of the sea–land circular supply chains presented in this article proves that
most of the challenges indicated in the literature pertain to consumer chains, particularly return-flow
uncertainty, higher transport costs, and product traceability, as well as the problem of coordination and
information sharing. Producer chains, in turn, tend to be more durable because they are contract-based.
The issues related to the availability of suitable supply chain partners were not a substantial problem
for the stevedores and port industries, apart from the handling of hazardous goods.

However, our study showed that a very important challenge for both types of chains is internal
resistance to change (a cultural issue). This was relevant for all the analysed examples of circular
supply chains. The example of the port in Szczecin indicates that stevedores systematically adapt to
the changing market conditions and understand the potential of circular supply chains. They are urged
to search for new cargo flows to replace their vanishing traditional bulk cargo. This stimulates them to
cooperate with the port industry and expand their range of services. Some of the sea–land circular
supply chains analysed in this article require a broader range of time-consuming additional logistics
services provided by port enterprises in addition to the basic transshipment services. The cargo
types flowing in the circular supply chains are characterised by considerable diversity, while their
annual volumes are relatively low (50–300 thousand tonnes). Consequently, they are not attractive to
stevedores operating in large primary ports, who are interested in serving larger cargo flows under
long-term contracts. However, an unresolved issue is the persisting linear mindset of the secondary
port authority, which is manifested mainly in the investor evaluation policy based exclusively on
the declared annual transshipment volume and fails to provide the available land plots with the
infrastructure necessary for terminals and industrial plants that participate in the circular supply chains.
At the same time, the analysed examples of the secondary port in Szczecin indicate that sea–land
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circular supply chains may contribute to developing—within the port premises—specialised terminals
that serve several port functions through one entity (the terminal operator).

The studies completed so far indicate the overarching role of port authorities in the development
of circular supply chains. However, according to our study, for secondary ports, stevedores (who are
flexible and fast in adapting to new market conditions, strongly determined to search for new cargo
types to replace those that have vanished, and adapt the scope of their services) play the key role in
stimulating the development of circular supply chains. Nevertheless, from a long-term perspective,
the conditioning factor for the further growth of the circular supply chains in secondary ports will be
appropriate policy developed by port authorities (a circular mindset).

As the main managerial implication for the authorities of secondary ports, such authorities
should support the development of sea–land circular supply chains and thus the port’s pursuit of
increased sustainability, especially via an appropriate policy for investor assessment (taking into
account, besides quantitative criteria like total turnover, qualitative criteria, such as the value of cargo
services or the amount of waste used in the process) and the utilisation of any available areas within
the port premises (synchronising the process of port infrastructure development and the process of
providing utilities to undeveloped port areas) to encourage enterprises engaged in circular supply
chains to invest in and develop their business within the port’s premises. It is also necessary to develop
appropriate communication between port authorities and their external stakeholders, including the
local environment (seaport city residents), to transfer information on replacing pollution-intensive
production technologies with low-emission or zero-emission ones, the cross-border environment for
providing information on cross-border transport infrastructure for the development of circular supply
chains, and the competitiveness of secondary ports (also including major participants of the sea–land
circular supply chains located in the seaport hinterland with regard to information on the impact of the
upgraded port infrastructure to ensure the competitiveness of sea–land circular supply chains relative
to land chains).

As a managerial implication for stevedores operating in secondary ports, these entities should
first develop their service offers to address cargo as part of the circular supply chains (i.e., more
comprehensive service offers and added-value services, such as freight forwarding services and the
stuffing, packing, and mixing of cargo) and to meet the requirements of hazardous waste handling,
which is one of the main types of cargo moved in circular supply chains; they should also develop
cooperation with the other stakeholders of circular supply chains (dedicated distribution terminals
and industrial plants).

As a suggestion for future research, it is necessary to further study the transformation of secondary
ports towards a circular economy, including both in-depth studies of single cases and multiple case
studies on other secondary ports that cope with similar problems as the port in Szczecin. In particular,
we recommend developing studies on the impact of circularising secondary ports on the revitalisation
of port areas to handle the circular supply chain. It is also worth developing studies that address the
issues related to sea–land circular supply chain development, taking into account the specific nature of
producer and consumer chains.
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Abstract: With the economic globalization continuing to advance, coastal port cities have enjoyed
increasingly prominent status and roles as the link between the sea and the land and an important
window of foreign trade and exchanges. However, port cities, while embracing rapid development,
have also produced a significant impact on natural resources and the ecological environment.
Ecological environment protection has become a must-consider factor for sustainable development of
port cities. To secure coordinated and sustainable development of ports and cities, this paper utilizes
the system dynamics theory and approaches the subject from driver analysis. In the traditional
port-city collaboration system model, indicators of ecological perspectives such as land resources
and environmental protection are introduced to build a dynamic model for the spatial evolution
system of port-city coupling system based on ecological protection, and the dynamic mechanism of
port-city spatial relation evolution is analyzed in depth with a case study of Dongdu Port Area of
Xiamen Port. The model’s simulation results show that from an ecological perspective, the spatial
distance between the port and the city is critical to their sustainable and coordinated development.
Only after the port-city spatial distance increases moderately can the development efficiency of the
port-city system welcomes a relatively significant increase. Managing the port-city distance well has
a significant driving effect on capacity enhancement of the port and economic development of the
city. This provides a theoretical reference for further studies on port-city coordinated and sustainable
development and provides constructive suggestions for the government to make relevant decisions.

Keywords: ecological perspective; port-city system; coordinated development; system dynamics

1. Introduction

With international trade transactions growing, ports, as key hubs for land–water transportation,
play an important role in a city’s economic development. However, the rapid development of ports
has also put port cities under a series of ecological challenges such as disordered resources and
environmental pollution caused by excessive development [1–3]. A port city is a highly populated
area, while the ecological environment is what human beings rely on to live by. As people’s awareness
of the hazards to the ecological environment keeps rising, protecting port city ecology for sustainable
development of ports has become a focus of attention of social development. According to previous
research findings [4], the port-cityspatial relation has also changed accordingly as port and city step
into different stages of development and plays an important role in port-city coordinated development.
For example, China has been promoting its port management system reform in recent years. Taking
this opportunity, port cities have enjoyed vigorous development and port-city relations have become
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increasingly close. Specifically, the spatial changes between port and city are particularly significant:
Port and city are gradually moving farther away from each other, stretching the distance between
port and city, and the original industrial shoreline of ports is gradually transformed into a waterfront
shoreline of cities. This can be attributed to many reasons.

From the perspective of ports, as larger ships feature lower costs of transportation, ships have been
following an upsizing trend in recent years. To meet the requirements of ship upsizing, port structure
has changed, highlighting the upsizing trend of ports, with specialized ports gradually moving to
deep-water areas with better shoreline resources [3]. This gradually pulls port and city apart in their
spatial relation. For example, Shanghai Port developed from Huangpu River to Yangtze River, and
then to the open seas. The water depth of −16 m has been a very critical factor during the process [5].
Fuzhou Port gradually shifted from the inner port area of Minjiang River estuary to Jiangyin Port Area
and Luoyuan Bay Port Area, out of similar considerations [3,6].

From the perspective of city, in addition to developing port transportation, shoreline resources
also serve to develop a waterfront shoreline for the city and its residents. This is particularly important
for developing the city’s tertiary industry and improving residents’ quality of life [7]. As the scale of
the port continues to rise, a large amount of cargo has to be transported across urban areas, which
imposes greater pressure on urban commuting traffic, leaving the traffic in port cities more congested
and the contradiction between port expansion and urban development increasingly intensified.

From the perspective of ecological benefits, greenness and environment protection have become
inevitable trends and urgent requirements for port development under the constraints of resources
and environment. Port-front areas are usually home to the industries with serious pollution of dust
or noise. The impacts of these industries on the urban environment can be significantly reduced if
they move farther away from urban areas [8]. Meanwhile, as cities continue to expand, the shorelines
and land resources occupied by port areas will see their values rising, making them more suitable for
developing high-end and non-polluting service industries that have higher production values. From
the efficient use of resources point of view, the government has the incentive to relocate these original
industrial factories and areas as well as the ports to out of the cities.

With the emergence and development of the third- and fourth-generation ports, port services that
are dominated by cargo warehousing and handling have failed to meet the increasingly diversified
needs of economic activities, while related modern service sectors such as trade, ship financing,
maritime insurance, maritime law, shipping transactions, and shipping brokerage have enjoyed
rapid development. Ports have gradually changed from transportation centers to comprehensive
shipping service centers. However, the development of the shipping service sector depends not
only on the city’s logistics, finance, insurance, information, and other soft functions, but also on port
infrastructure. Meanwhile, as important hubs, ports can lead industries to agglomerate and then
develop new port-front cities, and further enable leap-forward expansion of cities’ economy. If the
port-city distance is too large, the longer time for commuting as well as cargo collection, distribution,
and transportation, and the too-high economic costs will all adversely impact industrial development
and new city development. Therefore, properly managing the port-city distance can maximize the
ports’ role in driving cities’ economy while minimizing the adverse impact on cities.

Therefore, despite that port-city separation has become an important development trend of
the port-city relation, ports still need to be within a certain distance to their cities to maximize the
coupling role between the port and the city. This paper adopts the system dynamics method and
starts from the port, city, and ecology perspectives, with Xiamen as an example for study, to introduce
indicators such as shoreline resource occupation, land resource occupation, and pollution emissions
to build a system dynamics (SD) model of a port-city coupling system based on ecological benefit
concepts. Through multi-scenario simulation, the paper makes comparative analysis on the impact of
port-cityspatial distance changes on the sustainable development of Xiamen to maximize the economic,
environmental, and social benefits and provide theoretical references and policy-making advice for
coordinated development of the port city.
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The article is structured as follows. Section 2 reviews relevant literature on port-cityrelations, and
Section 3 builds a system dynamics model. In Section 4, an empirical analysis is made using Xiamen
Port as an example. Finally, in Section 5, main conclusions of the paper and corresponding opinions
are presented.

2. Literature Review

The research on port-city relation derives from the port location theory in the 1930s [9]. With the
changes of the social economy, the research scope has been expanding to form five major research
fields today. This section starts from the five major research fields and focuses on the quantitative
research results of the port-city relation, supplemented by a summary of related literature in the past.

2.1. Existing Mechanisms of Port-cityRelations

The first part focuses on port-city spatial structures and connections. Scholars at home and abroad
have proposed a range of port system and port space evolution models based on empirical cases of
port cities in various countries or regions, such as the Anyport model and the Taaffee six-stage and
four-stage models [10–14]. Debrie and Raimbault [4] assumed that economic sectors (stakeholders in
transportation, water, housing, energy, industry, etc.) have a significant impact on the development
mechanism of the city, and applied an analysis framework based on regional negotiation to two
inland port cities to understand how stakeholder interactions change urban geography. Ducruet [15]
pointed out that the container revolution and the spatial distribution of new industrial activities were
the main factors in port-city relations. The maritime network had produced a significant impact
on the port-city interface in the past three decades. He used simple features including geographic
coordinates, urban population, logistical activities, port infrastructure, and maritime traffic to highlight
regional differences and analyzed port cities on the worldwide scale. The second part focuses on the
industrial development of the port area and the port’s impact on the area. Many scholars studied the
impacts of the industrial development of ports and port-front areas on the functions, environment,
leisure space, and redevelopment of the area from the perspectives of port industry, port logistics,
and waterfront living space [16–20]. The third part is the related research on port-city traffic network
connections [7,21]. Monios et al. [22], with Port of Gothenburg as an example, studied the location
selection of ports’ logistics distribution facilities, and pointed out that city planners should coordinate
logistics transportation from a regional perspective and identify the logistics activities that should
be located near the port, rather than blindly competing with inland areas for better facility locations.
The fourth part discusses the sustainable development of ports and cities and construction of green
ecological ports. From the perspective of port and port city development, taking into account the
ecological environment protection while developing the port can enhance the sustainability capacity of
the city [23,24]. We will discuss the fifth major area of research in the next section, namely the study on
quantitative analysis of port-city relations.

2.2. Quantitative Research on Port-cityRelations

Many scholars have carried out quantitative analysis on port-city relations and explored the
differences, connections, and interrelations between different cities from a regional angle. Such research
is represented by Vallega who selected relevant indicators of port cities; the proportion between them
can be obtained through certain data standardization to reflect the type of port city relationship [25].
Vallega found that there existed wide gaps in the port-city relations between different areas of the
world. For example, most European port cities emphasized the role of ports for the entire European
continent, and the port-city interdependence was relatively weak yet stable. Meanwhile, most Asian
port cities relied more on the rapid development of port-related industries in coastal areas and drove
constant expansion of the cities’ economic scales through port development [26]. Apart from this,
the quantitative research on port-city relations can be roughly divided into three parts. The first part
proposes, revises, and applies the relative concentration index (RCI) model. Many scholars utilized

79



Sustainability 2020, 12, 2857

the RCI model to classify port cities [27–29]. Wu further analyzed the features of changes in port-city
relations [30]. The second part reveals the multifaceted nature of port-city relations by constructing
a comprehensive index system and applying a diverse quantitative model. The main purpose is to
use the grey correlation, the system dynamics model, and the system entropy to study the intensity
change of the relations between ports and cities [31,32]. The third part proposes the development
theory of port cities and explains the development stages of port cities based on the quantitative
intensity features or changes of port-cityconnections. Examples in this regard include Guo and Han
who proposed a port-cityspatial evolution model [33], and Karel et al. who proposed a method for
analyzing port-cityconnection mechanisms [34].

2.3. Under-Researched Aspects

To sum up, most studies focused on exploring the relations between ports and cities in terms
of spatial structure, economic development, transportation networks, etc., but few looked at the
ecological benefits of ports. "Ecotypic" ports refer to resource-saving and environment-friendly ports.
Construction of ecotypic ports requires the evaluation of the impacts on the urban environment as
well as the consumption of land, shorelines, and other important resources while looking at the
size and costs of port transportation [23]. Since the state urged the construction of ecotypic ports,
changing the spatial distance between ports and cities has become an important measure for many
coastal cities to develop ecotypic ports for sustainable development. For example, the Huangpu River
Port of Shanghai Port has been largely relocated to Waigaoqiao Port Area and Yangshan Deep-water
Port Area; the up-scaling transportation in the north main port area of Tianjin Port has seriously
disrupted the green and livable urban construction of Binhai New Area, which leads to the current
planning of adjustment and relocation of the port area; Xiamen Dongdu Port Area has transformed
some multi-purpose terminals to cruise berths and is planning to move the freight function to out of
the island; Ningbo Beilun Port also intends to gradually transfer bulks transshipment operations to
Chuanshan Port Area and Majishan Port Area, which are farther away from the city [1,3,6]. Some
scholars have tried to evaluate the impact of port-city separation in recent years, but most of them
ended up with qualitative descriptions, lacking quantitative research on the changes of factors such
as resource consumption, environmental protection, and integrated transport costs that arise from
port-city separation. There is no mature systematic theoretical method on how to keep the port-city
spatial distance within a moderate range. Therefore, this paper, based on existing research results,
focuses on addressing the following problems: 1) How to build a port-city development model based
on an ecological perspective; 2) how to quantitatively analyze the impact of port-city spatial distance
on urban resources use, environmental protection, and integrated transport costs of ports during
port-city interactions; 3) targeted suggestions on how to maintain an appropriate spatial distance for
port-city development.

3. Modeling

System dynamics (SD) is a science that combines the theory of system science with computer
simulation technology. It is a method to study the system structure and feedback changes. The coupling
system of port and city is dynamic in nature, including several subsystems, and the self-correcting
and self-reinforcing effects of these subsystems affect the sustainable development of port cities. Port
is not only related to social and economic environments, but also closely connected to the ecological
environment and resources; therefore, this article applies the method of system dynamics, where the
city system, port system, and environment resources system are the three subsystems constituting
a harbor city comprehensive system coupling, and incorporates environmental constraints into the
model, so as to comprehensively and objectively analyze a harbor city regarding the feasibility of the
coupling system of sustainable development measures. The development trend of the port city in
the future is simulated by adjusting the parameter changes in the model to maximize the economic
benefits, social benefits, and environmental benefits.
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3.1. System Structure Relations

The first step in the study of system dynamics is to determine the system boundary; that is, to
determine the structure of the system. The port and city coupling system includes three parts: Urban
subsystem, port subsystem, and environmental resources subsystem. The urban subsystem refers to
the urban economy as the main body (including GDP, fixed-asset investment, volume of trade, etc.).
Port subsystem refers to the factors related to port development (including port throughput, freight
pressure, port investment, port passing capacity, length of available shoreline, etc.). The environmental
resources subsystem mainly consists of two parts: The additional pollution treatment cost caused by
port operation activities and the impact of infrastructure construction on the consumption of natural
resources. System dynamics is quite suitable for studying the interrelations between main factors in
the system. It converts purely static methods into dynamic simulation, featuring flexible equations
and non-fixed model structures. This enables effective simulation and research of system dynamics
and facilitates comparative analysis of hypothesis to provide a basis and support for decision-making.
According to the system analysis and coordination principle, the port-city spatial system can be divided
into three subsystems: Urban subsystem, port subsystem, and ecological subsystem. The system
framework of the model is shown in Figure 1.

Figure 1. System Framework.

Each subsystem is built up by the state variables from cumulative effects, the speed variables
from control effects, auxiliary variables, parameters, coefficients, and constants. Each subsystem not
only depends on its internal structure for operation but is also subject to the correlations of other
subsystems. The development of city economy is an important guarantee for port construction and
operation. With the development of city economy, the city has more funds to invest in the construction
of port and its collection and distribution system, providing the port with space for comprehensive
logistics activities and inland connection channels, so as to make the port continuously adapt to the
needs of higher level development of city economy. The port, as a transportation hub, is the center of
the transformation of various means of transportation. A large number of goods are gathered in the
port to promote economic development. At the same time, the area around the port also developed
the processing industry, which promoted the development of industry and international trade and
attracted foreign investment. However, port infrastructure construction may have a negative impact on
the ecosystem, thus causing adverse social and environmental impacts and restricting the development
of cities and ports.

In the coupled port and city system, the urban subsystem is the driving force to promote economic
development and progress. The material wealth created by urban economic activities can improve
people’s living quality and living standard, and further attract more people to develop in port cities. The
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economic value created by economic activities can also drive the development of the port subsystem,
and the development of the port will react on the city and drive the economic growth of the city. The
environmental resources subsystem is the foundation of the port city’s economic activities, and the
carrying capacity of natural resources directly affects the economic development level of the port city.
The subsystems and factors of the port and city coupling system are interrelated and influence each
other, which have the characteristics of obvious dynamics, complexity, and multiple feedback.

3.2. System Analysis and Indicators

According to the system framework, we can select the indicators that can comprehensively reflect
the situations of the three subsystems [23]. In fact, each indicator in the system dynamics model has
direct or indirect connections. The indicators form a whole, but we have divided them into three
subsystems to analyze the structure and context of the system more clearly, as described below. Finally,
according to the correlation of each index in the three subsystems, the Port-cityspatial system causality
diagram is obtained as shown in Figure 2.

Figure 2. Port-cityspatial system causality diagram from ecological perspective.

3.2.1. Urban Subsystem

The urban subsystem reflects the city’s economy and is the primary objective of developing
the port. At the same time, as the carrier of port, the development of export-oriented economy and
comprehensive transportation system also promoted the development of port. Main indicators include
urban GDP, fixed-asset investment, fixed-asset investment of port, and value of trade. Urban GDP
reflects the level of economic development in the hinterland; fixed-asset investment includes fixed-asset
investment of the port and others to reflect the construction status of infrastructure such as the port;
value of trade reflects the potential demand for the port. The urban subsystem includes two feedback
loops (Figures 3 and 4). Feedback loop 1 is a negative feedback loop, feedback loop 2 is a positive
feedback loop.
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Figure 3. Feedback loop 1 in the urban subsystem

Figure 4. Feedback loop 2 in the urban subsystem.

On the one hand, the increase of city’s GDP can improve the trade volume and port throughput,
so as to accelerate the industrial development, and finally drive the GDP growth. So, the second one
is the positive feedback chain. On the other hand, the increase of GDP will lead to the increase of
transportation volume, bring more pollution, and thus generate more socioeconomic cost. Therefore,
the first one is the negative feedback chain.

3.2.2. Port Subsystem

As an important infrastructure and window of foreign trade, the port plays a great role in promoting
the economic development of surrounding areas. Thus, the port subsystem is the key of discussion in
this paper. Its relations with the city have always attracted the attention of academia and is a hotspot
of research. Main indicators include port throughput, water-borne freight demand, throughput supply
of port, freight pressure, port investment, port throughput capacity, port trafficability, and length of
available shoreline. The urban subsystem and the port subsystem are linked up by the total production
value of traffic and transportation, warehousing as well as post and telecommunications industries,
and the total import and export values, to achieve interaction and constraints between the two. The
port subsystem consists of three feedback chains (see Figures 5–7). Feedback loop 3 and 5 are positive
feedback loops, while feedback loop 4 is a negative one.

Figure 5. Feedback loop 3 in the port subsystem.

The increase of port investment can speed up port construction, improve port throughput, promote
industrial development, and bring more investment to the port. Therefore, the third one is the positive
feedback chain. The increase of shoreline load not only increases port throughput and city GDP, but
also brings environmental pollution and increases socioeconomic cost. So, the fourth is the positive
feedback chain, and the fifth is the negative feedback chain.
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Figure 6. Feedback loop 4 in the port subsystem.

Figure 7. Feedback loop 5 in the port subsystem.

3.2.3. Environmental Resources Subsystem

The environmental resources subsystem plays a restrictive and economy-regulating role in the
entire system. Economy and port development cannot go without resources. How to rationally
utilize resources and reduce the cost of environmental governance are key to the current economic
transformation and development. If no governance measures are taken, the environmental impact is
usually negative. Therefore, this subsystem includes a negative feedback chain (feedback loop 6, see
Figure 8). This is a negative feedback loop. Indicators of the subsystem include effluent discharge,
exhaust emissions, solid waste discharge, environmental governance cost, environmental pollution
loss, shoreline occupancy cost, and land occupancy cost. Specifically, effluent and solid waste discharge
amounts will drive up the environmental pollution control expenses. Increased port throughput
will increase the overall transportation cost of the cargo collection, distribution, and distribution
system. Costs of the land and shoreline occupied by port construction will be reflected in the cost of
resource occupation. Ultimately, the three factors will collectively constitute the socioeconomic cost in
port-city relations.

Figure 8. Feedback loop 6 in the environmental resources subsystem.

3.3. Flow Chart Analysis and Equation Establishment of Port-citySpatial Relation System

Based on the causality feedback chart and mechanism analysis of various subsystems, a system
dynamics model of port-city spatial relations can be constructed (Figure 9). The evolution process of
the three port-city spatial subsystems is presented by a dynamic mechanism, an interactive mechanism,
and a stress mechanism. The dynamic mechanism is embodied in that, between the urban, port, and
ecological subsystems, the rapid economic development and the rapid growth of throughput play a
more prominent driving role in the early stage of port-city coordinated development; the interactive
mechanism is primarily embodied in the growth and maturing stages of port-city coordination
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when the port-city system achieves orderly and gradual evolution of the system through functional
transformation and coordination and cooperation of various subsystems; the stress mechanism exists in
various stages of port-city coordination. Each development stage of the port-city system has a threshold
which, once crossed, will lead to a variation of the system. Tables 1–3 present the important equations
related to socio-economy, ecological environment, and spatial resources in the model. At the end of the
paper, the specific meaning of each abbreviation in the table is listed. In the tables, “IF THEN ELSE”
means making a conditional judgment on the contents of the following parentheses and selecting the
number that matches the condition. Integrate means to integrate the values in brackets.

Figure 9. System dynamics flow chart of port-city spatial relations from ecological perspective.

Table 1. Socio-economic equations for urban and port subsystems.

IGDP = GDP × GGC

SB = GDP − SEC
FAI = GDP × FAIR

PI = FAI × PIR + PR × coefficient
PIR = CPC × coefficient

IPT = IF THEN ELSE (ASL > 2000, DELAY3 (CF and TCCC × PI × IC, PCC), DELAY3 (CF and TCCC × PI × IC,
PCC) × 0.01)

PT = INTEG (IPT)
PTS = PT × PPL

SAC = IPT × CS and TCC
ASL = TLAS + INTEG (−SAC)

VT = GDP × TD
PTD = VT × CCG

ROC = LOC + SOC
ITC = PT × ATD × FR × (1 + coefficient × FPˆ4)

FP = PTD / PTS
SEC = ELEP + ITC + ROC + EPCE
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Table 2. Relation equations for environmental resources subsystem.

IAV = GDP × CIAV + PT × PCC
ED = CED × IAV
EE = CEE × IAV

SWD = CSWD × IAV
EPCE = SWD × USWCE + UECE × EE + UECE × ED

Table 3. Related important equations for port-cityspatial resources.

PT = IF THEN ELSE (FP > 1, PTS, PTD)
PLO = PT × coefficient
SO = PT × coefficient
SOC = SO × USOC

LOC = PLO × ULOC

4. Empirical Case

Container transportation of Xiamen Port is distributed in four port areas of Dongdu, Songyu,
Haicang, and Zhaoyin. Dongdu Port Area, as a deep-water port area constructed after the reform
and opening up, has made indelible contributions in guiding and serving the industrial layout and
development of Huli Industrial Zone and promoting the construction of Xiamen Special Economic
Zone. However, with the elevation of socio-economic and urban development levels in Xiamen Island
in recent years, the cargo handling operations in Dongdu Port Area have brought many negative effects
to the island’s ecological environment and traffic and transportation, aggravating the conflict with the
city. In particular, the handling and warehousing of more than 4 million TEU containers on the island
each year has greatly impaired the urban environment and occupied valuable land resources on the
island; the high number of large container trucks have also imposed great stress on the island’s traffic
and increased risks of traffic safety. To address this issue, Xiamen Port urged, in its overall planning,
the gradual relocation of the freight function of Dongdu Port Area to Haicang and Xiang’an port areas.
The overall layout of Xiamen port is shown in Figure 10.

 

Figure 10. The overall layout of Xiamen port.
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4.1. Data Sources and Model Validity Check

Main data of this paper came from Xiamen Statistical Yearbooks and Xiamen Port Statistical
Yearbooks. The structure and dimension consistency of the model was validated with the help of the
Vensim software. A total of 10 years of historical data from 2007 to 2016 were selected, with their
historical significance validated. The errors between the system’s indicators and actual values were
within the range of 5%. The model sports a sound behavior re-production capability and can truly
reflect the actuality of the Xiamen port-city system (see Tables 4 and 5).

Table 4. List of basic data of main indicators.

Year
GDP

(Billion
Yuan)

Total Import and
Export Values
(Million USD)

Throughput
(10,000 Tons)

Trafficability
(10,000 Tons)

Length of
Occupied
Shoreline

(m)

Industrial Added
Value above a

Designated Scale
(100 Million Yuan)

Port
Investment
(100 Million

Yuan)

2007 1388 39,778 8117 8266 17,763 625 31
2008 1560 45,389 9702 9261 16,773 680 26
2009 1737 43,314 11,096 9559 17,598 670 30
2010 2060 57,036 12,728 10,041 18,522 869 27
2011 2539 70,167 15,654 13,439 22,597 1117 35
2012 2817 74,491 17,227 14,104 23,923 1164 26
2013 3018 84,094 19,088 14,174 24,431 1212 18
2014 3274 83,553 20,504 16,188 27,934 1240 19
2015 3466 83,291 21,023 16,550 28,827 1254 21
2016 3784 77,177 20,904 17,300 29,749 1265 23

Table 5. Comparison of simulated values and actual values of main indicators.

