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At a glance

Sea of Marmara Ferry
Electrification

Introduction

The Sea of Marmara hosts one of the Mediterranean region’s
densest ferry networks, carrying approximately 25 million
passengers and 7 million vehicles each year. Predictable routes,
regular port calls, and Turkiye’s established shipbuilding
capabilities create favourable conditions for ferry electrification.

About the Study

The study assessed 67 Ro-Ro and Ro-Pax ferries operated by
nine operators across 26 ports, considering full-electric and
hybrid solutions, retrofit and newbuild options, and associated
shore-charging infrastructure over the period 2025-2050. ®

Key findings
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An optimum scenario could cut annual fleet
GHG emissions by 63% by 2050
Balancing GHG emission reduction and cost, this
scenario could avoid approximately 4 million tonnes
of cumulative GHG emissions and approximately
€492 million in pollution damage costs over 2025-
2050, compared with business as usual.
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Electrification is technically
feasible
Full-electric and hybrid solutions are
viable across the network, depending
on vessel and route characteristics.
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High upfront costs remain the main
barrier
Fleet electrification would require approximately
€0.5-1.5 billion in capital investment, depending
on the mix of hybrid and fully electric solutions.
Battery systems and their replacement are the
largest capital cost components.

Enabling actions

Create the policy and financial conditions Develop viable projects and support scale-up
e Targeted financial support to improve competitiveness of electric e Early and active engagement with financial institutions to identify
ferries: tax reductions, lower electricity tariffs, emission-based port fees. opportunities for blended finance.
e Phased targets for low- and zero-emission ferry deployment, aligned e Carry out detailed feasibility studies, including economic and
with national decarbonization objectives. environmental assessments, to refine the pre-feasibility findings.

Enable electrification at the local level
e Support long-term port concessions and co-investmentsin
charging infrastructure to improve investment certainty.
e Procurement mandates that promote electrification by applying
environmental criteria and supporting co-investment.

Ensure sufficient power and charging infrastructure
¢ Integrate ferry electrification needs into long-term electricity
generation and grid planning.
e Enable low-carbon electricity supply at ports and mechanisms to
share infrastructure costs across multiple users.



About GreenVoyage2050 Programme

GreenVoyage2050 is the International Maritime Organization’s flagship technical cooperation programme
supporting developing countries in turning the ambitions of the 2023 IMO GHG Strategy into practical
action.

Now in its second phase (2024-2030), the programme supports countries through technical assistance,
policy development, capacity-building and pilot initiatives aimed at reducing greenhouse gas emissions
from shipping and advancing maritime decarbonization.

Donor countries
The GreenVoyage2050 Programme is funded by the Governments of Denmark, Finland, France, Germany,
the Netherlands and Norway.

Disclaimer

This study was prepared by a multidisciplinary team of maritime experts from WSP (formerly of Ricardo),
under a contractual agreement with IMO, for the Government of Tirkiye as the beneficiary country. The
analyses, findings, interpretations, conclusions and recommendations expressed in this publication are
those of the authors and do not necessarily reflect the views, policies or positions of IMO, the beneficiary
country, or the donors supporting the GreenVoyage2050 Programme.

This publication may contain advice, opinions, recommendations and other information provided by the
authors or by third-party sources. IMO does not warrant or endorse the accuracy or reliability of such
information and accepts no responsibility for any errors or omissions.

The designations employed in material contained in this publication do not imply the expression of any
opinion whatsoever on the part of IMO concerning the legal status of any country, area or territory or of its
authorities, or concerning the delimitation of its frontiers.

Users should be aware that references to IMO instruments may become out of date by the adoption of
more recent instruments. Users are therefore invited to consult their national maritime administration or
the IMO website for information on the status of referenced instruments.

Links and references to third party websites do not imply any official endorsement of or responsibility on
the part of IMO for the opinions, ideas, data or products presented at these locations, or guarantee the
validity of the information provided.

IMO, the beneficiary country, or the donors supporting the GreenVoyage2050 Programme shall not be
liable to any person or organization for any loss, damage or expense caused by reliance on the information
or advice in this publication or howsoever provided. The contents of this publication do not prejudge any
future policy developments at IMO.
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Executive summary

Policy Context and Recommendations

This study examines the feasibility, costs, and potential greenhouse gas (GHG), health, and social benefits
of electrifying the Sea of Marmara’s Ro-Ro and Ro-Pax network. Ferries are particularly well suited to
electrification because they operate on predictable routes with fixed distances and regular port calls,
allowing energy demand to be accurately estimated and battery capacity and charging infrastructure to be
optimally sized. As of 2024, approximately 346 car and passenger ferries using electric propulsion were
reported to be in operation globally, and Turkiye’s substantial shipbuilding capacity is already building
several electric ferries deployed across Europe. Moreover, ferry sizes and route lengths in the Sea of
Marmara closely mirror those of electric ferry services already operating successfully in Europe.

Turkiye’'s Net Zero Transport Framework, developed in the context of Turkiye’s Net Zero 2053 target, sets
out the country’s long-term vision for reducing transport-related emissions. The National Climate Change
Mitigation Strategy and Action Plan (2024-2030) places maritime transport within Tudrkiye's wider
emissions-reduction commitments. A cross-sectoral approach ensures that maritime electrification is
aligned with broader national climate and energy objectives rather than pursued in isolation.

Turkiye has developed a coordinated set of policy frameworks and incentive mechanisms to support
maritime decarbonisation. These measures combine long-term climate commitments with practical
financial and regulatory tools designed to encourage investment in cleaner vessels, port infrastructure and
supporting technologies. Together, they enable maritime decarbonisation, including electrification.

The governance landscape in the Sea of Marmara provides a solid basis for early electrification. The region
combines dense short-sea traffic, strong municipal involvement in ferry services and active private
operators, creating favourable conditions for both pilot projects and subsequent scale-up. Municipal
operators can lead initial adoption where public benefits are clear, while private companies can lead where
corporate targets support decarbonisation and then expand deployment as regulatory signals and
incentives strengthen.

Many ports in the Sea of Marmara were historically state-owned but have transitioned over time to long-
term concession arrangements. In these models, national authorities maintain regulatory control, while
private terminal operators manage daily operations and take responsibility for major investments, including
any upgrades needed, for example for electrification, such as onshore power supply or high-capacity
charging infrastructure. This hybrid governance system has supported significant modernisation of port
facilities over the past two decades, as private operators have brought new investment and operational
efficiencies. As Turkiye advances toward its Net Zero 2053 target, aligning concession agreements,
regulatory expectations and infrastructure planning will become increasingly important to support a
consistent rollout of electrification across the Sea of Marmara.

Study exploring the potential for electrification of the ferry network servicing the Sea of Marmara
22 June 2026 | ED22117 9
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Routes around Istanbul, and across the Strait of Canakkale, are largely operated by municipal and publicly
affiliated entities, whose objectives include service reliability, air-quality improvement and broader urban
transport integration. These operators are often well positioned to adopt new technologies where they
support public-policy goals, and electrification aligns naturally with municipal priorities for improved
environmental performance.

These conditions mean that the Sea of Marmara is particularly suitable for early electrification pilots which
can serve as a strategic testbed for wider electrification. However, the adoption of electrification
technologies depends heavily on the economic case, access to financing, and regulatory clarity.

Tuarkiye has already taken significant steps to progress national strategies, incentive schemes and policy
tools that could support maritime decarbonisation. Continued coordination across governance levels will
help translate these frameworks into practical progress at the regional level. Additional measures, by
government ministries, municipalities, energy infrastructure actors as well as vessel and port operators
might be needed to move from this study to implementation. The study underscores the need for near-term
economic measures to address the high upfront capital costs of electrification, to unlock the substantial
long-term economic, social, health and environmental benefits. The following actions are therefore
recommended:

Ministry level recommendations

»  Promote ferry electrification by aligning transport, energy and municipalities by mandating the supply
of onshore power supply at ports and by national decarbonisation goals.

= Develop market incentives through review of relative tax exemptions, incentives to switch to less
GHG intensive energy, emissions-based port fees or contribution-based mechanisms for international
ships calling at Turkish ports, and time-limited fiscal and capital support for electric and hybrid ferries.

= Drive deployment at scale using public procurement mandates, long-term concessions, and phased
low- and zero-emission ferry targets, including passenger ferries.

Municipality recommendations

»  Encourage infrastructure investment by granting long-term port concessions that include a mandate
to supply charging infrastructure and fast-tracked local permitting.

m  Lead through procurement and planning by embedding environmental criteria in public service ferry
contracts, supporting co-investment, and integrating ferry electrification into urban and transport plans.

m  Protect sensitive areas and drive uptake by prioritising access for electric ferries and restricting
non-electrified vessels in environmentally protected and conservation zones.

Private sector vessel and port operator recommendations

m  Lead pilot electrification projects by setting clear objectives and governance, and positioning ports
and fleets as testbeds for electric ferry solutions.

m  De-risk investment through early engagement with financial institutions and blended finance
programmes, supported by rigorous technical, economic, and environmental feasibility studies.

Study exploring the potential for electrification of the ferry network servicing the Sea of Marmara
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m  Accelerate system-wide scaling by sharing pilot learnings and performance data to enable
replication, cost reduction, and long-term capacity benefits across fleets and ports.

Energy infrastructure actor recommendations

= Plan for ferry electrification at system level by integrating port charging demand into generation,
transmission, and distribution investment plans.

= Enable low-carbon local energy markets by updating regulatory frameworks to allow ports to
generate, use, and sell locally produced low-carbon electricity.

m  Reduce cost and risk through shared mechanisms by spreading new port energy infrastructure
costs across the wider market to support early deployment and scalability.

High Public Value but a Challenging Upfront Investment
Case

Battery electric or hybrid propulsion solutions are assessed to be technically feasible for all Ro-Ro and Ro-
Pax ferry operations in the Sea of Marmara. Transitioning to an all-electric fleet would bring significant
environmental, health and social co-benefits, including:

m  Cumulative reduction in GHG emissions of over 5 million tonnes CO.e by 2050, compared
to annual GHG emissions from all domestic navigation in Tulrkiye of approximately 1 million tonnes
CO2e in 2023.

m  84% annual reduction in GHG emissions by 2050 increasing to 95% if grid carbon intensity
is reduced in line with Turkiye’s 2053 net zero ambitions.

m  Avoidance of an estimated €630 million in undiscounted damage costs through elimination
of exhaust pollutant emissions associated with business-as-usual (BAU) diesel ferry emissions over a
25-year period.

