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Abstract

Ports are considered critical infrastructure as they play an important role in international trade and
overall economic growth. There are around 4,000 ports worldwide, of which around 1,200 are located
in Europe alone. Ports around the world face the same challenge of providing competitive services
while ensuring that the negative impact on the environment is minimized, with the environmental
problem being particularly acute in peri-urban ports. While the majority of maritime transport
emissions are generated during shipping, ships' auxiliary engines run during port calls to keep the
ship's systems running. Ships in port usually contribute more than half of all port-related emissions.
The remaining emissions come from the port itself. The aim is to reduce port emissions by 90% by 2050.
Ports are already working hard to reduce their environmental footprint and gain the support of local
communities. They are applying a combination of soft and hard measures, such as reduced charges for
greener ships or a truck arrival booking system and other digitalization approaches, as well as offering
alternative fuels for ships and shore power (cold ironing), purchasing sustainable cargo handling and
other terminal equipment, using renewable energy sources, developing electrical micro grids, etc.
These measures represent a major financial, infrastructural and operational challenge, at least initially.
This paper presents measures (examples of best practices) that ports have implemented to achieve
cleaner operations with an indication of the cost of implementation.

Keywords: seaport, decarbonization, electrification, renewable sources, cost

1.INTRODUCTION

Maritime transport is considered the most energy-efficient and environmentally friendly mode of transporting
large quantities of cargo. It is of crucial importance for world trade, with around 12 billion tons of cargo
transported over sea annually. However, without remedial actions, maritime transport emissions could
increase by 130% by 2050 compared to 2008 levels [1]. On the other hand, International Maritime Organization
(IMO) wants to achieve net zero carbon dioxide (CO2) emissions from maritime activities by 2050 with 40%
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reduction by 2030 and 70% by 2040 compared to 2008 baseline levels [2]. The aim is to reduce also port
emissions by 90% by 2050 [3].

Ports play a vital role in economic and social development for the regions they are in, which is evident
through above-average employment rates and wages, higher-than-average net migration and motorization
levels etc [4]. At the same time, ports pose environmental and human well-being challenges from three
primary sources: port operations, ships calling to the port, and the traffic in the port's proximity [5]; in average
ships account for around 60% of port emissions, around 30% of emissions come from land transport and
remaining around 10% from the terminals [6]. Besides climate changing emissions, ships also emit local
pollutants such as sulphur oxides (SOx), nitrogen oxides (NOx) and particulate matter (PM), which can affect
human health. In fact, emissions from shipping are leading to around 265,000 premature deaths worldwide
every year on the other [7].

Ports are adopting green initiatives to foster an environmentally friendly development while still
ensuring safe and efficient operations [8]. In recent years, they are getting more engaged in decarbonization
of the maritime sector as a whole [9]. The concept of decarbonization in the maritime sector extends beyond
the CO2 or greenhouse gas (GHG) emissions. It encompasses the mitigation of a broader spectrum of
pollutants, including above mentioned NOx, SOx, as well as other harmful emissions ([10]; [11]). Achieving
decarbonization in shipping is a complex and time-consuming process that necessitates changes in
technology and operational practices ([12]; [13]). The process of decarbonization is impeded by a range of
economic barriers (e.g limited access to capital, high implementation and hidden costs) as well as non-
economic challenges (e.g. policy and technical issues). These difficulties are further emphasized by the sector’s
international nature and the involvement of a large array of stakeholders [14].

The aim of the paper is to present the economic aspect of several operational and technological
measures that ports can take to decarbonize their operations. These measures are given an approximate cost
and timeframe for implementation.

The paper is structured into four chapters. The introductory chapter presents the problematics
addressed in the paper. A short description of methodology applied is described in the second chapter. The
third chapter is the core chapter of the paper delivering a literature overview on the port decarbonization
measure. Conclusions are given in the fourth chapter.

2. METHODOLOGY

The literature review was done by searching the Science Direct database with the following syntaxes:
"("decarbonization of ports" or "port greening" or "port decarbonization") and "cost"" and "("on shore power
supply” or "cold ironing" or "electrification” or "renewable energy" or "alternative fuels") and "cost" and "port™".
After removing duplicates and irrelevant papers, the core corpus of 133 contributions remained for the
analysis. The focus was given to more recent publications. During the analysis additional relevant papers,
reports and web sites emerged which helped to comprehensively address the research question: What are

current measures to decarbonize seaports and at what price they come?

