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ABSTRACT

This study evaluates the shore-to-ship power (Cold Ironmg, CI
a strateglc Trans- European Transport Network (TEN [

tial ofghe Port of Ancona,
terized by high-frequency

infrastructural challenges for electrification.
aggregated berth-level electricity deman nical feasibility of phased CI
d introduce an additional annual
at three high-consumption terminals,
yjd reinforcement and centralized Static
sitioning from onboard auxiliary engines to

-berth carbon emissions, corresponding to

demand of approximately 52 GWh, p
thereby necessitating targeted
Frequency Converter (SFC) i

approximately 14,100 tg > apoually and 4,400 tonnes of marine fuel savings
Constrained rooftop phd egration contributes 1.27 GWh/year, enabling Net
Zero land-side oper; pnforced grid supports maritime loads. The study advances
existing literature i eyond theoretical feasibility toward a demand-driven, phased

implementatig & to medium-sized, ferry-dominated TEN-T ports operating

pb[® optimization, and environmental scenario modeling, the proposed
eplicable pathway for decarbonizing historic urban ports. Beyond
, the findings position shore power as a foundational infrastructure
rt, regulation-compliant maritime mobility systems aligned with Sustainable

'Ironing, nearly Zero Energy Ports, Port Decarbonization, Maritime Emissions, Photovoltaic
System, Carbon Footprint.

INTRODUCTION

The global maritime sector, an indispensable pillar of international commerce, is currently
navigating a profound and necessary transition towards environmental sustainability [1].
Historically reliant on heavy fossil fuels, industry is a significant source of both greenhouse
gases (GHG) and harmful atmospheric pollutants [2]. The emissions generated by shipping [3],
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particularly sulfur oxides (SOx), nitrogen oxides (NOx), and particulate matter (PM) [4], have
well-documented adverse effects on human health and marine ecosystems [5]. This
environmental impact is mostly felt in and around port cities, where vessel operations are
concentrated [6]. While ships are at berth, their continuous need for power is typically met by
running onboard auxiliary diesel engines [7]. This practice, known as ‘hoteling’, transforms
ports into significant stationary sources of local air pollution, directly impacting the quality of
life for millions in coastal communities [8].

This transition is not merely voluntary but is increasingly mandated by stringent regulatory
frameworks. At the European level, the "Fit for 55" package [9] and the Alternative Fuels
Infrastructure Regulation (AFIR) have set aggressive targets, requiring major TEN_dpports to

the urgent challenge of upgrading their infrastructure to comply with
This shifts the focus from theoretical feasibility to the practical necessit

In response to this pressing challenge, a paradigm shift is
regulations from the International Maritime Organization
like the European Green Deal [15]. Maritime ports are
® to the strategic vision of

the nearly Zero Energy Port (nZEP) [16]. The nZk ] presents a holistic approach to
port development [17], aiming to minimize en aption through efficiency measures
while meeting the remaining demand wit ed renewable energy [18]. This
ambitious goal involves integrating sma nolQ&Cs, electrifying port equipment, and

A cornerstone technolog 1 y towards transitioning to a nZEP is the
electrification of berthed v . To tackle the largest and most persistent source of port-
side emissions, the imple i
Mening lies in a simple principle, instead of burning marine

ed vessels connect to the onshore electrical grid [22]. This
transition to grig e immediate and profound benefit of eliminating at-berth
emissions o PM, while also drastically reducing noise pollution [23]. As a
foundationalf elemefgQf pBrt electrification [24], cold-ironing is a critical first step in managing
the port's y 108 and paving the way for integration with renewable energy sources [25].
Col 1 @terry-dominated ports directly supports smart mobility by decarbonizing
enabling integration with electrified hinterland transport, and facilitating
ination of vessel and port operations. This positions CI not only as an emissions

gion [23].

While the technical standards for shore connection are established the operational
implementation varies significantly by port type. Unlike container terminals, where vessels
may remain at berth for days with steady power loads, ferry and Ro-Ro (Roll-on/Roll-off)
terminals present a unique and dynamic operational profile [26]. These ports are characterized
by high-frequency arrivals, short turnaround times, and intense power spikes required to
maintain hotel services, heating, ventilation, and cooling, for thousands of passengers. This
intermittent and fluctuating demand creates severe stress on the local electrical grid,
distinguishing ferry-dominated ports from other maritime hubs [27]. Therefore, general models



derived for cargo ports are often insufficient for assessing the grid impact on passenger-
intensive hubs. Furthermore, the deployment of CI serves as a catalyst for the broader
transformation toward the "Smart Port" paradigm [28]. By electrifying berths, ports evolve
from simple transit points into sophisticated energy hubs capable of exchanging data and
energy with the city grid. This integration necessitates the adoption of smart grid technologies
to monitor consumption in real-time, balance loads, and optimize the use of distributed
renewable energy resources [29]. In this context, CI is not an isolated technology but a
cornerstone of port digitalization and decarbonization, enabling a symbiotic relationship
between the port’s energy demand and the urban environment’s sustainability goals.

Despite increasing regulatory pressure and technological maturity of cold ironinggsystems,
the transition from conceptual feasibility to practical implementation in ferry-domi
T ports presents a set of interrelated engineering, operational, and infrastruc
(1) First, high-frequency Ro-Pax and Ro-Ro operations generate concentrated
loads that substantially exceed the capacity of legacy medium-voltgt
networks, necessitating precise demand quantification and substation rei
(i) Second, historic and urban-integrated Mediterranean ports
environments where large-scale ground-mounted renewable n
thereby limiting the potential for onsite energy autonomy and
rooftop photovoltaic penetration limits. (iii) Third, the coesg
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0 Hz national grid
ismatch, demanding

exhibit pronounced demand volatility, includi 0 yclical seasonal peaks driven by
winter hoteling heating loads rather than su i
I fidies address economic feasibility or
renewable integration independently, ctural absence of a phased, replicable
implementation framework aligned @vi electrification mandates and grounded in
berth-level traffic realities.