However, the capital cost over a 25-year period to electrify the fleet of 67 Ro-Ro and Ro-Pax ferries
is estimated to be between approximately €0.5bn and €1.5bn, depending upon the mix of hybrid and
full electric solutions and including newbuild costs where retrofit is not feasible. The CapEx for a Business-
as-usual diesel scenario is assumed zero (no newbuild). The capital cost of an optimum fleet scenario,
which balances total GHG reduction and cost, using a mix of electric and hybrid solutions is approximately
€1.0bn. The on-board battery and its mid-life replacement represent the largest CapEx components,
though costs are likely to fall as battery technology and manufacturing volumes improve.

The optimum fleet scenario, balancing GHG reduction and cost, would result in:

= Cumulative reduction in GHG emissions of approximately 4 million tonnes CO.e by 2050,
compared to annual GHG emissions from all domestic navigation in Turkiye of approximately 1 million
tonnes CO-e in 2023.

= 63% annual reduction in GHG emissions by 2050.

Study exploring the potential for electrification of the ferry network servicing the Sea of Marmara
22 June 2026 | ED22117 11



\\\I)

m  Avoidance of an estimated €492 million in undiscounted damage costs through reduced
exhaust pollutant emissions relative to business-as-usual (BAU) diesel ferry operations over a 25-
year period.

CapEx over 25 year period to 2050 by fleet scenario
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T 800
w 600
400
200
0

All electric Light Heavy Optimum

scenario hybridisation hybridisation scenario

scenario scenario

mVessel mPorts

At present, the long-term operating cost savings from electrification are generally insufficient to offset the
higher upfront capital expenditure under most scenarios. While full electrification is expected to deliver
substantial benefits over time, reducing annual fuel and energy operating costs by an estimated 83% by
2050 compared with business-as-usual diesel operations, these savings alone do not close the near-term
investment gap.

Blended finance instruments, including grant support of up to 30%, can materially reduce initial capital
costs but remain insufficient to bridge the total cost of ownership differential. Clearer regulatory signals
and additional targeted incentives are therefore required to unlock investment, enable pilot projects, and
support full-scale deployment of electric ferry solutions.

Electrification of the domestic ferry market also unlocks opportunities to capitalise on TUrkiye’s established
expertise in building electrified ferries for international markets. Moreover, electrification may provide
strategic value by shifting a portion of the energy supply from imported oil products to domestically
generated renewable electricity. This shift would reduce exposure to oil price volatility and strengthen
Tarkiye’s energy security.

Study exploring the potential for electrification of the ferry network servicing the Sea of Marmara
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Why electrification matters for Turkiye

€ Air quality and localimpacts

14 Energy security + Eliminates exhaust emissions at berth and during
* Reduces reliance on imported marine fuels manoeuvring
» Shifts energy demand towards domestic * Reduces NO, and particulate exposure in densely
electricity populated coastal areas
= Limits exposure to fuel price volatility * Improves conditions around port-adjacent urban

communities

!z Industrialand economic

opportunity -~ System-leveldecarbonisation
- Builds on Turkish shipyard capability in electric * Aligns with Tirkiye’s Net Zero 2053 target
vessels * Emissions benefits increase as the grid
* Supports domestic value chains in ports, grid and decarbonises
engineering * Supports long-term transition away from
» Strengthens maritime and clean-technology combustion-based fuels

capability

Electrification delivers combined energy, environmental and industrial benefits not achieved through fuel-switching alone.

Technology Options and Whole-Life Cost Implications

The Ro-Ro ferry routes in the Sea of Marmara span a wide range of operating profiles, from very short,
high-frequency crossings to longer-distance services, and therefore represent a broad range of operational
profiles relevant to electrification. The feasibility and cost of electrification are strongly influenced by where
and how reliably vessels can connect to shore power. On short routes, manoeuvring and berthing can
represent a larger share of total energy demand, and port stays are frequent but short. This shifts the
infrastructure challenge from total energy (MWh) towards charging power (MW) delivered over limited
connection windows. This study has shown that:

= No single electrification architecture is suitable for all routes

= Solutions must be tailored to the specific characteristics of each route, considering factors such
as route length, vessel utilisation profiles, and port-side interface constraints.

To realise the long-term benefits of electrification, action must begin now given the long operational
lifetimes of ferries. The total cost of ownership (TCO) to 2050 for a typical ferry operating on a long route
is estimated between 42% and 78% higher than a conventional diesel new-build vessel. This range reflects
differences in charging strategies, with opportunistic charging at all ports resulting in lower costs than a
hub port only approach. The latter requires a substantially larger on-board battery system, thereby
increasing capital expenditure. In contrast, the TCO differential between a fully electric configuration and
the BAU diesel case is smaller on shorter routes, where it is projected to be between €240,000 and
€320,000 per year higher than the BAU scenario.
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The TCO associated with a light level of electric hybridisation, sufficient for manoeuvring operations, is
broadly comparable to, or marginally lower, than the BAU diesel case. However, GHG emissions are only
reduced by a modest 22% relative to the BAU scenario.

Low-carbon fuels such as HVO, to replace diesel, may play a transitional role in some cases, but they do
not offer the same combination of local air-quality, noise and long-term decarbonisation benefits as
electrification, and their future cost, availability and lifecycle emissions remain uncertain.

The business case is most sensitive to battery-related capital costs, the cost and availability of high-voltage
grid connection at ports, route allocation and operational consistency, and the future policy treatment of
fossil-fuel use. By contrast, uncertainty in long-term fuel and electricity price forecasts has a more
moderate effect on total cost of ownership because capital expenditure remains the dominant cost
component in the assessed electrification cases. A summary of key uncertainties and their implications is

provided in Appendix C.

Conclusion

Overall, Turkiye’s mix of national strategy, municipal leadership and private-sector capability offers a
practical foundation for advancing maritime electrification. With sustained coordination, the Sea of
Marmara is well placed to demonstrate early progress and inform wider electric ferry adoption.
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Glossary

Glossary of terms

Acronym ‘ Meaning

BAU Business-as-Usual (baseline scenario with conventional diesel)
CapEx Capital Expenditure

CO.e Carbon Dioxide Equivalent

DNO Distribution Network Operator

DoD Depth of Discharge (battery)

EBRD European Bank for Reconstruction and Development

EMRA Energy Market Regulatory Authority (Turkey)

ESG Environmental, Social and Governance

GHG pricing mechanism

Potential national maritime GHG pricing or contribution-based mechanism.

EU

European Union

EUR Euros

FE Fully Electric (vessel architecture)

GBP Pound

GHG Greenhouse Gas

GT Gross Tonnage

H1 Hybrid 1 / Light Hybrid (battery for manoeuvring/low-speed harbour ops)

H2 Hybrid 2 / Partial (heavier) Hybrid (battery supports part-propulsion & some
auxiliaries)

IMO International Maritime Organization

InvestEU EU-level financing instrument

ITU Istanbul Technical University

kt Kilotonne

kW / kWh Kilowatt (power) / Kilowatt -our (energy)

LHV Lower Heating Value

MGO Marine Gas QOil

MJ Megajoule

MW / MWh Megawatt (power) / Megawatt-hour (energy)
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Acronym ‘ Meaning

NVH Noise, Vibration and Harshness

NOx Nitrogen Oxides

NPV Net Present Value

OpEx Operating Expenditure

OPS Onshore Power Supply (shore power)

PM2.5/PM10 Particulate Matter <2.5 uym /<10 um

PSO Public Service Obligation

REMPEC Regional Marine Pollution Emergency Response Centre for the
Mediterranean Sea

Ro-Pax Roll-on/Roll-off Passenger

Ro-Ro Roll-on/Roll-off

S0 Opportunistic Charging strategy (charge at all ports where practical)

S1 Hub-only Charging strategy (charge at selected hub ports)

SFOC Specific Fuel Oil Consumption

TEIAS Turkish Electricity Transmission Corporation

TRY Turkish Lira

TUBITAK The Scientific and Technological Research Council of Turkiye

TCO Total Cost of Ownership

TTW Tank-to-Wake (emissions scope; contrasted with WTW)

WTW Well-to-Wake (full fuel/electricity life-cycle emissions)
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1. Introduction to the study

1.1 Background and context

The International Maritime Organization's GreenVoyage2050 programme is supporting developing
countries in their efforts to reduce greenhouse gas (GHG) emissions from shipping through the
implementation of key IMO policy documents relating to GHG emissions, namely, the 2023 IMO Strategy
on reduction of GHG emissions from ships (Resolution MEPC.377(80)) (hereafter the 2023 IMO Strategy’)
and Resolution MEPC.366(79) encouraging voluntary cooperation between the port and shipping sectors
to contribute to reducing GHG emissions from ships.

GreenVoyage2050 is supporting the development and potential implementation of pilot project
opportunities which can contribute to the reduction of GHG emissions from shipping, through the
GreenVoyage2050 Accelerator, by providing technical assistance, facilitating stakeholder engagement,
conducting assessments and assessing feasibility.

Turkiye has been selected as a partnering country to GreenVoyage2050, and this report describes a pilot
project which was chosen by the GreenVoyage2050 Accelerator to explore the potential for electrification
of the ferry network servicing the Sea of Marmara.

The Ministry of Transport and Infrastructure (MOTI), Tulrkiye, which is the main Government agency
responsible for marine modes of transport within the Sea of Marmara, has provided partner support
throughout the study. Other stakeholders such as vessel operators, ports, associations, academia and
financial institutions have provided invaluable input including at two stakeholder events in Istanbul in
September 2025 and February 2026.

Terminology note: This report follows the official maritime terminology published by the Ministry of Foreign
Affairs of the Republic of Tlrkiye. For readers familiar with older language usage, “Strait of istanbul”
corresponds to the water body often referred to as the Bosphorus, and “Strait of Canakkale” corresponds
to the water body often referred to as the Dardanelles. The official terminology is used throughout the
report.

1.2 Objectives of the study

The objectives of the study are to:

m  Explore the potential for electrification and/or hybridisation of Ro-Ro (Roll-on/Roll-off) and Ro-Pax
(Roll-on/Roll-off Passenger) ferries servicing the Sea of Marmara, including:

o Quantification of the CapEx, OpEx and total cost of ownership (TCO) implications.
o Assessment of the well-to-wake (WTW) emissions and abatement costs.

= |dentify ferry routes with characteristics favourable to developing and implementing concrete pilot
projects.

The study has focused on 67 ferries operating from 26 ports, over the period from 2025 to 2050. The study
has considered full electric and hybridised solutions, retrofit and new-build options as well as requirements
for charging infrastructure.

Study exploring the potential for electrification of the ferry network servicing the Sea of Marmara
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2. Characterisation of the ferry
transport network

2.1 Overview of the ferry transport network in the Sea
of Marmara
2.1.1 Network overview

The Sea of Marmara hosts one of the Mediterranean region's densest ferry networks, carrying
approximately 25 million passengers and 7 million vehicles annually across numerous routes.