VosViewer was used to present the most frequently used words in the analyzed corpus of 133
contributions, mostly scientific papers and book chapters. After applying the thesaurus to combine similar keywords
into a single keyword, 18 keywords with at least five occurrences emerged as can be seen in Figure 1. These
keywords were divided into five clusters. The VosViewer visualization presents a network of interconnected terms
related to green ports, decarbonization and shipping, organized into color-coded clusters.

The blue cluster centralizes around the term decarbonization. This cluster emphasizes strategies and
technologies aimed at reducing carbon emissions in maritime operations (wider than ports). Red cluster is
about green ports and sustainability. It focuses on port-level initiatives to enhance environmental performance
and integrate clean energy solutions. The green cluster addresses the broader environmental impact of
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shipping and explores alternative fuels and emission reduction strategies. The yellow cluster focuses on clean
fuel innovations for maritime applications both for shipping and ports. The purple cluster is linked to multiple
clusters and represents the overarching shift from fossil fuels to sustainable energy sources, bridging various
aspects of maritime and port decarbonization.

energy tgansition

alternative fuels

green hydrogen
green shipping

onshore pgwer supply

decarhgnization

electrifigation

gredports shigping

hydgegen
ghg emissions

energy@fficiency

climateighange ammionia

renewahle energy -

sustaifiability energy
9 .
,{\‘5 VOSviewer

Figure 1 The co-occurrence of keywords in literature corpus
Source: Authors

3. DECARBONIZATION OF SEAPORTS

Maritime transport consumes large amounts of energy; in fact, the energy demand of international shipping
(including ports), increased on average by 1.6% annually between 2000 and 2015 [12] and last data shows that
International shipping activities consume about 300 Mtonne of fuel per year [15]. In addition, global maritime
trade grew by 2.4% in 2023 and it is expected to grow by 2%, with containerized trade potentially increasing
by 3.5%, in forthcoming years [16]. With the increased number of ships visiting the ports, maritime emissions
are expected to increase. Therefore, changes must be made urgently.

The IMO green initiatives, the IMO Initial Strategy on the reduction of GHG emissions from ships from
2018 and its upgrade from 2023, emphasize the need to reduce emissions in shipping, extending beyond open
sea operations to include emissions from ships in ports [17].

Different emission control strategies can lead to reduction of emissions of greenhouse gases or
emissions of local pollutants from shipping; however, current solutions cannot address all air pollutants
simultaneously or at a reasonable cost [18]. Ports have more sources of emissions than only ships; ports host
warehouses, buildings, cargo handling equipment or even industry [19] which makes decarbonization process
even a greater challenge.

Nowadays ports place significant emphasis on both monitoring and improving their environmental
performance [20]. For example, The Port Authority of Bari together with DBA Group developed a platform that
that aims to link the environmental pollutants generated in the port area to port traffic, weather conditions
and road viability [21]. In addition, in the past decades, a large number of actions and projects has been carried
out to reduce the environmental footprint of port areas, especially in the European Union (EU) [22].
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Decarbonization of seaports has become a critical step toward reducing global GHG emissions from
shipping in general. Around 7% of CO2 emissions from the shipping are generated at berths in the ports of the
European Economic Area [23]. As the EU has set the goal of reducing greenhouse gas emissions by at least 55%
by 2030 and becoming climate-neutral by 2050, therefore European ports are facing sustainability and energy
challenges, requiring changes to port functions, supply chain systems and business models [24].

Port decarbonization is the process through which a port achieves carbon neutrality and reduces
other harmful emissions. This is accomplished by reducing CO2 emissions from all port activities to near-zero
levels, while any surplus CO2 should be captured through carbon sinks or sequestrated [25]. Ports can change
operational strategies or apply new technologies and energy management systems to address the problem of
emissions [12]. Similar like in shipping, also in ports emission abatement technologies often necessitate trade-
offs between cost, performance, and environmental impact [26].