In response to these 4 s, this study pursues the following specific research
objectives. (i) To quantif annual and peak electricity demand associated with
high-traffic ferry qu Ancona using empirical berth-level traffic data and
standardized vessg pgions. (i1) To design a technically compliant cold ironing
system architect on 4 centralized Static Frequency Converter (SFC) substation and
multi-volta, 1 ckbone tailored to the port’s operational topology. (iii) To
top photovoltaic deployment through a multi objective genetic

ations. (iv) To evaluate the environmental implications of alternative
rios through structured carbon footprint modeling, comparing onboard
ration, grid-powered cold ironing, and hybrid PV integration pathways. (v) To

demand-driven implementation roadmap specifically applicable to medium-sized, ferry-
dominated TEN-T ports operating under regulatory decarbonization mandates. By structuring
the investigation around these explicitly defined challenges and objectives, the study advances
cold ironing research beyond generalized feasibility assessments toward an integrated,
engineering-grounded implementation methodology suitable for spatially constrained
European ferry hubs.

LITERATURE REVIEW

To properly frame the specific application of CI technology within the context of the Port
of Ancona, a thorough review of the existing scientific and technical literature is required. This



section examines the current state-of-the-art by categorizing recent studies into three primary
domains: economic and regulatory feasibility, socio-economic and health valuation, and
technical integration with renewable energy microgrids. The following analysis identifies the
established methodologies for shore power assessment while highlighting the specific research
gaps regarding medium-sized, ferry-dominated ports.

Recent studies provide a comprehensive framework for evaluating the prospects of CI as
an emissions reduction technology. One such study developed a quantitative model to examine
the economic and environmental feasibility of shore power from the perspective of both ship
and terminal operators, demonstrating that a strong economic motivation often exists for its
adoption, particularly under supportive regulatory conditions [30]. In particular,
quantifies the break-even electricity pricing thresholds under different fuel cost s
explicitly models the sensitivity of cold ironing viability to carbon pricing mg

plave Rdecisie role
( dQcs W@ extend
My, e g@scarch has

of installing
Alberdeen as a case

to infrastructure topology demgn or site-specific grid constral
addressed the need to move beyond large ports by examining the
CI in a medium-sized port with numerous small berths, using
study. That analysis involved designing a specific low-voligg
cost-benefit analysis, concluding that such projects are
benefits, such as reduced health costs from emlssmn saV1

en the value of external
idered in the investment

CI deployment in smaller ports.
Their detailed assessment of infrastructure rements emphasizes that medium-
sized ports face proportionally higher p

absence of economies of scale. While this i 1SNudhly relevant for regional ports, the study

high-frequency ferry services. 4
feasibility of CI in container arcr;

tudies offer robust frameworks for assessing the
als, a significant gap remains in the literature
entgtion roadmap for medium-sized, strategic TEN-T
ports whose operationsegr 1 v high-frequency ferry traffic, particularly one that

cMg harmful air emissions in ports. One study analyzes the impact
calculating the potential reduction in external health costs through
a detaile t analysis. Using an advanced air pollution valuation model for a case
stu penhagen, the research quantifies the significant annual savings in health
costs trates that the large capital investment for cold-ironing infrastructure can be
a societal perspective in just over a decade [32]. Ballini and Bozzo [32] notably
appIWdaglage cost functions linked to particulate matter and nitrogen oxides exposure,
translatiffg emission reductions into monetized public health benefits. Their methodological
strength lies in connecting port decarbonization strategies with measurable improvements in
urban respiratory and cardiovascular outcomes. Nevertheless, their focus remains centered on
cruise ship hoteling patterns, which differ substantially from the shorter but more frequent
connection cycles typical of Ro-Pax ferry operations. Expanding on this, more recent and
expansive reviews have begun to position CI within a wider strategy of total port electrification.
Another comprehensive review provides an overview of the technology's operation and
challenges but notably frames it as a foundational component for achieving ultimate seaport
decarbonization through synergy with a seaport microgrid. This approach highlights the
potential for CI to integrate directly with on-site renewable energy sources, moving beyond



simply reducing local ship emissions to create a sustainable and resilient port energy system
[33]. Abu Bakar et al. [33] synthesize advancements in converter technology, power quality
control, and distributed energy resource coordination, arguing that shore power infrastructure
should be embedded within smart microgrid architecture rather than treated as a standalone
intervention. Their review systematically categorizes voltage levels, harmonic mitigation
strategies, and regulatory harmonization challenges. However, while technologically
comprehensive, the study remains conceptual and does not quantify renewable penetration
limits under strict spatial constraints or ferry-driven peak loads. Although the literature
establishes the socio-economic case for CI in cruise ports and presents a strategic vision for
its integration with renewable energy, a clear gap exists in the form of a practical, technical
feasibility study and implementation roadmap for a strategic renewable port fa@used on
passenger ferries, specifically one which models the direct energy contribution fro -lggated
photovoltaic (PV) systems.