Ro-Ro (Roll-on/Roll-off) and Ro-Pax (Roll-on/Roll-off Passenger) vessels transport passenger cars and
commercial vehicles carrying Marmara marble, natural gas and other commodities. Some routes are more
seasonal for example with summer tourist peaks to the Marmara islands or winter peaks in natural gas
carrying trucks from Zeyport to Maltepe, although published timetables are not usually seasonally
classified. Some operators change routes according to demand, weather, and operational needs rather
than using fixed seasonal closures.

While this assessment focuses on “main routes”, operators noted that some vessels may be reassigned
across routes in response to demand, weather, maintenance, and wider operational conditions. This
operational flexibility is relevant to electrification planning because solutions optimised for one route may
face constraints if redeployed onto routes with different leg lengths or port charging availability.

This study has analysed ferries on main routes with legs between 2.7 nm and 52 nm. For more information
on the legs and routes see C.1. Routes include both very short, high-frequency crossings and longer legs
that resemble regional services and therefore represent a broad range of operational profiles relevant to
electrification. Layover times at ports vary between approximately 15 minutes and several hours, with
vessels anchoring off after unloading at some ports. In practice, this creates two distinct operating patterns:
short routes typically have short but frequent port stays, whereas longer routes often have fewer charging
opportunities but longer dwell time at one end of the route. Route lengths and layover times are consistent
with international electrified ferries, as discussed further in Section 2.2, but ensuring availability of suitable
charging infrastructure at ports is a key consideration for the pilot studies.

Routes call at a mix of public and private ports, and access, space availability and grid connection
conditions therefore vary significantly between locations. Discussions with operators (September 2025)
highlighted practical constraints affecting charging provision at some ports, including permitting and
access arrangements, space constraints, potential operational disruption, and local grid limitations. These
factors are material to scenario selection because the feasibility and cost of electrification are strongly
influenced by where and how reliably vessels can connect to shore power.

Study exploring the potential for electrification of the ferry network servicing the Sea of Marmara
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Road bridges and tunnels provide strong modal competition on several corridors, offering uninterrupted,
weather-independent crossings (although congestion can reduce travel time reliability). Despite this
competition, ferry services remain viable: crossings are frequently cheaper than bridge tolls, and they
continue to attract demand. This competition is most relevant on corridors influenced by fixed links such
as the Canakkale Bridge across the Strait of Canakkale the Osmangazi Bridge, and the Strait of istanbul
(three bridges and one tunnel). For electrification planning, proximity to fixed links is treated as a long-term
demand sensitivity rather than a screening criterion; these routes remain suitable candidates for pilot
studies.

In addition to their role in domestic ferry services, several ports within the Marmara network also serve
international trade functions. These include Pendik, Port of Yarimca, Tekirdag (CEYPORT), Ambarli,
Bandirma, Autoport and Zeyport, which handle various combinations of Ro-Ro, container, bulk and general
cargo traffic. The coexistence of passenger, vehicle and international freight operations has implications
for grid capacity, port energy demand and future electrification planning.

Route characteristics affect electrification design requirements. For shorter, high-frequency services, a
larger share of energy demand can be associated with manoeuvring and port stay (hotelling) relative to
distance travelled, and charging windows are short but frequent. For longer services, energy demand is
dominated by cruising, charging opportunities are fewer, and higher battery capacities and/or higher
charging powers may be required to meet duty cycles. Consequently, no single electrification architecture
is suitable for all routes, and solutions must be assessed in relation to route length, vessel utilisation
patterns, and port interface constraints.

The following illustrative figures present mapped representations of the main ferry routes examined in this
assessment, first at the scale of the entire Sea of Marmara (Figure 1) and then with a more detailed focus
on the eastern basin where traffic density is highest (Figure 2).
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Figure 2 Sea of Marmara's Eastern Side Main Routes

2.1.2 Vessel overview

The in-scope dataset covers 67 vessels operating across the Sea of Marmara ferry network, including Ro-
Ro and Ro-Pax ferries, across nine operators and calling at 26 ports. The underlying information was
provided by operators and port stakeholders, using 2024 operational data as the baseline year, and was
supplemented where required with consistent assumptions to enable like-for-like scenario modelling
across vessels and routes.

Vessel-level information compiled for the assessment included vessel particulars (such as gross tonnage
and principal dimensions), main and auxiliary engine power ratings, assigned routes and indicative
operating schedules (including turnaround and layover times), representative duty-cycle assumptions for
propulsion and auxiliary loads, and annual activity and fuel consumption data. Where individual datapoints
were missing or inconsistent, values were harmonised to maintain internal consistency across the fleet
and to avoid introducing vessel-to-vessel bias in the scenario comparisons.

To support consistent modelling and to address gaps in the available data, the vessels were grouped into
eight clusters based on age, vessel size (including gross tonnage and principal dimensions), and main
engine power, as described in Appendix B. Clustering supported application of consistent assumptions
where vessel-specific information was incomplete and enabled estimation of practical constraints relevant
to electrification, such as indicative battery size limits associated with space and weight integration
envelopes for different vessel categories.

The fleet is mature. As illustrated in Figure 3 (vessel count by age group), 58 of the 67 vessels are more
than 20 years old. This age profile is relevant to electrification planning because it increases the importance
of retrofit feasibility and economics, while also implying that for a subset of the fleet, newbuild opportunities
may arise within the assessment horizon.
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Figure 3 Vessel count by age group (in-scope fleet)

In terms of size, the fleet is primarily small-to-medium. Figure 4 (fleet mix by gross tonnage and vessel
type) shows that most vessels are below 2,000 GT across the major vessel categories, with a smaller
number of larger vessels present in some segments. This matters for electrification because smaller
vessels typically face tighter space and weight constraints for batteries and associated power electronics,

whereas larger vessels can have higher absolute energy demand and therefore higher requirements for
charging power and grid connection at the ports.

30

20 —‘

Vessel count
o

10

5 -

0

Mixed ferry Passenger-only RoPax (Ro-Ro pax) Vehicle ferry
(pax+car+cargo)
Gross tonnage
m<800 ®=800-1,200 m=1,200-2,000 m=>2,000
Figure 4 Fleet mix by gross tonnage (GT), by vessel type (in-scope fleet)
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Installed power varies substantially by vessel class and operating profile. Based on the collated dataset,
main engine installed power spans approximately 0.9 MW to 26 MW, with most conventional ferries and
Ro-Ro/Ro-Pax vessels clustering around 1-3 MW, and high-speed passenger craft typically in the 6-7
MW range. This spread reinforces that a single electrification solution is unlikely to be optimal across the
fleet: battery capacity, charging power, and retrofit feasibility depend strongly on vessel size, installed
power, and route duty cycle.

Using the 2024 operational year as the baseline, the in-scope fleet is estimated to steam approximately
1.97 million nautical miles per year, consume approximately 72,000 tonnes of MGO per year, and emit
approximately 292,000 tonnes CO,e per year (well-to-wake basis, including all onboard energy
consumers; emission factors for fuels and grid electricity are provided in C.2). Over the 25-year
assessment period to 2050, this corresponds to approximately 7.3 million tonnes CO,e under Business-
as-Usual (BAU) assumptions, providing the reference case against which electrification and hybrid
scenarios are compared.

2.1.3 Port overview

The in-scope dataset covers 26 ports located in the Sea of Marmara region. These ports vary significantly
in terms of size, function, ownership structure, and operational characteristics, reflecting the diverse role
they play in supporting ferry services. Understanding these differences is critical for assessing the technical
feasibility, investment requirements, and implementation pathways for ferry electrification across the
region.

Port Ownership and Management

Ownership of the 26 ports in scope is relatively evenly divided between private and public entities (Figure
5). Ownership structure varies across the region, reflecting different operational models and investment
arrangements. A more detailed assessment of port governance is provided in the following Section.

= Private = Public = Notreported = Privatisation

Figure 5 Ownership breakdown of ports in scope
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Existing Port Infrastructure

Most ports in the Marmara Sea region are connected to the national electricity grid. However, the capacity
of these connections differs significantly by location and port function. While larger commercial ports
typically benefit from stronger grid connections designed to support energy-intensive cargo handling
operations, smaller passenger-focused ports may face constraints related to available capacity,
redundancy, or proximity to suitable substations. These factors influence the extent to which ports can
accommodate high-power charging infrastructure without requiring grid reinforcement or network
upgrades.

A limited number of ports have already implemented onshore power supply (OPS) systems, including
Autoport Terminal, Ceyport Tekirdag and Tekirdag Martas. While primarily installed to support cargo and
Ro-Ro vessels, these systems demonstrate existing experience with grid connections, electrical
infrastructure and operational integration that could support the future deployment of ferry charging
infrastructure.

In addition to grid capacity, ferry operating patterns influence the feasibility of electrification. Ports serving
high-frequency routes with short turnaround times may require high-power charging systems to transfer
energy within limited connection windows. Conversely, routes with longer layover periods may allow lower-
power charging strategies that reduce pressure on port electrical infrastructure.

Overall, the assessment highlights that while a small number of ports demonstrate early readiness through
existing OPS installations, broader deployment of ferry electrification across the Marmara Sea will require
targeted upgrades to power supply infrastructure, careful integration with port layouts, and close
coordination between port authorities, terminal operators, and electricity network stakeholders.

Distribution Network Operators (DNOs) in the Marmara Region

Electricity supply across the Marmara region is managed by several regional distribution network operators
(DNOs), each responsible for electricity distribution within specific geographic areas. Key DNOs in the
region, along with their respective service areas and roles within the broader regulatory framework, are
outlined below.

Uluabat Elektrik Dagitim A.$. (Uludag EDAS): This company operates in the southern Marmara region,
covering the provinces of Bursa, Balikesir, Canakkale, and Yalova.

Bogazici Elektrik Dagitim A.S. (BEDAS) and Ayedas: These companies cover the extensive Istanbul
metropolitan area, on both the European and Asian sides of the Strait of istanbul, which borders the Sea
of Marmara.

Sakarya Elektrik Dagitim A.$. (SEDAS): This operator serves the eastern Marmara provinces, including
Sakarya, Kocaeli, and Bilecik.

Trakya Elektrik Dagitim A.S. (Trakaya EDAS): This DNO operates in the Thrace part of the Marmara
region (European side), serving the provinces of Edirne, Tekirdag, and Kirklareli.