Year
Actual GDP
(100 Million

Yuan)

Simulated GDP
(100 Million

Yuan)

Deviation
(%)

Actual
Throughput
(10,000 Tons)

Simulated
Throughput
(10,000 Tons)

Deviation
(%)

2007 1388 1388 0.00% 8117 8338 2.72%
2008 1560 1563 0.17% 9702 9388 −3.24%
2009 1737 1785 2.74% 11,096 10,722 −3.38%
2010 2060 2101 1.97% 12,728 12,975 1.94%
2011 2539 2570 1.20% 15,654 15,690 0.23%
2012 2817 2816 −0.05% 17,227 16,523 −4.09%
2013 3018 3042 0.79% 19,088 18,587 −2.63%
2014 3274 3270 −0.10% 20,504 19,658 −4.13%
2015 3466 3522 1.61% 21,023 20,164 −4.08%
2016 3784 3848 1.69% 20,904 20,217 −3.29%

4.2. Simulation Test

4.2.1. Setting of Simulation Parameters

After the system dynamics model is established, simulation test is key to the research. This
paper provides quantitative technical support for decision-making of the government and companies
by simulating various policy solutions. In fact, when various simulation parameters are taken into
account, first the validity of existing data of Xiamen Port is checked. Then, the solutions are compared
and selected through parameter hypotheses of several feasible and reasonable solutions. Considering
the period length of the data used for history simulation and the uncertainty in the long term to come,
the starting year of simulation of the model is set to 2017 and the ending year is set to 2030, with the
interval DT = 1 year, and the model step is 0.625.

4.2.2. Scenarios and Solutions

The paper aims to explore port-city coordinated development based on ecological benefits. In fact,
port-city development comes from government and company planning. What we need to do is to
analyze the consequences from different port-city system planning with the ecological benefits taken
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into account, to unveil the underlying driving mechanism. Alternatively, we can, without changing
the port-city distance, change other factors and compare the extent of impacts from different solutions
to see whether there exist differences in the influences of the two cases. The ultimate metrics of the
evaluation are the port throughput and GDP at unit socio-economic cost.

Based on this idea, the paper devises the following 15 scenarios. Scenarios 1–5 are based
on the current port-city distance. By changing port infrastructure investment (that is, increasing
port construction at the original site), use of shoreline resources (that is, improving the port itself
and shoreline utilization efficiency), and improvement of environmental governance means (that is,
enhancing environmental protection measures and reducing environmental governance cost), we
can observe the efficiency change of port-city development. Scenarios 6–10 look at the benefits and
impacts from modest increases in the port-city distance (such as relocation of Xiamen Dongdu Port
Area to Xiang’an, Houshi, and other port areas). Scenarios 11–15 look at the benefits and impacts from
significant changes in the port-city distance (such as relocation of Xiamen Dongdu Port Area to Gulei
and other port areas) (see Table 6).

Table 6. Simulation scenarios in the paper.

Scenario
Contribution
of Investment

Conversion Factor of Shoreline
Resources and Throughput

(m/10,000 Tons)

Unit Cost for Pollutant
Treatment

(10,000 Yuan/10,000 Tons)

Port-cityDistance
(km)

1 0.62 1.95 0.5 5
2 0.64 1.95 0.5 5
3 0.62 1.90 0.5 5
4 0.62 1.95 0.48 5
5 0.64 1.90 0.48 5
6 0.62 1.95 0.5 20
7 0.64 1.95 0.5 20
8 0.62 1.90 0.5 20
9 0.62 1.95 0.48 20
10 0.64 1.90 0.48 20
11 0.62 1.95 0.5 100
12 0.64 1.95 0.5 100
13 0.62 1.90 0.5 100
14 0.62 1.95 0.48 100
15 0.64 1.90 0.48 100

4.2.3. Discussion of Results

Scenario 1 is a basic scenario that has passed the data validity test. This scenario shows that the
urban GDP and throughput increase over time, while the port shoreline resources keep declining. This
is a natural development, that is, without changing the existing layout, especially without changing
the port-city spatial distance, the city and the port can meet the target planned values of urban GDP
and throughput, but their development is based on the premise of resource consumption, which is not
conducive to ecological protection. Figure 11 shows the simulation results of scenarios 1–5.

Scenarios 2–5 are based on Scenario 1, with only one or two parameters changed, without changing
the port-city distance, to evaluate various major parameters and indicators of port-city development.
A comparison with Scenario 1 shows that Scenario 2, which increases port investment and port scale,
has a significant impact on GDP and throughput growth, but this also leads to rising unit social cost
accordingly. Such growth is at the cost of shoreline and land resources; Scenario 3, instead of building
new ports, seeks benefits from technology and management, which can indeed lower the unit social
cost, but the room for change and improvement is limited and the hidden safety risks may rise if
long-term high benefits are sought after; Scenario 4 neither builds new ports nor mines the potential
of ports internally. Instead, it enhances its technical expertise to reduce the environmental pollution
control expenses. Overall, this approach can lower the unit social cost while driving up the urban GDP,
but like Scenario 3, this approach limits the room for growth; Scenario 5 changes two variables at the
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same time, yet is similar to the scenarios that have only one variable changed. Overall, the space for
growth is limited.

 

(a) (b) 

 

(c) (d) 

Figure 11. Simulation results of Scenarios 1–5: (a) Urban GDP, (b) Port throughput, (c) Economic cost
per unit GDP and (d) Economic cost per unit throughput. Note: Since the objective of the scenarios is
to meet the requirements of urban development for GDP and port throughput to observe the operating
efficiency of the port and the city, the GDP and throughput are consistent across scenarios.

Scenarios 6–10 observe the changes of the above indicators to evaluate the entire system by
changing the port-city spatial distance. Figure 12 shows the simulation results of scenarios 6–10. A
comparison with the basic Scenario 1 shows that Scenario 6 significantly reduces the socio-economic
cost on the premise of meeting GDP, throughput, and other indicators. This marks a huge change
compared to Scenarios 2–5 and has broad space for development as well; Scenarios 7–10 are similar to
Scenarios 2–5; that is, increasing port investment, improving port management, and environmental
protection on the basis of Scenario 6. These scenarios also mark improvement over Scenario 6, but the
change is not as significant as that between Scenario 1 and Scenario 6.

Scenarios 11–15 observe the changes of the above indicators to evaluate the entire system by further
increasing the port-cityspatial distance. Figure 13 shows the simulation results of scenarios 11–15.
A comparison with the basic Scenario 1 and Scenario 6 shows that Scenario 11 posts significant
improvement over Scenario 1, but underperforms Scenario 6; that is, the unit socio-economic cost
is reduced. This is because in the scenario, the port is too far away from the city and industries,
leading to increased cost of the port for cargo collection, distribution, and transportation, which has
reduced the efficiency. Scenarios 12–15 are similar to Scenarios 7–10 and 2–5; that is, increasing port
investment, improving port management, and environmental protection on the basis of Scenario 11.
These scenarios also post improvement over Scenario 11, but they are not as good as Scenarios 7–10.
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(a) (b) 

 
(c) (d) 

Figure 12. Simulation results of Scenarios 6–10: (a) Urban GDP, (b) Port throughput, (c) Economic cost
per unit GDP and (d) Economic cost per unit throughput.

  
(a) (b) 

  
(c) (d) 

Figure 13. Simulation results of Scenarios 11–15: (a) Urban GDP, (b) Port throughput, (c) Economic
cost per unit GDP and (d) Economic cost per unit throughput.
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To sum up, to boost the ecological benefits of the entire system, Xiamen Port (including the
ports in the Xiamen Port region and the Zhangzhou Port region) needs to step out of the island for
development and transform from an island-type port to a bay-type one. From the simulation results
of the model, only after the port-city spatial distance becomes larger can the efficiency of GDP and
port throughput growth be improved; and can the port-city development be coordinated, greener,
and more efficient. Therefore, the government should actively plan and construct new port areas and
accelerate the relocation and transformation of Dongdu Port Area. However, it is worth noting that
the port-city spatial distance cannot be increased indefinitely and should be put within a reasonable
range. A layout that scatters over a wide area can increase the cost of cargo collection, distribution
and transportation and thereby reduce the system efficiency [35]. Therefore, Xiang’an Port Area and
Houshi Port Area among others are suitable for development. Comparatively speaking, Xiang’an Port
Area, which is closer to Quanzhou, the hinterland of cargo sources, is an optimal option on the premise
of good political relations with Taiwan.

5. Conclusions and Prospects

This paper utilizes system dynamics methods to introduce ecological indicators such as land
resources and environmental protection to the traditional port-city coordination system model and
constructs a new SD model to explore port-city coordinated development based on ecological benefits.
The paper makes up for the lack of attention to ecological benefits in port-city coupling systems in
existing studies. Through different planning of the port-city system and analysis of the simulation
results under different circumstances, the paper tries to find the driving mechanism of port-city spatial
changes. Alternatively, without changing the port-city distance, the paper changes other factors to see
whether there exist differences in the influences of the two cases. Finally, the planning performance is
evaluated based on the port throughput and GDP at unit socio-economic cost and we get the following
conclusions. Spatial distance is vital for coordinated port-city development. When the port-city spatial
distance moderately increases, the value of the land resources occupied by the port moves down, the
impact on the city’s environment becomes smaller, and the growth rates of GDP and port throughput
increase accordingly. The system also becomes more "ecotypic". However, the port-city spatial distance
cannot be too large, as too large a distance will drive up the cost of cargo collection, distribution, and
transportation, thereby reducing the efficiency of the port and industry. To address this issue, the
paper proposes suggestions to promote coordinated development of Xiamen Port and Xiamen city.
First, Xiamen Port (including the ports of the Xiamen Port region and the Zhangzhou Port region)
needs to step out of the island and transform from an island-type port to a bay-type one, with the
port-city spatial distance put under rational control. Second, under the premise of good political
relations with Taiwan, Xiang’an Port Area and Houshi Port Area are more suitable for development,
and Xiang’an Port Area, in comparison, is a better option because of being closer to Quanzhou, the
hinterland of cargo sources. On the other hand, the port areas that are farther away, such as Gulei,
generate lower ecological benefits than Xiang’an or Houshi does because of increased cost of cargo
collection, distribution, and transportation. They are more suitable for developing ports that are less
correlated with the hinterland, such as the ports supporting rear petrochemical bases.

This paper combines the port-city coupling system and the system dynamics theory to study
the port-city spatial relation evolution mechanism under ecological constraints, which makes up for
the gap in the existing port-city coupling system research and provides a theoretical direction for
further study on the port-city coupling system theories. However, the model in this paper operates
under normal development of the society, without considering the impacts of factors such as the
international trade environment and situation and natural environment changes on the development
of the port-city coupling system. It is a future trend to introduce uncertain factors into the port-city
coupling system research.
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Abbreviations

GDP: gross domestic product TP: freight pressure
GGC: GDP growth coefficient PLO: port land occupation
SB: social benefits SO: shoreline occupation
SEC: social economy cost SOC: shoreline occupancy cost
FAI: fixed-asset investment USOC: unit shoreline occupancy cost
FAIR: fixed-asset investment ratio OLC: land occupancy cost
PI: port investment ULOC: unit land occupancy cost
PIR: port investment rate ROC: resource occupancy cost
PR: port revenue ITC: integrated transport cost
CPC: cargo pressure coefficient ATD: average transport distance
IPT: increments of port throughput FR: freight rate
ASL: available shoreline length IAV: industrial added value
CF: construction funds CIAV: coefficient of industrial added value
TCCC: throughput capacity conversion coefficient PCC: port contribution coefficient
IC: investment contribution ED: effluent discharge
PCC: port construction cycle CED: coefficient of effluent discharge
PTS: port throughput supply EE: exhaust emission
PPL: port production load CEE: coefficient of exhaust emission
SAC: shoreline annual consumption SWD: solid waste discharge
CS: coastal resources EPCE: environmental pollution control expenses
TLAS: total length of available shoreline UECE: unit exhaust control expenses
VT: value of trade USWCE: unit solid waste control expenses
TD: trade dependence UECE: unit effluent control expenses
PTD: port throughput demand ELEP: economic losses from environmental pollution
CGC: coefficient of cargo generation ELC: environmental loss coefficient
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Abstract: Corporate Sustainability (CS) in the port sector has emerged as an important driver behind
strategy definition for port authorities globally. It has been argued that CS practices have the potential
of delivering value for port users and, as such, grant port operators and port managing entities
competitive advantages. There is, however, limited evidence behind this claim. The difficulty with
collecting such evidence is that we lack measures of port value creation, and CS metrics have rarely
been developed and applied in ports. This paper provides a framework for collecting empirical
evidence aimed at assessing in what way CS can benefit port competitiveness. The framework is
built on a systematic literature analysis of the past years. The literature analysis exceeds previous
comparable contributions by its analytical detail and provides valuable new insights on sustainability
in the maritime domain. The research indicates that the accurate measurement of CS initiatives
in the port sector is urgent and meaningful. When appropriately measured, the value that CS can
deliver to port users becomes apparent. This is, however, often created indirectly via branding,
risk mitigation, etc. The paper contributes to academic knowledge as it is the first to develop a
rigorous CS measurement framework usable for ports in terms of value.

Keywords: corporate sustainability; green ports; scale development; stakeholders; corporate
social responsibility

1. Introduction

Ports have been working on improving their sustainability profiles in the last decades, and few
ports globally can afford today to ignore the negative impacts associated with the economic activities
taking place within or in the proximity of the port. As awareness for environmental and social issues
increases globally, port sustainability is not a matter for developed countries only, although there are
still the major ports in Europe, Asia, and North America that lead the way on environmental and
social issues. Climate change has also played an important role in creating awareness of sustainability
practices in the maritime sectors [1]. The increasing presence of green marketing and promotion among
major ports, for example, is a sign of the perceived need of port administrators to profile the port in
the eye of an increasingly critical public opinion. Although there is a great variety in the degree of
commitment towards sustainability among ports [2], there is a general tendency towards making sure
that everything good the port does in terms of reducing its negative impacts is publicized.

In addition to the materials made available on the Internet, port authorities and other port
managing entities have developed strategic documents and sustainability reports that show how port
managers intend to develop the port further and what has been achieved in the last years. Some of
these documents are probably more exercises in public relations than hard commitments towards
sustainability, but their publication has contributed to facilitating and informing the broader debate on
sustainable ports. While this debate is far from coming to a close, the increasing attention to enhancing
sustainability in ports is certainly a positive development.
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This tendency has generated a renewed interest among both academics and port specialists in
the processes and drivers behind the formulation of such sustainability strategies, their effectiveness,
and their impacts on port management. Although environmental and social issues among ports are not
a new topic, it has been suggested elsewhere [3] that the overall deregulation that has characterized the
port industry in the last decades has certainly increased the value associated with developing corporate
social responsibility (CSR) among port authorities and, consequently, the need for port-specific
CSR strategies.

Over the last decade, growing interest in corporate social responsibility as well as environmental
impacts of and within the maritime sector increased due to pressing global concerns related to climate
change and citizen mobilization on port- and shipping-related issues [4]. The media coverage of
environmental issues, such as oil spills, and protest action, such as in the case of port workers’ strikes,
continue to maintain the visibility of port sustainability issues to the general public and have initiated
questions of accountability [5]. Port managing corporations have been forced to start shifting their
main objectives beyond profit maximization to include sustainable performance [6]. It is regarded
as necessary to extend stakeholder involvement in maritime governance and to embrace a larger
sustainable co-operation between stakeholders in the shipping industry [7,8]. In addition, buyer-driven
environmental upgrading is being increasingly recognized as important, although it is not likely to
result in change in management practices and operation unless it is supported by clear, predictable,
and enforceable global regulations [9].

Port economic activities generate a wide range of external environmental and societal effects [10].
Port authorities are demanded to take action to minimize the negative impacts on their communities as
well as society in general, and strive to maximize the value generated by port activities. In many ports
around the world, port authorities are also responsible for the development and implementation of port
expansion plans, and the assessment of the benefits and costs associated with such expansions is critical.
Port authorities generally also act as landlords, and they exert a great influence on the definition of
the terms of concession agreements and in the provision of incentives for terminal operators and port
users. It is, therefore, understandable that they are often obliged to take responsibility for social and
environmental effects deriving from port activities and that they should closely regard such impacts.

Ports are the locations of a variety of environmental effects, some of which derive from the nature
of port business itself; others stem from the proximity of ports to urban and industrial sites, and others
are the results of the specific topographies of port areas at the intersection between water and land.
A distinction can be made between natural and anthropogenic pressures for ports [11]. These pressures
often result in conflicts on port resource utilization, primarily land and water, which include commercial
cargo loading and unloading operations, industrial activities, tourism, fisheries, and nature preservation.
Given the scarcity in many regions of the world of port areas and the high costs of developing new
ports, these conflicts are likely to increase in relevance over time.

Pressure to improve sustainability among production and distribution of goods has raised new
challenges in all stages of the supply chain and in most industries. Nowadays, ports find themselves
in the position to balance commercial and economic growth on the one side and the reduction of
negative environmental and social effects on the other side. Ports, as part of a supply chain network,
are required to deal with short-term views, private and public interests, and commercial and social
objectives, as they are considered responsible for a wider set of environmental impacts [12,13].

Port authorities have, then, an important part to play in the moderation and resolution of such
conflicts. They need to safeguard the commercial and economic interests of the port, but, given the
public–private character of many port authorities around the world, are also entrusted with protecting
the interest of the public and of the local port communities, on which, in the end, their agency depends.
The management of stakeholders can be considered as one of the main tasks of port authorities [12].

However, little is known when it comes to measurement and quantification sustainability in
port operations. It is the intention of this paper to shed light on port sustainability measurements
by developing a framework to collect and benchmark empirical indicators for sustainability in ports.
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Existing environmental rating schemes in the shipping sector are often unclear and inconsistent in their
data collection, thus creating difficulty in providing uniform measures across a very heterogenous
industry [9].

This paper builds on the necessity of structuring data collection processes in port sustainability.
After a brief introduction on the definition and main aspects regarding CSR in the maritime industry in
Section 2, the research methodology is presented in Section 3. The methodology is split into a literature
review as well as a framework analysis. Section 4 presents a conceptual framework for sustainability
data collection in ports based on the literature. Section 5 concludes and discusses the limitations of
the research.

2. Sustainability and Corporate Social Responsibility

2.1. Definition of Sustainability

Various contributions on the topic of sustainability in the industry vary with their specific
definitions of the topic. The most widely accepted basic definition follows the so-called Brundtland
Commission or World Commission on Environment and Development (WCED) of the United
Nations in 1987. Sustainable development was defined as “development that meets the needs
of the present without compromising the ability of future generations to meet their own needs”.
In other words, it was later adopted as “increasing the welfare of the present generation while
simultaneously not decreasing the welfare of the next generation” [14]. Following Elkington [15],
the context of sustainability was understood as a holistic concept comprising the three unique aspects
of economic, environmental, and social sustainability, which is often referred to as the triple bottom
line (TBL). He connected sustainability to the process of simultaneously achieving three inter-linked
goals—economic prosperity, environmental protection, and social equity. This combination of three
inter-linked aspects (economic, environmental, and social) was adopted by the United Nations
Commission on Sustainable Development (UNCSD) in 2011, and is widely accepted in the literature
of the past decade (see, for example, [1,6,16,17]). It is pointed out by Lu et al. [16] that the difference
between the terms “sustainability” and “green” is significant. Although the terms are often used
interchangeably, “sustainability” needs to include the consideration on economic, environmental,
and societal issues, while “green” is focused only the environment. It should be stressed that when
addressing any economic, environmental, or societal issue, one is rapidly confronted with their
interrelations. From a maritime viewpoint, the concept of the green port was initially proposed in 2009
during the United Nations Climate Change conference, according to Wang et al. [18], and primarily
focused on low-carbon emission ports. The concept of the sustainable port appeared in the literature
later (e.g., [3]).

2.2. Perception of Sustainability

As already pointed out, port infrastructure, operations, and port-related industrial and economic
activities have adverse consequences on the environment and are held responsible for negative external
effects [10,19]. Ports facilitate commercial and economic growth on the one hand, but also reduce the
quality of air and marine water in their vicinities on the other hand [13].

It has been highlighted that sustainability is increasingly seen as one “key driver in port development
for the next decades” [1]. It is stated that ports must “plan and manage their operations and
future expansion (growth) in a sustainable way in order to cope with the limited or decreased
environmental space and intensified interactions with their hinterlands” [1]. On the port management
side, CSR management strategies are, therefore, moving from a cost-saving orientation towards resilience
and a value-adding sustainability-focused regime [1].

Environmental impacts of the shipping industry are perceived as more and more severe,
including air pollutant emissions, oil and chemical water pollution, litter, sewage, and invasive
species in ballast water [20]. Furthermore, the abuse of maritime policies with the use of flags of
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convenience to avoid national or regional regulation and tax evasion is characteristic for this industry [8].
Yliskylä-Peuralahti et al. [21] characterize two types of companies competing with each other in the
shipping market: “Those companies that are responsible and focus on high-quality shipping and those
that focus on providing low-cost services at the expense of safety and the environment”. However,
with increasing customer awareness, NGO campaigns, and emerging regulations, both national and
international, aiming at enhancing the environmental impact of production and transportation of
goods, the whole shipping sector (as well as other corporate actors) is driven to address the footprint
linked to their transport service.

First, shipping companies and ports do realize the competitive advantages of sustainability as an
instrument to enhance service quality as part of the company’s differentiation strategy [22]. Unfortunately,
globalization, the competitive maritime environment, and its weak regulatory frameworks led to a
situation where responsible shipping companies often stand in a lower competitive position relative
to companies focusing on short-term gains. This aspect is enhanced especially when non-sustainable
companies diffuse CSR practices within the industry by co-operating with each other in alliances [8].
In addition, the lack of enforcement mechanisms and missing stakeholder pressure led to a relatively
low number of shipping companies and ports participating in CSR practices so far.

On the regulatory side, regulations take a long time until coming into force, which often reduces
the necessity for port operators to act, thus slowing down changes. Frankel [23] already included
the impact of ballast water on port design in the 1980s. It is also stated that “the impacts on surface
water quality are caused by generated sewage, bilge wastes, sludge, waste, oil discharges, and leakages
of harmful materials both from shore and ships” [13]. After two decades of complex negotiations
between IMO (International Maritime Organization) Member States, the International Convention for
the Control and Management of Ships’ Ballast Water and Sediments (BWM Convention) was finally
adopted in 2004. Within this scope, the “Guidelines for approval of ballast water management systems
(G8) have been revised in 2016 and converted into a mandatory Code for approval of ballast water
management systems (BWMS Code), which was adopted by MEPC 72 (April 2018) and enters into
force in October 2019” (IMO, 2019).

With slow and heterogeneous regulations on the one side and high competition on the other
side, a growing number of contributions consider a pressure from the industry and non-financial
stakeholders as well as customers and other institutions, such as banks, as relevant [8,9].

2.3. Gains from Implementing Corporate Social Responsibility

CSR is nowadays connected to a variety of advantageous factors in the maritime domain, with
a growing number of indicators in the literature. On the social/ecological side, it was indicated that
port-authority-driven environmental efforts raised the positive image of the local community, thus
building trust in the port [24]. Without doubt, the economic aspect of CSR will have the most weight
in a company’s decision to change or adopt responsible measures. Studies also indicate a positive
correlation between CSR efforts and economic advantages. CSR in shipping is claimed to provide an
added advantage for firms by differentiating their services, avoiding port state interventions, receiving
permissions to operate in environmentally sensitive areas, and improving the image for recruiting
new personnel [25,26]. It is furthermore shown by Drobetz et al. [27] that “responsible firms, which
contribute both economically and ethically to the society and local communities they serve, are better
positioned to grow in terms of reputation and revenues”. According to the Porter hypothesis [28]
that was transferred to maritime sustainability by Cheon et al. [29], “stringent environmental policies
and regulations can facilitate firms’ efficiency and innovation, thus contributing to their ability to
accomplish various sustainable development objectives”. In addition to this rather general statement,
more narrow aspects supporting this theory in the shipping industry were found. One example for
financial CSR gains is shown by Drobetz et al. [27], stating that an increased CSR transparency lowers
information costs on the investor’s side, leading to potential positive financial effects. In addition,
decreased environmental incidents within a port reduce damage rates, benefitting the port’s service
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reputation and attracting more customers [29]. Ref. [6] reveals that socially responsible activities
among shipping firms will positively affect customer satisfaction, which appears to be related to public
recognition of the firm. Their results imply that a shipping company facing tight competition can
have a competitive edge if it satisfies its customers, since this will result in customers’ long-term
commitment and loyalty [6]. The case study of Wilhelm Wilhelmsen indicates how CSR rationales
are already adopted by firms, including a variety of economically advantageous aspects, such as
“managing risk, improving resource efficiency and access to capital, responding to or pre-empting
regulations, encouraging innovation, and building future market opportunities” [30].

2.4. Challenges of Introducing Corporate Social Responsibility in the Maritime Sector

Despite being the most important cargo transport mode in terms of cargo numbers, the maritime
transport sector is still “perceived as one of the laggards in processes of environmental upgrading” [31].
A number of reasons have been identified in the literature, indicating a certain challenge in introducing
sustainability into this domain. When describing the maritime domain, one must differentiate between
the shipping and the port side; however, understanding each individual challenge is necessary for a
holistic understanding.

The ship owner side is affected by the challenge of highly cyclical markets with small margins [9],
where the demand on transport services is derived from a variety of micro- and macro-factors in
different producing industries. While many maritime studies seem to disregard this aspect by only
focusing on one shipping niche, Ref. [9] found evidence suggesting a more differentiated evaluation
on shipping sectors with regard to sustainability. According to them, the large shipping segments of
dry bulk, tankers, and containers vary in their characteristics of relationships between cargo owners
and transport service providers (shipping companies). They name “differences in type of cargo, trade
distribution patterns, market concentration and ownership, contract length, and bargaining power
dynamics” as reasons for their assumption. According to their research, the container market ships
branded goods (container), where cargo owners start placing demands on shipping companies about
their environmental performance. In tanker shipping, where oil-producing corporations represent
the transport-service-requiring firms, environmental concerns about oil spills are present, as those
generate high costs and damage the customer’s brand due to wide media coverage.

In contrast, the dry bulk shipping market has minimal to no interest in environmental performance,
as raw materials are further processed and not linked to any end customer. Consumer pressure in
the bulk shipping segment is perceived as secondary given the business-to-business nature of this
transport industry, with low media visibility on its environmental impact [7,9]. According to Poulsen et
al. [9], “without the explicit governance traits of either strong buyer or supplier power, environmental
upgrading is fundamentally absent in dry-bulk shipping”. Compared to other shipping industry
sectors, the cruising industry provides a different example of consumer pressure with increasing
demand on CSR practices [8]. It is shown that, among these major shipping markets, buyer-driven
pressure on environmental upgrading, as a result of the cargo being directly linked to the final brand
customer, is key for environmental developments in the shipping sector.