Building on the vision of integrated systems, some studies provig
study

proposes a complete CI system for the Port of Barcelona, where al demand
from berthed ships is met by a specifically sized combination of g ftbines and PV
panels; the research uses simulation to confirm the technicalg8tab¥ity h a system [34].
Rolén et al. [34] demonstrate that under conditions of ha penetration, voltage

stability and frequency regulation can be maintained )y Oyordinated inverter control
strategies. Their work is technically rigorous and validate etical possibility of full
the proposed configuration
assumes large offshore wind availability and exg ol deployment potential, conditions
not universally applicable to compact, hj

between different shore-based hybrid agtirations. A recent analysis, for instance,
evaluates benchmarks PV/battery an el cell systems, using hydrogen derived from
different types of ammonia, a jonal grid power and onboard generation. This
work provides a granular compgri
economic viability (LCO

[36]. Yuksel et al. [3
advanced fuel pathw
highlights the tra
based solutions.
explicitly ag dvePdemand concentration, ferry-induced seasonal variability, or the

sgre pOWer system benchmarking. Their comparative framework
¢ capital-intensive hydrogen systems and more mature PV-

studies confirm the technical and economic viability of powering CI with
wile cnergy systems, they focus primarily on system design and modeling for
e mixed-cargo ports. A gap therefore exists in providing a practical, phased
hgn roadmap that addresses the unique grid and operational challenges of a
N-T port specializing in passenger and ferry services. Specifically, the literature
lacks a demand-driven quay prioritization methodology, a grid reinforcement strategy tailored
to aggregated ferry peak loads, and a quantified assessment of rooftop-constrained
photovoltaic contribution under historic urban spatial limitations. Moreover, few existing
studies integrates frequency conversion infrastructure (50/60 Hz mismatch), regulatory
compliance pathways, renewable optimization, and phased deployment sequencing into a
unified, replicable engineering blueprint for ferry-dominated Mediterranean ports.

A review of the literature confirms that while frameworks for assessing CI are well-
established, a significant and practical research gap exists. Existing studies focus on high-level
assessment or system modelling, often for large container or cruise terminals. This reveals a



clear gap in the literature: the scarcity of a holistic and replicable implementation blueprint
tailored for a strategic TEN-T port dominated by high-frequency passenger, ferry and cargo
traffic. More specifically, prior research tends to isolate individual dimensions of the problem,
economic feasibility, renewable integration, health externalities, or converter technology,
without integrating these dimensions into a unified engineering and operational framework
applicable to real-world ferry-dominated ports.

While economic models establish conditional viability, and renewable simulations validate
theoretical decarbonization potential, there remains a disconnect between conceptual feasibility
and executable infrastructure sequencing within spatially constrained, urban-integrated ports.
This study addresses this gap directly by providing a detailed, phased roadmap that gtegrates
technical evaluations, including the strategic identification of the most traffic-hea
tackle the core of the problem rather than pursuing a generalized, port-wide jgffe \ ation,

all combined with crucial procedural steps like procurement, stakeh t, and
regulatory compliance.

otential, but
1r1ca1 berth-level
traffic analysis. By quantifying aggregated ferry hoteling legad§a y modeling their
i i i i abstract emission
is approach bridges the
ectrical engineering design, a

The novelty of the present research lies not merely in evaluatin

methodological divide between environmental
gap largely unaddressed in the existing literatu

category of European ports.

Furthermore, unlike studies thoff’ aSSumeNgeneWable energy sufficiency as a primary
decarbonization mechanism this o igorogsly tvaluates the physical and spatial constraints
ts® Through constrained photovoltaic optimization

search distinguishes itself by incorporating frequency conversion
Hz mismatch), dynamic load management considerations, and phased
encing aligned with TEN-T regulatory deadlines. Few prior studies have

icable implementation blueprint tailored to high-density Ro-Pax and ferry
" Thus, the principal academic contribution of this work resides in advancing cold
ironing research from feasibility discourse toward implementation science, offering a
structured, transferable methodology for ports facing high-frequency vessel turnover,
constrained renewable deployment capacity, and mandatory electrification targets under
European climate policy frameworks.

Table 1 presents a summary of the literature, comparing the contributions of previous research
with those of the current study
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Table 1. Comparison of Recent Literature and Current Study Contributions

Ref Scope & Port Type Energy Source Limitation / Gap Addressed
Objective

[30] Model General / Grid VS. Focuses on operator
economic Mixed Marine Fuel economics and regulation; lacks
feasibility for site-specific technical
operators implementation.

[31] Social Cost- Medium- Low-Voltage Focuses on small beRghs; dpes
Benefit Analysis sized (Aberdeen) Grid not model

(CBA) integration.
[32] Health Cost Large Hub Grid (CI)

Valuation (Cruise)

Externalities

‘ R fensive review of

[33] Technology General Microgrid
Review (Renewables) ongepts; a  specific,
Microgrids al deployment roadmap for
a case study.

[34] Technical Large Hub fs d Models a massive hub port;
Simulation of (Barcelona) relies on offshore wind which is
Stability not viable for all constrained urban

ports.

[36] Techno- rid (H2, Focuses on advanced/future
economic ) fuels; less emphasis on immediate
Benchmarking grid integration challenges.

This Phased Grid + Addresses high-frequency

Study Implementati Constrained PV ferry peaks; Models specific grid
Roadmap load;  Optimizes PV for

constrained port land.

METHOD

dological"Tramework adopted for this study aims to provide a comprehensive
nical, economic, and environmental viability of cold-ironing integration.
structured into five distinct phases: establishing the operational baseline

phase lementation roadmap. The following sections detail the specific procedures applied
at each stage.

3.1 Case Study Description

The case study for this research is the Port of Ancona, a strategic port situated in the Central
Adriatic Sea. As a vital station for both passenger and freight movement, the port experiences
high berth occupancy rates which contribute to significant local air quality pressures [37]. This
study’s intervention is specifically targeted at five of the port’s busiest passenger quays, which
are primary contributors to at-berth emissions due to high-frequency traffic. Data regarding
specific vessel calls and duration of stay were obtained directly from the Ancona Port
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Authority. While the granular traffic logs are confidential and cannot be published, the
modelling utilized aggregated average values derived from this dataset. To ensure
reproducibility while maintaining confidentiality, the study adopted standard vessel class
ranges for auxiliary power: Ro-Ro/Ro-Pax ferries were modelled with an average hoteling load
of 1,500-2,200 kW and Cruise ships with 6,000—8,000 kW, consistent with the specific traffic
profile of Ancona and verified against valid literature ranges.