These private companies are responsible for the operation and maintenance of the distribution networks
within their assigned geographical areas, while the state-owned Turkish Electricity Transmission
Corporation (TEIAS) handles the national transmission system. The overall market is regulated by the
Energy Market Regulatory Authority (EMRA).
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SEDAS

Figure 6 Distribution Network Operators in Marmara Sea region

Environmental and Regulatory Context

Some ports are located within environmentally sensitive coastal areas where permitting requirements may
restrict the installation of new high-voltage electrical infrastructure. Ports such as Eskihisar, Sirkeci and
Harem fall within or adjacent to conservation-designated zones, where additional environmental
assessments may be required before grid upgrades or charging infrastructure can be installed.

In addition, several ports are located on islands, including Saraylar, Marmara Adasi, Avsa Adasi, Erdek
(Belediye) and Ekinlik Adasi. These locations typically have limited grid capacity and redundancy, which
may constrain the scale of electrification unless complementary solutions such as phased charging
deployment or local energy storage are implemented.

Overall, the analysis indicates that while most ports in the Marmara region are connected to the national
electricity network, their readiness to support ferry electrification varies significantly. Larger commercial
ports with stronger grid connections and existing electrical infrastructure may offer favourable conditions
for early electrification pilots. In contrast, island ports and terminals located in environmentally sensitive
areas may face additional constraints related to grid capacity, permitting requirements and infrastructure
installation.

214 Ownership and governance models

Ownership and governance structures shape how maritime services are organised, financed and regulated
across Turkiye, and they play a decisive role in determining how quickly electrification can be implemented.
The Sea of Marmara, with its dense network of ferry, Ro-Ro and Ro-Pax services, operates under a mix
of public, municipal and private models. Each model has different responsibilities and investment
motivations, influencing the region’s capacity to adopt new technologies such as full-electric and hybrid
vessels, as well as the supporting port infrastructure these require. Understanding how ports and vessel
operators are governed therefore provides essential context for assessing the feasibility, pace and optimal
design of Turkiye’s maritime electrification pathway.
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Port Ownership and Governance

Port governance in Turkiye reflects the country’s broader approach to transport development, which
combines strong national oversight with an expanding role for private operators. The Ministry of Transport
and Infrastructure provides strategic direction for the maritime sector, while the General Directorate of
Maritime Affairs oversees regulation, safety and environmental standards. Many ports in the Sea of
Marmara were historically state-owned but have transitioned over time to long-term concession
arrangements (Directorate General for Maritime Affairs, 2025). In these models, national authorities
maintain regulatory control, while private terminal operators manage daily operations and take
responsibility for major investments, including any upgrades needed for electrification, such as onshore
power supply or high-capacity charging infrastructure.

This hybrid governance system has supported significant modernisation of port facilities over the past two
decades, as private operators have brought new investment and operational efficiencies. At the same
time, it introduces variation in electrification readiness across the region. Some terminals have well-
established investment plans aligned with environmental objectives, while others may require clearer
policy direction or targeted incentives to prioritise low-carbon infrastructure. As Tirkiye advances toward
its Net Zero 2053 target, aligning concession agreements, regulatory expectations and infrastructure
planning will become increasingly important to support a consistent rollout of electrification across the Sea
of Marmara (REMPEC, 2025).

Vessel Ownership and Operators

The structure of vessel ownership in the region is similarly diverse. Routes around Istanbul, and across
the Strait of Canakkale, are largely operated by municipal and publicly affiliated entities, whose objectives
include service reliability, air-quality improvement and broader urban transport integration (Istanbul
Metropolitan Municipality, 2023). These operators are often well positioned to adopt new technologies
where they support public-policy goals, and electrification aligns naturally with municipal priorities in areas
such as congestion reduction and improved environmental performance (ITU, 2023).

Alongside these public and municipal actors, a wide range of private companies operate Ro-Ro, Ro-Pax
and coastal freight services throughout the Marmara basin. These operators bring commercial agility and
investment capacity, contributing to the region’s maritime resilience and connectivity (Journal of Shipping
and Trade, 2024). However, the adoption of cleaner technologies depends more heavily on the economic
case for electrification, access to financing, and regulatory clarity. The combination of public and private
operators therefore creates a balanced environment: public actors can lead early demonstrations, while
private operators can accelerate broader uptake once technologies, costs and incentives become
favourable (Marine Science and Technology Bulletin, 2022).

Governance Coordination and Implications for Electrification

Because responsibilities for ports, vessels and infrastructure development are distributed across multiple
institutions, coordination is central to achieving successful electrification. National authorities set strategic
policies and regulatory frameworks and shape the enabling conditions for electrification through grid-
connection rules, electricity tariff structures, and the timing of public financing and incentive programmes.
Municipal governments manage urban mobility priorities and can drive early adoption through public
procurement. Port concessionaires determine when and how infrastructure upgrades are undertaken, and
shipowners decide on fleet renewal strategies. Ensuring that port infrastructure upgrades keep pace with
changes in vessel technologies will require closer alignment of planning processes, investment schedules
and regulatory expectations.
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Turkiye has already taken significant steps in this direction through national strategies, incentive schemes
and emerging market mechanisms. Continued coordination across governance levels will help translate
these frameworks into practical progress at the regional level.

Implications for the Sea of Marmara

The governance landscape in the Sea of Marmara provides a solid basis for early electrification. The region
combines dense short-sea traffic, strong municipal involvement in ferry services and active private
operators, creating favourable conditions for both pilot projects and subsequent scale-up (Carbon
Management, 2020). Municipal operators can lead initial adoption where public benefits are clear, while
private companies can lead where corporate targets support decarbonisation and then expand deployment
as regulatory signals and incentives strengthen.

Because many ports operate through concession agreements, long-term success will depend on close
collaboration between national authorities and private terminal operators to align investment plans with
electrification goals. Concession renewal windows influence the timeline and investment appetite for
implementation of electric solutions. Clear expectations, targeted incentives and coordinated planning will
be essential to ensure that port infrastructure develops in step with vessel technologies.

2.2 Overview of national incentives

Turkiye has developed a coordinated set of policy frameworks and incentive mechanisms to support
broader decarbonisation, with one key incentive pushing maritime decarbonisation. These measures
combine long-term climate commitments with practical financial and regulatory tools designed to
encourage investment in cleaner vessels, port infrastructure and supporting technologies. Together, they
form an enabling policy for decarbonisation of which maritime electrification is part of. The degree to which
individual instruments directly influence investment decisions varies depending on their design, scope and
financial leverage.

National Policy Frameworks

The Net Zero Transport Framework (Ajansi, 2025), developed under Turkiye's Net Zero 2053 target, sets
out the country’s long-term vision for reducing transport-related emissions. For the maritime sector, it
highlights onshore power supply, port electrification and fleet renewal as priority actions. By embedding
these elements within a national climate strategy, the framework provides policy coherence and greater
certainty for public and private stakeholders considering electrification investments.

Complementing this, the National Climate Change Mitigation Strategy and Action Plan (2024-2030)
(Ministry of Environment, Urbanisation and Climate Change, 2024) places maritime transport within
Turkiye’s wider emissions-reduction commitments. It promotes OPS integration, low-emission fuels and
energy-efficient port systems, while encouraging coordination across ministries, regulatory bodies and
industry. This cross-sectoral approach ensures that maritime electrification is aligned with broader national
climate and energy objectives rather than pursued in isolation.

Market Incentives

A series of market-oriented instruments strengthen these strategic foundations. The Scrap-and-Build
Grant (Ersoybilgehan, 2024) provides direct financial support for fleet renewal and offers higher incentives
for vessels incorporating hybrid-electric or low-emission technologies. This mechanism encourages both
modernisation and the adoption of cleaner propulsion systems.
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The Green Port (Yesil Liman) Certification Programme (Turk Standardlari Enstittist, 2023) supports port-
side decarbonisation by recognising terminals that invest in renewable energy, electric cargo-handling
equipment and OPS. Certified ports benefit from operational discounts and strengthen environmental
credentials, contributing to higher electrification readiness, particularly relevant for major Sea of Marmara
ports. Regulation on the issuance of Green Port Certificates to Coastal Facilities was recently amended
(added to Official Gazette 24/03/2026-33203) mainly to introduce mandatory requirements for certain
coastal facilities to obtain a Green Port Certificate, particularly for new constructions, major expansions,
and high-capacity ports, and may have implications for permitting and operational compliance.

Additional market and fiscal mechanisms are set to shape investment decisions in the coming years.
Turkiye does not currently have an active national Emissions Trading System with which a maritime ETS
could be integrated, nor is there currently an institutional framework enabling the Ministry to independently
establish and operate a fully-fledged maritime ETS comparable to the EU ETS. Therefore, this report refers
to a potential national maritime GHG pricing or contribution-based mechanism for ships calling at Turkish
ports, rather than a Pilot Turkish Emissions Trading System or TR-ETS. Such a mechanism could
potentially use the EU ETS carbon price as a reference benchmark for a flat-rate pricing approach. The
Ministry is not currently considering the application of such a mechanism to domestic shipping or cabotage
lines; rather, revenues generated from international ships calling at Turkish ports could support the green
transition and decarbonisation of the domestic maritime sector, including ferries and other vessels
operating on national routes. The General Investment Incentive Scheme (Yeni Tegvik Sistemi) (T.C.
Sanayi ve Teknoloji Bakanligi, 2024) provides tax exemptions, duty reductions and interest support for
strategic environmental projects, including those related to maritime electrification and port infrastructure
upgrades.

Support for Innovation and Finance

Turkiye’s innovation landscape further reinforces these efforts. TUBITAK R&D Grants (Tubitak, 2024) play
an important role in supporting pilot projects, technology demonstrations and early-stage research on
battery systems, charging solutions and energy-efficient vessel designs. These programmes help build
domestic technical capacity and strengthen the local supply chain for clean maritime technologies.

International financing mechanisms add additional momentum. The EBRD and EU Green Maritime
Programmes for Turkiye (European Bank, 2023) provide concessional loans, blended finance and
technical assistance for port electrification, vessel retrofits and low-carbon newbuilds. Their collaboration
with Turkish institutions increases access to capital and helps integrate global best practices into domestic
maritime projects.

In addition, EU-level instruments such as the Innovation Fund, InvestEU and other sustainable transport
financing platforms provide grant and guarantee mechanisms that can support large-scale decarbonisation
investments, particularly where projects align with EU climate objectives or involve cross-border maritime
activity (EU Mobility and Transport, 2026). Together, these mechanisms broaden the pool of available
capital and reduce financing risk for early electrification projects.
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Assessment of the Practical Impact of Incentives

To complement the preceding overview, Table provides a qualitative assessment of the practical impact
of existing and proposed incentives on maritime electrification. The table evaluates each measure in terms
of its status, degree of maritime specificity, and its direct relevance for vessel operators and port
authorities. The impact rating reflects the extent to which each instrument influences investment decisions

and reduces financial or regulatory barriers to the deployment of hybrid and fully electric systems.