A basic challenge for shipping firms remains in offering their shipping operations, being profitable
and coping with competition, and increasing their environmental footprint at the same time [32].
The shipping sector has a need to remain attractive to investors and freight customers, as well as to
regulators and present and future employees, were each fraction has different demands on sustainability.
Furthermore, the challenge of excess shipping tonnage in the market over the past decade further
drives shipping firms to lower costs [5]. On the employer side, the “size of the shipboard crew has
been dramatically reduced and the profession tends to be characterized by relatively inferior working
conditions and high insecurity due to short-term contracts and a high crew turnover” [8].

On the port side, it is indicated that “while ports are certainly aware of environmental initiatives,
they are only realized when they are deemed economically feasible in the short term, and have
no negative implications for operational efficiency,” according to Veyvar et al. [17]. They base this
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assumption on “immense cost pressures and customers’ unwillingness to pay for environmental
protection in port operations.” A fundamental challenge lies in a port’s inability to move due to high
investment barriers in setting up its infrastructure. The “presence of ports that cannot exit the market,
despite low performance, also triggers greater performance variation among ports that face strong
competitive pressure,” according to Cheon et al. [33]. The relatively high entry barriers of environmental
investments were also highlighted by Poulsen et al. [9]. Veyvar et al. [17] summarize that “while
win–win situations between multiple dimensions of sustainability are possible, it is necessary to balance
the different dimensions due to trade-off situations.” Industries characterized by financial pressure on
service costs and strong competition are particularly faced with difficulties in justifying investments
without tangible effects or immediate payoff and operability [17]. It is stated that the location of a port
also affects its sustainable ability, as rural ports are faced with a requirement for investments in training
and education on sustainability to deal with the scarcity of skilled personnel in rural areas.

3. Methodology

3.1. Comparison with Past Literature Reviews

Table 1 shows a comparison of literature reviews of maritime and other comparable supply chain
sustainability contributions. Each review follows a systematic approach, as presented in Tranfield
et al. [34] or similar contributions. Although the authors of [34] state that systematic reviews shall
“minimize bias through exhaustive literature searches”, a closer look into the methodology of these
reviews reveals potential improvement in the criteria used for literature selection. The authors of [35]
limited their sampling to contributions with a minimum of 25 citations. From a qualitative viewpoint,
this method is likely to exclude potentially important contributions, especially those of the last years of
the timeframe, as citations grow over time. Other contributions, such as [36–39], only conducted an
abstract analysis by screening for relevant (and the most important) subjectively chosen topics.

The authors argue that both title and abstract consist of a brief description of a research, but are
not enough to provide a clear and full comprehension of a contribution. Clustering contributions
through a literature analysis is an important step in science, requiring going “beyond mere descriptions
of the paper” [40]. The gaps revealed among the past contributed literature reviews in the area of
sustainability, however, indicate that the analyses were not comprehensive or that the basics tenets of
systematic literature reviews, as proposed by [34,40], were not adhered to.

Table 1. Comparisons among various literature review contributions.

Publisher Year Scope Timeframe Sample Ratio

Maritime sustainability literature reviews

[35] Sislian et al. 2016 198 1987–2013 49 0.247

[39] Lim et al. 2019 704 1990–2017 21 0.030

[41] Davarzani et al. 2016 2180 1975–2014 338 0.155

[42] Bjerkan and Seter 2019 148 2010–2018 70 0.473

[43] Hakam and Solvang 2013 334 1985–2012 N.A. N.A.

This study 2020 104 2016–2020 72 0.692

Other supply-chain sustainability literature reviews

[36] Tachizawa and Wong 2014 681 1976–2014 39 0.057

[37] Centobelli et al. 2017 415 1960–2014 46 0.111

[38] Evangelista et al. 2018 582 2000–2016 88 0.151

[44] Rajeev et al. 2017 1068 2000–2015 59 0.055

[45] Aguinis and Glavas 2012 588 1970–2011 181 0.308

Another crucial factor in past literature reviews is the ratio of the actual sample compared to the
scope of articles reviewed. Past contributions mainly considered a ratio of only 5–16% (see [36–41]),
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while few contributions considered more than 20% [35,45], and only Ref. [42] considered almost half of
their scope with 47%. The authors argue that disregarding the majority of contributions in a literature
analysis is most likely to create bias in the results, as many disregarded contributions might have
contained valuable information about the research topic. This argument is further underlined by the
intangible nature of sustainability itself, creating difficulties in weighing, measuring, and comparing
using statistical techniques. This aspect makes it even more crucial to maintain a qualitative view on
the topic and to gather bits of information from various contributions in order to create knowledge as
a whole.

3.2. Literature Analysis Description

The literature analysis followed the methodology of a systematic literature review based on [34,40].
The analysis aimed to identify articles published in peer-reviewed and open-access journals in the
English language from no earlier than January 2016 to provide contemporary insights into the broad
aspect of maritime sustainability. The authors included open-access journals, such as “Sustainability”,
because relevant insights into a research topic are not exclusively reserved for peer-reviewed journals,
especially when research is innovative, thus lacking a certain basis of knowledge. There were several
reasons for considering the short timeframe of only 4.5 years, ranging from January 2016 until June 2020.

Firstly, the analysis follows up on the work of Acciaro (2015) [3], who already provided a detailed
discussion on CSR value creation in the port sector based on an extensive literature analysis. Secondly,
the concept of CSR-based literature analysis in the maritime domain is not new, and has been evaluated
by various contributions (see [35,36,39,41,43–45]). However, a detailed look at these contributions
reveals a gap in recent contributions after 2015, as displayed in Table 2 below. Thirdly, the authors
aimed to reflect the contemporary aspect of maritime sustainability. As regulations and orientations
(both political and economic) change due to geopolitical events, so changes the focus on sustainability,
requiring evidence based on recent contributions of the most recent years. This aspect is not chosen
randomly, but follows the approach of [42] that already addressed this aspect.

Table 2. Comparisons among various literature review contributions.

Year of Publication Number of Contributions

2016 20
2017 17
2018 22
2019 10

2020 (till June) 3

Sum 72

The literature review was conducted using online databases by applying the following
keyword structure, as shown in Table 3. All contributions were read completely before being
regarded/disregarded for the final review. The contributions were checked for cross-references to
studies made in the area of interest. Those cross-references were taken into account to enhance the
reliability of this study’s literature review. In total, 104 contributions were identified, of which 32 were
excluded for not meeting the requirements. Among the excluded contributions, 20 did not contribute
to the research topic in terms of content (12 “port pricing”, 6 “CSR in Shipping”, 1 “port sustainable
pricing”, 1 port incentives), 4 contributions were university-owned publications outside any journal,
and 8 contributions were book chapters or conference proceedings. Only Bjerkan and Seter [42]
provided a comparable level of detail by choosing their sample and including cross-references. In total,
the literature research revealed 72 out of 104 contributions, resulting in a ratio of 69.2%, or a sample
reduction of only 30.8%.
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Table 3. Keyword search matrix.

CSR
OR Port AND NOT Airport

Corporate Social Responsibility AND OR
OR Shipping

green AND OR
OR Harbor

sustainable AND OR
OR Maritime

sustainability
OR

environmental
OR

green
OR Port pricing AND NOT Airport

sustainable AND OR
OR Port incentives AND NOT Airport

environmental

The 72 considered contributions were distributed among the years 2016–2020 and are shown in
Table 2. The research was conducted until June 2020, so that the annual number of related contributions
could be estimated to reach a comparable number. The sample contributions are distributed among
23 journals, with the top five journals accounting for 54.1% of the sample, and are distributed among
Transportation Research Part D (16), Maritime Policy & Management (10), Sustainability (6), The Asian
Journal of Shipping and Logistics (5), and Marine Policy (4), as shown in Table 4.

Table 4. Comparisons among various literature review contributions.

Journal Contributions

Transportation Research Part D 16
Maritime Policy & Management 10

Sustainability 7
The Asian Journal of Shipping and Logistics 5

Marine Policy 4
Journal of Cleaner Production 3

Energy Policy 3
Maritime Economics & Logistics 2

Journal of Business Ethics 2
International Journal on Shipping and Transport Logistics 2

Environmental Science and Policy 2
WMU Journal on Maritime Affairs 2

Transport Policy 2
Geoforum 2

Research in transportation business & management 2
Marine Pollution Bulletin 1
Sustainable Development 1

Journal of Marine Science and Engineering 1
Safety Science 1

Ocean and Coastal Management 1
Transportation Research Record 1
Journal of Transport Geography 1

International Journal of Logistics Management 1

Total 72

Out of the 72 contributions of the sample, 19 were of a theoretical nature, 42 of a practical nature,
and 11 used a mixed-method approach. Out of the non-theoretical studies, 15 contributions were
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conducted in Asia, 18 in Europe, 11 globally, 8 in North America, and 1 in Africa. The distribution of
the contributions is displayed in Figure 1.

Figure 1. Global distribution of the sample’s research. Source: Authors (2020) using Google Maps.

On the basis of the literature review, a conceptual framework was created (see Table 5). A conceptual
framework is defined as an either visual or written product explaining the key factors, concepts, or
variables to be studied and the presumed relationships among them [46]. Studies furthermore pointed
out the importance of structured frameworks as a basic contribution for future research (see [46,47]).
This paper focuses on providing a structured basis to empirically understand and measure sustainable
action in the maritime domain. The combination of a conceptual framework analysis based on a
structured in-depth literature analysis of contemporary contributions was, therefore, chosen to be a
relevant and well-suited research tool.

Table 5. Framework clustering.

Cluster Usable Framework Contributions

Underlying theories

Corporate social responsibility (CSR)-affecting theories [33]

CSR customer satisfaction theories [22]

CSR theories [29,38]

CSR policy and decisions

Policy initiatives and practices [9,19,48]

Port examples on environmental strategies [17]

Power/fuel topics [42]

Top 10 environmental priorities in EU ports mentioned [49]

Policy initiatives and practices [50]

Owner alliances [8]

Ship rating schemes [8]

Green hinterland strategy matrix [51]

Instruments available to port authorities [52]

Affecting factors

Port competition [53]

Management’s perception/concerns about CSR [5,6]

Implementation complexity [54]

Stakeholders [55]

103



Sustainability 2020, 12, 5504

Table 5. Cont.

Cluster Usable Framework Contributions

Measurements

Sustainability performance measurements [1,16,56–59]

Environmental Performance Indicators
[60]

[61]

[62]

Particular Matter 10 comparison of ship/shore energy sources [63]

Generic energy mapping and consumption [64]

Social sustainability indicators [65]

Among the 72 evaluated contributions from 2016–2020, several contributions provided individual
frameworks with regard to various topics of sustainability in the maritime sector. In sum, 32 frameworks
were identified and clustered into the four topics of CSR measurements (12), CSR policy and decisions
(11), CSR-affecting factors (5), and underlying theories regarding CSR in the maritime sector (4).
Four contributions provided a qualitative evaluation of the basic theories that affect or cause CSR
actions in the maritime domain. These studies range from general CSR-affecting theory [33] over
customer satisfaction theory [22] to general CSR theories [29,55] CSR policy initiatives and practices
were evaluated in eleven studies from 2016–2019. Both theories and policy practices reflect a rather
qualitative view of CSR in shipping, but only provide a limited capability of actually building empirical
evidence regarding this topic. For the sake of this paper’s research, focus will be shifted towards
extracting information on how to measure CSR operations. In sum, 18 contributions provided
frameworks that indicated how to measure CSR or CSR-related values in the maritime domain. Factors
affecting CSR were differentiated in port competition factors [53].

The managements’ perceptions of CSR [5,6], CSR implementation complexity [54], and stakeholders [55],
as well as measurements regarding CSR-related factors, were evaluated among 12 studies. These studies
range from sustainability performance measurements (6) over environmental performance indicators
(3) to other indicators (3). A detailed survey of the identified frameworks is provided in Table 6.

Table 6. Economic factors.

Cluster Aspect Measurement Source

Income and profitability

Amount of cargo handled annual cargo volume [56]

Productivity/throughput/growth cargo volume per vessel [56,57,61]

Corporate and property taxes tax income [56]

Input cost costs [56]

Investment and market share investment amount, market share [6,61]

Management efficiency [56]

Service quality

Hinterland connection meters of transport ways,
amounts of connections [61,66]

Quality of handling
numbers of accidents,

environmental impact per
handling

[6,53,61]

Port operations qualitative questionnaires [53,56]

Port charges costs [56]

Input cost costs [56]

Macro-value

GDP generation GDP income [56,57,66]

Tax generation tax income [56]

Trade facilitation trade amounts [56]

Cruise tourism passenger numbers [61]

Traffic transhipments, cargo handling [53,61]
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Given the limitations of this paper’s research, the framework analysis focused on contributions
regarding affecting factors and measurements of studies that already contributed. The TBL approach
was applied to differentiate measurements into categories of economic (Table 6), social (Table 7),
and environmental (Table 8) factors.

Table 7. Social factors.

Cluster Aspect Measurement Source

Community impact

Employment number of jobs created [6,56,61,66]

Safety number of safety incidents [56,62]

Security number of security incidents [62]

Resilience recovery time [57,61]

Heritage and cultural impact existing Yes/No [56,61]

Employment quality

CSR communication/education quality of training [1,5,16,58,60]

CSR decision involvement existing Yes/No [16]

Corporate culture existing Yes/No [16,58,67]

Legal and political
benefits

CSR policy existing Yes/No [1,5,6,16,58,60]

CSR information publication number of reports [5,16,58,68]

CSR efforts beyond compliance existing Yes/No [1,58]

Establishment of evaluation
indicators existing Yes/No [1,58]

Green port development plan plan existing [1,5,54,60]

Table 8. Environmental factors.

Cluster Aspect Measurement Source

Water pollution
management

Fuel spill contingency plan existing Yes/No [58]

Ballast water pollutant control existing Yes/No [6,58,61]

Cargo spill control prevention existing Yes/No [58]

Sewage/wastewater treatment existing Yes/No [56–58,60,66]

Eco-efficiency

Hazard waste management existing Yes/No [56,58,62,69,70]

Solid waste dumping
management existing Yes/No [56–58,60]

Energy consumption in KW/h [16,58,60–62,66,70–72]

Water consumption in liters [60,62,69,70]

Waste generation in tons [60,66,70,71]

Green materials/designs for
construction existing Yes/No [1,16,58]

Heat generation [58]

Energy quality renewable source Yes/No [16,54,58,63,64,68,72]

Air pollution
management

Speed/combustion reduction existing Yes/No [1,58,60]

Regulations on the emissions
of toxic gas existing Yes/No [16,54,57,58,62,69–71]

Cold ironing existing Yes/No [1,58,72]

Encouraging the use of
low-sulphur fuel existing Yes/No [1,54,58,72]

Encouraging public transport
mode development existing Yes/No [58]

Light emissions sustainable source Yes/No [58,60]

Dust control existing Yes/No [16,58]

Emission reduction due to
berth allocation in tons [73–77]
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Table 8. Cont.

Cluster Aspect Measurement Source

Noise control

Noise reduction in decibels [58]

Regulations on noise control existing Yes/No [57,58,66,70]

Avoiding disturbance to the
community during

infrastructure construction
and expansion

[58]

Marine ecological
protection and biology

system preservation

Wetland and marine habitat
preservation existing Yes/No [56,58,61]

Reducing infrastructure
disturbance to marine biology

density
[56,58,61,70]

Port entrance sediment and
coastal erosion control existing Yes/No [58,61]

Soil and sediment quality [62,69,70]

Biotope creation existing Yes/No [61,66]

Tree planting in port area existing Yes/No [16,58]

Dredging sediment disposal existing Yes/No [58,61,66]

Ballast water pollutant control existing Yes/No [58,61]

Economic factors can be differentiated into clusters of income and profitability, service quality,
and macro-values. While the clusters of income and profitability and service quality reflect internal
economic CSR factors, the aspect of macro-values draws a broader picture. It is once more shown that
ports, although being a major source of pollution and ecological disturbance, do create a benefit for
their surrounding society in terms of welfare, job generation, and tourism. A holistic CSR discussion
should always keep both advantages and disadvantages in mind.

4. Framework Analysis

Although social and environmental factors are widely covered in the evaluated literature,
the individual measurements often refer to a simple existing/non-existing question in the beginning.
Further research should focus on the cost structure of a port operation and its connection to port
operating costs.

On the basis of the literature, the conceptual framework presented in Figure 2 is proposed.
External factors include regulation, macroeconomic conditions, port governance, and societal
perceptions. They influence port business activities as well as constraint port strategy. Port business
generates economic, social, and environmental impacts. How port business activities generate these
impacts is the result of CSR activities. The impacts also shape the CSR, which is seen as an integral part
of corporate strategy. Assuming that the main objective of a port business strategy is value creation,
future research should find reliable metrics of value and impacts and empirically assess how CSR
actions impact value creation in the port sector.
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Figure 2. Proposed conceptual framework.

5. Conclusions

Building empirical evidence on an intangible asset such as sustainability is a challenging yet
important task for maritime academics and for port managers. Sustainability will remain a top priority
for the maritime industry, and increasing pressure will be placed on global value chains to reduce
their social and environmental impacts. It is therefore important to develop structured approaches
to measure the benefits of sustainability and to increase sustainability visibility in the maritime
chains. This paper conducted a detailed analysis on maritime sustainability literature. A total of 104
contributions were analyzed in detail, and 16 existing frameworks developed in previous sustainability
studies were connected. The framework links applicable measurements of sustainable action to port
operations based on academic contributions of the past decade.

In comparison to prior literature analyses on CSR in the maritime industry as well as other
transport logistics areas, the analysis conducted here exceeds previous studies through its in-depth
analysis and sample size. It is the first study that sheds light on the very contemporary aspect of CSR
literature after 2016, and provides new and valuable insights for academia, stakeholders, and policy-
and decision-makers. The proposed conceptual framework uses the triple bottom line approach of
known CSR discussions.

This paper contributes to academic knowledge, as it is the first to develop a Corporate Sustainability
(CS) measurement framework that is usable for ports in terms of value creation. The paper is beneficial
to society and business, since it offers a framework that can be applied in practice to measure the
effectiveness of CS initiatives in terms of value for ports.

Based on the limitations of this paper as a literature analysis, future research should:

• Test and refine the proposed framework;
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• Enhance the framework on the basis of similar studies in other domains;
• Determine adequate metrics to measure value and impacts;
• Develop an economic model to evaluate the relationship between port business activities and CSR;
• Test the framework by quantifying the value of CSR activities to specific port cases and then

across ports.

Since CSR in the maritime domain remains an ongoing discussion in the academic context, the need
for contributions that close the gap between theory and practice is of benefit for future environmental
awareness within the maritime transport sector. This contribution provides a solid basis for future
research on value creation and value measurement on CSR operations in ports on a contemporary
basis of the most recent years.
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Abstract: Sustainability reporting has been marked by a rise in importance in recent years as it
has proved to be an important management tool in the understanding of where an organization
is situated along the sustainability pathway. However, industries have shown different behaviors
towards embracing this practice. In this paper, we turn our attention to the port industry, using
the metropolitan inland Port of Brussels (Belgium) as a case study. Given the contested nature
of port activities within urban regions, metropolitan inland ports are expected to benefit from the
development of a sustainability report as it allows a more transparent account of the contribution of
port activities to the objectives of different stakeholder groups in the urban environment. The case
study is based on a survey yielding 74 valid responses from different stakeholder groups (employees,
clients, and broader society). Our results show that the expected content of a sustainability report is
viewed differently by these various stakeholder groups in terms of the relative importance of the
dimensions of the Triple Bottom Line (TBL), as well as in terms of the specific indicators representing
material issues. Furthermore, the concept of boundary setting with respect to the different dimensions
of the TBL and the desired level of inclusion by stakeholders during the development of a sustainability
report are differently assessed. The paper is of interest to academics as well as policy makers, as the
research results complement the existing insights on sustainability reporting in general and can be
used as basis to stimulate the adoption of sustainability reporting by inland ports.

Keywords: sustainability reporting; inland ports; Triple Bottom Line; materiality analysis; stakeholder
management; boundary setting

1. Introduction

In the present business environment, organizations are under pressure by diverse groups of
stakeholders to pay attention to ‘sustainability’ when they report about their performance. Existing
literature and recent research show that the term ‘sustainability’ and associated management and
reporting practices are mostly centered around three large domains, namely economic, social, and
environmental—in other terms the Triple Bottom Line or TBL dimensions (people, planet, and profit).
From a historical perspective, the end of the 19th century was characterized by the emergence of the
practice of financial reporting. About a century later, the importance of social and environmental aspects
linked to business activities had increased and hence stimulated organizations to publish additional
nonfinancial information [1]. Since then, a remarkable increase in the availability of information
related to the (positive/negative) effects of an organization’s operations in terms of both social and
environmental aspects can be observed [2,3]. Most of the largest global companies, i.e., 93% of the
top 250 companies listed in the Fortune Global 500 ranking (also called the G250) [4], are investing
time and resources to report and communicate on what can be defined as sustainable performance [3],
which is reflected in an increase in the practice of sustainability reporting of almost 60% since KPMG’s
first survey on the topic in 1999. The TBL concept is often used as a framework to operationalize the
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content of a sustainability report [5], as it is based on the same three dimensions (economic, social, and
environmental) that are required in a sustainability report, as stated by the Global Reporting Initiative
(GRI) definition [6].

While initially multinational corporations have been central in the sustainability debate, as well
as in scientific research around the topic, the scope has recently been broadened to organizations in
general. However, international reporting guidelines and standards (such as the GRI), as well as codes
of conduct, are still largely built upon the features of larger organizations. Due to this development,
there exists a reporting gap between large multinationals and small–medium enterprises (SMEs) [7],
as the latter category is constrained by human and financial resources [8]. In general, SMEs continue to
struggle with finding the balance between the value that arises from sustainability initiatives, of which
sustainability reporting is one, and the organizational costs linked to it [9]. Furthermore, research
on sustainability reporting is largely centered around the private (for profit) sector. On the other
hand, public sector organizations, fully or partially owned by the government, may face stronger
accountability expectations and obligations, as they are charged with tasks covering holistic thinking
on social welfare and justice of the public [10,11]. As a result, public sector organizations and
state-owned enterprises (SOEs) are more and more stimulated, and even legally required in some
countries (e.g., Sweden) to disclose sustainability performance information.

For the research presented in this paper, we turn our attention to the port industry, which is
characterized by the presence of public sector organizations. More specifically, we focus on inland
ports (as defined by Rodrigue and Notteboom [12]), and the often (partially) government owned port
managing bodies (PMBs)—the use of ‘port authority’ diminishes because of the increase of many
new governance models, covering more responsibilities than only those of an authority [13]. Those
PMBs are responsible for coordinating, regulating, and developing the economic activities by, inter alia,
allocating land to port users (mostly private companies) to carry out logistics and industrial activities
using inland waterways, while at the same time monitoring both public and private values [14]. Inland
ports operate under different, sometimes more extreme circumstances than seaports, specifically when
it comes to their relatively small organizational size (in terms of human and financial resources) and
their location in densely populated areas. Given the widespread positive and negative externalities
associated with port activities, inland PMBs are confronted with stakeholder pressure to improve
the ‘sustainability’ footprint of the logistics and industrial areas they manage. This creates specific
challenges in the context of sustainability reporting implementation, as the growing complexity of
the practice has not yet been equated with a similar degree of methodological sophistication [15].
In the specific context of inland ports, there exists a need to better understand the perspectives of
different stakeholder groups, both on the general concept of sustainability (reporting) and the related
methodological aspects such as materiality, boundary setting, and the need for stakeholder inclusion.
Furthermore, existing research is often focused on the insights of the postimplementation phase of the
practice of sustainability reporting. This paper provides an alternative approach by putting the focus
on a case study that is yet to start with the development of a sustainability report. Hence, this research
aims to provide knowledge on expectations and needs of inland PMBs’ stakeholders, stimulating
the wider industry to start reporting by partially bridging the often mentioned barrier of the lack of
resources and knowledge.

The paper is organized as follows. Section 2 starts by providing an overview of the current
situation of sustainability reporting in the port industry, followed by a discussion on important
methodological topics related to sustainability reporting and for which no equivocal answer exists at
present: TBL concept, boundary setting, materiality, and stakeholder inclusion. Section 3 contains the
methodology. Section 4 provides an overview and interpretation of the survey results and Section 5
provides a synthesis of the literature insights and survey results, respectively the theoretical and
practical perspective on the discussed topics. A general conclusion and limitations of the research as
well as suggestions for future research are presented in Section 6.
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2. Literature Review

2.1. Sustainability Reporting in the Port Industry

According to Lynch et al. [3], sectors that have the largest (negative) influence on the environment
and society (e.g., oil and gas, mining, etc.) tend to show larger efforts concerning sustainability
initiatives, with sustainability reporting being part of it. For example, the airport sector has developed
sector-specific guidelines under the auspices of the GRI, providing a practical framework to work
with. However, due to the nonexistence of sectoral guidelines for ports and their managing bodies,
the port industry has not yet reached the same level as other subsectors in the transportation industry.
Nevertheless, in recent years, PMBs have become aware of their role and responsibility in the global
transportation supply chain with respect to their environmental and social performance. In the context
of seaports, PMBs are increasingly including sustainability reporting into their long-term development
strategy [16], as they are not only aware of the benefits linked to it, but also because they mostly possess
the necessary financial and human resources to do so. However, in general, the industry still shows a
large variety in approaches. This is due to significant differences in terms of the type and profile of
port activities (e.g., industrial and logistics oriented seaports, cruise ports, inland ports, and fishing
ports), which leads to different (or even no) approaches concerning sustainability reporting [17,18].
Since 2015, as a trade association initiative, some larger seaports have installed a specific working
group—International Association of Ports and Harbors—Permanent International Commission for
Navigation Congresses (IAPH-PIANC) WG174 Sustainability Reporting for Ports—with participation of
seaport representatives, consultants, and academics. This working group aims to establish port-specific
sustainability reporting standards to create a more harmonized reporting framework given the multiple
approaches used by the PMBs [18].

In contrast to seaports, sustainability reporting is still largely undiscovered territory for inland
ports. Furthermore, as stated by Vejvar, Lai, Lo, and Fürst [19] “even though inland port operators
strive for economic viability, there are growing pressures from various stakeholders for continuous
enhancement of their environmental and social sustainability practices”. However, no inland port or
dry port, to our knowledge, has already published a sustainability report. Inland ports, given their
relative smaller size in terms of operations, are considered the smaller players within the port sector [19].
They are also subject to more stringent internal financial and human constraints, and operate in an
environment of high external stakeholder pressure. At the same time, their importance increases as they
are a key element for sustainable port system development, given their role in new patterns of freight
distribution caused by structural changes in logistics, such as port regionalization and the associated
hinterland services development [20,21]. Mostly located within urban surroundings, inland PMBs need
to deal with many different stakeholder groups pursuing different economic, social, and environmental
interests in the port [21]. Unfortunately, not all of those stakeholder groups are equally aware of the
positive contributions of an inland port, such as regional employment creation, value-added generation
and more sustainable freight transport. Hence, embedding sustainability practices into the strategic
plans and reporting about it should support societal stakeholders in perceiving the positive effects of
the presence of an inland port in the urban region [22].

2.2. TBL Principle and Boundary Setting

At present, organizations face large pressures from different stakeholders to monitor and disclose
information beyond mere financial performance. As a result, organizations are forced to rethink their
idea of performance measurement in relation to their stakeholders, highlighting the need to include the
social and environmental dimensions. However, including those extra dimensions into the business
strategy and reporting practices requires new frameworks and standards to work with. The TBL
concept is one of the most commonly used frameworks to assess economic, social, and environmental
performance, and is considered as one of the best markers for defining the level of sustainability of
an organization [23,24]. According to Gray and Milne [24], a strong TBL-based report covers and
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elaborates on all dimensions equally, and provides linkages and trade-offs between them. However,
more than 50% of the topic-specific GRI Standards belong to the social dimension [25], suggesting a
rather unbalanced implementation.