The data reveals a distinct seasonal pattern in energy consumption, directly linked to the
port's operational tempo with a total consumption of 1.2 GWh (Figure 1). Demand rises
significantly during the summer months of July, August, and September, corresponding to the
height of the passenger ferry season. During this period, the port's power demand fgequently
exceeds 250 kW hourly, reaching a maximum of approximately 280 kW, whilé&emand is
lowest during the spring months. This existing, fluctuating load profile provi
baseline upon which the new energy demand from the proposed CI system wi
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2024

s were selected as accommodate the highest volume of
po at these quays is intense and varied, characterized by a
ger turnaround stays where vessels remain docked for extended
amic traffic pattern makes these quays the primary source of at-
port, and therefore the ideal location for pilot CI implementation.

mix of short tran

berth emissfons w

periods. Thi

otential for offsetting this energy demand with on-site renewables, an
cal solar resource is necessary. The clearness index is a key metric for this,
e solar radiation that reaches the ground. As is expected for the Ancona region,
r months exhibit the highest clearness index, indicating the most favorable
conditiO®S for PV installation. This period of maximum solar availability aligns perfectly with
the port's peak energy demand from ferry traffic, creating a strong synergy for the proposed
system. However, the on-site implementation of PV systems faces specific local constraints.
The port's location near the historic city center imposes strict spatial limitations, precluding the
installation of large ground-mounted solar arrays within the immediate port perimeter.
Specifically, a detailed spatial analysis revealed that ground-level installations may be
unfeasible due to critical land-use conflicts with freight logistics and significant dynamic
shading caused by mobile harbor cranes and docked vessel structures. Consequently, the
primary analysis focuses on the rooftops of existing terminal buildings and locations outside
of the urban city. Nevertheless, to fully offset the significant energy demand of the cold-ironing
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system, the study also acknowledges the potential for off-site renewable generation. Areas
outside the dense urban fabric of Ancona offer viable locations for larger PV installations,
which could supply green energy to the port via the national grid or dedicated Power Purchase
Agreements (PPAs), thereby overcoming the spatial limitations of the historic waterfront.

3.2 System Design

The technical configuration of the cold-ironing system was developed to address the
specific infrastructural constraints and operational requirements of the Port of Ancona. A
critical design constraint for this location is the frequency mismatch: the local Italian grid
operates at 50 Hz, whereas many ocean-going ferries and Ro-Ro vessels calling at Ancona
require 60 Hz. Consequently, the proposed architecture centers on the instal n of a
centralized Static Frequency Converter (SFC) substation. This unit is strategically teg near
Quay 15, the center of gravity for the port’s energy demand, to minimize trap§migiomlosses
and cable runs.

To ensure global interoperability in compliance with IEC/ISO/IEEE § S
the system is designed to provide a multi-voltage output tailored tQ_the [ ic mix

identified at each target quay. Medium Voltage (11 kV / 6.6 kV) i t eployed at
Quays 15, 16, and 26. These terminals host large Ro-Pax ferrigg Ayessels with peak
hoteling loads exceeding 5 MW, making high-voltage co gssalitial to minimize
current draw and cable weight. Conversely, Low VoltaggMed gV 1 ) infrastructure is

deployed at Quays 11 and 13, which primarily serve I ee@ycraft and smaller service
vessels with lower power demands (typically <1 MWL),

the electrical feasibility of the 11 MW peadlemM, a sigplified transformer sizing calculation
was conducted. Assuming a worst-ca ar pdfk load of P=11MW and a target power

factor of cosg = 0.9, the require

Consequently, the centralized
transformer to safely acco

While precise, re

‘ » Strategic TEN-T ports like Ancona are typically serviced by
primary urbag suk ipped with multiple 40 MV A or 63 MVA transformers operating

¢ 10cal grid must provide an available capacity margin of at least 12.5
rban grid sizing, assuming this margin is available represents a realistic

rawn current is approximatelyl = % ~ 353A. This falls well within the thermal

ampacity limits of standard cables [40], [41].

Given the spatial constraints of Ancona's historic port area, where apron space is limited,
the design prioritizes underground cable trenching over surface-mounted conduits. This
approach ensures that the movement of heavy freight vehicles and passenger disembarkation
remains unobstructed[42]. The system incorporates automated Cable Management Systems to
safely handle the heavy connection cables and maintains a target power factor of 0.8-0.9 to
ensure grid stability under the highly variable load profile of the ferries [43]. Table 2
summarizes the technical specifications of the proposed system [30].



Table 2. Technical Specifications of the proposed Ancona Cold Ironing System

Parameter Small Vessels Medium Vessels
Voltage 400V, 440V, 690V (LV) 6.6kV, 11kV (MV)
Frequency 50Hz (Grid) or 60Hz (Converted) 50Hz (Grid) or 60Hz (Converted)
Power 1-2 MW 2-8 MW
Capacity
Power Factor 0.8-0.9 0.8-0.9
Cable Type Low-voltage cables (400V-690V) 6.6kV-11kV
Target Vessels High-Speed Ferries, Service Craft Ro-Pax, Cruise Ships, Ro-Ro
Connector
Standard IEC/ISO 80005 (LVSC) IEC/ISO 80005 (HVSC)
Typical Load Lighting, small HVAC, communication Refrlgeratlon, HVA cargo
handling

3.3 Simulation Modeling

The integration of a PV system within the constrained environment d
presents a complex, non-linear optimization problem. Traditional dg i
were deemed insufficient for this study due to the conflicting natufg
and the site-specific physical limitations. Consequently, a M
(GA) was developed to identify the optimal system confi

The primary reason for employing a GA lies in its abi navigate a vast solution space
' ithm seeks to resolve the trade-
print (CF) reduction to achieve the
ot performed in a vacuum but is
the case study analysis. First, spatial

imits to ensure peak generation does not exceed the
Q-voltage substation transformers.