Table 1

Incentive

Status

Maritime-
Specific?

Practical Support for Vessel
Operators / Ports

Overview of National Incentives and Practical Relevance for Maritime Electrification

Impact Rating

Energy Security

National maritime GHG Potential/ not | Cross-sector Could generate revenues to High
pricing or contribution- currently (maritime support domestic maritime
based mechanism active | module decarbonisation, including ferry
planned, electrification
focused on
international
ships)
EBRD / EU Green Current Partially Provides concessional loans, High
Maritime Programmes (maritime- blended finance and technical
focused assistance
facilities)
Green Port (Yesil Liman) | Current Yes (port- Incentivises OPS, electrified Medium
Certification Programme focused) equipment and renewable energy
integration
General Investment Current No (economy- | Reduces CapEx through tax Medium
Incentive Scheme (Yeni wide) exemptions, duty reductions and
Tesvik Sistemi) financing support
Net Zero Transport Current No (cross- Provides long-term policy
Framework (Net Zero sectoral) certainty but no direct financial
2053) support.
National Climate Change | Current No (cross- Aligns maritime with national
Mitigation Strategy (2024— sectoral) GHG targets with indirect
2030) influence.
Scrap-and-Build Grant Current Yes Provides partial capital support
for fleet renewal and hybrid/low-
emission designs
TUBITAK R&D Grants Current No (innovation- | Primarily R&D-focused, supports
focused) pilot projects and early-stage
technology development

All ferries currently rely on marine diesel fuel. In 2024, net crude oil imports accounted for 86% of Turkiye’s
total crude oil supply, while net oil product imports represented 42% of total final oil product consumption
(IEA, 2024). Transport accounted for 73% of oil products final consumption in 2023. Electrifying transport,
including ferries, using renewable electricity in place of oil imports would therefore strengthen Turkiye’s
energy security.
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2.3 Examples of electrification projects

In 2024, it is estimated there were 346 car and passenger electric ferries globally (PortsNews, 2024). A
total of 11 ongoing and completed maritime electrification projects were reviewed to illustrate how different
vessel and port technologies have been deployed in practice. These projects were selected because they
represent a range of operational profiles, particularly short- to medium-distance, frequent-service routes,
that closely resemble conditions in the Sea of Marmara. They also include a mix of newbuild and retrofit
applications, as well as varying charging strategies and propulsion architectures, offering a broad evidence
base for Turkiye’s electrification pathway.

A summary of the most relevant projects discussed during project engagement activities is provided in
Appendix A highlighting key technical characteristics and operational lessons most applicable to the
Marmara context.

European Electrification Projects

Across Europe, electrification has advanced rapidly, supported by strong policy commitments and early
investment in port infrastructure. Several projects demonstrate how battery-electric Ro-Pax ferries operate
reliably on short-to-medium crossings with high service frequency; conditions closely aligned with many
domestic routes in the Sea of Marmara.

MF Ampere (Norway), the first fully battery-electric car and passenger ferry, has operated successfully on
the Lavik—Oppedal route since 2015, demonstrating the technical feasibility of high-frequency short
crossings supported by automated shore charging.

Ellen (Denmark) provides an example of longer-range battery-electric island service, operating with a 4.3
MWh battery system and demonstrating how extended crossings can be electrified when supported by
appropriate port-side charging infrastructure.

MF Tycho Brahe (Denmark/Sweden), a retrofit conversion, illustrates how existing Ro-Pax ferries can
transition from diesel to large-scale battery-electric hybrid propulsion. Its 6.4 MWh battery upgrade per
vessel demonstrates the scalability of energy storage solutions and the viability of high-capacity ferry
electrification on busy cross-border routes.

Eleanor Roosevelt (Spain) demonstrates LNG-electric hybrid propulsion on medium-distance
Mediterranean services. While not fully electric, it provides insight into transitional architectures, including
battery-assisted manoeuvring and peak shaving, that may be relevant for operators seeking phased
decarbonisation pathways.

Additional Nordic examples, such as the Bastg Electric ferry in Norway, further demonstrate rapid charging
integration and the operational maturity of fully electric ferry systems under high-frequency service
conditions, reinforcing the scalability of battery-electric solutions in comparable short-sea contexts.

These projects were referenced during the stakeholder workshop to illustrate different electrification
models, including full battery-electric deployment, retrofit strategies and hybrid transition pathways.
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Turkish-Built Electric Vessels

Turkiye also plays an important role in the global electrification landscape through its shipbuilding sector.
The Tersan—Fjord1 Autonomous Ferries, built in Yalova for operation in Norway, demonstrate that Turkish
shipyards have the capabilities to deliver advanced battery-electric and autonomous vessels that meet
strict European performance and safety standards. Similarly, the Scandlines Zero-Emission Ferry Project,
with newbuilds underway at Cemre Shipyard, highlights Turkiye’s growing contribution to Europe’s clean
fleet transition.

These projects are particularly relevant because they show that much of the technical knowledge and
industrial capability required for electrification already exists within Turkiye. This strengthens the feasibility
of domestic deployment in the Sea of Marmara and creates opportunities to leverage national industry in
future fleet renewal programmes.

International Case: China Zorrilla

Beyond Europe, the China Zorrilla ferry connecting Montevideo and Buenos Aires offers insight into large-
scale battery-electric operations on higher-capacity Ro-Pax vessels. With an energy storage system
exceeding 40 MWh, it demonstrates the upper limits of current battery-electric technology and shows how
longer routes can be electrified when supported by strong grid infrastructure and coordinated port planning.

Although operating in a different regional context, the project offers meaningful parallels for Turkiye: both
regions depend on frequent Ro-Pax services between major urban centres, and both are exploring ways
to strengthen port-grid connections to support electrification. As such, the project provides useful lessons
for planning future large-vessel electrification scenarios in the Sea of Marmara.
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3. Electrification potential

This section describes the electrification potential for Ro-Ro and Ro-Pax ferries in the Sea of Marmara.
Different electrification solutions are described together with economic and environmental results for
typical short and long routes as well as the entire fleet of 67 vessels. Abated GHG emissions and cost of
emissions abatement are presented which input to an optimisation framework that highlights the most
viable low-risk electrification options, while also incorporating an assessment of health and social impacts
to ensure benefits extend beyond decarbonisation to public wellbeing and local economic development.

3.1 Electrification solutions

Electrified propulsion is an increasingly mature option for short-sea and ferry operations and is particularly
well suited to services with predictable routes, frequent port calls, and regular dwell times that can be used
for charging. From a technical perspective, electric motors, drives, and power electronics are proven
technologies and are already deployed in maritime applications globally, including in Tlrkiye. In the Sea
of Marmara context, the principal challenge is typically not propulsion hardware itself but the provision of
sufficient onboard energy storage and the associated shore-side charging infrastructure, within the
constraints of vessel space/weight and port grid capacity.

Compared with conventional diesel propulsion, electrified propulsion offers higher end-to-end efficiency
because it reduces the number of energy conversion steps and avoids part-load operation penalties typical
of internal combustion engines. This efficiency benefit translates into lower energy consumption per unit
of transport work, provided that the electricity supply is available and reliable. Electrification also offers
operational benefits, including fewer critical moving parts than conventional diesel machinery, which can
improve reliability and reduce exposure to spares availability issues for older engines. Routine
maintenance requirements are generally reduced (for example, no engine oil changes and fewer
mechanical wear components), and electrified operation can provide passenger comfort benefits through
reduced noise, vibration and harshness (NVH), particularly during manoeuvring and berthing.

Environmental benefits depend on both the displacement of onboard fuel combustion and the carbon
intensity of electricity used for charging. Direct reductions in exhaust emissions at the point of operation
are immediate, including reductions in CO,, NOx, SOx and particulate matter, with associated air quality
and health co-benefits in port areas and densely populated corridors. The GHG benefits increase over
time as the electricity grid decarbonises. Electrification can also reduce local environmental risks, including
reduced likelihood of fuel and lubricant leaks and associated water pollution, particularly in sensitive
coastal and near-shore environments. In the national context, electrification aligns with Turkiye’s longer-
term decarbonisation objectives, and it may offer an additional strategic benefit by shifting part of the
energy supply from imported oil products to domestically generated electricity, including renewable
generation, thereby reducing exposure to oil price volatility and import dependency.

A key technical requirement for electrified ferry operations is the ability to transfer energy between the grid
and the vessel at the rate required by the schedule. In practice, this often implies high-voltage electrical
infrastructure and multi-megawatt charging power, particularly where port dwell times are short. The
charging power required for rapid turnarounds can exceed typical “OPS” (onshore power supply)
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arrangements that are designed primarily to supply hotel loads at berth. Consequently, electrification
planning must consider not only charger hardware but also upstream port electrical infrastructure
(transformers, switchgear, cabling, protection systems) and, where relevant, grid connection
reinforcement.

3.1.1 Scenario framework assessed

To reflect the diversity of routes and vessel types in the Sea of Marmara, the assessment evaluated a set
of electrification and hybrid solutions across all in-scope vessels. The scenarios were defined along three
dimensions: vessel architecture, charging strategy, and implementation pathway (newbuild versus retrofit).
This structure ensured that the analysis captured both technical feasibility and system-wide implications
for port infrastructure, cost and emissions.

Table 2 Scenario framework
Description Implication
Vessel propulsion Fully electric Battery supplies all Highest emission reduction
architecture (FE) propulsion and potential, biggest battery and
onboard electrical highest charging requirement,
demand during highest port power and grid
normal operation upgrade requirement; strongest
retrofit space/weight constraints.
Light Hybrid Battery supplies Low battery capacity and low
(H1) manoeuvring/low- charging power; limited port
speed harbour infrastructure requirement; modest
operations CO, reduction (especially on long

routes); simpler retrofit integration.

Heavy Hybrid | Battery supplies a Mid-range battery and charging

(H2) moderate share of power; material CO, reduction but
operations, typically below FE; requires both
including part of conventional propulsion and
propulsion at sea plus | battery systems (higher
selected complexity)

auxiliary/hotel loads;
engines remain part
of the propulsion mix.

Charging strategy Opportunistic | Charging at all ports | Smaller required battery (more
charging (S0) | called where frequent recharging); lower peak
practical, using the power per event than hub in many
available cases
dwell/turnaround
windows.