Furthermore, a topic that has not yet received a lot of attention in literature is that of boundary
setting in sustainability reports. Sustainability is foremost regarded as a global concept, which implies
a certain degree of complexity when applied at the organizational level [24]. More specifically,
sustainability issues related to social or environmental performance transcend the boundaries of the
organization [26]. Unlike financial reporting boundaries, which rely on the principle of financial
control, boundaries concerning sustainability performance explicitly need to consider impacts beyond
full organizational control [15]. Setting the boundaries between the organization and its context is a
multisided question, as it is not always a case of willingness but also of complexity. Broadening the
reporting boundary to include, for example, the full port supply chain calls for data that are often
not available in general or not available for the PMB specifically. Vice versa, for some indicators,
broadening the scope does not necessarily mean gaining extra insightful information, for example,
measuring gender equality on the level of the actors within the whole supply chain is less relevant.
This research investigates how inland port stakeholders perceive (1) the idea of an equal contribution
of the three TBL dimensions in a sustainability report, and (2) how boundaries should be defined for
several categories of indicators.

2.3. Materiality and Stakeholder Inclusion

In the context of traditional financial reporting, the concept of materiality is shaped by both
quantitative and qualitative aspects, all of them defined and written down in standards set by
international organizations, imposed by governments, and used as a basic element of market-based
investment decision-making [27,28]. For nonfinancial information, the narrative is very different, as
this information cannot be directly and clearly valued in a market setting [29]. Materiality in the context
of nonfinancial information therefore focuses on the external accounting of economic, environmental,
social, and governance impacts towards stakeholders and not just investors as the principal ‘market’
(or ‘audience’) interested [27,30]. Stakeholders, as broadly defined by Clarkson [31], are “persons
or groups that have or claim ownership, rights, or interests in a corporation and its activities, past,
present, or future”.

In practical terms, in order to provide a sustainability report in which all stakeholders are
provided with relevant and comprehensive information, it is crucial to include those elements that
reflect the interests and requests of each stakeholder group [27]. Reporting frameworks, such as GRI
Standards, provide guidelines in order to handle the challenge of information asymmetry between
organizations and their stakeholders, and to reduce the risk of not covering all material aspects.
Therefore, a materiality analysis should be based on a participatory process, proactively engaging
all stakeholders in an interactive dialogue to determine those aspects of information that are the
most material [28]. This dialogue can entail different degrees of inclusion, reflecting gradual paths
of stakeholder engagement. In our research, we have used and adapted the model of Friedman and
Miles [32] to define the desired level of stakeholder inclusion in the process of sustainability reporting
as perceived by stakeholders (Table 1). The seven different levels of involvement go from one extreme
‘no or limited inclusion’ to the other ‘full inclusion’. It is often considered that the higher the level
of inclusion, the greater the societal acceptance of strategic choices, and thus, the less unanticipated
issues that can occur as committees have been ex ante included in the processes [33].
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Table 1. Seven different levels of stakeholder inclusion.

  No or limited inclusion                                                           Full inclusion 

1. 2 3 4 5 6 7

-Knowledge
about the
decisions.
-One-way
dialogue

(e.g., briefing
sessions,
leaflets,

corporate
reports.

-Educating,
explaining, and

informing
stakeholders.

-One-way and/or
two-way

dialogue (e.g.,
verified

corporate social
reports,

workshops).

-Stakeholders
may advise.

-Being heard
before a
decision.

-Two-way
dialogue (e.g.,
surveys, focus

groups,
interviews,

etc.).

-Stakeholders
provide conditional

support.
-Having an
influence on

decisions.
-Multiway dialogue

(e.g., bargaining,
constructive
dialogue).

-Collaboration/
partnership.

-Some or joint
decision-making

power.
-Multiway

dialogue (e.g.,
strategic

alliances, joint
ventures).

-Minority
representation
of stakeholders

in the
decision-making

process.
-Multiway

dialogue (e.g.,
board

representation).

-Majority
representation
of stakeholders

in the
decision-making

process.
-Multiway

dialogue (e.g.,
community

projects).

Table adapted by the authors from Friedman and Miles [32].

In the specific context of PMBs, especially those managing inland ports, the different types of
ownership structures and the variety of involved stakeholder groups complicate the approach towards
proper stakeholder engagement and the associated materiality analysis. For example, in most cases,
the government does not only operate from a regulating role but also as a full or partial shareholder of
the PMB, which creates a multitude of divergent objectives that need to be reached simultaneously.
In parallel, all other stakeholder requests, such as those of port users, local communities, etc., need to
be considered as well, as these parties heavily influence long-term port development plans [34–36].
The solution to this challenge does not limit itself to mere information dissemination strategies,
but requires a high level of inclusion and a strong collaborative stakeholder approach in order to
continuously increase the added value of the port and maintain its license to operate [36]. However,
even though acceptance of strategic choices is mostly linked to a high level of stakeholder inclusion, it
is important to investigate if the highest level of inclusion is desired by all stakeholders, as this also
requires some investment in resources from their side. As a result, next to materiality, our research
gathers complementary insights on the preferred degree of inclusion of the different stakeholder groups
in the context of the development of a sustainability report.

In addition, by including stakeholders at the very beginning of the process and simultaneously
taking account of the preferred level of inclusion, PMBs avoid that their potential efforts for developing
a sustainability report are considered as a reactive solution with “greenwashing” reasons. As many
papers highlight [37–39], the practice of developing a sustainability report should have the intention to
inform and educate stakeholders, to create an environment of multiway dialogue and solution-thinking
about pressing problems, to be able to measure and monitor past actions and future plans, etc.
In other words, it is utterly important that the initiatives taken in light of improving the sustainability
performance are seen as building blocks of the overall strategy of the organization.

3. Methodology

3.1. Case Study Selection: The Inland Port of Brussels

The definition of an inland port is polymorphic, meaning that it differs depending on certain
features, such as its location, activities, connectivity, and role [12]. However, following the reasoning
of Rodrigue and Notteboom [12], the Port of Brussels can be described as a comprehensive inland
port as it encompasses inland waterway systems and handles a variety of traffic structures (inter
alia construction materials, oil products, and containers). The Port of Brussels is a key node within
the Trans-European Transport Network (TEN-T) and is located approximately 50 km from Antwerp,
Europe’s second largest seaport. Around 5 million metric tons are transshipped each year at the Port
of Brussels. It makes part of the Seine-Scheldt basin connecting French, Belgian, Dutch, and German
ports and waterway networks. As the port areas are located in the middle of the Brussels Capital
Region (a so-called port “intra muros”), it is an interesting example of a metropolitan supporting
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type inland port. The metropolitan supporting type shows a dominant urban and regional logistics
functionality (e.g., construction industry logistics and distribution of consumer goods). Furthermore,
port activities take place within or nearby residential areas, and are subject to continuous, outright
contestation, hence reflecting the need for intensive and high-quality stakeholder interaction [40].

3.2. Survey Design: Stakeholders and Topics

For the purpose of this research, a survey was designed and disseminated to the major stakeholder
groups of the Port of Brussels. The identification of the critical stakeholder groups was conducted
making use of the general stakeholder theory [31,33] and complemented by the port-specific insights of
Notteboom and Winkelmans [41], who identified four generic categories of stakeholders in the broader
port environment. Initially, the following stakeholder groups were considered: personnel of the PMB,
clients of the port (in this case tenants), broader society, and government agencies. The personnel of
the PMB were considered as a salient stakeholder as they are entrusted with the daily managerial
and operational tasks having a direct impact on the ongoing concerns of the port area. We decided
to restrict the ‘clients’ category to tenants of the port as there is no direct nor intense commercial
relationship of the PMB with inland shipping providers, as the tenants directly contract them and/or
own or lease their own vessels for waterway transport. Furthermore, the broader society does not have
a direct impact on the daily activities of the port, but at the same time experiences the positive/negative
effects of the port activities on their own objectives, and actively influences political decision-makers.
Finally, the ‘government’ stakeholder group is particular as these stakeholders are at the same time the
principal shareholders/owners of the port but also need to act in accordance with the interests of the
larger Brussels urban community, sometimes even being part of it. This breakdown into stakeholder
categories was validated by several representatives of the Port of Brussels.

The survey started with a number of profile questions, followed by two general questions
that probed for the uniform understanding and interpretation of the concepts of sustainability and
sustainability reporting. The further content of the questionnaire was built upon comprehensive desk
research and exploratory interviews with experts in the port environment, focusing on four large topics:
(1) TBL concept, (2) materiality issues, (3) boundary setting, (4) stakeholder inclusion. Questions were
expressed as close-ended affirmations, as this line of questioning helps in attaining a higher response
rate [42], and is easier to code and analyze, while also avoiding mis-responses and misunderstandings
with regard to the scales used [43,44]. To encode the questionnaire into an online version, we made use
of the software program Qualtrics. Two pilot test runs took place by three representatives of the Port of
Brussels, with modifications added after each pilot test before the final validation.

3.3. Data Collection

For the selection of the relevant respondents we made use of, and were dependent on, the stakeholder
database of the Port of Brussels. Due to the EU data protection law (GDPR), the identification of
relevant stakeholders, as well as the distribution of the survey accompanied by a cover letter, were
handled by the Port of Brussels itself. The survey was sent out at the beginning of March 2019 and
data were collected in the subsequent months, March and April 2019.

3.4. Data Processing and Analysis

SPSS was used to conduct statistical tests on the full amount of data. Furthermore, in order
to analyze the question-specific data related to the TBL concept (see infra, Section 4.2), we based
ourselves on the same method as applied in Calabrese et al. [7], namely the analytic hierarchy
process (AHP) method. We opted for AHP because the questions probed for, in a way, subjective,
qualitative information. The approach was deliberately chosen as it is a structured technique
used to analyze complex multiple-criteria problems involving qualitative judgements. It splits the
decision-making process into separate parts, each part assessing the importance of objects shown as a
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paired comparison [45,46]. Every partial analysis consists of detailed in-depth results per stakeholder
group, as well as broader overall conclusions.

4. Results

First, the most fundamental sample statistics are described before discussing the results of the
analysis, which are divided into the different research areas of the case study.

4.1. Sample Statistics

Four stakeholder groups were initially defined (clients, personnel, broader society, and government).
Unfortunately, no answers were received from the ‘government’ stakeholder group, which led to the
removal of the entire group from the analysis. After personal contacts with several governmental
representatives, who answered the survey, it became clear that they filled out the survey from their
role as moderator of broader societal objectives. Most of them are also part of the local community
as they reside in the Brussels Capital Region (i.e., the ‘broader society’ stakeholder group). In total,
105 responses were received, of which 31 needed to be deleted because of respondents that dropped
out at the beginning of the survey. The division is as follows: clients (12), personnel (26), and broader
society (36).

Even though the response rate of the ‘clients’ stakeholder group is not considerably high, the received
responses are provided by the most relevant members of this group. The important objective was to
reach those clients with the largest share in the total usage of the waterways of the Port of Brussels
(a group of around 30 members) as they possess the largest control over the port. Furthermore, they
also strengthen and confirm the strict terminology of an inland port as applied in this paper. In 75%
of the received questionnaires, the client indeed makes frequent use of the waterways. Furthermore,
the survey was sent out to all personnel members in order to not discriminate among the staff.
However, being confronted on a regular basis with, and having an opinion/idea about, the concept of
sustainability was a precondition to fill out the survey. In order to minimize the bias of self-selection,
questions probing for the function of the respondent and his/her years of interest in sustainability were
posed. Out of the 26 answers, only 2 come from personnel working for the department ‘environment,
health, and safety services’. All other received questionnaires come from respondents of various
departments, showing an accurate representation of the organization. Also in terms of years of interest,
a proper sample of respondents with a variety of experience and knowledge about the subject can
be noted. The ‘broader society’ stakeholder group shows a good representation of several different
stakeholder profiles.

According to Gay and Diehl [47], the type of research involved (descriptive, correlational,
or experimental), defines the number of respondents needed to reach an acceptable response rate for
analysis. They state that in the case of descriptive research, which is applied in this paper, a sample
size covering 10% of the population is sufficient and 20% when the population is small. Given the
number of received responses for each stakeholder group, in particular the clients, we can state that the
sample size reflects a plausible proportion of the targeted population. Unfortunately, some questions
were not fully completed by the respondents. For this reason, ‘n’ reflecting the absolute amount of
answers will always be shown with each question being discussed. However, this has never led to the
response rate being compromised. In all cases, the condition mentioned above remained fulfilled.

4.2. TBL Balance

The first part of the survey intended to investigate the perception of the stakeholders towards the
content of a sustainability report. In other words, should each TBL dimension be equally elaborated
on in a sustainability report? As mentioned in the methodology (Section 3.4), the AHP method was
applied to analyze this data. Results are shown in Table 2. All stakeholder groups do not equally value
the three dimensions of the TBL. In general, the findings suggest that the dimension ‘environment’
should encompass almost 50% of a sustainability report compared to the weak results of the social

119



Sustainability 2020, 12, 1726

dimension. Looking at the clients, the difference becomes even larger. For them the focus lay on
the economic and environmental, less on the social dimension, in comparison with the other two
stakeholder groups.

Table 2. Proportion of TBL concepts in a sustainability report.

Economic Social Environmental

Personnel (n = 26) 23% 34% 43%

Clients of the port (n = 12) 31% 20% 49%

Broader society (including government) (n = 36) 21% 33% 46%

In light of current environmental discussion, the importance of the environmental dimension is not
surprising. During the past decades, organizations have indeed put a larger focus on environmental
issues, leading to a gap in the level of accuracy when comparing the conceptual and practical
development of social and environmental performance [23]. Furthermore, looking at the clients’
results we can further notice a dominance of the economic over the social dimension. A plausible
explanation could be that financial reporting does not entirely satisfy the needs and demands of its
relevant stakeholders, which are not shareholders, but are interested in and influenced by the actions
of the organization. As mentioned by Deegan and Rankin [48], the users of an annual report are not
exclusively limited to shareholders, but represent a varied cross-section of society. This supports the
growing need for either extending the existing content of an annual report, focusing on more than just
the financial side of an organization, or to create a separate sustainability report.

4.3. Materiality Issues

In order to explore those issues that are perceived as material by the different stakeholder groups,
we made use of a Likert scale to grade each issue according to its level of importance, which is
reflected by an indicator (ranging from 1 ‘not important’ to 7 ‘very important’). The shortlist of possible
material indicators was compiled based on literature research, the materiality analysis of the Port of
Antwerp [49], and on own exploratory research in the context of the support for an industry working
group (IAPH-PIANC Working Group 174), as well as recently completed applied research projects such
as the PORTOPIA project [50]. In total, 38 indicators, adapted to the context of an inland port and divided
into seven large domains, could be identified: economic (4), social (7), environmental (12), logistic
and operational performance (5), mobility (3), port–city relationship (4), and satisfaction/perception
(3). These seven domains were identified to cover the specific context of the Port of Brussels as not all
indicators could immediately be categorized under the existing TBL dimensions.

The approach for the analysis was similar to the one applied in Font et al. [30], i.e., indicators
were considered as Likert scale items on an interval level, to which parametric tests were applied.
As stated in Font et al. [30] by Norman [51], regardless of the original data, for sample sizes greater than
five, the central limit theorem underpins the condition that the means of those samples are generally
normally distributed. For this analysis we compared the mean of each individual issue/indicator with
a materiality baseline, which we set at a score of 5 (out of 7, i.e., 4 as neutral score), thus implying that
the indicator is of importance. An extra t-test was applied to those indicators with a mean slightly
lower than 5 to investigate if the difference was significant. The overview of means and related results
of the list of indicators can be found in Table 3. Results show that for the stakeholder group ‘personnel’,
37 out of 38 indicators comply with the materiality baseline, meaning that they can be considered
as material issues. Only the indicator ‘staff turnover’ is regarded not important enough to include
into a sustainability report. The clients show the same results as the personnel and add the indicator
‘gender equality’ as unimportant issue. In conjunction with the other results, the broader society group
also perceives two indicators as not worthy to pay attention to: ‘staff turnover’ and ‘level of difficulty
hiring staff’. Remarkably, all nonsignificant indicators are part of the social dimension.
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Table 3. List of indicators.

Personnel Clients Broader Society Average

Economic

Investment volume 5.2 4.6 5.0 4.9

Procurement practices 5.6 4.4 5.4 5.1

Indirect economic impact (added value) 5.0 5.2 5.3 5.2

Direct economic impact (added value) 5.8 5.3 5.4 5.5

Social

Staff turnover 4.3 4.1 4.3 4.2

Level of difficulty hiring staff 4.5 4.4 4.3 4.4

Gender equality 4.9 3.3 5.2 4.5

Indirect employment 5.5 4.8 5.4 5.2

Direct employment 5.7 4.9 5.6 5.4

Health and safety at work 5.4 5.5 5.2 5.4

Education and training 5.4 5.4 5.4 5.4

Environmental

Odors 5.3 5 5 5.1

Dredging 5.9 4.8 5.3 5.3

Port expansion 5.5 4.9 5.8 5.4

Biodiversity/nature 6 5.1 5.4 5.5

Noise 5.9 5.3 5.5 5.6

Ship waste 6.2 5.8 6.1 6.0

Water consumption 6.5 5.6 5.9 6.0

Green policy and actions 6.5 5.6 6 6.0

Port waste 6.3 5.8 6.1 6.1

Ship discharges to water 6 6.2 6.1 6.1

Energy consumption 6.7 5.8 6.1 6.2

Quality/emissions (air, water, soil) 6.7 6.1 6.1 6.3

Logistic and Operational Performance

Spatial productivity per quay meter 5.5 5 5.3 5.3

Area usage of the different sectors 5.5 5.1 5.2 5.3

Throughput per quay meter 5.6 5.2 5.5 5.4

Seaport connectivity 5.6 5.4 5.9 5.6

Intermodal connectivity 5.9 5.7 6.2 5.9

Mobility

Modal split commuter traffic 5.7 5.1 5.1 5.3

Road congestion around the port area 5.8 5.6 6 5.8

Future actions 6.1 5.8 6.1 6.0

Port-City

Integration of the port into the Trans-European waterways’ framework 6 4.8 5.7 5.5

Integration of the territorial management of the Canal area in present and
future plans of the port 5.8 5.6 6.1 5.8

Integration of the port into plans of new developments on Federal and
Regional level (Flanders/Wallonia) 6.2 5.6 5.7 5.8

Integration of present and future port activities into the
metropolitan environment 6.3 5.5 6 5.9

Satisfaction/Perception

User/client satisfaction 5.7 4.9 5.4 5.3

Employee satisfaction 5.8 4.8 5.3 5.3

Local communities’ perception 5.8 5.1 5.4 5.4

N = 22 12 30 64

Underlined numbers = indicators with a mean lower than 5; Numbers in red = indicators with a mean significantly
different from 5 (p < 0.05).
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In order to have a more general overview and to shed light on some of the higher-level tendencies,
additional descriptive statistics were applied to the data. More specifically, the technique of quartiles
was used to have a more in-depth look at the distribution of the responses of all stakeholder groups
per indicator. A tendency to assign higher importance to the economic indicators can be observed.
However, clients seem to be more interested in general high-level economic indicators, like (in)direct
economic impact, than those linked to the daily businesses of the port. Overall, the social indicators are
valued less important. The distribution of answers from personnel for the indicators ‘staff turnover’
and ‘level of difficulty hiring staff’ is very spread out, showing few persons for whom this issue is not
even important enough to be mentioned in a sustainability report. The same phenomenon holds true
for the indicators ‘health and safety at work’ and ‘education and training’. Among the answers of the
personnel there are some unexpected tendencies, with people showing no interest in the inclusion of
these indicators in a sustainability report. Taking a closer look, it seems to be employees with the most
recent interest in the topic ‘sustainability’ (compared to the other respondents) that gave the lower
scores. Nevertheless, these indicators are given high overall scores by the clients and broader society.
Additionally, more than 50% of the clients are not interested in gender equality in the organization,
in contrast with the results of the broader society, where 70% of the answers are equal or above the
score of 5.

Furthermore, as expected, the environmental indicators are given a high level of importance
by all stakeholders. Issues such as energy consumption and quality/emissions almost even reach
the maximum score of 7. The same level of importance is also acknowledged by academics with
papers looking into these specific research areas [52,53]. Results of the ‘broader society’ stakeholder
group make us believe that the survey has been answered by many stakeholders with a professional
‘urban development’ background. The indicators ‘spatial productivity per meter of quay’ and ‘seaport
connectivity’, as well as issues related to the port–city relationship and the integration of the port
into regional, national, and international transport and infrastructure development plans are given
very high scores. In contrast, the answers of the clients regarding the integration of the port into
the Trans-European waterways’ framework are very divided, with one of the lowest means of the
exercise (see Table 3). A possible explanation is that most waterway users in Brussels use fixed, specific
connections that already function very well and are not hampered by infrastructural bottlenecks on
the wider EU waterway network. Finally, developing an indicator that reflects the perception and
satisfaction of the different stakeholders is regarded as very important by the personnel of the PMB.
It shows awareness of the increasing influence that external stakeholders have on port activities and
development, making it a necessity to invest in superior stakeholder management.

4.4. Boundary Setting

Besides defining the materiality of several indicators, setting the boundaries is another complex
dilemma that needs to be determined when preparing a sustainability report. The respondents were
asked to select for each dimension (economic–social–environmental) the boundary that they deemed
of high relevance for the PMB to report on (based on what is feasible in the PMB’s present situation).
The boundaries were defined by the authors based on the organizational and geographical/operational
features of the port, following the approach and philosophy in Archel, Fernandez, and Larrinaga [54].
If the PMB should report an indicator on both the level of the PMB itself as well as on the level of the
port cluster separately, the respondent needed to tick both boundaries A and B. If the respondent was
of the opinion that the PMB should measure an indicator only on the level of the port cluster (thus not
for the PMB separately), only boundary B should be ticked. Table 4 shows the results of this exercise.

Although there is accordance on the contribution of environmental indicators in a sustainability
report, a small difference between the stakeholder groups can be noticed when it comes to defining
the relevant boundaries. For the clients and community stakeholders, it seems to be very important
that environmental indicators are calculated comprising all activities of the supply chain, in contrast
with the view of the personnel who considers boundaries A and/or B as sufficient. A similar reasoning
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applies in large part to the social dimension, with clients and broader society stakeholders focusing
on boundary C. In general, we can state that the personnel prefers to first put the focus on the own
organization with attempts to broaden the scope, in comparison to the two other stakeholder groups,
for whom the boundary of the organization is a minimum condition and who prefer to see indicators
calculated on broader boundaries. For all stakeholder groups, the economic dimension should be
analyzed with a focus on the first two boundaries, thus focusing on those actors that can have a direct
impact on the going concern of the organization.

Table 4. Boundaries per domain perceived by the different stakeholder groups.

Economic

A B C D No opinion

Personnel (n = 22) 55% 59% 32% 23% 5%

Clients/users (n = 12) 42% 58% 17% 8% 8%

Broader Society (n = 30) 43% 53% 30% 23% 20%

Social

A B C D No opinion

Personnel (n = 22) 55% 41% 45% 23% 5%

Clients/users (n = 12) 33% 25% 58% 17% 8%

Broader Society (n = 30) 37% 43% 57% 10% 20%

Environmental

A B C D No opinion

Personnel (n = 22) 64% 55% 36% 27% 5%

Clients/users (n = 12) 42% 42% 33% 50% 8%

Broader Society (n = 30) 40% 50% 43% 43% 20%

A = Port Managing Body organization; B = port area/cluster (including industry/logistics and including the
hinterland interface); C = local/regional community; D = impact of upstream and downstream supply chain activities
taking place outside the port borders and beyond the local/regional community.

4.5. Stakeholder’s Willingness for Inclusion

The creation of mutual responsibility between the organization and its stakeholders is necessary
to maintain the license to operate as expectations can be managed and aligned with each other [55].
However, such inclusion also requires time and efforts from the stakeholders. Eventually, stakeholders
would prefer a level of inclusion for which the cost–benefit balance will be neutral or positive.

Based on the adapted version of the model of Friedman and Miles [32] (see Section 2.3, Table 1),
each respondent was asked to indicate the desired level of inclusion during the process of sustainability
reporting. Each level is linked to a number, ranging from 1 (no inclusion) to 7 (full inclusion). Table 5
presents the mean and related standard deviation. All stakeholder groups have a mean of almost 5,
which corresponds with a level of collaboration, joint decision-making, and multiway dialogue.
However, looking at the standard deviations, this result should be interpreted with caution. A more
in-depth analysis of the results shows that the majority of the clients gave a score of 5 or 6, but two
outliers could be identified with a score of 1 and 2. In all probability, this can be explained by the type,
size, portfolio of activities, etc. of the organizations in question. The distributions of the personnel
and broader society are quite comparable, with answers equally divided between 3 and 7. This shows
that the personnel of the port is aware of the importance of strong stakeholder inclusion, not only to
anticipate demands and expectations, but also to create a learning environment stimulated through
mutual interaction. Although being important for the urban region, the PMB is not a dominant player
and does not have the ultimate bargaining position, which causes long lead times to realize projects (5
to 10 years). For this reason, the PMB should always keep its stakeholder strategy on point.
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Table 5. Preference of stakeholder inclusion by the different stakeholder groups.

Mean SD

Personnel (n = 21) 4.95 1.564

Clients/users of the port (n = 11) 4.64 1.690

Broader society (n = 30) 4.90 1.213

Furthermore, a question concerning preferred communication tools was also posed to the external
stakeholder groups (clients and broader society). Figure 1 shows that a survey and a workshop are the
desired tools by both stakeholder groups. In a second phase, more face-to-face meetings are favored,
with a preference for a one-on-one conversation by the clients and a focus group by the community
stakeholders. Being consulted every six months is the frequency chosen by the majority of both groups.

 
Figure 1. Communication means preferred by clients/users and broader society.

5. Discussion

Table 6 gives an overview of the different discussed topics by linking the literature and the survey
results and adding concluding reflections. These reflections form the synthesis of the theoretical and
practical perspective on some important topics at present with regard to sustainability reporting.
Some additional explanation is provided in the sections below.

5.1. TBL Balance and Materiality Issues

More purpose-driven employees, risk education, monitoring long-term risks, etc. as internal,
sometimes organization-specific advantages, cover just one part of the full set of advantages of sustainability
reporting. Societal aspects, more externally driven, such as an increase in transparency, enhanced
reputation, improved market position, improved stakeholder relations, etc. complete the list and
characterize the growing importance of the practice [1,3,56]. Although sustainability reporting has
already proven to be of value for organizations, developing such a report is not straightforward as social
and environmental performances are very difficult to quantify and are unique to each organization.
Issues that are considered material by stakeholders will differ between organizations, for example
those situated in developing or developed countries, as local environmental and social requirements
differ and as most likely another interpretation of the ideal ongoing concern strategy exists. These
different conditions and playing fields for organizations will also be translated into different ‘optimum’
TBL balances per organization. However, it is important that each TBL dimension contains a minimum
level of content determined by the highest common denominator in terms of objectives of the different
stakeholder groups. Even though every situation is unique and needs proper judgement, the need
for sector-specific guidelines is high as they could help in defining that necessary minimum level
of compliance.
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5.2. Boundary Setting

Boundary setting in the context of financial reporting is known and well-defined, i.e., based on the
concept of financial control. Sustainability reporting on the other hand involves more than the economic
aspects of an organization, meaning that the principle of boundary setting should consider more than
only those aspects under financial control. Based on the unit of measurement, several approaches
to sustainability boundary setting can be articulated. Two commonly used units of measurement
are based on organizational and operational features, respectively horizontal and vertical boundary
setting. In the context of ports, operational boundaries are often applied. Furthermore, based on the
results, we observe that the PMB is more willing to broaden an indicator’s boundary when this results
in potentially showcasing more positive news, cfr. social dimension. In contrast, when broadening the
boundary is associated with the potential publication of negative news, the PMB will be reluctant, cfr.
environmental dimension.