A workflow. The algorithm iteratively evolves a population of
g module type, tilt angle, and array size to converge on a Pareto-
nsure the solution is both robust and reproducible, specific termination
arameters were defined. The algorithm was initiated with a population

a stall generation limit is applied to ensure convergence efficiency. Specifically,
m terminates if the weighted objective function value fails to improve by a function
tolerance of 1 X 107° for 200 consecutive generations. Furthermore, to prevent premature
convergence at local optima, the algorithm utilizes a crossover fraction of 0.8 combined with
an adaptive mutation function. This configuration allows the model to balance the exploration
of new potential solutions with the exploitation of the best-performing candidates identified in
previous generations.
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3.4 Environmental Impact

its ofthe proposed intervention, the CF (expressed in
led for three distinct operational scenarios. This
approach allows for a dirg C isogpbetween the baseline conditions and the proposed

To quantify the environmen

Factor [30].

First, t % iS8ions from the ships at berth were calculated. This scenario
represents te curretgragtice where vessels use their own auxiliary diesel engines for hoteling

power. 1 callpon footprint is a function of the total energy demand of the ships at the
fiv iplied by the emission factor for marine fuel oil.

CF VESSELS = Fuel Energy Ships x CEF FUEL (1)

Sec®#d, the emissions for ships using CI were modeled. In this proposed scenario, the
vessels' energy demand is met by the onshore electrical grid. The total carbon footprint is
therefore calculated using the same energy demand but multiplied by the emission factor for
the national grid, which is approximately estimated at 426 gCO2/kWh.

CF CI = Fuel Energy Ships x CEF GRID (2)

Finally, the emissions for the port facilities integrated with a PV system were modeled. In
this proposed scenario, the total carbon footprint is a composite of the reduced energy drawn
from the grid and the near-zero emission energy generated by the PV installation.
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CF PORT PV = (Grid Usage x CEF GRID) + PV production x (CEF PV) (3)

By establishing the carbon footprint for each of these scenarios, this methodology provides
a clear and robust basis for quantifying the precise environmental benefits of the proposed
decarbonization pathway (Figure 3).
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act assessment methodology.

3.5 Methodological Assumptions imitagions

To ensure the transparenc i ity of the results, this study operates under a
specific set of boundary congiti ing key assumptions and limitations underpin
the modeling framework:

o Aggregated Pg :

vessel power —@» gnodeled using aggregated average hoteling loads (e.g., 1,500—

2,200 kWef es) derived from Port Authority data. While this creates a
robust ba§g ar Spbstation sizing, it simplifies the minute-by-minute fluctuations of
onb % .

. tig Emigstom®'actors: The environmental impact assessment utilizes a constant

vera@e carbon intensity for the national grid. This conservative estimate does

or hourly variations in the grid mix (e.g., lower emissions during high

waDfe production periods), potentially underestimating the dynamic benefits of
S ower.

. Generation Constraints: The solar energy yield is calculated using standard
Typical Meteorological Year (TMY) data for the Ancona latitude. The model prioritizes
spatial constraints, specifically the exclusion of ground-mounted arrays due to shading
from cranes and logistics operations, over theoretical maximums, but it does not factor
in long-term panel degradation rates.

e Grid Infrastructure Stability: The feasibility of the proposed connection assumes the
local medium-voltage grid has sufficient reserve capacity to accommodate the new 11
MW peak load without requiring upstream reinforcement beyond the substation level.
Detailed power flow studies of the external distribution network were outside the scope
of this port-focused analysis.



e Scope of Emissions (TtW): The environmental analysis focuses on Tank-to-Wake
(TtW) emissions at the port to directly compare onboard combustion against grid usage.
It does not conduct a full Well-to-Wake (WtW) lifecycle analysis, meaning it excludes
upstream emissions associated with fuel production or the manufacturing of PV panels
and battery systems.

o Pathway Comparisons: The comparative analysis between CI+PV and PV-only
comparison assumes a fixed energy demand baseline. It serves to highlight the impact
of 'seaside' versus 'landside' interventions, illustrating that maritime loads remain the
dominant emission source.

o CAPEX and Financial Modeling: While the study acknowledges the 'essential' nature
of grid reinforcement, it does not provide a primary-data-driven finang@l audit.
Infrastructure costs are discussed based on literature benchmarks and regiondavesages.
The focus remains on the technical feasibility and environment as a
prerequisite for future detailed financial planning.

RESULTS AND DISCUSSION

This section presents and discusses the results obtained from t
focusing on the implications of shore-side electrification for thg
addresses both the quantitative assessment of energy demand&g
for infrastructure deployment. In particular, the result
across port facilities informs dock prioritization and ¢ need for targeted grid

upgrades.
The introduction of a CI system is projected tdQave Mgrofotmd impact on Port of Ancona's
t ¥ye tofl annual electricity demand from
h

thodology,
@ona. The analysis

overall energy profile. The analysis indicat
vessels at berth would be approximately 3

SR

This substantial new load undersco
implementation strategy to ensuge
capacity requirements. It sho
scenario, assuming 100% ofgli
during the initial transitio
regulatory mandates.

of a robust grid analysis and a phased
trical infrastructure can manage the new
at this figure represents a 'full electrification'
onnect; in practice, actual demand may be lower
etrofitting timelines and the gradual enforcement of

15, and 26
port's en

the study’s scope: by targeting just these top five quays, the intervention
% of the total potential demand (approx. 37.5 GWh) while minimizing
re complexity. This concentration of demand confirms that the centralized grid
upgrades proposed in Section 3.2 are not just beneficial, but essential for avoiding grid
congestion.
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Figure 4. Dock Consumptiog#lassifgationfidentifying the priority terminals for electrification
The breakdown of thej alNgnergg consumption post-implementation is as follows in
Table 3.

old Ironing Energy Demand Across High-Traffic Quays

Cold Ironing Total Consumption

(MWh)
4,200
13 11,500
15 9,900
16 4,500
26 7,400
High Traffic Docks 37,500

To ensure the grid is sized correctly, it is essential to understand the operational drivers of
this consumption. Figure 5 decomposes the traffic specifically for the five selected high-
consumption docks. The data confirms that Ro-Ro Cargo vessels are the dominant operational
force, accounting for over 600 visits annually.