3.1. Operational measures to decarbonize seaports

Operational measures are relatively quick and rather cheap to implement. Although they usually yield quick
results, these improvements are not significant in terms of decarbonization of ports and are as such not
enough to achieve carbon neutrality of the ports. These can be for example the implementation of
differentiated dues in relation to the environmental performance of ships to attract cleaner ships ([27]; [28]),
improvement of coordination and synchronization between ship and ports [29] and the definition of speed
reduction zones for ships within the port aquatorium to directly reduce emissions ([30] ; [31]), trucks
appointment system ([32]; [33]) as well as simplification [34] and automation of port entry/exit procedures
([35]; [36]) or longer gate opening hours and peak pricing strategies [37] to avoid congestion and trucks idling
in and outside the port area, the installation of LED lighting to achieve energy savings [38] or eco-driving
trainings to reduce fuel consumption. The most expensive amongst operational measures can be the
promotion of low carbon hinterland transport as it usually necessitates also infrastructure investment [39].

It is difficult to monetise these measures, as they vary from case to case. Some of these measures do
not imply any extra costs for ports, for example reduced speed in port aquatorium or better coordination
between ships and ports; in fact, these measures can have positive impacts not only for air emissions in port
area but also for shipping companies in form of reduced costs. Some measures can affect port's revenues
instead of its costs; for example, the Port of Koper offers 5 to 10% discount on port fees for the arrival of cleaner
ships based on Environmental Ship Index (ESI) with the maximum one-off discount being EUR 1,000 (interview)
or promotion of modal shift in hinterland transport, but only if all necessary infrastructure is already built. On
the other hand, truck appointment systems and other port-gate related measures imply certain investments
and higher operating costs (e.g. additional employees), but result in higher productivity and in less congestion
(probably also in higher support from local community). Also LED lighting initially assumes investments but
given the fact the energy consumption significantly drops the payback period is short. Increased safety is
usually an added value of the implementation of LED lighting,

3.2. Technological measures to decarbonize seaports

It is estimated that the global fleet of 100,000-120,000 Container handling equipment (CHE) in ports around
the world emit 10-15 million tons of CO2 per year; this is equivalent to the annual emissions of Slovenia [40]
The electrification of port equipment and vehicles is therefore a common approach to achieving improved
energy efficiency and reduction of energy consumption and emissions in relatively short time. Usually, it takes
from two to four years to start the operation with new equipment after the investment decision has been
made. Electrification offers zero-emission performance [26]; however, studies show that in average electric
rubber-tired gantry crane (e-RTG) achieves 86.6% energy savings and a 67.8% reduction in CO2 emissions in
comparison to diesel RTG [41]. Vujici¢ et al. [42] quantified several other positive impacts of electrification of
cargo handling equipment on container terminals; besides lower global warming potential (4.1 times),
acidification potential (6.3 times), eutrophication potential (8.6 times) and photochemical ozone creation (7.5
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times) are also much lower in comparison to standard diesel powered RTG. The replacement of diesel-powered
cranes, trucks, and other handling equipment with electric alternatives requires high investment, but savings
on fuel and maintenance occur during their lifespan [4]. Cost per unit for electric cable reel RTG cranes are
marginally higher when compared to diesel units (as declared by Yuntai [43] currently in average around $2
million; however, prices are expected to be equalized after market demand allows electric equipment to be
produced on a large scale [44]. Wei and Giuliano[45] estimated capital costs of $6.9 billion in 2019 value needed
for the electrification of port equipment and vehicles in Los Angeles and Long Beach ports in the period from
2020 to 2045 and predicted a macroeconomic loss between $5.3 and 10 billion in gross state product due to
relatively high electricity prices and high capital costs.

On-shore power supply (OPS) or cold ironing (Cl) is an electrification alternative in the maritime sector
used to reduce shipborne emissions by switching from diesel powered auxiliary generators to electricity when
a ship berths at a port [46]. In 2020 there were 36 OPS installations in 31 EU ports [47], with the port of
Zeebrugge being the first one to install it back in 2000. This technology is currently considered underutilized
due to the high investment cost associated with shoreside installation and ship retrofitting [48]. Although Abu
Bakar et al. [48] claim there are unclear benefits for ships and ports, studies show that the OPS reduces port
emissions of CO2 by 48 to 70%, SO2 by 3 to 60%, NOx by 40 to 60%, black carbon emissions by 57 to 70% [49]
providing wider environmental and human health benefits. OPS installation is therefore expected to be
unavoidable in the long term for all port operators due to stringent emission policies; by the Regulation (EU)
2023/1804 ports of core TEN-T network will need to provide OPS to container and passenger ships.