Boundary setting is an important element of sustainability reporting as, when well-defined, it can
form the link between the micro organizational level and the macro level contribution of the port
cluster managed by the PMB to sustainable development. These insights will allow identifying and
monitoring high level integration opportunities [57], as well as possible negative effects caused by
seaports but ‘absorbed’ by inland ports. Inland ports with a strong license to operate might provide
tangible benefits to seaports, as the latter rely on inland ports to achieve more sustainable hinterland
logistics, and thus improving their own sustainability impacts. This in contrast with the inland ports in
question, as they are responsible for the last mile of the transport chain and thereby confronted with the
less attractive transport mode: road. In light of the research presented in this paper we also identified
the availability of resources as a major barrier for inland ports to engage in sustainability reporting;
deeper collaboration between inland and seaports within the same network/supply chains seems
warranted. The main challenge of such collaboration is most likely the definition of sustainability
reporting outputs, which still appeal to local stakeholders (e.g., local communities).

5.3. Stakeholder’s Willingness for Inclusion

Although the level of stakeholder inclusion is mostly positively correlated with societal acceptance
of strategic choices made on the level of the organization [33], a specific element related to cognitive or
information overload should be considered [58]. When more stakeholders get involved in organizational
and decision-making processes, this also means a larger exposure to new information and a potential
increase in complexity of institutional partnerships. However, every organization, and by extension
institutional system, is limited by its size, inter alia defined by its human and financial resources, which
corresponds with a certain level of cognitive saturation. More specifically, above a certain level the
benefits of additional information will exceed the costs of processing it. When stakeholders within the
system ignore this limitation, chances increase that they will be confronted with a cognitive overload at
some point, leading to an overall loss of value in terms of the information presented. In general, it is an
exercise of balancing with a saturation level defined by the stakeholders’ and organizations’ particular
characteristics. Therefore, the level of cognitive saturation of the Port of Brussels’s stakeholder system
will probably be lower as compared to a large seaport, such as the Port of Antwerp, and thus matching
another optimal number of stakeholders to be included.

6. Conclusions

Inland ports operate under different, sometimes more extreme, circumstances than seaports,
specifically when it comes to resource availability (human and financial), and the multitude of
stakeholders influenced by the presence of the port in an urban context. This research contributes to
existing literature as it approaches the concept of sustainability reporting in the context of inland port
managing bodies from the perspective of three of their important stakeholder groups (personnel, clients,
and broader society). The research results of the paper are of interest to academics and practitioners,
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as well as policy makers. The Port of Brussels has been used as a case study to discover potential
gaps in expectations between different stakeholder groups with regard to sustainability (reporting)
and its subdimensions: materiality, boundary setting, and stakeholder inclusion. The research shows
how a materiality analysis and adequate boundary setting can play crucial roles in addressing the
demands and needs of the different stakeholder groups, hence creating a better understanding and
future progress in managing expectations. A sustainability report as a result of various exercises on all
TBL dimensions can be regarded as the epitome of the ‘sustainability DNA’ of the port managing body,
and will be of importance in strengthening its license to operate.

Limitations of the research concern the focus on one case study and the relatively small sample size.
Due to the adoption of a holistic approach, based on the Port of Brussels as a case study, generalization
should be made with caution. Insights of this paper provide only a first step in the development of
a framework around sustainability reporting for inland port managing bodies and potentially also
smaller seaports close to urban environments. Nevertheless, based on the findings of this exploratory
research, several applications and possibilities for future research can be defined. First, this research can
serve as a basis and information source for inland port managing bodies when analyzing the potential
of sustainability disclosure, given the lack of examples in this domain. The analysis combines ideas
found in literature with evidence in practice, which demonstrates the mutual benefits of collaborative
research between academics and real-life practitioners. Second, as the focus of this research lies on the
Port of Brussels as a metropolitan inland port, it would be interesting to also replicate the analysis
to other types of inland ports, such as industry supporting types, or to other types of economies,
such as emerging economies. For emerging economies in particular, the role of the port managing
body when it comes to sustainability reporting (given different port governance frameworks), as well
as the applied boundaries in terms of issues and stakeholders to be included, might differ substantially.
Third, the survey instrument for this research has been developed in a way that it can easily be applied
and adapted to the specific terms of other inland port cases or even smaller seaports next to or within
urban environments, without losing the robustness of the survey. Additionally, the current insights
could be complemented with in-depth interviews or focus groups with stakeholders to analyze more
in-depth the underlying reasons behind some of the specific results of the survey.
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Abstract: The port of Shanghai, as the world’s largest container port, has been experiencing rapid
development in recent years, with increasing cargo throughput capacity. The combustion of diesel
fuels used by internal and external port-related container trucks and in-port machineries can release
various pollutants, causing air pollution. The terminals are close to the residential area, and the
emissions are concentrated, which is worth paying attention to. This study aims to synthetically
assess the port-related emissions and their environmental impacts. We firstly constructed an emission
inventory of air pollutants in the port of Shanghai and then used the WRF-CMAQ model to estimate
the influence of port-related source emissions on air quality. The results show that the annual
emissions of SO2, NOX, CO, VOCS, PM, PM10, PM2.5, CO2, BC and OC caused by cargo-handling
equipment were 21.88 t, 1811.22 t, 1741.72 t, 222.76 t, 61.52 t, 61.42 t, 58.41 t, 141,805.40 t, 26.80 t and
10.07 t in 2015. The emissions of NOX, CO, VOCS, PM10 and PM2.5 caused by external port-related
container trucks were 18,002.92 t, 5308.0 t, 1134.57 t, 711.12 t and 640.58 t. The exhaust of external
port-related container trucks was much larger than that of cargo-handling equipment, so the impact
on air quality was also higher than that of the machinery. The peak annual average concentrations of
PM2.5 and NOX contributed by the port-related sources were 1.75 μg/m3 and 49.21 μg/m3, respectively,
which accounted for 3.08% and 36.7%, respectively, of the simulated ambient concentrations by all the
anthropogenic emissions in Shanghai. Our results imply that the emission control policy to reduce
the combined port-related emissions, especially for the cargo-delivery transportation phase from port
to city, is key for large coastal port cities such as Shanghai.

Keywords: port-related emission; cargo-handling equipment; emission inventory; external container
trucks; air quality

1. Introduction

The port of Shanghai is the world’s largest container port, located in the middle of the Chinese
mainland coastline, at the Yangtze River estuary. The port of Shanghai has a pivotal position in the
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world port industry [1,2] as an intersection for transportation along the east and west sides of the
Yangtze River and along the coast [1]. As a hub of cargo transit, its establishment and operation have
become a vital part of the transportation industry [3,4]. To cope with the unavoidable air pollution
problems in this process, the construction of a green port must be put on the agenda as soon as
possible [5–8]. Green port development focuses on the sustainable balance between environmental
protection and economic interests. Green ports are guided by the green concept, in that new ports are
constructed while promoting environmental health, ecological protection, the rational use of resources,
low energy consumption and low pollution [9]. Green port practices have already been explored for
many international ports (e.g., the ports of Long Beach and Los Angeles, the port of Sydney) [5–8,10,11].
Since 2015, when the Environmental Protection Law of the People’s Republic of China was revised [12],
the Chinese government has been paying increased attention to port environmental protection and the
concept of green port development. Currently, relevant research has been started on green ports both
in China and abroad [1,13,14].

The machinery and handling equipment at ports are a great concern of green port projects [15].
They are mainly driven by diesel fuel with relatively low fuel quality, which may generate air
pollutants [16]. Moreover, the port terminals are much closer to residential areas. Therefore, the air
pollution caused by the machinery at the ports has a great impact on residents [17,18]. Three general
methods are usually used for building port emission inventories. The United States Environmental
Protection Agency (USEPA) has been working on tests for off-road mobile machinery and consequently
developed the OFF-ROAD model. On the basis of the OFF-ROAD model, the USEPA has developed
a more accurate estimation method of emissions from port-related sources [19]. However, this type
of work started much later in China [20]. In China, we must refer to foreign basic parameters with
respect to model application, which can cause unnecessary uncertainty.

Researchers in many countries use the second method, determining the exact production activity
information, and build their methodology on the basis of machine power [21]. Agrawal et al. [22]
estimated the rated power, emission factors and characteristic parameters. They then adjusted the
results with fuel correction factors and control factors, thus building an emission inventory of Los
Angeles in 2013. Fu et al. [23], Zhang et al. [24] and Shon et al. [25] used a similar methodology and
constructed an emission inventory.

However, this method required a large amount of statistical data. Thus, the third method, based
on fuel consumption [26], is much more widely used in China. This computing method ignores the
discrepancies of power, length of service and other working condition parameters among different
machines. Although accuracy is sacrificed to some extent, the parameters based on this method are
easy to obtain. [27] estimated the fuel consumption of each piece of cargo-handling machinery and
calculated the emissions according to the emission factors. Moreover, [28] used the top-down method
based on the fuel consumption of unit containers and constructed an emission inventory of the Pearl
River Delta in 2014.

Besides, some green port projects were more concerned about shipping-caused air pollution [29–32]
and human health [33]. Previous related studies seldom combined the port land sources, cargo
delivering trucks and ship emissions. In addition, they usually aimed at the establishment of emission
inventories, but did not further evaluate the impact of port-related emissions on air quality and the
environment. Thus, port-related air pollutant emissions and their environmental impacts are not
systematically reported.

To make up for these two gaps, this study takes the largest container port as an example to
estimate the port-related emissions and assesses their contributions to urban air pollution. This study
focuses on the port of Shanghai and the Yangshan deep-water port, in the administrative division.
Among the different terminals in the port of Shanghai, Waigaoqiao is the most important, followed
by Yangshan, Wusong and Luojing. In this research, the basic data were obtained from the Shanghai
Traffic Management Office. We firstly calculated the emissions of cargo-handling equipment based
on fuel consumption and established a port-related emissions inventory with the combination of the
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emission inventory of external container trucks. We then used the WRF-CMAQ model to assess the
impact of port-related emissions on air quality and made policy suggestions. The purpose of this study
is to assess port-related emissions and their environmental impacts by investigating the emissions of
port-related sources and providing corresponding academic support for green port construction in
port cities like Shanghai.

2. Materials and Methods

2.1. Study Area and Period

As shown in Figure 1, the study area of this research is the port of Shanghai, which includes
the Shanghai inland area, Chongming Island, Changxing Island and the Yangshan deep-water port.
The latitude and longitude range from 120.5◦ E to 122.3◦ E and from 30.5◦ N to 32◦ N [34]. Located at
the Yangtze River estuary, the port of Shanghai is a transportation hub port on the eastern coast of
China. It is a world-famous port with well-developed shipping, transportation and service industries.
The largest port area of the port of Shanghai is the Waigaoqiao port area, on the southern bank of the
south port channel of the Yangtze River estuary. The Waigaoqiao port area has held the first position in
the global ranking of annual cargo throughput. Other large port areas in Shanghai include the Wusong
Ferry Terminal, the Luojing Ore Terminal, the Yangshan deep-water port and other piers along the
Yangtze River.

Figure 1. The study area, including Shanghai Inland Area, Chongming Island, Changxing Island and
Yangshan Deep Water Port. The latitude and longitude range from 120.5◦ E to 122.3◦ E and 30.5◦ N to
32◦ N.

We used 2015 as the base year for this study. The total emissions of different air pollutants from
port-related sources throughout the entire year were estimated. The annual emissions were then scaled
to monthly averages and used to simulate the impact on air quality.

2.2. Source of Basic Machinery Data

To investigate the basic situation of the statistics of the enterprises within the port of Shanghai in
2015, we cooperated with the Shanghai Traffic Management Office and obtained the port enterprise
information, the basic data on cargo-handling equipment, the data on external container trucks and the
emission factors of the different air pollutants of the port machinery. With respect to the mechanical
data of the port, this study focuses mainly on the type of machinery, rated power, emission standards,
energy types, annual operating hours and fuel consumption. For the data on external container trucks,
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this study includes mainly truck identities, traffic and routine activity. For the emission factor data,
we classify the machinery and select the corresponding data according to the classification standards.

2.3. Estimation Method of Emissions from Cargo-Handling Equipment

We contacted the Shanghai Traffic Management Office and obtained a database of machinery
with the exact holding volume, power, emission standards, annual working duration, fuel type and
hourly-fuel consumption at every port enterprise. We then calculated the fuel consumption for the
whole year with the following formula.

Ci = Hi*HCi (1)

where:
I =machine i,
C = annual fuel consumption (t/a),
H = annual working duration (h/a) and
HC = hourly fuel consumption (t/h).
The proper emission factors of every air pollutant for each individual machine were selected

according to the four-class principle in the Emission Factors Library of Air Pollutant Sources, shown in
Table A1 in the Appendix A. The principles include machine type, fuel type, rated power and emission
standard. The emission factors of SO2, NOX, CO, VOCS, PM, PM10, PM2.5, CO2, BC and OC were
obtained, after which the following formula was used to compute the emissions of each air pollutant
from each machine.

Ei,j = Ci*EFi,j/1000 (2)

where:
I =machine i,
J = air pollutant j,
E = emission (t/a) and
EF = emission factor (g/kg).
Following an investigation at the Shanghai Traffic Management Office, the exact location of every

port enterprise was also obtained. The computations are presented in terms of their spatial distribution.

2.4. Estimation Method of Emissions from External Container Trucks

The estimation of external container truck emissions was conducted using a road vehicle emission
model. According to different time periods, different driving status indicators, such as model segment
traffic and speed, are distributed to road traffic. Based on the road traffic calculation results with
different driving status indicators, the IVE model was then applied and the total emissions were
calculated. The emission factors of the different air pollutants are listed in Table A2 in the Appendix A.

2.5. Air Quality Modeling

We used the weather research and forecasting (WRF) model (version 3.3) and the community
multiscale air quality (CMAQ) model (version 4.6) to estimate the concentration distribution of the
different air pollutants [34]. For the model establishment, we inputted the inventory of the average
monthly values of the year to the simulation, with 72 h of spin-up time per run. The initial and boundary
conditions for the meteorological factors in this research were provided by the Chinese National
Centers for Environmental Prediction (NCEP) Final Analysis (FNL) at a resolution of 1◦ × 1◦ and time
intervals of six hours. The CMAQ model used the carbon bond mechanism (CB05) for gas-phase
chemistry and the AERO4 aerosol module. The grid resolution of the results is 1 km × 1 km [34].

Due to the severity of NOX and the great impact of PM2.5 from port sources on human health,
we chose NOX and PM2.5 as typical pollutants and simulated the concentration fields of NOX and
PM2.5 in the case of winter and summer and the yearly average. The impact of the emissions from
port-related sources on air quality was then discussed, as were the environmental effects of seasonal
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changes. Since the port-related sources were mainly composed of the point-sources of the dock areas
and the line-sources along the transportation routes of external container trucks, the proportion of
port-related sources in all industries could be dense in areas where these emissions are concentrated.
Therefore, we also simulated and analyzed the distribution of these proportions in all industries to
refine the environmental impact of port-related source emissions.

3. Results

3.1. Engine Power and Emission Status of Port-Related Equipment and Fuel Consumption

These statistics were based on 442 terminal enterprises in Shanghai, with a total of 3910 pieces
of cargo-handling equipment within the survey. The basic parameters of the machines are shown in
Figure 2. The machines investigated included forklifts, vehicles, hoisting machinery, towing tractors
and other industrial machinery. Among the numbers of all the machines (Figure 2a), the number of
towing tractors was the largest, with a total of 1444 pieces, accounting for 36.93%, followed by forklifts,
with a total of 1274 pieces, accounting for 32.58%. The third largest was the number of other industrial
machines, at 882 pieces, accounting for more than 22.56%.

Figure 2. The summary of the basic parameters and the proportion of the fuel consumption rate of
the cargo-handling equipment in 2015: (a) Machine type; (b) Fuel type; (c) Machine rated power;
(d) Machine emission standard; (e) Machine fuel consumption; (f) Machine fuel consumption rate.

The distribution of the energy types of cargo-handling equipment had a direct effect on the
emissions. The energy types used in the machines included diesel fuel, electricity, liquefied petroleum
gas (LPG), liquefied natural gas (LNG), etc. Among them (Figure 2b), the diesel-driven machinery,
with a total of 3498 pieces, accounting for 89.46%, predominated, followed by LPG-driven machinery,
with a total of 155 pieces, accounting for 3.96%. The third was electricity-driven machinery, with a
total of 124 pieces, accounting for more than 3.17%. The fuel types of the cargo-handling equipment
were gradually being upgraded and updated, and the number of machines driven by LNG and electric
power increased [35]. However, from the research results, in 2015, the integration of LNG and electric
drive machinery was relatively low, and the fuel structure still needed to be improved.
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The rated power of cargo-handling equipment ranged from 8.8 kWh to 438.5 kWh. Machines with
a rated power in the range of 130–560 kW accounted for 50.69% of all machinery (Figure 2c), followed
by those with a rated power in the range of 75–130 kW, which accounted for 21.46%. The third most
predominant was that of 37–56 kW, accounting for 18.70%. It was obvious that, due to the large amount
of port operations, machines needed to bear heavy loads, and the operation time was long. Therefore,
the high-power machinery still accounted for the vast majority.

The emission standards of the cargo-handling equipment ranged from the China 0 to China
V emission standards. The total number of machines adhering to the China II standards was 1386,
accounting for 36.61% (Figure 2d). The second greatest proportion adhered to the China 0 standards,
with a total of 790 pieces, accounting for 20.87%. The third greatest proportion adhered to the China III
standards, with a total of 690 pieces, accounting for 18.23%. It can be seen that, in 2015, the pollution
control of non-road mobile machinery in China was not yet in line with international standards, and
there was still a large amount of high-emission and high-pollution machinery in use.

With respect to energy consumption, cargo-handling equipment had a total fuel consumption of
45,575.51 t. The distribution of the fuel consumption of cargo-handling equipment (Figure 2e) did not
correspond absolutely with that of the types of machines. Towing tractors accounted for 36.93% but
consumed approximately 48.1% of fuel. Forklifts accounted for 32.58% but consumed approximately
16.99% of fuel. The discrepancy was caused by the combined influence of the different distributions of
rated power and emission standards.

The fuel consumption rate of the cargo-handling machines involved in this study (Figure 2f)
differed greatly from the average fuel consumption rate under the calibration conditions in the
literature [36]. This occurred because the ratio of actual hourly fuel consumption to mechanical power
was obtained in this research, which was quite different from the value of the fuel consumption rate
under calibration conditions. According to this research, the average fuel consumption rate of the
cargo-handling equipment was approximately 0.069 kg/kWh, which is close to the value reported
by [20]. Among the machinery, approximately 90% of the machines had a fuel consumption rate of no
more than 0.1 kg/kWh. Furthermore, the rate of half of the machines was no more than 0.05 kg/kWh
and that of only a few machines was higher than 0.15 kg/kWh. The distribution of the fuel consumption
rates of the machines varied with their power range. Approximately 65% of the low-power machines
(i.e., no more than 19 kW) had a fuel consumption rate of 0.05–0.1 kg/kWh; conversely, more than
70% of the high-power machines (i.e., no less than 130 kW) had a fuel consumption rate of less than
0.05 kg/kWh. Two parameters that directly determine the mechanical fuel consumption rate are
mechanical rated power and hourly fuel consumption. According to the research, the hourly fuel
consumption of the different machines was not very different, ranging from 0.30 kg/h to 14.93 kg/h.
However, the mechanical power varied greatly, ranging from 0.92 kW to 560 kW. In general, except
for the average fuel consumption rate of the low-power machines at approximately 0.18 kg/kWh,
the machine fuel consumption rate of the other power segments hovered around 0.07 kg/kWh.

3.2. Port-Related Emission Inventory

3.2.1. Cargo-Handling Equipment

The emissions of SO2, NOX, CO, VOCS, PM, PM10, PM2.5, CO2, BC and OC from the machines
were 21.88 t, 1811.22 t, 1741.72 t, 222.76 t, 61.52 t, 61.42 t, 58.41 t, 141,805.40 t, 26.80 t and 10.07 t,
respectively (Table 1).
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Table 1. Emission inventory from different types of cargo-handling equipment in port.

In-Port Sources of
Pollution

Forklift Vehicles
Other

Industrial
Machinery

Hoisting
Machinery

Towing
Tractor

Total of
Machineries

External
Container

Trucks

Holding volume 1274.00 232.00 882.00 78.00 1444.00 3910.00 —

Fuel consumption/t 7743.54 876.67 13,848.27 1185.81 21,921.23 45,575.51 —

Emission/t

SO2 4.20 0.47 7.28 0.24 9.70 21.88 —

NOX 372.24 48.49 621.47 40.59 728.42 1811.22 18,002.9

CO 122.74 32.90 286.41 179.75 1119.91 1741.72 5308.05

VOCS 31.78 9.33 56.43 13.89 111.32 222.76 1134.57

PM 17.53 1.89 23.66 0.70 17.74 61.52 —

PM10 17.53 1.80 23.66 0.70 17.74 61.43 711.12

PM2.5 16.66 1.74 22.48 0.67 16.87 58.41 640.59

CO2 24,459 2766 43,558 3441 67,581 141,805 —

BC 9.49 0.39 12.81 0.38 3.73 26.80 —

OC 3.00 0.28 4.05 0.12 2.63 10.07 —

Due to the usage of vehicle diesel in cargo-handling equipment, the sulfur content was relatively
low—generally no higher than 0.1%. Therefore, the emissions of sulfur dioxide from cargo-handling
equipment were low. In contrast, the emissions of NOX were predominant. The different contributions
of separate air pollutants were due to the general composition of diesel oil. Therefore, they were
similar among different ports [16,22,24,37]. The emission contribution tended to be similar among the
different air pollutants according to the distribution of the fuel consumption, though discrepancies still
occurred (Figure 3).

For towing tractors, CO and VOCS had higher contributions than the others, while the particulate
matter was lower. This result was similar to that of Zhang et al. [24] and Archana et al. [22]. Except for
the machinery attributes, this was also caused by the usage of LNG, which had a higher proportion
in towing tractors, according to the element investigation. However, the forklifts presented the
opposite situation because they were driven mainly by diesel fuel, which can lead to large emissions of
particulate matter. Overall, towing tractors, forklifts and other industrial machinery—with the most
individual machines and, consequently, the greatest fuel consumption—played the predominant role
in the emissions. The results from Zhu et al. [16], covering 21 provinces and cities with ports in China,
showed that loaders and tractors were the most severe polluting sources. A significant reason for the
difference was the terminal type. The port of Shanghai is the world’s largest container port, while
Zhu’s research included a more complex cargo composition.
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Figure 3. Emission contribution of different machine types in 2015 in the port of Shanghai.

The emissions of the port machinery are mapped in Figure 4. Most of these port enterprises were
located near the Yangtze River estuary and along the Huangpu River. Among them, those in Luojing,
Wusong, Waigaoqiao, Baoshan and Yangshan had a larger scale and higher levels of production activity.
Therefore, we expected the pollution in these areas to be more severe than elsewhere. The general
tendency of the spatial distribution was similar among the different pollutants (Figure 4), so SO2 was
taken as an example (Figure 4a). The total emissions of SO2 were 21.88 t. Analogous to the distribution
of port enterprises, the docks in Luojing, Wusong, Waigaoqiao, Laogang, Yangshan and along Huangpu
River contributed significantly to the port emissions. Waigaoqiao contributed the most, and the peak
was 6.96 t.
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Figure 4. The spatial distribution of cargo-handling equipment volume, fuel consumption and emission
flux: (a) cargo-handling equipment volume; (b) fuel consumption; (c) SO2; (d) NOX; (e) CO; (f) VOCS;
(g) PM; (h) PM10; (i) PM2.5; (j) CO2; (k) BC; (l) OC. The emission flux is given as t.

3.2.2. External Port-Related Container Trucks

The emissions of NOX, CO, VOCS, PM10 and PM2.5 from external container trucks were 18,002.92 t,
5308.05 t, 1134.57 t, 711.12 t and 640.59 t, respectively (Table 1). Like the cargo-handling equipment,
external container trucks basically used vehicle diesel, which has a low sulfur content. Therefore,
the emissions of SO2 from external container trucks were not included in this study. The general
tendency of the spatial distribution was similar among the different pollutants (Figure 5), so NOX was
taken as an example (Figure 5c).
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Figure 5. The spatial distribution of external port-related container trucks emissions: (a) CO; (b) NOX;
(c) PM2.5; (d) PM10; (e) VOCS. The emission flux is given as t.

The total emissions of NOX were 18,002.92 t. The emissions of trucks were mainly concentrated in
Shanghai’s suburban and outer ring road, on the G60 Shanghai-Kunming Highway in the direction of
Hangzhou, in Zhejiang and on the S2 Hulu Highway in the direction of the Yangshan deep-water port.
This spatial distribution met the traffic policy needs and the Shanghai road traffic flow. In accordance
with traffic policies, container trucks were not allowed to enter central road sections in a particular
period of the day. Therefore, the emissions inside the outer loop were much lower. In contrast,
the emissions along the line-sources of the Shanghai outer ring road were generally higher. Regarding
Shanghai’s traffic flow, the Shanghai suburban and outer ring road, G60 Shanghai-Kunming Highway
and S2 Hulu Highway were heavy-traffic routes in Shanghai’s suburban areas. This enormous
transportation burden leads to serious emissions, so the carrying capacity of different roads had a direct
impact on the spatial distribution of emissions from external container trucks. Moreover, corresponding
to the largest scale of the port enterprises in the Waigaoqiao area, the emissions peaked at 148 t on
the road sections in this area. As a result of the unique geographic location of the Waigaoqiao area,
near the Shanghai outer ring road, the emissions in this area were more prominent than those in other
regions. As far as the two sources of port-related pollution are concerned, the total amount of pollution
discharged by trucks was much higher than that of machines, which was essentially 5–11-fold greater.
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3.3. Air Quality Impact

Among all pollution sources in Shanghai, the total port-related emissions (including cargo-handling
equipment and external container trucks) constituted a relatively small proportion; e.g., the NOX

emissions accounted for approximately 4%, while the VOCS accounted for only 0.24% (Figure 6a).
However, because port-related sources were concentrated on the outer ring road and port area, they
played an important role in port-surrounding areas with high-density populations. As such, NOX

was taken as an example. The total emissions of NOX from all industries was approximately 500 kt
in 2015. The amount was higher in urban areas than in the suburbs (Figure 6b). This discrepancy
was caused by the high emission contribution of on-road transportation inside the outer ring road.
On the other hand, the emission shares were extremely high near terminal areas, such as Baoshan,
Waigaoqian, Jinshan and some inland water areas. The peak reached 29,147 t near the Waigaoqiao
terminal. Therefore, simulations were conducted to estimate the impact of the two types of port-related
sources on air quality in Shanghai, including cargo-handling equipment and external container trucks.
Because summer is the busiest period for shipping activity and port-related pollution [38,39], it was
selected as a typical case to compare the diffusion and the impact on the air quality of the pollutants.