This dominance explains the "baseload" nature of the energy profile observed in the
simulation; Ro-Ro vessels arrive frequently and have consistent hoteling requirements. In
contrast, Container and Liquid Bulk vessels appear less frequently but introduce significant
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power spikes due to their high auxiliary loads (pumps and reefer units). This granular traffic
insight, showing a mix of high-frequency Ro-Ro and high-power bulk carriers, confirms the
necessity for the dynamic voltage support system proposed in the methodology. It further
suggests that while Ro-Ro traffic provides a predictable revenue stream for the CI system, the
sporadic but intense peaks from Liquid Bulk carriers will be the primary driver of grid
dimensioning.

Ship Types Served by High Consumption Docks

T _

Container

Liguid Bulk Ships

Ship Type

Passenger

Dry Bulk Carriers

General Cargo

o

100 200 300 400 500 600
Number of Ship Visits

Figure 5. Distribution of ship typl€s servedxﬂﬁcally by the five high-consumption docks.

Further granularity is proviged sonal analysis in Figure 6, which isolates the
monthly energy demand s for the highest-consuming terminal, Quay 13. A critical
finding is the divergence he ral port trend. While the port's baseline electricity
consumption peaks i ue assenger terminal air conditioning (as noted in Section
3.1), the ship-side de y1 December (~1.7 GWh) and January.

d almost exclusively by the consistent baseload of Ro-Ro traffic,
d oard heating requirements during hoteling. Conversely, Liquid Bulk

ittent pattern, appearing primarily in late summer and autumn (August—
sporadic load additions on top of the Ro-Ro baseload. This "counter-
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Figure 6. Seasonal profile of the projected Cold Ironing

ergy generation of 1.27 GWh to

ever, when compared against the
substantial energy requirements of hig , estimated at 37.5 GWh for those
priority quays, the onsite PV syste gfpproximately 3.4% of the total energy
demand. This disparity prov1de
hypothesis, indicating that in
Ancona, achieving energy
unfeasible without signifi

The application of the Multi-Objective GA demong

vely through onsite renewables is technically
ration or land reclamation.

The temporal chag@ . s generation capacity, as illustrated in Figure 7, exhibit
1 e consistent with the latitude of Ancona, reaching a peak
Wh/day in July. This generation profile reveals a critical
load profile delineated in Section 4.2. Specifically, a seasonal

tion is confined to daylight hours, whereas ferry hoteling loads persist
hroughout the night.

Consldering these constraints, the study concludes that the optimal role of the PV system
is not to directly power the high-intensity ship-to-shore load, but rather to offset the port’s
baseload. The generated 1.27 GWh is sufficient to render the port’s administrative buildings
and logistical facilities Net Zero. This strategy effectively decouples "landside" operations
from the grid, allowing the renewable infrastructure to function efficiently, even while
"seaside" vessels remain dependent on the Static Frequency Converter (SFC) substation.
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Figure 7. Projected Daily Energy Production for the Proposed Phot 8 cna¥for the port
facilities.

The environmental impact analysis quantifies the sub
footprint attributable to the implementation of the prop
baseline scenario, defined by the reliance of vesse
annual carbon footprint for the 52.18 GWh energ
36,354.7 tCO2e. This figure identifies hotelinggf@sse
within the port boundary.

By transitioning these vessels to the
the national grid, the carbon footprint

systems. Under the
iliary engines, the total
the whole port is estimated at

ructure, utilizing power drawn from
ivalg#t energy demand is projected to decrease
ementation of cold ironing at the five high-
this total. This analysis highlights that these
speciﬁc docks contribute the v ] the port's total cold-ironing emissions profile,

The port’s cold irqa it presents a direct annual abatement of over 14,100
tonnes, or a 39% red@ ieved by shifting power generation from inefficient marine
diesel engines to gae d and dlver51ﬁed national energy m1x

Furthermore,
decarboniz
shoresidgd

the "Hybrid Scenario," where the port’s administrative and
through a combination of onsite solar (1.27 GWh) and grid imports

- the primary emission source (vessels) is mitigated via electrification,
intensity of land-side operations is effectively reduced through renewable
ble 4).

er validate the necessity of vessel electrification, a comparative analysis of the
decarbonization pathways was performed. While the integrated CI and PV strategy achieves a
39% reduction in the port’s total carbon footprint, a scenario involving only PV implementation
for port facilities (excluding Cold Ironing) would result in a significantly lower abatement of
approximately 27.47% relative to the total potential maritime emissions. This disparity
quantitatively demonstrates that while onsite renewables are essential for achieving Net Zero
land-side operations, they cannot significantly mitigate the port’s primary environmental
impact without the direct electrification of 'seaside' hoteling loads.
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Table 4. Comparison of Annual Carbon Footprint (tonnes CO-¢) for Baseline and Proposed

Scenarios
Scenario Technology Annual CF (tn CO:

equivalent)

Baseline: Ships at Berth Fuel Auxiliary 36,354.7
Engines

Cold Ironing: All Ships at Cold Ironing (Grid 22,233.5
Berth Power)

Cold Ironing: High Traffic Cold Ironing (Grid 16,033.8
Docks Power)