OPS usage reduces CO2 emissions and emissions of local pollutants compared to berthing without
OPS. The capital investment required for the OPS installation is estimated at approximately EUR 7.4 million,
assuming the port’s existing power grid meets the necessary standards. Considering the substantial external
cost savings, estimated at around EUR 1.3 million annually, the total OPS-related expenditure is expected to
be fully amortized within roughly seven years [50].

If supported by renewable energy, OPS and electrification make even more sense. In any case,
transition to renewable energy can reduce the port's carbon footprint and enhance its resilience and
sustainability. In addition, renewable energy sources in combination with an energy storage system can ensure
a high degree of energy self-consumption [51]. Currently the average cost is $1.3 million per megawatt (MW)
of electricity-producing capacity by wind turbine, but the cost varies around the world [52]. The price of
photovoltaics is similar but can increase due to various factors. For example, in the port of Koper the installation
of solar power plant is ongoing, and it should produce sufficient electricity to make the port energy self-
sufficient, even when the OPS will be installed (interview).

In recent years, also the zero-carbon fuel, such as hydrogen, is considered more often together with
the electrification process [53]. In fact, the REpowerEU plan launched in May 2022 prioritizes combining
electrification with low-carbon hydrogen for a green energy shift in EU [54]. In February 2024 Kobe-Osaka
international port corporation started cargo handling operations using a hydrogen-fueled RTG crane as the
first port ever [55]. In the port of Valencia, they are testing several different hydrogen powered cargo handling
machines. Currently green hydrogen prices range from $5 to over $12 per kilogram, depending on the
production method used and delivery cost; however, the target price of 1$ per kilogram is set for 2031 [56].
Hydrogen produced from fossil fuels is cheaper, but as such has a very high carbon footprint.

Kavakeb et al. [57] stated that intelligent automated vehicles contribute to vehicle routing
optimization and in this way enhance energy efficiency of the ports. In the future, the digital twin (DT) is likely
to make a significant contribution to reducing emissions in and around the port as they enhance efficiency
and streamline logistical processes [58]. DT is a modern concept; an upgrade of the digital model and digital
shadow, providing bidirectional dynamic link between the physical object or system and its digital
representation. It is meant to improve threat detection, achieve energy savings and cost reductions, provide
increased performance, and finally enhanced collaboration [59] by real-time monitoring and management of
cargo, equipment, and environmental conditions [60]. However, due to port’'s complexity, the creation of
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digital twin is time consuming and expensive; but once operating it can achieve up to 30% cost savings on
logistics operations [61].

4. DISCUSSION AND CONCLUSIONS

The decarbonization of seaports is a multifaceted challenge that requires a combination of operational,
technological, and strategic measures. This paper has highlighted that while operational measures, such as
differentiated port dues, truck appointment systems, or eco-driving initiatives, are relatively low-cost and quick to
implement, their impact on overall emissions is limited. These measures serve as important first steps but are
insufficient on their own to achieve carbon neutrality. Technological interventions, particularly the electrification of
port equipment and the implementation of OPS, offer more substantial emission reductions. However, they bear
significant capital costs and infrastructural demands. The analysis shows that despite high upfront investments,
technologies like OPS and electrification of terminal equipment can yield long-term savings and environmental
benefits, especially when powered by renewable energy sources. The integration of renewable energy and energy
storage systems further enhances the sustainability and resilience of port operations.

Emerging solutions such as hydrogen-powered equipment and digital twins represent the next steps
in port decarbonization. Although promising, these technologies are still in the early stages of deployment
and require further development.

From an economic perspective, the transition to low-carbon port operations involves trade-offs
between environmental performance, financial feasibility, and operational efficiency. Achieving substantial
decarbonization in seaports is possible but demands a tailor-made strategic mix of short-term operational
improvements and long-term technological investments.
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