Figure 6. The total emission fluxes of port-related sources in Shanghai: (a) The emission contribution
of cargo-handling equipment and external container trucks and their share in all pollution sources in
Shanghai (%); (b) The spatial distribution of annual NOX emission from all industries in Shanghai (t).

In the case of summer, the distributions of the concentration field for NOX and PM2.5 were
similar (Figure 7b,e). Because the numbers and activity of trucks were greater than those of the
machines, the emissions were much higher. In addition, Shanghai is greatly affected by monsoons
in the summer. Due to the influence of the monsoons, there could be a rapid spread of pollutants
above most of the terminals located along the coast of the water-facing side, so the concentration
was not high. The route of the trucks was generally inland, and the diffusion was slower than that
of the machinery on the docks. In addition, the total emissions of trucks were 5–11 times those of
the machinery. Therefore, the concentration of pollutants was higher along the main traffic route,
including the suburban loop, outer loop, G60 Shanghai-Kunming Expressway and S2 Hulu Expressway.
These traffic routes all converged near the Waigaoqiao port area, which guaranteed the heavy burden
of freight transportation in Waigaoqiao, but also caused the maximum contribution of pollutants
to be approximately 30.395 μg/m3 for NOX and approximately 1.346 μg/m3 for PM2.5. For NOX,
the concentrations along the main roads were essentially 5–10 μg/m3, while the concentrations in other
regions were mostly less than 5.0 μg/m3. For PM2.5, the concentrations along the main roads were
essentially 0.2–0.4 μg/m3, while the concentrations in other regions were mostly less than 0.2 μg/m3.

141



Sustainability 2020, 12, 4162

Figure 7. The simulated concentrations of NOX and PM2.5 contributed by port-related sources in
Shanghai: (a) Simulated NOX concentrations for annual average; (b) Simulated NOX concentrations in
summer; (c) Simulated NOX concentrations in winter; (d) Simulated PM2.5 concentrations for annual
average; (e) Simulated PM2.5 concentrations in summer; (f) Simulated PM2.5 concentrations in winter.
The concentrations are given as μg/m3.

The contribution of the pollutant concentrations varied greatly in the different seasons (Figure 7c–f).
Due to the influence of the summer monsoon derived from the sea, the pollutants spread to the interior
areas in the summer. In addition, the high wind speed of the summer monsoon brings a high diffusion
rate of pollutants. Therefore, the impact of air quality from port-related sources was relatively small in
the case of summer, with peaks of 30.4 μg/m3 for NOX (Figure 7c) and 1.35 μg/m3 for PM2.5 (Figure 7e).
In contrast, Shanghai is influenced by monsoons from the interior areas during the winter, so pollutants
spread to the southeastern coastal areas. Moreover, the relatively low wind speed and wet deposition
reduced the diffusion of contaminants. Therefore, even if the cargo volume in the summer was higher
than that in the winter, the impact of air quality from the port-related sources in the winter was higher
than that in the summer in this study. The peak of NOX was 55.8 μg/m3 (Figure 7d) and the peak of
PM2.5 was 2.14 μg/m3 (Figure 7f), both of which were recorded in the Waigaoqiao area.

Generally, the impact of air quality differed by location with respect to the proportion in all
industries. Near the large-scale ports such as Waigaoqiao port and the Yangshan deep-water port,
compared with other industries, the port industry is relatively well developed. Therefore, the impact
on air quality was greater from port-related sources than from other sources. As shown in Figure 8,
it can be seen that in the port areas such as Waigaoqiao and Yangshan, the relative contributions of
pollutant concentrations (i.e., the proportion in the whole industry) were large. For the average annual
contribution of NOX, the peak near Waigaoqiao reached 36.7% (Figure 8a), while the peak of PM2.5

reached 3.08% (Figure 8d). Similarly, the relative contribution along the main road of Shanghai traffic
was also significant, especially along the route leading to Waigaoqiao and Yangshan. The relative
contribution of NOX at these traffic routes was approximately 25%, while the relative contribution of
PM2.5 was approximately 1.5%.
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Figure 8. The proportions of port-related sources in all industries in Shanghai: (a) NOX for annual
average; (b) NOX in summer; (c) NOX in winter; (d) PM2.5 for annual average; (e) PM2.5 in summer;
(f) PM2.5 in winter. The proportions are given as %.

The seasonal differences in relative contributions were also obvious. For NOX, due to the influence
of the summer monsoon on the spread of pollutants, the relative contribution of concentration in the
summer was lower than that in the winter (Figure 8b,c). However, the relative contribution of the
S2 Hulu Expressway was higher in the summer than in the winter. This situation might be caused
by the higher content of NOX in the exhaust emissions of external container trucks as compared
to those of other sources. In addition, freight transportation in the summer was more frequent
than that in the winter, resulting in the high-density discharge from trucks on the Hulu Expressway.
For PM2.5, the important role of the summer monsoon on the diffusion can be clearly seen in Figure 8e.
Moreover, due to the large amount of ground dust produced by other industries, such as construction,
the relative contribution of port-related PM2.5 was relatively small and was mainly concentrated
within the dense traffic routes of external container trucks, including the suburban loop, outer loop,
G60 Shanghai-Kunming Expressway and S2 Hulu Expressway (Figure 8e,f).

4. Discussions

Our study of port-related emission inventories and environmental impact has suggested the
importance of cleaner energy in the future. Clean energy, such as LNG and electricity, did not constitute
a major portion of the energy structure in port-related activities in 2015. There is still some room
for further improvements in optimizing the energy structure. The type of energy power at the port
terminal has the most direct impact on the air pollutant emissions in a port area. The energy driving
cargo-handling equipment, especially the horizontal transporting machines, should be changed from
predominantly diesel fuel to predominantly electricity and LNG. Otherwise, the fuel quality of the
diesel needs to be improved. Moreover, the proportion of clean energy, such as solar energy, wind
energy and tidal energy, in the use of onshore electricity usage should be increased. With regard to
the external container trucks, the energy use can be improved through the conversion of diesel oil to
electricity hybrid and pure electric.

For the two different port-related sources, the emissions and environmental impacts of external
container trucks occupied a prominent position. This is because the volume of external container
trucks was large. In addition, the activity area and activity intensity of the external container trucks
was much larger than those of the cargo-handling equipment. According to the impacts of port-related
pollution on air quality in Shanghai, the proportions of terminals and main roads are more prominent
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due to the dense emissions in these areas. Therefore, besides the improvement of the energy structure,
the control of the emissions of the external container trucks can be achieved through gradual policy
development and the phasing out of vehicles with high energy consumption and high pollution levels,
through the restriction of emission standards.

More importantly, the current major way to deliver shipping freight from port to city is by land
trucks burning diesel oils, which contribute largely to air pollution in surrounding highway areas.
In addition, the efficiency of truck transportation is relatively low. Previous studies [11,33] have shown
that the conversion of land transportation to railway and waterway for multimodal transportation
can effectively reduce the atmospheric pollution caused by external container trucks. There are large
spaces for the use of railways or coasts and river waterways for freight transportation, which could
significantly reduce the emissions from external port-related cargo delivery trucks if used. Therefore,
the scale of railway transportation and waterway transportation must be gradually expanded and the
proportion of land transportation reduced.

5. Conclusions

A systematic port-related emission inventory was constructed for the port of Shanghai,
which included the port itself and the freight delivery land trucks outside the port. Diesel fuel
dominated the fuel type of the machines and cargo delivery trucks in 2015. The emissions of NOX, CO,
VOCS, PM10 and PM2.5 from port-related sources were 19,814.14 t, 7049.77 t, 1357.33 t, 772.55 t and 699
t. Among all port-related sources, external container trucks generally produce more pollution than
cargo-handling equipment. For NOX, CO, VOCS and PM2.5, the external port-related trucks accounted
for 90.9%, 75.3%, 83.6%, 92.0% and 91.6%.

Therefore, the annual emissions of different air pollutants were approximately 5 to 11 times that of
the cargo-handling equipment. Under these circumstances, the environmental impact of pollution on
air quality along the main city arteries was significantly higher than that in other areas in all cases in our
research. Furthermore, in terms of the concentrations of air pollutants, the nearby port areas close to the
main roads with container cargo traffic suffered most severely from port-related emissions. In this area,
the average annual peak concentration of NOX was approximately 30.40 μg/m3, accounting for 36.7%
of all anthropogenic sources, while the peak of PM2.5 was approximately 1.346 μg/m3, accounting
for 3%.

Overall, the study implied it was necessary to promote the implementation of a combined green
port policy in Shanghai, which could be made possible in the near future by optimizing the cargo delivery
system from port to city and the energy structure used in the port, also by adding real-time monitoring
systems to manage energy consumption and air pollutant emissions. Future green-port-related
researches can focus on the following aspects: (1) To improve the energy structure of the port-related
sources and reduce the usage of diesel oil; (2) To improve the choices of multimodal transport and
explore the feasibility of railway and waterway transit; (3) To get access to the establishment of a
monitoring system with high spatial and temporal resolution of the port areas.
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Appendix A

Table A1: Selecting principles for cargo-handling equipment emission factors, Table A2:
The emission factors of external container trucks.

Table A1. Selecting principles for cargo-handling equipment emission factors.

First Second Third Fourth

Grading standard Machine type Fuel type Rated power
(kw) Emission standard

Grading

Forklift
Vehicles
Hoisting

machinery
Towing tractor

Other industrial
machinery

Diesel
Gasoline

LNG
LPG

Electricity
Other fuel type

≤19
(19,37)
[37,56)
[56,75)
[75,130)
[130,560)
≥560

China 0
China 1
China 2
China 3
China 4
China 5

Table A2. The emission factors of external container trucks.

Emission Standard Air Pollutant Emission Factor (g/km)

China 1 CO 0.00
China 2 CO 0.00
China 3 CO 4.40
China 4 CO 2.50
China 5 CO 2.50
China 1 VOCS 0.00
China 2 VOCS 0.00
China 3 VOCS 1.16
China 4 VOCS 0.72
China 5 VOCS 0.72
China 1 NOX 0.00
China 2 NOX 0.00
China 3 NOX 15.88
China 4 NOX 13.77
China 5 NOX 11.72
China 1 PM2.5 0.00
China 2 PM2.5 0.00
China 3 PM2.5 0.77
China 4 PM2.5 0.42
China 5 PM2.5 0.26
China 1 PM10 0.00
China 2 PM10 0.00
China 3 PM10 0.85
China 4 PM10 0.46
China 5 PM10 0.29
China 1 CO2 0.00
China 2 CO2 0.00
China 3 CO2 894.17
China 4 CO2 894.17
China 5 CO2 894.17
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Abstract: The Port of Dover is Europe’s busiest ferry port, handling £119 billion or 17% of the UK’s
annual trade in goods. The Port is constrained geographically to a small area and faces multiple
challenges, both short- and long-term, with managing the flow of five million vehicles per year to/from
mainland Europe. This article describes some of the work that the Port is doing to minimize the
impact of port road traffic on the local community and environment using discrete-event simulation
modeling. Modeling is particularly valuable in identifying where future bottlenecks are likely to form
within the Port due to projected growth in freight traffic and comparing the effectiveness of different
interventions to cope with growth. One of our key findings is that space which can be used flexibly is
far more valuable than dedicated space. This is supported by the much greater reduction in traffic
congestion that is expected to be achieved given a 10% increase in freight traffic by reallocating space
at the front of the system to temporarily hold vehicles waiting to pass through border control and
check-in compared to extending the amount of space for ferry embarkation at the rear of the system.
The importance of flexible space has implications for port design that can be applied more broadly.
Modeling is also useful in identifying critical thresholds for vehicle processing times that would
cause the system to become overwhelmed. Increasing the check-in time by just three to five minutes,
for example, would completely exceed the Port’s capacity and produce indefinite queueing. This
finding has important implications for Brexit planning. From a wider context, the research presented
here nicely illustrates how simulation can be used to instill more evidence-based thinking into port
masterplanning and support “green port” and other corporate sustainability initiatives.

Keywords: port masterplanning; corporate sustainability; traffic flow modeling; discrete-event simulation

1. Introduction

Port masterplanning is the process by which ports determine and communicate their medium- to
long-term strategic plans. Masterplanning is vital for linking a port’s strategy to over-arching local and
regional transport strategies and ensuring that a port meets its commercial, social, and environmental
objectives [1]. Integration of “green port” policies aimed at reducing emissions of air pollutants and
greenhouse gasses from logistic operations, in particular, is increasingly being seen as a core element
of port masterplanning [2–4]. In this regard, port masterplanning is linked intrinsically to the three
pillars of corporate sustainability (i.e., balancing economic growth with environmental and social
considerations) [5,6].

A general challenge associated with masterplanning is that port infrastructure is often complex,
expensive and long-lived. At the same time, decisions to build or repurpose infrastructure is often
made with limited knowledge of future business trends, technology, and environmental regulations.
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From this perspective, port masterplanning is best viewed as a process of complex decision-making
under uncertainty. To help address this, techniques from the field of operations research (OR) are
becoming ever more popular for structuring and supporting the development of port masterplans.
Simulation modeling is especially well suited for addressing problems at all levels of planning,
including operational, tactical, and strategic, for which uncertainty and time are key features [7].
Indeed, the World Association for Waterborne Transport Infrastructure (PIANC) advocates the use
of simulation across a range of port functions, such as vessel maneuvering, tide and sedimentation
analysis, and traffic flow prediction [8]. Note that a number of different simulation approaches can be
adopted (e.g., system dynamics, discrete-event, agent-based, and mixed), with each method having
its strengths and weaknesses. Selection of a particular method to use depends in part on the type of
problem being modeled, the granularity of available data, and the degree of abstraction needed to
address questions of interest.

A number of timely reviews have appeared in the literature recently presenting overviews of the
application of OR methods in port and maritime planning [9–15]. A particularly good review of how
simulation models are applied in ports and container terminals is presented by Dragović et al. [14],
who trace the evolution of methods used and the breadth of problem areas addressed since the 1960s.
Of the 219 articles evaluated by Dragović et al., the majority focus on container stack loading and
unloading, which is discussed in more depth in a study by Lehnfeld and Knust [15]. Another notable
finding is the sheer variety of simulation techniques and software used, with discrete-event simulation
being the most common type of framework (e.g., [16]) but with agent-based models also frequently
employed (e.g., [17]). An entire section of the review is devoted to port traffic, specifically marine
vessels. Examples mentioned include modeling ferry traffic of Aegean ports given seasonally varying
demand [18], modeling safety and vessel interactions in San Francisco Bay [19], and detailed modeling
of ferry maneuvers at the Port of Dover [20]. The Dragović et al. review concludes that simulation
modeling is a pre-requisite of effective port development planning due to the degree of complexity of
port systems [14].

For modeling vehicle traffic within ports, agent-based simulation tends to be the methodology
of choice. For example, causes and possible solutions to traffic congestion at the Port of Chennai are
analyzed by Rajamanickam and Ramadurai [21] using the agent-based microsimulation environment
PTV Vissim. The authors of this study find vehicle document processing to be a limiting step in the
system and propose both technological and structural solutions to mitigate congestion. Similarly,
Demirci [22] developed a whole-port simulation model to identify processing bottlenecks and possible
investments to improve cargo handling, warehousing, and transport operations at Trabzon Port in
Turkey. The simulation explicitly models both shipping vessels and cargo loading/unloading vehicles
(e.g., trucks and forklifts). In addition to more land-side focused modeling studies, other whole-port
modeling tools are described in the literature, including Portsim, a discrete-event model developed
primarily for military logistics planning [23] and a general hybrid discrete-event and agent-based
framework for modeling cargo facilities implemented in AnyLogic and Java [24].

The focus of the current study is the Port of Dover in the UK. The Port of Dover is Europe’s
busiest ferry port, handling upwards of £119 billion or 17% of the UK’s annual trade in goods along
a 180 km trade expressway [25]. As a roll-on-roll-off (aka ro-ro) ferry port, the Port of Dover faces
multiple challenges with managing the flow of over 10,000 vehicles per day to/from mainland Europe.
Ferry operations are situated on the Port’s Eastern Docks, which are constrained geographically to
a small area bounded by cliffs to the north, the sea to the east and south, and the town of Dover
and major road links to the west (Figure 1). What is more, the Port operates in a highly dynamic
environment. This includes both short-term operational stressors (e.g., delayed ferry movements
caused by storms, variable staffing levels, labor strikes, and heightened security in response to acts or
threats of terrorism) and long-term strategic stressors (e.g., projected growth of freight traffic and the
possibility of additional border and customs checks on vehicles following Brexit). With little recourse
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to increase its existing footprint, it is vital that the Port finds smarter ways of doing things if it is to
maintain and grow the ferry business.

Figure 1. Aerial view of the Port of Dover Eastern Docks (Source: [26]). The black dashed line roughly
marks out the physical boundary of the Eastern Docks.

In an effort to instill more evidence-based thinking into its masterplanning exercise, the Port
of Dover has over the past few years invested in the development of simulation and other OR
methodologies to inform operational policies and capital investment decisions. This article describes
some of the work that the Port is doing to minimize the impact of port road traffic on the local
community and environment using a whole-port discrete-event simulation model to improve traffic
flow forecasting and identify the best use of space to reduce traffic congestion.

Road traffic at the Port of Dover has previously been the subject of various simulation studies.
Roadknight and colleagues report findings of two studies involving application of the microscopic
traffic flow simulation software Vissim [27,28]. A key advantage of traffic flow simulators is the high
level of detail that can be ascribed to individual driver behavior and choices. For example, using
Vissim, Roadknight et al. were able to simulate how traffic divides over a set of parallel weigh-bridges
by defining simple rules of thumb for driver behavior rather than assigning weigh-bridge choice
probabilistically [27]. However, as the authors point out, difficulties can arise when simulating large
systems made up of many interdependent entities due to high data requirements and the likelihood
that small errors in model design can result in highly inaccurate outputs.

Given the stochastic nature of the system, simulation provides a valuable tool to address both the
short-term operational needs of the Port of Dover as well as investigate long-term strategic choices.
Where agent-based and discrete-event models have been explicitly compared, agent-based models are
typically judged as being more accurate [29]. For the current study, however, discrete-event simulation
was adopted given the flexibility it offers in terms of quickly reconfiguring the model to analyze
different possible future scenarios and its reliance on a minimal set of assumptions about the Port’s
physical layout and the movement of traffic.

The Port system has some interesting features from a queuing theory perspective. Queuing theory
mainly focuses on stable queues in which arrival rates are less than service rates, resulting in stable and
predictable behavior over time. In contrast, the Port of Dover has arrival rates that are non-stationary
but vary systematically within each day. Since the Port operates efficiently overall, these arrival rates
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can transiently exceed processing rates, resulting in queues which move rhythmically from sub- to
super-saturated and back. As pointed out by Newell [30], queue behavior where arrival rates and
service rates are closely matched is particularly chaotic and therefore harder to predict.

In what follows, we describe the construction and validation of a discrete-event simulation model
of the Port of Dover and its application in both short-term and long-term planning. Key findings of
our study are intended to yield general insights that can be used to guide sustainability initiatives
and infrastructure decisions at other ports. As a bit of context, modeling originally began in late
2015 with the goal of identifying potential bottlenecks in the system driven by anticipated growth in
freight traffic and the development of possible interventions to reduce queuing traffic. The model has
subsequently been adapted to explore possible implications for the Port regarding the UK’s decision in
2016 to leave the European Union (i.e., Brexit) and support post Brexit planning. The full ramifications
of Brexit are currently unknown. However, modeling provides a convenient means for carrying out
“what-if” analysis in the absence of reliable information on future traffic volumes or required changes
to vehicle processing.

The work presented here is noteworthy in several respects. First, our study stands out within the
literature by focusing on road traffic in a ro-ro ferry port rather than the usual container port. Second,
whereas simulation is most often used to help streamline existing operations, an additional primary
aim of our investigation is to examine how simulation can support strategic, long-term planning and
investment tied to port masterplanning. Finally, as part of our analysis, we address sustainability issues
by considering a key performance indicator (i.e., Dover Traffic Assessment Project (TAP), discussed
below) that relates to the impact of traffic queues on the local community and the environment.

2. Materials and Methods

2.1. Study Area

The Port of Dover is a large roll-on-roll-off ferry port located in Dover, southeast England that
provides one the two main modes of transport (along with Eurotunnel) for road vehicles traveling
between the UK and mainland Europe. The Port handles three main vehicle types: large freight
vehicles (or lorries), passenger cars/motorcycles, and coaches, which drive onto ferries under their
own power and drive off at their destination. Currently, there are two ferry operators at the Port of
Dover, P&O Ferries and DFDS Seaways, which run cross-channel services to Calais and Dunkirk in
France. Up to 5 million vehicles travel through the Port annually.

The Port system is moderately complex, with multiple traffic types, arrival rates which have
within-day, weekly, and seasonal variations, and a series of manned check points, each of which
is preceded by space for queuing traffic (Figure 2). The Port is best thought of as a “system of
systems” [31], in which the overall behavior of the system emerges from the interactions among its
component processes and queues.

There are two main entrances to the Port: the A20, which approaches the Port along the coast
from Folkestone to the west, and the A2, which approaches the Port inland from Canterbury to the
northeast. The majority of freight vehicles and coaches arrive from the A20. The A2 has a mixture of
traffic but is made up mainly of passenger cars. After arriving at the Port, vehicles are required to
pass French border control, better known as Police aux Frontières (PAF), and other security checks
before making their way to check-in booths to collect boarding passes for their designated ferry service.
Vehicles wait for ferries in the assembly area next to the docks. The final stage of journey through the
Port is ferry embarkation or “uplift” (i.e., removal of vehicles from the system) when a ferry enters the
Port, docks, unloads incoming vehicles, loads outgoing vehicles, and then departs.

Immediately inside the port entrance is a highly flexible space called the “buffer zone” for
temporarily holding vehicles waiting to pass through PAF and/or check-in. The buffer zone has the
capacity for 220 lorries or around 600 passenger cars/motorcycles. Traffic is directed at the port entrance
using electronic signs above individual lanes within the buffer zone so subsets of vehicles (either type
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of vehicle or those booked on a particular ferry service) can be selectively held in the buffer zone or
allowed to bypass it directly to PAF.

Figure 2. Simplified schematic of the Port of Dover Eastern Docks. Figure adapted from [32]. TAP =
Traffic Assessment Project.

Under extreme conditions, such as prolonged periods of bad weather or labor strikes, the M20
motorway, which freight and other vehicles travel along prior to joining the A20, is sometimes closed
to traffic and used as a giant lorry park. Operation Stack, as it is commonly known, is rare. In 2015,
there were 31 days of Operation Stack, but none from 2016 to 2019. It is estimated that Operation Stack
cost the UK economy £250 million per day [33]. In 2019, Operation Stack was replaced by Operation
Brock, which introduced a contraflow system to buffer freight traffic on the M20. At the start of 2020,
however, permanent barriers used to operate the contraflow system have started to be removed.

In April 2015, Highways England implemented a local traffic management system, known as
the Dover Traffic Assessment Project (TAP), to control freight traffic approaching the Port along the
A20. The main purpose of TAP is to reduce congestion of Dover’s local road network and improve air
quality within the town and avoid the necessity of triggering Operation Stack/Brock. TAP, which is
composed of a series of traffic lights to regulate flow along the left lane of the A20, is only put into
operation when needed due to heavy congestion within the Port. Passenger cars/motorcycles and
coaches are not held in the TAP queue, so they get preferential access to the Port when TAP is in place.

2.2. Model Development and Validation

A discrete-event simulation model of the Port of Dover Eastern Docks was developed using the
Simul8 software package. The model considers only outbound traffic (i.e., traffic traveling from the
UK to France) as outbound flow is effectively independent and does not compete for resources or
space. The reason for this is that under the Le Touquet agreement, UK and French border controls are
juxtaposed, with French controls located in the UK and UK controls located in France. Consequently,
there are relatively few checks on inbound traffic and little or no queuing. Figure 3 shows an annotated
flow diagram of the simulation model. The various components of the model are described in Table 1.
Main input data to the model include the following.
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Table 1. Main components of the simulation model.

Component Description

Transient Entities
Ferries

Ferry vessels differentiated by ferry operator
(P&O and DFDS), destination (Calais and

Dunkirk) and uplift capacity.

Road Vehicles
Road vehicles differentiated by vehicle type

(freight vehicle, passenger car/motorcycle, coach),
intended ferry operator and destination.

Resident Entities

PAF French border control (aka PAF) and other
security checks.

Coach Checks Separate border control and other security checks
for coaches.

Check-in Booths
Check-in booths specific to ferry operator. Can be
reallocated to different traffic types dynamically

depending on demand.

Ferry Uplift Ferry uplift is specific to ferry vessel
and destination.

Queues

TAP Queuing freight traffic on the A20 due to TAP.

Buffer Zone Area for temporarily holding vehicles waiting to
pass through PAF.

Free-flow Queue Queue for free-flowing traffic approaching PAF.

Coach Queue Queue for coaches waiting for border control and
other security checks.

Check-in Queue Queue for vehicles in front of check-in booths.

Assembly Area Marshalling area for vehicles waiting to board
ferries. Segregated by ferry operator.

• The capacity of each queue or holding area in the model is measured in freight equivalent units
(FEUs), with 1 FEU equal to 18 m of road space (including free space in front and behind a vehicle).
Coaches are estimated as 1 FEU, while passenger cars and motorcycles are specified as 1/3 of an
FEU (6 m of road space).

• Parametric distributions for process times were fit to data collected from both manual samples
(stopwatch estimates) and automatic loggers where available (e.g., logs of check-in booth gate
raises). Distributions were derived using Stat::Fit software and the best fitting distributions chosen
based on p-values of the Kolmogorov–Smirnov test.

• Half-hourly arrival rates for each traffic type are based on historical patterns.
• Ferry schedules and vessel capacities are based on schedules currently in use as well as analysis

of historical schedules and vehicles carried.

In reality, ferries take tens of minutes to load and unload. In the simulation, however, embarkation
is modeled as an instantaneous event at the time of ferry departure. Vehicles chosen for embarkation
is based on a first-come-first-serve basis according to time of check-in, a protocol that more or less
matches current practice.

The primary key performance indicator (KPI) chosen for the simulation study was the predicted
number of TAPs per week. This is a convenient proxy for days on which the Port’s capacity to handle
inbound traffic is exceeded for whatever reason. TAP events have significant implications for Port staff,
since TAP and buffer zone queues must be actively monitored and traffic systematically conveyed
from TAP to the buffer zone. In addition, Port police are needed to provide traffic control at the front
of the TAP queue. TAP is also well-known to local and national agencies. Finally, TAP is a vital
metric from a sustainability perspective, since it is both a social measure of inconvenience to local
stakeholders (i.e., congestion of local roads near the A20) and an indirect environmental measure since
it involves stop-start queuing freight traffic that could otherwise be at rest with engines switched off.
We therefore assume that TAP reduction is one of the main enablers for the Port to meet its social and
environmental objectives.