PV: Port Facilities PV + Grid Hybrid

System

The calculated carbon footprint of ~14,100 tCOze corresponds to
saving of 4,400 tonnes of marine fuel, derived using the IMO/IPCC efg

economic perspective, assuming an average Marine Gas Oil
fuel conservation translates into direct operating cost redygi
per year for ship operators. These savings strengthen 4
complementing the regulatory imperatives driving cold-ir

From a societal perspective, the decarbonizg
through the internalization of external costs,
climate impacts. Applying conservative
150/tCOs-, the avoided emissions corres
These quantified benefits underscor
eliminating 14,100 tonnes of CO: @nd reduc
eSpirator§ and cardiovascular health burdens on the local
ion to a grid-integrated, renewable-supported
model advances SDG 11 b vironmental footprint of the port on the surrounding
urban fabric, and SDG b asurable 39% reduction in greenhouse gas emissions.
It must be noted tha, tio likely a lower bound; if reductions in SOx and Nox,
ith respiratory and cardiovascular morbidity in coastal
external benefits would likely range between €5—10 million
density of Ancona.

Ancona community. Furthe

populations, we
annually giv,

json of emission intensities and thermodynamic efficiencies. For the study
ctor of roughly 426 gCO2/kWh to account for lifecycle/transmission. In

auxiliary engines operating on Marine Gas Oil (MGO) exhibit a significantly
jon factor, typically cited at approximately 690 gCO»/kWh. Furthermore, the

by a gran
it is

-cycle gas turbines, far surpasses the 30-35% efficiency range characteristic of
shipborne auxiliary combustion. Consequently, substituting onboard generation with
centralized grid power not only eliminates localized pollutants but more than doubles the
energy efficiency per unit of fuel consumed, rendering Cold Ironing a fundamentally superior
environmental pathway for vessels at berth.

To validate the technical efficacy of the proposed decarbonization roadmap, the results of
this study were benchmarked against three distinct European maritime case studies: the high-
capacity renewable integration in the Port of Barcelona [34], the cold ironing feasibility study
for Aberdeen [31], and the infrastructure survey of Croatian state-owned ports [44]. This



comparison focuses on quantifiable CO: eq reduction and the feasibility of renewable energy
integration.

These cases were selected to represent a diverse spectrum of port environments: a large-
scale multi-purpose hub (Barcelona), a medium-sized specialized port (Aberdeen), and a
regional administrative network (Croatian ports). This selection allows for a critical
comparison across different implementation strategies, ranging from policy-driven readiness
assessments to idealistic renewable microgrids.

A sharp contrast emerges regarding RES feasibility. The Barcelona study proposes an
"integrated" self-sustaining microgrid, assuming massive spatial availability for wind and solar
to meet a theoretical 100% RES goal. In contrast, this research highlights the ' reahstlc
constraints of a medium-sized urban port. Due to limited spatial availability for PV
advocates for a "decoupled" strategy: utilizing grid reinforcement to handle the Tassige 52
GWh ship load, while reserving onsite PV specifically for port facilities (Net 410 1ngs)

Unlike the Croatian study, which focuses on regional policy readiness, O e een

Ol Q

case, which targets smaller offshore support vessels (OSVs) with a reduct@én 13
tonnes CO-/year, this study addresses the energy-intensive Ro-Pax sector.\8 SRHTE Specific
high-traffic quays, the Ancona roadmap achieves a significantly higl Q ) a projected

reduction of 14,100 tonnes CO-/year.

Croatian

Metric Cl;::c[gl:]na Ports Case Ané;):ea Port
[44]
: g . Network . .
Port Type Larg@/Size edium Size of 6 ports Medium Size
oSV
(Offshore Ro-Ro &
Vessel Focus typ Support General .
Ferries
Vessels) &
Ferries
Small berths Regional High-Traffic
Entire Port for support s Quays and port
readiness -
vessels facilities
Wind - PV Grid Grid PV - Grid
. . Decoupling
ation Integrgtlpn Social Dual (PV for port
(Self-sustaining benefit and . N .
gy microgrid) health savines funding facilities and Grid
& & for CI)
(Masi?vejlslsg‘;al Not Policy- Realistic
Feasibility p addressed (Grid  focus (Grid (Spatial
needs to cover only) only) constraints)
vessel demands) Y Y
CO2 emissions Theoretical 4,767 N/A 14,100

reduction 100% RES goal tonnes/year tonnes/year




The results of this study provide a critical quantitative validation of the challenges inherent
in decarbonizing historic, urban-integrated ports. While the literature often presents the nZEP
as a theoretical ideal, the specific case of Ancona demonstrates that for high-density ferry hubs,
energy autonomy is constrained by a severe spatial dichotomy. The finding that onsite PV
capacity, limited to 980 kWp by rooftop and limited non-urban availability, can cover only
3.4% of the ship-side demand fundamentally challenges the applicability of self-sufficiency
models to medium-sized ports. This dictates a strategic shift from "total autonomy" to
"functional decoupling," where limited renewable assets are allocated to shoreside facilities
(achieving Net Zero for port operations), while the massive 52 GWh maritime load must
inevitably be serviced by the national grid.

This heavy reliance on the grid underscores the unique operational profil

Fregudgments
is a crucial operational insight. Unlike Mediterranean city grids, which typidg ~ ess

3 haradleristic
suggests that while the 40-fold increase in electrical load requires s % ffbstation
upgrades, it may not exacerbate the regional grid’s summer peak S ‘

C his insight
validates the necessity of the proposed frequency conversion ingka % FC) not just for
voltage compliance, but as a grid-balancing asset capable of ffanain® distinct seasonal
fluctuations.

Furthermore, socio-economic analysis bridges the Jap bddwdgn operator feasibility and
public benefit. The estimated €3 million in annual fy ip operators provides a
strong private economic incentive, potentially 1q grrier for voluntary adoption.