Hub charging | Charging restricted to | Larger required battery (longer

(S1) selected hub ports; energy stretches); higher peak MW
non-hub ports treated | at hubs; fewer ports need
as non-charging. chargers, but each hub requires

higher-capacity electrical
connection; higher battery fit risk.
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Description Implication
Implementation Newbuild Vessel designed Higher absolute CapEx (includes
approach around the selected full vessel platform), but best
architecture technical integration and
performance
Retrofit Selected architecture | Lower absolute CapEx than
integrated into an newbuild (incremental works) but
existing vessel constrained by space/weight and
(battery + electrical downtime; may reduce
systems added, with | payload/capacity; feasibility varies
modifications as by vessel age and layout.
required).

Across the fleet, the technical analysis was run for each vessel under the six technical cases: FE-S0, H1—
S0, H2-S0, and FE-S1, H1-S1, H2—-S1. The resulting battery sizing and charging requirements were then
passed to the economic and environmental assessment, where the additional newbuild versus retrofit cost
layer was applied in line with the feasibility assessment for each vessel and scenario. Throughout this
report, the following abbreviations are used: FE (fully electric), H1 (mild hybrid), H2 (partial hybrid), SO
(opportunistic charging), and S1 (hub charging).

3.1.2 lllustrative vessel example and structure of technical
outputs

To support interpretation of the fleet-level results presented later in the report, Figure 7, Figure 8 and
Figure 9 provide an illustrative example for a single vessel on a short route. The example vessel is a small
unit (approximately 800 GT) and demonstrates how the technical outputs are generated and how they are
subsequently used as inputs to the cost and emissions modelling. The figures are intended to illustrate the
structure of results rather than to represent a specific operator’s preferred solution.

The starting point is an estimate of the vessel’s current energy use per voyage, broken into four operational
components (Figure 7): voyage propulsion (main engines while sailing), manoeuvring (port entry/exit and
low-speed operation), auxiliaries at sea, and hotel loads while in port. For the illustrative vessel, propulsion
represents the largest share of energy demand, however manoeuvring and hotel loads are also material.
This decomposition is important because the electrification architectures target different parts of the duty
cycle. For example, a manoeuvring-only hybrid can capture a meaningful portion of energy on routes
where manoeuvring and berthing are a larger share of total energy, whereas longer routes are typically
dominated by cruising energy.
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Figure 7 lllustrative breakdown of energy consumption per voyage for a vessel

The energy breakdown is then translated into a required battery capacity for each scenario (Figure 8).
Battery sizing is calculated for FE, H1 and H2 under both charging strategies: opportunistic charging (S0)
and hub charging (S1). The expected pattern is observed in the example results. Fully electric (FE)
requires the largest battery because the battery must cover the full operational energy demand. Hybrid 1
(H1) requires the smallest battery because it is sized primarily for manoeuvring and low-speed port
operations. Hybrid 2 (H2) sits between these cases, as it supplies a moderate share of propulsion and
auxiliary energy. Comparing charging strategies, the hub approach (S1) increases the required battery
capacity relative to opportunistic charging (S0), because energy must be carried between fewer charging
opportunities. The figure also includes an indicative battery size limit for the vessel (space/weight
integration envelope). For this illustrative case, the sized batteries remain within the estimated limit,
indicating that the scenarios assessed are technically feasible for retrofit from an integration perspective.
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Figure 8 lllustrative battery capacity requirements by scenario, including indicative battery
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Finally, the battery and energy requirements are translated into shore charging power requirements (

Figure 9). For each scenario, the required charger power (MW) is determined by the energy that must be
replenished at each charging event and the available connection time, subject to practical constraints on
charging rates and berth interface. The example results show the expected relationship: hub charging (S1)
tends to require higher power at the hub ports because more energy must be transferred in fewer charging
locations, while opportunistic charging (S0) tends to distribute charging demand across more ports with
lower per-port power requirements, at the cost of wider infrastructure deployment.
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Figure 9 lllustrative shore-charging power requirements by scenario

These per-vessel, per-scenario technical outputs form the direct inputs to the subsequent economic and
environmental assessment. Battery capacity and integration limits determine equipment scope and
technical feasibility; charger power requirements determine the scale of port electrical infrastructure; and
the energy split and electrified share of operation determine the fuel displaced and associated emissions
reductions. The same structure is applied consistently across all vessels and scenarios, enabling
aggregation to fleet-level infrastructure needs, costs, and GHG impacts in later sections.

3.2 Economic and environmental assessment

To assess the economic and environmental feasibility of vessel and port upgrades across the Sea of
Marmara ferry network, the study combined per-vessel technical sizing outputs with a consistent cost and
emissions assessment framework. For each vessel and route, the analysis first established the baseline
energy and fuel consumption profile (including energy demand per crossing and during port stay) using
the operator-provided operational data and vessel characteristics. These baseline profiles were then used
to size, for each scenario, the onboard battery capacity required to meet the duty cycle and the shore
charging power required to replenish energy within the available connection time, while respecting
practical constraints such as battery integration limits and operational feasibility.

The resulting technical specifications (battery sizes, charging requirements, and retrofit feasibility flags)
were used as direct inputs to the economic and environmental model. This model estimated vessel and
port costs (CapEx and OpEx), GHG emissions relative to a business-as-usual (BAU) MGO baseline, and
associated impact metrics where data allowed. Scenario performance was compared across the full set of
architectures and charging cases FE, H1, and H2, each under SO and S1 charging strategies ensuring
consistent treatment of assumptions across the fleet. The primary decision metrics applied in the down-
selection were cost of abatement (€/tCO,e) and total GHG abatement (tCO.e), interpreted alongside total
emissions reduction and feasibility constraints, to identify the most suitable solution set for each
vessel/route context. A summary of the principal uncertainties affecting these results is provided in

Appendix C.

3.2.1 Typical long route

This section presents results for a representative vessel operating on a longer Sea of Marmara route (50—
60 nm) to illustrate the scale of technical requirements and the associated trade-offs between capital
expenditure and CO.,e abatement. Longer routes are characterised by higher propulsion energy demand,
fewer charging opportunities, and longer dwell times at each end of the service pattern. As a result,
electrification solutions on these routes tend to be constrained by the size of onboard energy storage
required and by the shore-side charging power needed to replenish that energy within operational
turnaround times.

Battery sizes. Table 3 summarises indicative battery capacity ranges for the six technical cases (FE, H1,
H2 under SO and S1). Fully electric solutions require the largest batteries. Under opportunistic charging
(SO-FE), the typical battery size range is approximately 8—14 MWh, increasing to approximately 16-28
MWh under hub-only charging (S1-FE). This near-doubling reflects the need to carry more energy
between fewer charging points under the hub strategy and indicates that hub-only charging can become
impractical on long routes where the required energy storage exceeds the available space for many
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vessels. In contrast, hybrid 1 (H1) requires only a small battery because it is sized primarily for
manoeuvring and low-speed port operations.

Charging power and duration. The effective charging duration assumed for this typical long route is
approximately 55 minutes reflecting the port-side turnaround/dwell time used for this route archetype (after
applying connection/disconnection allowances) and therefore treated as a port-operational input rather
than a scenario-specific parameter. Even with this relatively long window, the charging powers required
for fully electric operation are high due to the large energy quantities that must be transferred. Typical
charging powers are between approximately 7.2 and 14.3 MW",

Hybrid cases require substantially lower charging power, between approximately 0.1 MW and 6.0 MW.
The hub strategy generally increases required charging power at the hub ports because a larger share of
energy replenishment is concentrated into fewer charging events.

Table 3 Indicative battery capacity and shore charging power requirements for a typical
long-route vessel (50-60 nm) under the six technical cases

Typical long route S0-FE S1-FE S0-H1 S1-H1 S0-H2 S1-H2
solution options

Battery size (MWh) 8.0-140| 16 -28 0.08-0.13|0.3-065 | 35-5.0|7.0-11.0
Charging power (MW) 7.0-95 | 11.0-14.5 | 0.1 01-02 |25-40|35-6.0
Effective charging 55 mins

duration

CapEx composition. Figure 10 (CapEx breakdown) illustrates how total capital cost is distributed across
major components for the six electrified options. For fully electric cases, battery CapEx is a dominant
contributor, and the analysis also includes replacement battery cost within the 2025-2050 assessment
period (assumed after approximately 14 years of service). Although port charging infrastructure is required
to enable multi-megawatt charging (including transformers, cabling, switchgear and chargers), port
infrastructure contributes a smaller share of total CapEx than vessel-side investment for this long-route
archetype.

Moving from opportunistic to hub charging increases the battery share materially (reflecting the higher
required onboard energy), while the reduction in port infrastructure needs from charging at fewer ports is
relatively limited compared with the battery uplift. For hybrid solutions, the vessel (excluding battery) share
becomes more prominent, reflecting that conventional propulsion machinery remains a core part of the
system alongside the battery and power electronics; consequently, H1 and H2 architectures can show
higher “non-battery” vessel CapEx shares than fully electric options.

Total cost of ownership (TCO). For the representative long-route case, full electric options deliver the
greatest emissions reduction but also the highest TCO relative to BAU, driven primarily by the vessel
CapEx associated with large batteries. Hub charging further increases TCO relative to opportunistic
charging because of the larger onboard energy requirement. Hybrid 1 shows a similar, and in some cases
lower, TCO than BAU because battery and port investments are limited and most of the energy demand

' Charging requirements above 10 MW represent the calculated power needed to maintain the assumed operating schedule and exceed the

indicative screening threshold; they were not truncated to 10 MW.
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on long routes remains in cruising. Hybrid 2 provides an intermediate outcome, increasing CapEx relative
to BAU but reducing fuel OpEx compared with BAU. Detailed TCO breakdown charts for each long-route
scenario, including newbuild and retrofit cases under opportunistic and hub charging, are provided in

Appendix D.1.
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Figure 10 CapEx breakdown for newbuild electrified options for a typical long-route vessel
(50-60 nm), showing the contribution of battery, vessel (excluding battery), port infrastructure?,
and replacement battery cost

Abated CO.e to 2050. Figure 11 presents cumulative CO,e emissions for the representative vessel over
2025-2050 under BAU and the electrified architectures. Fully electric operation provides the highest
abatement in this long-route case, reducing cumulative CO,e by approximately 65% relative to BAU.
Hybrid 2 provides a material reduction of approximately 32%, while hybrid 1 yields a more modest
reduction of approximately 12.5%. The smaller benefit of H1 on long routes reflects the duty-cycle
structure: manoeuvring and low-speed operation are a relatively small fraction of total energy demand
compared with cruising, so electrifying only that portion displaces a limited share of fuel consumption.