Secondary KPIs monitored in the simulation were: (i) total time in system starting from entering
the extended Port system (approximately 6.3 miles from the entrance to the Port) and ending at
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embarkation; (ii) use of the buffer zone, which provides an indicator that the system is near or at
capacity; and (iii) emissions of CO2 (a primary greenhouse gas) and NOx (a regulated air pollutant)
produced by freight vehicles in the TAP queue. Estimates for CO2 and NOx are derived by calculating
the average speed for each freight vehicle in the TAP queue and then applying the UK Department for
Transport speed–emissions curves [34]. As a conservative approach, we used parameter values for
34–40 metric ton articulated heavy goods vehicles (HGVs) fitted with diesel engines meeting the Euro
VI emission standard. This class of HGVs corresponds to the most common type of articulated freight
in 2020 and the most fuel efficient [35].

Verification and validation of the model was performed using Sargent’s schema as a guide [36].
Verification consisted of a line-by-line check of the model code and systematic checks and documentation
of each entity in the simulation to ensure they behaved as intended. “White-box” testing was conducted
by varying simulation inputs and confirming the simulation responded appropriately (e.g., increasing
daily volumes of traffic to observe progressive saturation of queues and monotonic increases in traffic
queuing outside the Port). Verification tests were run independently by two of the authors (G.C.P. and
J.O’H.), one of whom did not work on model implementation (J.O’H.). Face validity was confirmed by
demonstrating the working simulation to Port operational staff, who confirmed the correct sequence of
operations and that no key features were absent.

Additional operational validation work was carried out to ensure the simulation model was
suitable for decision support purposes. First, outputs of the simulation model were compared with
a simple, deterministic system dynamics model developed in-house by the Port for estimating total
traffic in the system (i.e., traffic that has entered the system, expressed in FEUs, but not yet embarked).
The system dynamics model (implemented in Excel) is designed to represent the Port only at a very
high level. It combines vehicle arrival patterns with ferry arrival/departure schedules to identify
periods during which waiting traffic is likely to be held within the Port and the amount of traffic
held. Despite its very different underlying methodology, the discrete-event simulation model is able to
reproduce outputs very similar to the system dynamics model (Figure 4), but has the added advantage
(given its much greater level of detail) of showing where queues are located in the Port, which traffic
types are queuing for which ferry services, and when TAP events are likely to occur.
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Figure 4. Comparison of number of vehicles in the Port system, measured in freight equivalent units
(FEUs), for the systems dynamics model and the discrete-event simulation model given inputs for a
typical week. The Pearson correlation coefficient for the two time series displayed is 0.94.

Second, the simulation model was compared against real-time traffic monitoring data collected by
the Port. One of these systems includes Blip Systems BlipTrack sensors, which monitor traffic flows by
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sensing mobile phone and Global Positioning System (GPS) signals. A typical freight week from April
2016 was used as a benchmark by comparing simulated transit times against sampled BlipTrack dwell
times and cumulative ferry uplift. Additionally, weeks with known vessel refits, check-in computer
system failures, or slow processing at PAF were used to check that the model was sensitive to observed
stressors. Figure 5 shows the results of such an event, in which a late-afternoon reduction in the
number of available check-ins triggers first use of the buffer zone, then an extended period of TAP,
which eventually clears by mid-evening. Comparison of simulated dwell times with sampled BlipTrack
dwell times on the A20 for the day in question shows that the model correctly identifies the start and
end of TAP and closely approximates maximum dwell time in each half-hour period and the overall
pattern of rise and fall of dwell times. Note that BlipTrack segregates traffic into fast and slow streams,
so free-flowing traffic is not recorded. The stretch of road takes about 8–9 min to cover, hence a value
of 8.6 min is shown for BlipTrack outside the TAP event (i.e., 15:30–17:00 and 21:00–22:30).
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Figure 5. Comparison of simulated dwell times in the TAP queue with observed dwell times from
BlipTrack during a TAP event on the evening of 2 February 2016.

The simulation model can be run over two basic time intervals. A one-week version of the model
is quick to run and modify, affords a greater number of trials, which improves the precision of statistical
analyses, and gives outputs comparable with the system dynamics model. Results reported in this
paper are based on a one-week runtime. Alternatively, the model can be run over a full year (actually
48 weeks as the first two and last two weeks of the year must be excluded, since they are atypical and
distort year-to-year comparisons). A one-year run is slow to execute and not ideal for conducting
multiple trials but has the advantage in that it provides an estimate of the number of TAP days per
year, which is better for communicating results to external stakeholders.

3. Results

3.1. Anticipated Impact of Freight Traffic Growth

At the time the Port of Dover’s last masterplanning cycle was initiated, the volume of freight
traffic was steadily increasing over time. In just the two-year period 2013–2015, freight grew by
30% [25], bringing concerns about environmental sustainability and the feasibility of maintaining
business growth of this level to the fore.

The first set of simulation experiments were designed to assess the capacity of the Port system
to cope with increased freight traffic. As baseline for comparison, the week of 18 April 2016 was
chosen to represent a moderately heavy freight week. This was the Port’s fifth busiest week for freight
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that year but typical in the sense that no extraordinary events or weather conditions prevailed, and
within-week and within-day arrival patterns were not out of the ordinary. Since the focus of our
analysis is on infrastructure planning rather than driver behavior, the ferry schedule was set to the
highest frequency of sailings seen in 2016, while staffing at both PAF border controls and check-in
booths was set to the number of service channels available (rather than constrained by actual staffing).
Traffic flow was simulated for this baseline scenario and then again for a 10% growth in freight vehicles
by simply multiplying the instantaneous arrival rates for freight traffic by 1.1. This was considered a
sensible choice given trends in freight traffic growth in preceding years. Tourist and coach traffic were
left unchanged.

Figure 6 shows a single one-week run of the simulation for both the baseline and 10% freight
growth scenarios. At baseline, a typical high-freight week with no unusual circumstances is easily
handled by the Port. Traffic has a mid-week peak of around 900 FEUs and some use of the buffer zone
on Wednesdays but no instances of TAP. In contrast, with a 10% growth of freight, queuing traffic
peaks to over 1100 mid-week, with three activations of the buffer zone and two instances of TAP.
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Figure 6. (a) Simulated Port traffic by ferry operator (blue and green) over a typical week under baseline
conditions and (b) following a 10% increase in freight traffic, along with (c) buffer zone (grey) and TAP
use (red) under baseline conditions and (d) following a 10% increase in freight traffic.

Summary results comparing the base case and 10% freight growth scenarios given 100 simulation
runs are provided in Table 2. These results tell a similar story to Figure 6. Given 10% freight growth,
vehicles remain in the system an average of 25% longer, rising from 89 to 111 min. More importantly,
the number of weekly TAPs increases significantly, going from near zero to 1.6 per week, while CO2

and NOx emissions rise by 12%. The consequence is that there are periods when 223 freight vehicles
are queuing in TAP, equating to approximately 2.5 miles of queuing traffic, as well as an excess of 5.4
kt of CO2 and an excess of 3.5 kg of NOx emitted per week. Note that excess emissions represent
the levels of emissions over and above what is expected following a 10% increase in vehicle numbers
and is expressed simply as projected CO2 and NOx emissions minus 1.1 times baseline CO2 and
NOx emissions.
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Table 2. Traffic flow metrics for the base case and 10% growth in freight traffic scenarios. Values
reported are means over 100 simulation runs along with 95% confidence interval half-widths.

Buffer Zone TAP Queue 1

Scenario
Time in
System
(min)

Max Size
(FEUs)

Max Dwell
(min)

No. TAPs
(per wk)

Max Size
(FEUs)

Max Dwell
(min)

CO2

(kt/wk)
NOx

(kg/wk)

Baseline 88.6 ± 0.3 90.8 ± 7.0 43.4 ± 3.6 2.0 × 10−2

± 2.8 × 10−2 68.6 ± 0.6 8.5 ± 0.1 246.4 ± 0.3 167.6 ± 0.2

+10% Freight 111.0 ± 0.6 203.6 ± 1.2 105.5 ± 1.4 1.6 ± 0.1 222.7 ± 15.7 57.0 ± 4.1 276.4 ± 1.0 187.9 ± 0.6
1 Note that in the simulation model, the TAP queue doubles as a section of road and as a queue for holding freight
vehicles during TAP events. Minimum dwell time in the TAP queue is 8.5 min and corresponds to free-flowing traffic.

3.2. Interventions to Manage Freight Growth

Having quantified the impacts of a relatively modest increase in traffic volume, our next step
was to identify and evaluate possible interventions to mitigate these impacts. Realistic interventions
for dealing with a 10% freight growth scenario include increasing the number of PAF and check-in
booths, adding space to the assembly area, adding space to the buffer zone, and increasing ferry
uplift. Interventions that increase the number of PAF/check-in booths or increase space for holding
vehicles could either be achieved by re-purposing other areas within the Port (e.g., demolishing existing
buildings to create space) or through costly reclamation of land from the sea. Table 3 reports the
effectiveness of various interventions to deal with increased freight volumes. Excess emissions of CO2

and NOx for each intervention are displayed in Figure 7.

Table 3. Traffic flow metrics for potential interventions to manage 10% growth in freight traffic.

Buffer Zone TAP Queue 1

Scenario
Time in

System (min)
Max Size

(FEUs)
Max Dwell

(min)
No. TAPs
(per wk)

Max Size
(FEUs)

Max Dwell
(min)

CO2 (kt/wk) NOx (kg/wk)

No Intervention 111.0 ± 0.6 203.6 ± 1.2 105.5 ± 1.4 1.6 ± 0.1 222.7 ± 15.7 57.0 ± 4.1 276.4 ± 1.0 187.9 ± 0.6
Double Resources 110.2 ± 0.6 196.8 ± 1.6 102.7 ± 1.7 1.3 ± 0.1 184.2 ± 15.3 46.8 ± 4.0 273.9 ± 0.7 186.2 ± 0.5
+200 AA Spaces 1 110.7 ± 0.6 169.2 ± 6.5 83.9 ± 3.3 0.5 ± 0.1 93.4 ± 7.5 17.5 ± 2.5 271.5 ± 0.4 184.7 ± 0.2

+200 BZ Spaces 2 111.0 ± 0.6 281.8 ± 8.7 130.6 ± 3.8 1.0 × 10−2

± 2.0 × 10−2 74.6 ± 0.8 8.8 ± 0.3 271.1 ± 0.3 184.4 ± 0.2

+10% Ferry Uplift 87.2± 0.3 138.6 ± 7.7 61.2 ± 3.6 0.2 ± 0.1 78.4 ± 4.0 10.6 ± 1.2 271.2 ± 0.3 184.5 ± 0.2

1 AA refers to the assembly area with additional space measured in FEUs. 2 BZ refers to the buffer zone with
additional space measured in FEUs.
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Figure 7. (a) Excess CO2 emissions per week and (b) excess NOx emissions per week for potential
interventions to manage 10% growth in freight traffic. Note that CO2 emissions are measured in
kilotons (kt) per week, while NOx emissions are measured in kilograms (kg) per week.

Some important insights are drawn from the results shown in Table 3 and Figure 7. The first is
that PAF and check-in are not significant constraints on the system given the rather modest change in
traffic flow metrics in response to doubling PAF and check-in processing rates. Buffer zone usage and
dwell time, for example, remain virtually unchanged. There is, however, a small drop in the number
of TAPs per week (−0.3), a noticeable decrease in both TAP queue size (−39 FEUs) and dwell time
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(−10 min), and a sizeable drop in excess emissions (−2.5 kt of CO2 and –1.7 kg of NOx per week). What
this implies is that there is at present sufficient physical capacity to handle a 10% growth in freight
traffic. It is merely the case that staffing levels within the Port may simply need to rise on certain days
to keep pace with the increased volumes of freight vehicles.

A second key insight is that increasing space, either in the assembly area or buffer zone produces
the desired effect of internalizing queues within the Port. Both interventions significantly reduce
the number of TAPs per week, maximum TAP queue size, and excess emissions of CO2 and NOx.
However, not all space is equal in terms of impact. Specifically, increasing space for vehicles in the
buffer zone is much more effective at reducing queuing outside the Port than increasing space in the
assembly area (Table 3, Figures 7 and 8). Compared to the no intervention scenario, adding 200 FEU
spaces to the assembly area reduces the expected number of TAPs per week from 1.6 to 0.4 (an order
of magnitude decrease), while adding 200 FEU spaces to the buffer zone reduces this to 0.01 (two
orders of magnitude decrease). Over a month, this translates to approximately two TAPs by adding
200 spaces to the assembly area versus zero TAPs by adding the same amount of space to the buffer
zone. Meanwhile, maximum TAP queue size is reduced from 223 to 93 freight vehicles (−130 FEUs) by
adding 200 spaces to the assembly area and all the way down to 75 freight vehicles (−148 FEUs) by
adding 200 spaces to the buffer zone. In terms of excess emissions of CO2 and NOx, these fall from
5.4 kt and 3.5 kg per week, respectively, to 0.5 kt and 0.3 kg per week (91% reduction) by adding 200
spaces to the assembly area and even further to 0.1 kt and 0.1 kg per week (97–98% reduction) by
adding 200 spaces to the buffer zone.
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Figure 8. (a) Expected number of TAPs per week and (b) maximum size of the TAP queue for the no
intervention, add space to the assembly area (AA) and add space to the buffer zone (BZ) planning
scenarios in response a 10% growth in freight traffic.

Intuitively, this sort of result makes sense due to the flexible nature of the buffer zone, which can
be used to buffer any single operator’s traffic or a specific type of traffic, thus allowing other vehicles
to bypass the queue. The assembly area, on the other hand, is located low in the chain of steps for
processing vehicles through the system and, therefore, does nothing to alleviate transient queues
caused by the fluctuation of processing rates at steps higher in the chain (e.g., at PAF or check-in).
Indeed, a proportion of real-life TAPs are caused by issues at border control or check-in (e.g., due
to computer system failures or slower processing associated with heightened security levels). These
types of events are not captured in the simulation model, which suggests that the results shown here
underestimate the value of buffer zone space at the front of the Port.

A final, perhaps unsurprising, finding is that increasing ferry uplift is perhaps the best solution for
dealing with increased freight volumes in the long-term. Increasing uplift in step with traffic demand
is the only intervention that minimizes queuing both in and outside the Port. Compared to increasing
buffer zone space, increasing uplift by 10% not only produces similar maximum TAP queue sizes (78
vs. 75 FEUs), maximum TAP dwell times (10.6 vs. 8.8 min) and excess CO2 emissions (0.2 kt vs. 0.1 kt),
but also results in the lowest usage of the buffer zone (both in terms of maximum queue size and dwell
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time) among the interventions considered. In addition, unlike any of the other scenarios, increased
ferry uplift also reduces overall time in the system from 110–111 min (all other scenarios) to 87 min.
On the other hand, while it should be pointed out that increasing ferry uplift does result in a slightly
higher number of TAPs per week compared to adding space to the buffer zone intervention (less than
0.2 vs. 0.01), over a month the overall number of TAPs remains small (approximately 0.7 per month).

It is worth mentioning that in the current model, increased uplift was implemented by simply
increasing the capacity of each vessel by 10%. We acknowledge that adding larger vessels to the fleet
would place additional strains on the assembly area and buffer zone, since larger numbers of vehicles
would be arriving and waiting for the next (larger) vessel. Alternatives such as increasing the frequency
of sailings or adding a few additional vessels, however, would mitigate against this to a large extent.

Additional testing of the simulation model assuming a 30% growth in freight traffic (results
not reported here) only further reinforces the importance of ferry uplift. Increasing uplift by 30% is
sufficient to handle increased traffic of this magnitude without the need for additional space or new
infrastructure. However, a 30% increase in freight traffic without a concomitant increase in uplift
would exceed the physical capacity of the Port.

3.3. Sensitivity Analysis of Check-in Processing Times

As illustrated by the analysis above, Port infrastructure and processes are sufficient to handle
present-day freight volumes. Furthermore, a 10–30% increase in growth could be accommodated by
increasing buffer zone space within the Port and/or increasing ferry uplift. Under such circumstances,
neither PAF nor check-in would form a bottleneck as long as processing rates remain the same.

As part of robust masterplanning, one might want to challenge the assumption that processes will
not change in the future. While the majority of changes such as increased digitization and automation
tend to improve throughput, there are two possible scenarios which could make processing times
worse: (1) sustained increase in security, which would result in increased time for border control
checks, and (2) expanded administrative requirements at check-in, for example filling in additional
customs documentation as part of a post Brexit world. It is hard to forecast what changes in processing
times might be, particularly for the latter scenario, since there is not any reliable data on which to base
projections. Sensitivity analysis, however, provides a vital tool for investigating potential impacts over
a range of possible changes to model inputs.

To this end, the effect of increased time to process vehicles at check-in was investigated on top of a
10% growth in freight traffic. As in the previous analyses, it is assumed that there are no restrictions on
the availability of check-in booths (i.e., all booths are manned continuously throughout the week) and
that up to 80% of them are devoted to freight. Results are shown in Figure 9.
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Figure 9. Time in system as a function of average check-in time given 10% growth in freight.
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If processing times at check-in booths increased by one minute, average time in the system
would be little affected, increasing by just two minutes. Increasing check-in times by two minutes
would also appear to be tolerable, with an average time in system going up by 14 min. However,
this underestimates the true impact since it is assumed that staffing is unconstrained and queues are
initially empty at the start of each one-week run of the model. In reality, staffing may be less than ideal
and there may be carry-over of vehicles from week-to-week once large queues form. Indeed, separate
full year model runs that incorporate carry-over indicate that even a two-minute increase in processing
times produces considerable queuing and long delays for freight traffic. In any case, what is perfectly
clear is that increasing processing time by just three minutes is sufficient to increase time in the system
to almost 300 min, which not only exceeds the Port’s capacity, but also exceeds the capacity of TAP and
necessarily triggers Operation Stack/Brock. Adding a full five minutes to check-in time, meanwhile,
causes average time in the system to reach almost 1400 min (>23 h) and produces queues that never
clear. To put these figures in context, the waiting time at the “frictionless” Norway–Sweden border is
reported to be on the order of eight minutes [37].

3.4. Additional Uses of the Model

Whilst the primary focus of the present modeling study is on long-term infrastructure planning,
it should be noted that the model can just as easily be used to examine the potential effects of
shorter-term stressors on the system and evaluate appropriate tactical mitigation strategies. One
such stressor is annual ferry refit, in which a vessel is removed from service temporarily for planned
maintenance and upgrading. Results showing the impact of a vessel refit are shown in Figure 10 and
Table 4.
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Figure 10. (a) Simulated Port traffic by ferry operator (blue and green) over a typical week under
baseline conditions and (b) during a ferry vessel refit, along with (c) buffer zone (grey) and TAP use
(red) under baseline conditions and (d) during a ferry vessel refit.

As seen, the system is only moderately affected by a vessel refit. While the total number of vehicles
in the system does increase during a vessel refit (see Figure 10), going from a peak of approximately
900 to 1100 FEUs, TAP would not be expected to occur and there is only limited additional use of the
buffer zone (one day for normal conditions, two days for vessel refit). Overall, traffic metrics for the
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two scenarios are similar (see Table 4), with the only significant difference being that total time in the
system increases by 25% (from 89 to 111 min).

Table 4. Traffic flow metrics for the base case and vessel refit scenarios.

Buffer Zone TAP Queue

Scenario
Time in

System (min)
Max Size

(FEUs)
Max Dwell
Time (min)

No. TAPs
(per wk)

Max Size
(FEUs)

Max Dwell
Time (min)

Baseline 88.6 ± 0.3 90.8 ± 7.0 43.4 ± 3.6 2.0 × 10−2

± 2.8 × 10−2 68.6 ± 0.6 8.5 ± 0.1

Vessel Refit 111.4 ± 0.6 95.9 ± 6.2 44.9 ± 3.3 1.0 × 10−2

± 2.0 × 10−2 68.6 ± 0.6 8.5 ± 0.1

In principle, changes to the port infrastructure or operations could be investigated, similar to the
analysis carried out in Section 3.2, to help identify appropriate strategies to minimize disruption at the
Port during vessel refits in combination with other incidents causing short-term reduction in system
capacity (e.g., staff shortages and/or extended security checks) to ensure the Port continues to meet its
economic, social and environmental goals.

4. Discussion

This study describes how simulation modeling and analysis are being used at the Port of
Dover to address economic, social, and environmental trade-offs involved with port masterplanning.
It contributes to the scientific literature by focusing on road traffic in a ro-ro port and by providing
basic insight into the interplay between the use of space and processes that influence port performance.

The study initially began during a period of high uncertainty for the Port, brought about by
incidences of terrorist attacks in France, a spike in illegal migration, and the Brexit vote, which focused
attention on understanding the implications of potential new border control, customs, and inspection
regimes. The tensions involved in port masterplanning have been pointed out previously [38,39].
Investing in new infrastructure has repercussions that are long lasting, but decisions often need to be
taken during periods of uncertainty during which forecasts vary widely. This highlights the value
of options-based valuation, which emphasizes the importance of phasing, deferring, abandoning or
adapting projects. Although the analysis presented here does not employ options valuation, our work
has nevertheless stimulated ‘options thinking’ among senior managers at the Port and reinforced the
need to adapt to changing opportunities and threats [40].

The discrete-event simulation approach used here is valuable for gaining high-level insights
about traffic flow patterns and where and why queues build up in a system. One limitation of using
discrete-event simulation is that it does not represent interactions between moving vehicles as well
as agent-based models do. Further work using detailed agent-based models of specific areas of the
system might help to verify that interventions identified with our discrete-event model for improving
traffic flow perform as expected. Alternatively, developing a system dynamics approach might be
appropriate for larger-scale modeling of cross-channel traffic flows by incorporating Eurotunnel and
possibly other ports in the UK and continental Europe. Another interesting line of research would be to
model an expanded set of interventions aimed at reducing queuing traffic, including implementation
of the “dry port” concept [41]. Dry ports are used to move certain seaport functions inland and are
shown to be effective in alleviating space constraints and improving environmental performance [42].

A noteworthy aspect of our study is the use of a queuing metric (TAP) as the primary KPI, both as
a measure of overall system efficiency and as a measure of local community and environmental
sustainability. The ability to use TAP to hold freight outside the Port is an immensely valuable means
of managing port traffic. At the same time, reducing occurrences of TAP when possible reduces
inconvenience to the local community and reduces direct staff cost of active traffic management.
Minimizing traffic queues also helps to reduce the environmental impacts of port traffic, including
air pollutant and CO2 emissions, which will be vital in the future as the Port strives to meet its
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environmental obligations and become a “green port” [43]. The use of TAP as a KPI contrasts with
other simulation studies dealing with port investment planning (e.g., [44]), which use more typical
financial metrics like EBITDA (earnings before interest, tax, depreciation and amortization). The
TAP metric, by comparison, relates directly to two of the three pillars of sustainability (social and
environmental), which can then be traded off against the third (economic) by considering investments
needed to reduce TAP.

One of the main benefits of the research presented here is in discovering and illustrating some
guiding principles that can be applied to port masterplanning more generally. As an example,
our analysis of the Port of Dover showed the critical role of ferry uplift (i.e., the rate at which vehicles
are removed from the system by ferries) as the main determinant of overall queuing in and transit
through the system. Increased uplift is only achieved by adding more ferries and services of the current
vessel type or by replacing some portion of the fleet with larger ferries, which might even require fewer
services. Which is preferable would depend on a more detailed financial analysis of the costs involved
and the environmental impacts.

One of the key messages we wish to emphasize is the value of flexibility. Specifically, space that
can be used flexibly, either for multiple traffic types, ferry operators, or activities, is far more valuable
than dedicated space, which cannot be readily switched to meet fluctuations in demand. This is clearly
illustrated by the far greater reduction in traffic congestion that could be achieved by increasing buffer
zone space to hold vehicles at the front of the system compared to increasing assembly area space for
embarkation at the rear of the system. With added buffer zone space, transient increases in arrivals
(immediately upstream of the buffer zone) and short-term reductions in processing speed at border
controls or check-ins (downstream from the buffer zone) can both be accommodated for by space at
the front of the system. Generalizing beyond this, it seems logical that under conditions of uncertainty,
layouts and buildings that can be changed and re-purposed, provide greater value and resilience than
permanent or fixed structures.

Looked at more generally, a potentially useful way to interpret our findings is within the context of
the theory of constraints [45,46]. The guiding approach of our analysis was to look for those constraints
which, if lifted, would have the largest effect on system performance. Interestingly, while ferry uplift is
an obvious constraint governing total traffic throughput, relaxing constraints on space within the Port
can be equally effective at reducing TAP and traffic congestion.

Finally, our analysis confirmed that the ability of the Port to clear traffic out of the system is strongly
influenced by vehicle processing times. Even moderate increases in check-in times are not sustainable
given the Port’s current physical capacity. The practical implication of this is to emphasize the extent to
which technological improvements, such as automated check-in and license plate recognition, may be
essential to speed up processing and improve future traffic fluidity.
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Abstract: Nowadays great attention is being paid to the ecological aspects of maritime transport
functioning, including the problem of pollution and emission of poisonous substances from ships.
Such emissions have a significant impact on the environment and sustainable operation of ports,
especially those located close to intensive waterways. A decrease in emissions from ships may be
achieved by implementing different methods, among others, through the use of environmentally
friendly fuels, electrical and hybrid vehicles, as well as through the improvement of port approach
and inside navigational channels, optimization of the transport processes organization, etc. However,
the size of the influence of ships’ crew and ports pilots’ qualification on the possibility to decrease
the emissions from ships during maneuvering in port areas remains a question. This article aims to
develop a method to assess the possible decrease of the emissions from ships in ports, considering
human factor influence. The method has been developed and verified on the selected case study
example. The influence of ships’ crew and ports pilots’ qualification on time spent on maneuvering
operations by ships in port areas and consequently the volume of emissions has been investigated.
The research results show that for the set conditions it is possible to reduce emissions from ships up to
12.5%. For that reason, appropriate education and training are needed to improve the qualifications
of decision-makers performing ship maneuvers at ports areas.

Keywords: maritime transport; emission from ships; sustainable port; energy sources; ship’s crew
and port pilots qualification; green shipping; environmentally friendly fuels

1. Introduction

Maritime transport is extremely important for the world and regional economy; some countries,
like those located on islands, are dependent on goods delivered by sea. From 1970 until 2019 the world
population increased from 3.7 billion up to over 7.7 billion, but at the same time global maritime trade
increased from 2.6 billion tons up to 11 billion tons (in 2018) [1]. In early 2019, the total world fleet
constituted 95,402 ships, accounting for 1.97 billion dead-weight tons. Moreover, the carrying capacity
grew by 2.61%, compared with the beginning of 2018 (Table 1). It is forecasted that ship number and
size will continue to grow [1].

Nowadays, much attention is paid to the issues of the negative impact of shipping on the
environment. It is assumed that maritime transport emits around 940 million tons of CO2 annually,
being responsible for about 2.5% of global greenhouse gas (GHG) emissions [2–4]. The negative impact
of shipping on the environment is concentrated essentially in selected areas: close to big ports (e.g.,
Shanghai, Rotterdam, Hamburg, and others), main waterways (e.g., Suez and Panama channels),
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approach channels or rivers (e.g., Elbe river providing the Hamburg port, Yangtze river–to Shanghai
port), and other areas [5–9].

Table 1. World fleet by principal vessel type 2018–2019 (thousand dead-weight tons) [1].