However, the study reveals that the true value cture lies in the internalization of
externalities. With societal benefits from ay ] 8 estimated between €0.7 and €2.1
million annually and potentially reachifi§ illigi” when broader health impacts are

considered, the rationale for Cold Irgmj i a purely commercial investment to a
critical public health intervention. {hi ts the argument for public-private funding
models, as the infrastructure del@Crs Sgbstarial unmonetized value to the surrounding urban
population.

This economic frame
decarbonization. While

lights a classic 'split-incentive' challenge in maritime
bears the high capital expenditure (CAPEX) for grid

B8Tructure procurement costs, and the resulting payback periods for the port
rrent research scope.

operational 'split-incentive,' the high CAPEX required for grid reinforcement
rema rimary barrier to implementation. For a high-density hub like the Port of Ancona,
the installation of a centralized SFC substation, medium-voltage step-up transformers, and
approximately 1.5 km of underground cabling represents a significant investment. Based on
recent technical reports and European TEN-T port benchmarks [45], the comprehensive capital
CAPEX for such infrastructure typically ranges from €1.5 to €2.5 million per MW of installed
capacity. This benchmark estimate is fully inclusive of the primary system components,
specifically the SFC equipment, medium-voltage step-up transformers, extensive civil works
(such as quay excavations and cable trenching), and the required underground cabling. This
places the initial investment for the proposed 11 MW system in the range of €16.5-27.5
million.



While these upfront costs are substantial, they are increasingly mitigated through EU-level
funding instruments, such as the Connecting Europe Facility (CEF) or the Interreg programs,
which recognize shore power as a critical public health infrastructure rather than a purely
commercial venture. Nonetheless, a high-fidelity financial audit remains a necessary next step
to define the precise procurement costs and long-term amortization schedule.

Finally, the Pareto-like distribution of energy demand, where five quays drive the majority
of consumption, validates the proposed phased implementation roadmap. By targeting Quays
13, 15, and 26, the port can address the core of its emissions problem without the immediate
need for a port-wide overhaul. This "demand-driven" approach offers a replicable blueprint for
other constrained European ports, demonstrating that effective decarbonization does not

overlaps. However, in a 'worst-case' scenario where multiple heavy.
connect simultaneously, peak demand could spike beyond the 11
uncertainty justifies the proposed centralized SFC architecture, whi

shedding between berths to prevent substation overload. variability
introduces a distinct sensitivity; as noted, the ship-side demang¥peak . (due to onboard
heating), effectively balancing the port's summer-peaking \ 1s suggests the grid
stress is less than a simple linear addition of maximu ply. Third, the emissions

analysis relies on an annual average grid carbon i
hourly. Future dynamic studies could refine thes

conservative baseline for decision-making.

CONCLUSION(S)

This study investigated the degig
Ironing (CI) pilot project at th
TEN-T ports characterized 4
implementation introduce ¢ b
annually, it achieves . &

implgmeMation, and environmental impacts of a Cold
ncdha, providing a critical assessment for strategic
ferry traffic. The results confirm that while full
new electrical load of approximately 52 GWh

qu

gignificant environmental improvement but also a measurable
paradigm of ferry-dominated ports. Furthermore, the analysis

ary academic contribution of this research lies in advancing cold ironing studies
beyond theoretical feasibility assessments toward a structured, engineering-grounded
implementation blueprint for the under-researched archetype of ferry-dominated TEN-T ports.
By strictly prioritizing the most traffic-intensive quays, the study challenges generalized, port-
wide electrification models and demonstrates that a demand-driven intervention can address
the core emission sources without unnecessary infrastructure dispersion. The identification of
a Pareto-like demand concentration confirms that strategic targeting of high-impact terminals
yields disproportionate environmental returns. While the specific energy autonomy results are
inherently shaped by Ancona's spatial limitations, the proposed “targeted decoupling”
methodology—combining grid-supported maritime electrification with constrained rooftop PV



for landside autonomy—is directly transferable to other historic, urban-integrated
Mediterranean ports where land-use conflicts restrict large-scale renewable deployment.
However, these findings must be interpreted within clearly defined modeling boundaries.
The projected emissions abatement assumes a full electrification scenario in which 100% of
eligible vessels connect to shore power, an outcome contingent upon vessel retrofitting
timelines, interoperability compliance, and regulatory enforcement. Additionally, the limited
contribution of rooftop PV—covering only 3.4% of total CI demand—quantitatively
demonstrates the structural constraint faced by dense urban ports: full energy autonomy
through onsite renewables is frequently unfeasible. Consequently, the study reframes port
decarbonization not as a renewable sufficiency challenge, but fundamentally as a grid

of Quays 13, 15, and 26, identified as the operational center of graj
maximizing environmental return on investment while minimizig
(Infrastructure & Grid Integration) precedes vessel connectiaff
of the centralized Static Frequency Converter (SFC) sujs®
reinforcement, and underground cable trenching. This ph3 8 the SOHz/60HZz mismatch
inherent to international Ro-Pax fleets and establj ngdigital” monitoring architecture

maintain grid stability under stochastic fe
CI from an isolated technology inte
strategy.

Future research should extend {ghis work Shrough post-implementation monitoring to
s, s@@sonal variability impacts, and real-world grid
performance under simultaneou tions. A comprehensive life-cycle cost analysis
and tariff structuring stu ended to assess long-term financial sustainability
and address the split-in etween port authorities and vessel operators. Finally,
the integration of rther investigation to enhance peak shaving, improve
renewable utilizajien en resilience against grid volatility.

ure with constrained renewable assets through a phased, demand-
jon framework. By bridging environmental modeling, electrical
> and operational sequencing, the research contributes a replicable
transforming high-density Mediterranean ferry hubs into structurally
regulation-compliant maritime energy nodes.
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