2 Port CapEx excludes upstream grid connection or reinforcement costs beyond the port boundary.
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Figure 11 Cumulative CO.e emissions to 2050 for a typical long-route vessel under BAU and
electrified architectures

Overall, the typical long-route results highlight that full electrification can deliver substantial emissions
reductions but is associated with large battery capacities and high charging power requirements, driving
battery-dominated capital costs and, in some cases, feasibility constraints. Hybrid options reduce battery
and charging requirements and may therefore be more readily implementable on certain long-route
vessels, but they deliver lower CO,e abatement because conventional engines remain responsible for a
significant portion of propulsion energy.

3.2.2 Typical short route

The structure of the representative short route mirrors the long-route archetype, but the operating profile
is materially different. On short routes, manoeuvring and berthing can represent a larger share of total
energy demand, and port stays are frequent but short. This changes the relative attractiveness of hybrid
options and shifts the infrastructure challenge from total energy towards charging power delivered over
limited connection windows. Compared with long routes where feasibility is often constrained by very large
battery capacities, short routes tend to shift the key constraint towards delivering multi-MW charging power
within very short connection windows, even when the required onboard energy (MWh) is modest.

Battery sizes. Table 4 summarises indicative battery capacity ranges for the six technical cases (FE, H1,
H2 under SO and S1). Fully electric battery requirements are substantially lower than on long routes. Under
opportunistic charging, typical battery size is between approximately 1.4 and 3.7 MWh. This contrasts with
the long-route case where typical batteries are on the order of 8—-14 MWh and 16-28 MWh.

Hybrid 1 (H1) battery requirements are quite small reflecting its focus on manoeuvring and low-speed port
operations. Hybrid 2 (H2) requires moderate storage. As with the long-route case, the hub charging
strategy increases required battery capacity because the vessel must carry more energy between fewer
charging opportunities.
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Charging power and duration. The effective charging duration for the representative short-route case is
approximately 10-20 minutes®, consistent with high-frequency operations where vessels have short
connection windows but can charge frequently. Despite lower energy requirements, charging power
remains multi-megawatt for fully electric operation because energy must be transferred quickly. Typical
charging powers are approximately 4.9-6.4 MW under opportunistic charging and 10.2-13.5 MW under
hub charging. Hybrid solutions require lower charging power than fully electric options. Compared with
long routes, the short-route archetype therefore represents a high-power, short-duration charging
requirement.

Table 4 Indicative battery capacity and shore charging power requirements for a typical
short-route vessel (4-5 nm) under the six technical cases

Typical short route S1-FE S0-H1 S1-H1 S0-H2 S1-H2

solution options

Battery size (MWh) 14-1.38 28-37 | 01-02| 03-05| 06-08 | 14-17
Charging power (MW) 49-64 | 102-135|03-05| 1.0-16 | 23-29 | 49-6.3
Effective charging 10-20 mins

duration

CapEx composition. Figure 12 shows the distribution of total capital cost across the main components
for the six electrified options. The CapEx breakdown is presented on a newbuild basis, for fully electric
cases on short routes, the lower battery capacity requirement reduces the battery share compared with
the long-route FE case, and port infrastructure becomes a more prominent contributor because multi-
megawatt charging equipment and associated electrical works are still required.

Moving from opportunistic to hub charging increases the battery share and typically increases the required
charger power at the hub ports; the reduction in the number of charging locations does not necessarily
reduce port CapEx proportionally for the representative vessel case, because the hub ports must
accommodate higher peak power. For hybrid cases, the vessel (excluding battery) remains the dominant
CapEx contributor, reflecting the continued requirement for conventional propulsion machinery alongside
the battery system; battery-related CapEx is comparatively small for H1 and moderate for H2, with
replacement battery cost included within the assessment period.

3 For short-route services, effective charging time varies because some vessels depart as soon as loading is complete and service frequency

can change with seasonality; the 10-20 minute range reflects average observed port stay conditions for this route class.
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Figure 12 CapEx breakdown for newbuild electrified options for a typical short-route vessel*

Total cost of ownership (TCO). For the representative short-route case, full electric options remain more
expensive than BAU, but the TCO gap is smaller than for the representative long-route case. Under
opportunistic charging, the average TCO of a full electric architecture is approximately €240,000 per year
greater than BAU for a newbuild case and approximately €320,000 per year greater than BAU for a retrofit
case. Under hub charging, full electric TCO increases further because higher onboard energy
requirements translate to higher vessel CapEx. Hybrid 1 shows the smallest change in total TCO relative
to BAU, while Hybrid 2 provides an intermediate outcome, reflecting higher CapEx than H1 but lower fuel
OpEx than BAU. Detailed TCO breakdown charts for each short-route scenario, including newbuild and
retrofit cases under opportunistic and hub charging, are provided in Appendix D.2.

Abated CO.e to 2050. Figure 13 presents cumulative CO,e emissions for the representative vessel over
2025-2050 under BAU and the electrified architectures. In this short-route case, BAU emissions are
approximately 155 kt CO.e. Fully electric operation reduces cumulative emissions to approximately 55 kt
CO.e, corresponding to ~64% abatement.

Both hybrid options deliver higher abatement than in the long-route archetype: H1 achieves ~22%
abatement (compared with ~12.5% on the typical long route) and H2 achieves ~39% abatement
(compared with ~32% on the typical long route). This reflects the duty-cycle structure on short routes,
where manoeuvring and berthing form a larger fraction of energy demand, so electrifying these phases
displaces more fuel than on cruising-dominated services.

4 Port CapEx excludes upstream grid connection or reinforcement costs beyond the port boundary.
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Figure 13 Cumulative CO.e emissions to 2050 for a typical short-route vessel

3.2.3 Fleet analysis
Fleet CapEx

Many different combinations of implementation strategy (retrofit or newbuild), of vessel architecture and of
charging strategy are possible. All electric, all hybrid 1 and all hybrid 2 scenarios of the 67-vessel fleet
were analysed alongside an optimum fleet mix scenario which was selected based on equal weighting
factors applied to normalised GHG reduction and normalised abatement cost. The resulting optimum fleet
mix of new or retrofit, architecture and charging strategy is shown in Figure 14.
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Figure 14 An optimum scenario of retrofit and newbuild, vessel architecture and charging
strategy which maximises GHG abatement at minimum cost

The fleet optimum consisted of:

= Retrofit for over half of the fleet. For cases where battery installation is technically feasible and the
vessel's age supports the economic case, retrofitting offers a more cost-effective solution.

= Fully electric architectures of % of the fleet. Full electric vessels deliver the greatest reduction in
total GHG emissions and are technically feasible for a significant proportion of the fleet.

m  Opportunistic charging for all routes. Charging at every port is strongly favoured because:

o More frequent recharging allows the use of smaller, less expensive onboard batteries which
represent a major component of total system cost.

o Hub charging necessitates larger onboard batteries and substantially higher charging power unless
layover durations can be extended which is technically challenging and leads to higher overall
infrastructure costs.

For comparison the following fleet scenarios were also assessed:

= All Electric. All vessels fully electric, including 38 newbuild vessels to accommodate large batteries.
It should be noted that some all-electric vessels require greater than 10MW charging.

= All Hybrid 1. All vessels hybrid 1 architecture, including 23 newbuilds.

= All Hybrid 2. All vessels hybrid 2 architecture, including 38 newbuild vessels.
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Figure 15 Vesel implementation strategy (newbuild or retrofit) for scenarios of uniform
electrical architecture

The total vessel and port fleet CapEx for each scenario over a 25-year period to 2050, discounted to 2025
values, for different scenarios is shown in Figure 16.
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Figure 16 CapEx over 25-year period to 2050 by fleet scenario

The vessel cost represents the most significant portion of total CapEx, driven mainly by:
= Battery system costs, including their mid-life replacements, and

= The cost of newbuilds where technical or economic considerations necessitate them.

The CapEx for Business as usual (BAU) scenario is assumed zero (no newbuild). Furthermore, the fleet
analysis does not account for potential sharing of port infrastructure by vessels on the same route.
Depending upon the roll-out of electrification, this could result in lower port infrastructure costs for the fleet.

The all-electric scenario has the highest capital expenditure (approximately €1.5 billion), driven by the high
cost of batteries and the need for new vessels where retrofit is not feasible. The optimum scenario reduces
total CapEx to approximately €1.0 billion by incorporating hybrid solutions, which lower both battery
capacity requirements and newbuild costs compared with the fully electric option. Detailed fleet scenario
results, including implementation strategy and operating expenditure comparisons, are provided in

Appendix D.3.
Fleet Total Cost of Ownership (TCO) and abated CO2e
The fleet total cost of ownership (TCO) for each scenario over a 25-year period to 2050, discounted to

2025 values, are shown in: Figure 17. Due primarily to the high CapEx of electrified scenarios their Total
Cost of Ownership (TCO) is higher than BAU in all cases.
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Figure 17 Total Cost of Ownership (TCO) over a 25-year period to 2050 by fleet scenario

The fleet CO2e emissions for each scenario over a 25-year period to 2050 are shown in Figure 18. The
all-electric scenario has the highest TCO but also abates the most CO2e emissions (~5 million tonnes or
68% of total BAU CO2e emissions to 2050). The optimum scenario abates 52% of total BAU CO2e
emissions to 2050, ~4 million tonnes).
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Figure 18 Total CO2e emissions over a 25-year period to 2050 by scenario
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3.24 Impact of capital subsidy on TCO

The long and short route results described in Section 3.2.1 and 3.2.2 show a TCO for all electrification
options is higher than the BAU case. To explore the impact of grant funding on the economics of vessel
electrification, the effect of 30% grant funding for electrified options was analysed.

Figure 19 and Figure 20 present the newbuild, opportunistic-charging cases for the representative long
and short routes because these provide the clearest basis for comparing the effect of grant funding under
the preferred charging strategy identified elsewhere in the study. They show the scale of CapEx relief
provided by grant support while keeping the comparison focused on the most decision-relevant cases.
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Figure 19 TCO breakdown including 30% CapEx grant funding of electrified options (2025
present value, EUR million) for a representative long-route vessel — newbuild,
opportunistic charging (S0)

Study exploring the potential for electrification of the ferry network servicing the Sea of Marmara
22 June 2026 | ED22117 46



\\\I)

30

25

20

15

€ millions

10

BAU Electric Hybrid 1 Hybrid 2
m\essel CapEx mVessel fuel OpEx mVessel non-fuel OpEx mPort CapEx = Port OpEx

Figure 20 TCO breakdown including 30% CapEx funding (2025 present value, EUR million) for
a representative short-route vessel — newbuild, opportunistic charging (S0)

Although the required CapEx is reduced by the grant funding, especially for more capital-intensive
newbuild options, the TCO for the all-electric cases remains significantly higher than BAU. The hybrid
cases, and especially Hybrid 1 costs are lower than the BAU TCO. Thus, 30% grant funding, although
helpful to reduce initial CapEx, does not achieve parity of TCO for the most decarbonised full electric
option, but is closest to parity for the short route, newbuild, opportunistic case. Appendix D.4 provides the
full set of subsidy sensitivity charts, including the representative retrofit cases for both long and short
routes. These are retained in the appendix because they provide supporting scenario detail rather than
changing the main policy conclusion from the subsidy analysis.