Principal Types 2018 2019 Percentage Change 2019/2018

Oil tankers 562,035 567,533 0.98
Bulk carriers 818,921 842,438 2.87

General cargo ships 73,951 74,000 0.07
Container ships 253,275 265,668 4.89

Gas carriers 64,407 69,078 7.25
Chemical tankers 44,457 46,297 4.14
Offshore vessels 78,269 80,453 2.79

Ferries and passenger ships 6922 7097 2.53
Other/not available 23,946 23,929 -0.07

World total 1,926,183 1,976,491 2.61

The International Maritime Organization (IMO) constantly pays a lot of attention to the issues
of reduction of emissions from ships, especially decrease of sulfur (SOx), nitrogen (NOx), carbon
dioxide (CO2), particulate matter (PM), and other substances [2,4]. In 2008 the Sulfur Emission Control
Areas (SECA) in the Baltic Sea started to be created, then they covered the North Sea and the English
Channel. In 2012 similar Emission Control Areas (ECA) were created in the North American area,
and the decision to decrease SOx in ships fuel was taken globally [4]. Ships’ fuel sulfur requirements
worldwide and in the ECA are presented in Figure 1.

Figure 1. Ships’ fuel sulfur requirements worldwide and in Emission Control Areas (ECA) [10].

This problem is recognized globally. For example, according to the European Union (EU) decision,
the emission from ships should be decreased in 2020 not less than 20% (in comparison to 2005) and in
2030 not less than 30%. Moreover, it is estimated that daily suboptimal operation of ships increases
energy consumption up to 15%–18% caused by inappropriate decisions by the ship’s crew, which
influence the increase of emission from ships accordingly [1,11].

The conducted analysis of available literature revealed that green shipping development and
environmental sustainability in seaports are frequently discussed research topics. The reviewed studies
analyze technical and technological aspects of sustainable shipping, show organizational challenges
and possible economic effects, assess the volume of pollution, and propose ways to decrease it [12–17].

Different regulations and approaches are implemented to reduce the volume of emissions. These
approaches include, i.a., the decrease of emissions from vehicles using environmentally friendly fuels,
optimization of ships’ maneuvers in port approaches and internal navigational channels, by optimal
design of the ports’ terminals, as well as minimization of vehicle service time, improvement of ports’
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connection with hinterland, and others [18–29]. The implementation of a large number of these
approaches requires significant financial outlays that may deal with investments in the development
of ports’ infrastructure, construction changes of ships, etc.

Conducted research studies also pay attention to human factor influence on navigation safety
and ship operation [30–33]. However, it should be noted that the available literature positions do
not present a detailed analysis of the influence of ships’ crew and ports pilots’ qualification on the
possibility to decrease the emissions from ships during ships’ maneuvering in seaports.

In this article the human factor influence on emissions from ships in port areas is analyzed in
detail. It aims to develop a method allowing an assessment of the possible decrease in the emissions
from ships, considering ships masters’ and ports pilots’ qualification. The research questions were
formulated as follows:

1. Are the emissions from ships in seaports influenced by ships masters’ and ports
pilots’ qualification?

2. What is the volume of emissions from ships that may be reduced during ships’ maneuvering
operations in port area depending on responsible person’s qualification?

It is assumed that in case the maneuvers of ships will be done by operators with different
qualifications, there will be differences in the volume of emissions created by ships. The proposed
method is based on empirical data analysis and shows the way to analyze the data using dispersion
and maximal dispersion methods. Its idea is to show that emissions from ships in ports may be reduced
by employing ships’ masters and ports’ pilots with appropriate qualifications. The case study analysis
is used to verify the method. Real data of ship sailing in seaports are considered, bearing in mind that
ships’ maneuvers are performed by different operators. Identified differences in ship sailing parameters
allow an estimation of the emissions created by ships and share of possible emission reduction.

Section 2 of the paper presents the literature analysis. Section 3 describes the methodology used
to conduct the research. The results of case study analysis are shown in Section 4. The paper is
summarized by discussions, conclusions, and directions of future research, presented in Sections 5
and 6.

2. Literature Analysis

Emissions of poisonous substances are produced by different sectors of the economy and different
approaches to estimate the volume of emissions are implemented [5,34–38]. This also applies to transport
and logistics systems functioning in pursuit of sustainable development of these systems [39–43].
Direct and indirect gas emissions caused by water transport are noted, especially air pollution through
various greenhouse gas emissions (SO2, NOx, CO2, PM2.5, PM10) [32,44–46].

Emission from ships has wide regulation framework. Stringent regulations were implemented
by the IMO and the EU (i.e., within and beyond the SECA limits) to reduce the sulfur emissions of
ships [4,10,45]. IMO has tasked its members to achieve a 70% reduction in CO2 emissions by 2050,
the decarbonization process is based on EU strategic documents, low-emission and zero-emission
technologies [12]. Furthermore, the nitrogen emission control area (NECA) in the Baltic Sea and the
North Sea is planned to be introduced in 2021 [15]. These and other restrictions significantly affect the
functioning of shipping companies and seaports, as well as forces them into action measures to comply
with environmental protection requirements [47].

Bouman et al. provided a comprehensive overview of the CO2 emission reduction potentials and
measures and stated that emissions can be reduced by more than 75%, based on current technologies
and by 2050, through a combination of measures if policies and regulations are focused on achieving
these reductions [48]. Available studies recognize the need for research result implications for the
further development of policies addressing sustainability in shipping management [49], as well as
combining instruments into policy packages, and emphasise the urgency of addressing technology and
policy solutions for the maritime sector [50]. It is highlighted that management policies should depend
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on the internal and external environment of shipping companies [13]. Safe, secure, energy-efficient,
affordable, reliable, climate-resilient, low-carbon, and rule-based maritime transport systems contribute
to achieving an economically efficient and environmentally sound development [14,51].

Decreasing of emissions from shipping is the multipurpose task which links technical, technological,
organizational, legal decisions, as well as human factor influence (employee education and training). In
this regard, different approaches may be found in the literature [52]. In order to reduce emission volume
in port areas and main international waterways, environmentally friendly fuels and renewable energy
resources may be used [2,3,19,20,22,24,28,37,53]. In many cases, ships in ports use only permitted
fuels (depending on fuel content). Improvements in ship structure, including used engines, are also
investigated [3,42,54–56]. Slow steaming strategies have been introduced in most shipping lines and
significantly decrease CO2 emissions from international shipping [16]. Moreover, simplified and
composite ship fuel consumption models for ocean-going vessels were developed and facilitate the
assessment of the fuel volume needed for ships [32,46,57–59]. It is also noted that modal shift policy is
one of the ways to reduce emissions and should take into consideration environmental strategy and
possible pollution reduction [60].

The analysis of the literature positions revealed that currently problems of decreasing the emissions
from ships are applied to different shipping areas, however a lot of attention is paid to ships’ service in
seaports. Ports, as the important nodes of transport and logistics systems, make an effort to plan their
territory optimally; however, it is not an easy task, especially when ports are located in cities or next
to them [8,61–63]. It was estimated that in some specific harbor areas in Asia, ships can contribute
up to 7%–26% to the local fine particulate matter concentrations [64]. Attention is paid to the need to
develop approaches for green ports that have emerged within environmental management and give
attention to the ecological issues [17]. This reinforces the belief that actions should be continued to
reduce the volume of emissions in ports.

The complicated design of navigational approach and inside port channels sometimes need a
lot of ships maneuvers that may be optimized [65,66]. Emissions from ships, especially observed
in approaches to the ports and in ports areas, is influenced by the performed maneuvers and often
requires changing the ship’s engine power, which should be carried out by the ship’s crew and port
pilot with appropriate qualifications.

A comprehensive review of ships’ maneuvers and environmental effects was conducted by Di
Vaio et al. [67]. It was mentioned that in order to achieve high competitiveness in seaports in response
to environmental and energy regulation, port authorities, users, and local communities have to invest
considerable resources. The paper introduces managerial key performance indicators to support port
authorities in their decision-making processes, considering inter-organizational relationships with
shipping lines that aim to develop environmentally sustainable and energy efficient ports.

It should be noted that port configuration and ship maneuvering areas are different in particular
ports [26,66]. Two main factors influence the emissions produced by ships in ports: types of maneuver
operations made by ships and efficiency of tug assistance. On the one hand, ships sailing in port areas
have to be safe. On the other hand, it is very important to optimize the time of ships’ movement and
minimize maneuvers inside the port that mainly depend on the responsible people’s qualifications and
health [26,29,68]. The reviewed research papers mention that these qualifications are influenced by
the region seafarers come from [69] and affect the safety in maritime operations [30,70]. However, the
influence of ships’ crew and port pilots’ qualification on the possibility to reduce the emissions from
ships has not been analyzed in detail.

Corrigan et al. [31] stated that there is an increasing awareness of human factor influence
in maritime transport and much more focused research is required concentrating on the specific
complexities, constraints, and shared processes of port environments. It is also highlighted that
maritime educational institutions around the world should be prepared to provide the skilled labor
the industry will require to remain competitive [33].

On the basis of the conducted literature analysis it should be stated that:
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- the problem of decreasing the emissions from ships is up-to-date and further solutions in this
field should be developed;

- there is a need to look for solutions to reduce the emissions from ships that will not require high
volumes of investments;

- human factor influence on poisonous substance emissions from ships has been analyzed so far to
a small extent.

This justifies the need to investigate the impact of ships’ crew and port pilots’ qualifications and
decisions on ships’ maneuver operations in port areas, as well as further search for ways to decrease
emissions from ships.

3. Materials and Methods

The following methodology was used to develop the method aiming to assess the possible decrease
of the emissions from ships (Figure 2). After the literature analysis the necessary data were collected to
develop the method. The method was verified on the basis of Klaipeda port case study analysis. Then,
the appropriate conclusions were drawn.

 

Literature review and analysis 

The development of the method  

Verification of the proposed method—
case study analysis 

Conclusions 

1. Sailing time 
measurements in port area 
(experimental data collection) 
2. Data analysis using 
dispersion and maximal 
distribution methods, 
Kalman filter 
3. Estimation of the share 
of emissions that may be
decreased 

Figure 2. The methodology used to conduct the research.

To decrease the energy consumption, as well emissions from shipping activity, it is necessary to
clearly understand ships’ operation processes and have knowledge about emission sources, including
transport means and port equipment operation, possibility to use the definite fuels for the different
machines’ functioning, as well as to know the methods of optimal holistic port and terminal design,
and recognize the significance of the high qualifications of port staff and ships’ crew.

Emissions from ships and other transport vehicles directly depend on the quantity and quality of
fuel used. The main emissions from ships constitute: carbon dioxide (CO2), nitrogen oxides (NOx),
carbon monoxide (CO), sulfur oxides (SOx), and particulate matter (PM) [10].

Carbon dioxide and sulfur oxide emissions could be calculated as follows (Equations (1) and (2)):

CO2 = kCO2 ·Q f , (1)

SOx = kSO·Q f , (2)

where: kCO2 is the carbon dioxide coefficient, which depends on fuel quality (for the high-quality diesel
fuel this coefficient is between 3.0 and 3.2 and for the LNG (Liquefied Natural Gas) fuel this coefficient
is between 2.1 and 2.3); kSO is the sulfur oxides coefficient, which depends on the fuel quality (sulfur
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percentage in fuel), for example, for SOx control areas it is 0.001 for diesel fuel and 0.0 for the LNG fuel;
Q f is the quantity of fuel during ship sailing, which can be estimated as follows (Equation (3)):

Q f =

∫ T

0
k f ·q f ·Nav·dt, (3)

where k f is the coefficient, which depends on the type of engine [10,71]; q f is the consumption of fuel
for the definite engine (kg/kWh), Nav is the ship’s engine’s average power during the sailing period
(kW), which can be calculated using Equation (4):

Nav =

∫ t
0 Ni·dt

t
, (4)

where Ni is the instantaneous ship’s main engine power (kW); t is the ship’s sailing time.
Nitrogen oxides, carbon monoxide, and particulate matter emissions depend on the real engine

power, type of fuel, and its quality, and can be assessed as follows (Equations (5)–(7)):

CO = kCO·Nav·t, (5)

NOx = kNOx ·Nav·t, (6)

PM = kPM·Nav·t, (7)

where kCO is the carbon monoxide coefficient, which depends on fuel quality and engine condition, for
the high-quality diesel fuel and modern engines it varies between 0.005 kg/kWh for diesel fuel and
0.003 kg/kWh for LNG fuel; kNOx is the nitrogen oxides coefficient, which also depends on fuel quality
and engine state, for the high-quality diesel fuel and modern engines it is in the range of 0.008–0.0012
kg/kWh for diesel oil and 0.003–0.004 kg/kWh for LNG fuel; kPM is the particulate matter coefficient,
which depends on fuel quality and engine, for the high-quality diesel fuel and modern engines it varies
between 0.0005–0.0006 kg/kWh for diesel oil and about 0.0001 kg/kWh for LNG fuel [10,72].

As it was mentioned before, the staff (ships’ crew and ports pilots’) qualifications and behavior
greatly influence the volume of emissions coming from ships. The time the ship spends on crossing the
port area and maneuvering operations affects the fuel consumption and consequently the volume of
produced emissions. In order to evaluate this influence, it is proposed to use experimental data and
apply dispersion and maximal distribution methods for their analysis.

The developed method is focused on time and emission bands analysis. In order to calculate the
size of random error or time bands, we use dispersion and/or “maximal distribution” mathematical
methods. It was set that the size of random error (e or ΔtP) in the dispersion method is comparable
with dispersion (σy) [26,73,74]. Dispersion method implementation to evaluate the ship’s sailing time
in port time bands can be expressed using Equation (8) [73,75]:

σ2
y =

1
n− 1

∑(
ti − ty

)2
, (8)

where n is the number of the measurements; ti is the particular measurement results (ship’s sailing time
in port area); ty is the mathematical expectation of the average sailing time, which can be calculated as
follows (Equation (9)):

ty =

∑n
i=1 ti

n
. (9)

Finally, sailing time band with determined probability (e.g., 63%–68%) (ΔtP) can be presented by
random error (Equation (10)):

e = ΔtP = ±
√
σ2

y. (10)
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Sailing time band (tP) may be calculated using the Equation (11):

tP = ty ± ΔtP. (11)

Similarly, sailing time band can be estimated using the “maximal distribution” method. For the
purpose of the research it can be expressed as follows (Equation (12)) [26,76]:

tP = ty ± P′·Δt·kt, (12)

where P′ is the probability coefficient (it has been proposed that in the case of probability 63%–68%, the
coefficient should equal 1, in the case of probability 95%, the probability coefficient should be 2, and in
the case of probability 99.7%, the probability coefficient equals 3); Δt is the difference between sailing
times; kt is the coefficient, which depends on the number of measurements (the number of possessed
data): in the case the number of data is 3, this coefficient will be 0.55; in the case of data numbering 4,
this coefficient will be 0.47, and similarly depending on the number of obtained data 5—0.43; 6—0.395;
7—0.37; 8—0.351; 9—0.337; 10—0.329; 11—0.325; 12—0.322 and so on, but the minimum value of this
coefficient could be about 0.315, in the case the number of collected data will be more than 15.

The proposed approach introduces a new way to calculate and analyze ships’ sailing time.
In particular, it deals with sailing time band (most probable interval) calculation on the basis of
experimental (real) data using request filtration to receive sailing time calculated values that are as
close as possible to the actual ship’s sailing time. The probability of the ship’s sailing time or differences
between average and actual sailing time data are the stochastic processes, therefore, filtration is required.
To evaluate the difference between expected and real data, we implement the Kalman filter (other
filters also may be used), which may be assessed as follows (Equations (13) and (14)) [77]:

xk = Axk−1 + Buk +ωk, (13)

with observations zk:
zk = Hxk + υk, (14)

where A, B, H are coefficients; ωk, υk are the sequence of noisy observations; xk, uk are control vectors.
The same approach is implemented to analyze the emission bands for the particular substances.

Comparing the experimental results preceded by dispersion and maximal distribution methods, it is
possible to evaluate the share of emissions that may be decreased. It should be highlighted that the
presented methodology may be implemented to analyze the emissions from any kind of ship operating
in any port.

4. Results of Case Study Analysis

In order to verify the proposed method, the case study was considered. Klaipeda port was
selected and LNG standard tankers’ movement through the port area from approach channel up to
ships’ turning basin was examined. The vessel was navigated by the ship’s master and port pilot.
Additionally, the behavior of 10 operators, who had professional experience to navigate ships using
simulators, was investigated. These operators took part in the experiment and used the “SimFlex
Navigator” simulator to steer a similar ship on the selected route.

While investigating the emissions from ships sailing through the port area, the external forces
caused by wind, current, waves, and shallow water effect, influencing the ship’s maneuverability, were
also taken into account. The experiment was conducted under the set conditions, typical for the big
ships entering Klaipeda and other ports.

The experimental study was carried out in Klaipeda port in winter 2019 when an LNG Standard
tanker (with a capacity about 150,000 m3 of LNG) entered the port and sailed to the LNG terminal
(Figure 3). The ship’s movement parameters as engine power and ship’s speed were recorded by the
ship’s equipment; additionally, the ship’s speed was measured by differential GPS and checked by AIS
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(Automatic Identification System). The sections of the vessel’s sailing route are presented in Figure 4.
The sailing time was measured in particular measurement points.

 
(a) 

 
(b) 

Figure 3. LNG Standard tanker: (a) measurement start position; (b) tanker passing the navigational
channel of Klaipeda port.

 

(a) 

 

(b) 

 

(c) 

Figure 4. LNG Standard tanker sailing route: (a–c) route sections in the navigation channel of Klaipeda port.

The calculations for the specific case study were conducted under the set assumptions. The LNG
Standard tanker that passed through the port area had the following parameters: length (L)—290 m,
width (B1)—49 m, draft (T1)—12 m, displacement (D1)—125,000 t. Additionally, it was set that the
block coefficient (δ) was 0.75, ship’s speed (ν1) varied between 6 and 9 knots (from 3.1 up to 4.6 m/s),
depth in port area (H) was 14.5 m. The LNG Standard tanker main sailing parameters, measured
during the experiment performed by selected operators, are shown in Figure 5.

 

(a) 

 

(b) 

Figure 5. The LNG Standard tanker main sailing parameters (νi, Q f i, Ni as function of t), received
during conducting the experiment: (a) ship steered by operator No. 4; (b) ship steered by operator
No. 7.
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The settings used in the simulator were adjusted to external conditions measured during the
performance of experimental study on the real ship. These settings included: wind direction SW,
velocity 10 m/s, current out of port 0.5 knots, waves SW direction, height 1 m in approach channel
and 0 inside port, shallow water effect ratio (ship’s draft to depth) T/H = 0.82. In total, over 100
similar experiments were performed using the simulator, among which 10 experiments on a real ship
under similar external conditions (wind, current, waves, shallow effects) were carried out by different
operators. By keeping identical sailing conditions for ships’ maneuvers, it was possible to repeat the
experiment and identify the behavior of different operators.

On the basis of the conducted measurements it was possible to compare and analyze the achieved
results. The analysis covered experimental data received during the observation of 10 operators’
behavior and real ship sailing. The selected investigated parameters after filtration by Kalman filter
are presented in Table 2.

Table 2. Selected experimental data gained for LNG Standard tanker sailing in Klaipeda port, obtained
from the “SimFlex Navigator” simulator and real ship.

Operator Sailing Time, ti, min Average Engine Power, Nav, kW Used Fuel, Qf, kg

1 37.5 6460 910
2 38.2 6410 960
3 36.9 6520 1020
4 38.5 6420 980
5 37.8 6460 950
6 37.0 6610 1015
7 39.2 6380 925
8 38.1 6220 890
9 36.7 6610 1050
10 38.2 6510 990

Real Ship 37.5 6220 880

On the basis of the received experimental results the emissions in the case of using the diesel
oil with 0.1% SOx content and LNG fuel (real LNG Standard tanker used LNG fuel) were calculated.
Calculation results achieved using the methodology presented in the article are shown in Table 3.

Table 3. Emissions from LNG Standard tanker during sailing in Klaipeda port calculated for diesel
oil/LNG usage, based on experimental results obtained from the “SimFlex Navigator” simulator and
real ship.

Operator, No. CO2, kg SOx, kg CO, kg NO, kg PM, kg

1 2821/2002 0.91/0 32.3/22.6 6.5/4.5 3.23/0.32
2 2976/2112 0.96/0 32.1/22.4 6.4/4.5 3.21/0.32
3 3162/2244 1.02/0 32.6/22.8 6.5/4.6 3.26/0.33
4 3038/2156 0.98/0 32.1/22.5 6.4/4.5 3.21/0.32
5 2945/2090 0.95/0 32.3/22.6 6.5/4.5 3.23/0.32
6 3146/2233 1.02/0 33.1/23.1 6.6/4.6 3.31/0.33
7 2868/2035 0.93/0 31.9/22.3 6.4/4.5 3.19/0.32
8 2759/1958 0.89/0 31.1/21.8 6.2/4.4 3.11/0.31
9 3255/2310 1.05/0 33.05/23.1 6.6/4.6 3.31/0.33
10 3069/2178 0.99/0 32.6/22.8 6.5/4.6 3.26/0.33

Real LNG tanker 2759/1958 0.89/0 32.1/22.5 6.4/4.5 3.21/0.32

On the basis of the received experimental data, the mathematical expectation and bands (time
and emission) for the specific ship operation were calculated using methods presented in the article.
The achieved calculation results are presented in Tables 4 and 5. Dispersion and maximal distribution
methods were used to assess the main ship’s sailing and emission parameters.
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Table 4. Main ship’s operation parameters and bands.

Parameter
Mathematical
Expectation

Parameter’s Band Received
by Dispersion Method

Parameter’s Band Received by
Maximal Distribution Method

Sailing time, min 37.9 37.1–38.7 37.1–38.7
Engine power, kW 6456 6346–6566 6329–6583

Fuel consumption, kg 962 908–1016 910–1014
CO2 (diesel fuel), kg 2991 2822–3160 2830–3152
CO2 (LNG fuel), kg 2116 1996–2236 2002–2230
CO (diesel fuel), kg 32.3 31.8–32.9 31.7–32.9
CO (LNG fuel), kg 22.6 22.2–23.0 22.2–23.0

NOx (diesel fuel), kg 6.5 6.37–6.63 6.37–6.63
NOx (LNG fuel), kg 4.5 4.41–4.59 4.43–4.57
PM (diesel fuel), kg 3.23 3.17–3.29 3.16–3.30
PM (LNG fuel), kg 0.32 0.30–0.34 0.31–0.33

SOx (diesel fuel), kg 0.96 0.90–1.02 0.91–1.01
SOx (LNG fuel), kg 0 0 0

Table 5. The bands of the selected ship’s sailing and emission parameters received by dispersion and
maximal distribution methods.

Ship’s Sailing and Emission
Parameters

Parameter’s Band Received by
Dispersion Method, %

Parameter’s Band Received by
Maximal Distribution Method, %

Sailing time 4.2 4.2
Engine power 3.4 3.9

Fuel consumption 11.2 10.8
CO2 (diesel fuel) 11.3 10.8
CO2 (LNG fuel) 11.3 10.8
CO (diesel fuel) 3.4 3.7
CO (LNG fuel) 3.5 3.5

NOx (diesel fuel) 4.0 4.0
NOx (LNG fuel) 4.0 3.1
PM (diesel fuel) 3.7 4.3
PM (LNG fuel) 6.5 6.2

SOx (diesel fuel) 12.5 10.4
SOx (LNG fuel) 0 0

The achieved research results (Table 4) show that both methods for the band calculation (dispersion
and maximal distribution methods) may be implemented for the analysis of ships’ sailing and emission
parameters. The difference between the results obtained using these two methods is less than 1%.
At the same time, the differences in particular operators’ qualifications and behaviors could be observed.
This demonstrates that decisions taken by operators significantly influence the ship‘s sailing time,
affect ships’ fuel consumption, and consequently volume of emission (Table 5).

It should be also mentioned that fuel type influences the emission volume. The research results
made it possible to compare the emissions coming from the operation of ships using diesel and LNG
fuels. Usage of fuels, like LNG, can decrease the volume of emissions from ships up to 30% and SOx

emission up to 100%. This underlines the effectiveness of their use in emission reduction.

5. Discussion

The research results reveal that qualifications of ports’ pilots and ships’ masters play a significant
role in performing ships maneuvers, and consequently the volume of emissions from ships.

The number of conducted measurements during the case study analysis can be discussed.
This number was limited, however, representative for the established research topic. The differences in
operators’ behavior while performing maneuvering operations were visible and proved that the level
of pilots’ qualification was different. Therefore, it should be stated that research results are satisfactory
and allowed to answer the first research question—the emission from ships in seaports is influenced
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by ships masters’ and port pilots’ qualification. In our future research we will try to extend the number
of measurements and involve more qualified pilots, who will agree to take part in the study.

Conducted experimental results showed that the volume of emissions from ships may be reduced
by 12.5% or even more. Some literature sources mention that the way of maneuvering the ship may
influence the emission volume up to 15%–18% [72]. It should be noted that the research presented in
this article was conducted for the specific ship and defined sailing conditions limited to the port area,
that also influenced the results. However, it was possible to answer the second research question and
assess the volume of emission from ships that may be reduced during ships’ maneuvering operations
in port area depending on responsible person qualification.

It should be highlighted that the research results were also influenced by external conditions that
were founded during the study. Therefore, it will be reasonable to repeat experiment considering
external conditions in different seasons and compare the results. On that basis, it will be possible to
define the external conditions during which it is particularly important to have high qualifications of
staff to make the right decisions and reduce the volume of emission.

Moreover, research results may have managerial implications. Seaports, as well as shipping
companies, may change their procedures and introduce strict conditions of skill verification during
employee hiring and professional work, in pursuit of reducing the volume of emissions at seaports.
Companies may organize regular trainings and invest in employee education aiming at improving staff
qualifications in supporting decision-making during maneuver operations. These activities may affect
the development of companies’ environmental policy in order to decrease the costs of ship operation,
as well as emission volume.

The achieved results also proved that the maritime education quality is very important to obtain
the necessary qualifications for ships operators. This justifies the need to raise the quality of professional
education at the universities and increase the number of practical hours on simulators for seafarers,
which will enable an increase in their qualifications and attractiveness on the labor market.

6. Conclusions

In shipping areas like ports, approach channels, and main waterways (Panama, Suez channels
etc.), where intensive traffic is observed, the decrease of emissions from ships is very important for the
sustainable development of ports. It influences not only people’s health and quality of life, but also the
surrounding environment.

The study presented in this article, aimed to develop a method to assess the possible decrease of
emissions from ships, considering ships operators’ qualification. This goal has been achieved. Study
results show that qualification of the ship’s masters and port pilots can influence the emission volume.
This volume may be decreased up to 12.5% or even more.

Achieved results also allowed a comparison of the emissions coming from the operation of ships
using diesel and LNG fuels. It was stated that the usage of more environmentally friendly fuels, like
LNG, can decrease emissions from ships up to 30% and SOx emission up to 100%.

The developed method presents a way to analyze empirical data and may be introduced in
practice. It shows the role of operators’ education and training, as well as justifies the need for regular
improvement of staff qualifications. Moreover, the presented approach may be useful for seaports
and shipping companies and may be implemented to assess the personal qualifications during the
selection of staff responsible for ships’ steering.

More detailed and complex investigations of external factors influencing the volume of emission
coming from ships in port areas, like the type of tugs used, wind, and currents, will form the direction
of our further research.
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