3.2.5 Annual results in 2050

By 2050, it is assumed that the electricity grid mix in Turkiye will have decarbonised from a current value
of approximately 400gCO2e/kWh to 130 gCO2e/kWh. It is also assumed that the electricity price will
reduce from 0.09 €/kWh to 0.02 €/kWh by 2050.

Detailed 2050 operating-cost and representative-vessel emissions charts are provided in Appendix D.5.
These appendix figures show the annual OpEx result for a representative long-route vessel, the annual
WTW GHG emissions result for that representative vessel, and the annual fleet fuel OpEx comparison
across scenarios. They are retained in the appendix because they provide supporting detail for the 2050
outlook, while the main report focuses on the headline fleet-level emissions result.

The annual OpEXx costs are therefore materially lower than BAU by 2050. The detailed annual operating-
cost comparisons are provided in Appendix D.5. The annual OpEx is €310,000 lower for a representative
long route vessel and €29.3m lower across the fleet. A similar narrative is true for a representative short-
route vessel.

The annual GHG emissions of electrified solutions in 2050 are also significantly lower, especially for all
electric as shown in Figure 21.
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Figure 21 Total annual CO2e emissions in 2050 by scenario

Full electric GHG abatement is 84% in 2050. Given the long service life of ferries, vessels procured today
are likely to remain in operation through 2050. Consequently, electrifying all new vessel builds is vital to
fully capture these long-term benefits.

3.3 Assessment of health and social impacts

3.3.1 Assessment of health impacts

Electrification of Ro-Ro ferry services in the Sea of Marmara delivers direct and measurable public-health
benefits through reductions in combustion-related air pollutants.

Shipping is identified by WHO-HRAPIE as the third largest emerging air-pollution health risk in Europe
(Viana, et al., 2021). The Sea of Marmara is particularly vulnerable to maritime emissions due to its semi-
enclosed basin geography, limited dispersion conditions, and densely populated coastline, around
Istanbul, Bursa and Yalova. Emissions from ferries therefore contribute to elevated exposure in port-
adjacent communities. In addition, Marmara’s dense coastal settlement pattern means that population
exposure is concentrated around ferry routes and terminals; PM2.5 concentrations in major Marmara cities
have historically exceeded WHO guidelines for Turkiye, reinforcing the importance of emissions reductions
close to port areas (Efe, 2022).

Shipping emissions comprise primary and secondary particulate matter (notably PM2.5) and nitrogen
oxides (NOx), which are linked in the epidemiological literature to respiratory and cardiovascular
outcomes. Exposure to outdoor PM2.5 is recognised by the Global Burden of Disease study as one of the
leading global mortality risk factors, and urban coastal areas typically experience higher exposure levels
than national averages.
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3.3.1.1 Emissions reductions

Under the BAU scenario, ferry operations contribute significant quantities of NOx, PM10 and PM2.5
emissions. Scenario modelling indicates that progressive electrification delivers substantial pollutant
reductions:

= Hybrid 1 (H1) delivers a 25-29% reduction in key air pollutants (NOx, PM10, PM2.5) relative to BAU
m  Hybrid 2 (H2) delivers a 55-58% reduction.
=  The fully electric (FE) scenario assumes zero exhaust emissions during operation.

Figure 22 presents annual maritime emissions by scenario for NOx, and Figure 23 presents equivalent
results for PM10 and PM2.5.
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Figure 22 Annual maritime emissions by scenario (for NOXx, in tonnes)
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Figure 23 Annual maritime emissions by scenario (for PM10, and PM2.5, in tonnes)

Under the fully electric scenario, the fleet avoids approximately 5,371 tonnes of NOx, and 84 tonnes of
PM2.5 relative to BAU conditions. The emission reductions are primarily driven by the elimination of
combustion emissions at berth, and during manoeuvring as well as displacement of marine fuel
combustion during voyages. Reductions at berth are particularly important because ferry terminals are
located in close proximity to dense residential and commercial areas, where population exposure is highest
and dispersion conditions are limited. For context, the avoided NOx and PM2.5 under the fully electric
scenario are equivalent to approximately 0.3% and 0.1% of 2025 EU-27 maritime NOx and PM emissions,
respectively (EEA-EMSA, 2024).

In this assessment, the fully electric scenario assumes zero exhaust emissions from the vessel itself during
operation (including at berth and manoeuvring), consistent with battery-electric operation; upstream
electricity-system emissions are treated separately and are not counted as vessel exhaust emissions in
these results.

Given evidence from comparable Mediterranean cities showing that PM2.5 exposure can account for 0.3-
1.8% of baseline mortality in urban populations, and higher in some cases, the reductions observed under
Hybrid 2 and fully electric scenarios are likely to translate into meaningful reductions in health burden in
Marmara’s port-adjacent communities (Viana, et al., 2021).

3.3.1.2 Damage cost reductions

The reductions in pollutant emissions translate directly into lower estimated external damage costs
associate with air-pollution, including impacts on health, ecosystems and materials.

Under the BAU scenario, annual damage costs are estimated at €21 million for NOx, €2.6 million for PM10,
and €1.6 million for PM2.5; see Appendix B.4.1 for details of damage cost methodology. Assuming
constant annual emissions, the cumulative undiscounted damage costs under BAU over a 25-year period
are approximately €630 million. This is of similar order of magnitude to the relative TCO costs of a fully
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electric solution compared with BAU. This comparison illustrates that the monetised health externalities
are economically material relative to investment costs.

Under the optimum scenario, these fall to €4.4 million for NOx, €0.4 million for PM10 and €0.7 million for
PM2.5. This yields cumulative undiscounted damage costs over the 25-year period of approximately €138
million, which is a significant decrease from the BAU scenario. This would result in approximately €492
million of avoided undiscounted damage costs under the optimum scenario, over the 25-year period. Table
5 summarises annual damage costs by pollutant and scenario.

Table 5 Annual damage costs by scenario and pollutant (€m)
Electric | Hybrid 1 Hybrid 2 (€m) BAU (€m) Optimum
(€m) (€m)
NOx - 15 8.6 21 4.4
PM10 - 2.0 1.2 2.6 0.4
PM2.5 - 1.2 0.7 1.6 0.7

The Hybrid 1 and Hybrid 2 scenarios show proportionate intermediate reductions, consistent with their
respective emissions results.

Overall, H1 reduces key air pollutants by approximately 25-29%, H2 by 55-58%, and the optimum fleet
by approximately 75—-79%, while the fully electric scenario eliminates vessel-exhaust emissions during
operation. Benefits are greatest in dense, port-adjacent communities within the Marmara basin, where
baseline exposure is highest and vulnerable populations (i.e. children, elderly, individuals with chronic
respiratory or cardiovascular conditions) are concentrated. Vessel emissions also contribute to broader
environmental pressures in the Sea of Marmara (including eutrophication), but these effects are outside
the scope of the quantitative assessment presented here.

3.3.2 Assessment of social impacts

3.3.2.1  Economic growth and employment

Electrification of the Marmara ferry fleet stimulates economic activity through both capital investment in
vessels and port infrastructure, and through shifts in operational expenditure from imported fossil fuels
towards domestic electricity supply. The results presented here reflect gross annualised employment
supported by electrification-related investment, assuming capital expenditure is distributed evenly to 2050,
over a 25-year period.

Under the optimum scenario, electrification investment is estimated to support up to 1,131 annualised jobs,
representing an annual average of gross employment potential’; see Appendix B.4.2 for details of
employment estimation methodology. Figure 24 presents the estimated annualised increase in
employment by scenario, disaggregated by job type.

5 “Annualised jobs” should be interpreted as the average number of jobs supported each year over the 25-year investment period (i.e. 1,131

jobs per year on average), rather than 1,131 permanent additional posts created in a single year.
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Figure 24 Estimation of annualised increase in jobs by scenario

Employment effects vary by scenario, with the fully electric and optimum scenarios showing the highest
annualised employment and the hybrid scenarios showing moderate but still significant job creation. The
modelling reflects gross employment potential rather than net employment change; actual net job impacts
may be lower where roles are absorbed by the existing workforce, and where job losses in engine-related
activities are not captured. It assumes that capital investments in vessel retrofits/newbuilds and port
charging infrastructure are spread over the transition period to 2050, and that sectoral job-intensity ratios
remain broadly consistent with available benchmarks.

Employment effects are distributed across multiple segments of the maritime and energy value chain.
including Vessel CapEx, Port CapEXx, Vessel fuel OpEXx, Vessel non-fuel OpEx and Port OpEXx. In practical
terms, this respectively corresponds to jobs in shipbuilding and retrofit activity, port infrastructure and grid
installation, fuel and electricity supply, vessel operations and maintenance, and port operations and
maintenance.

Across Vessel CapEx, jobs are expected to arise in the following areas: shipyard construction and vessel
assembly, electrical integration and propulsion system installation, battery system integration, and marine
engineering services. These roles include welders, marine engineers, naval architects, electricians, control
system specialists, commissioning engineers and project managers. Many of these roles are project-based
and linked to retrofit/newbuild programmes, though repeated retrofit cycles and fleet renewal can provide
sustained demand over time.

Regionally, these Vessel CapEx jobs are expected to be concentrated in Turkish shipyards and associated
marine engineering clusters, supporting domestic industrial capability. However, high-value components
such as battery packs, power electronics and propulsion modules are assumed to be partially imported,
meaning some upstream manufacturing value may accrue outside the Marmara region or outside Turkiye.
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Under vessel fuel OpEXx, hybrid scenarios are expected to retain fuel supply and logistics roles linked to
fuel imports, while electrification scenarios shift expenditure towards electricity generation and grid supply.
This shift strengthens domestic energy-sector linkages and reduces dependence on imported fossil fuels,
contributing to improved energy security over time. This shift supports employment in electricity
generation, grid management, and renewable energy integration, with economic activity likely to be
distributed nationally rather than confined solely to port cities.

Vessel non-fuel OpEx roles are expected to include routine vessel maintenance, crew and operational
roles, and electrical diagnostics and systems monitoring. These roles are predominantly ongoing and
locally anchored, particularly in port cities where ferry operations are based. Over time, maintenance roles
shift from mechanical engine servicing towards electrical systems inspection, battery monitoring and
software diagnostics.

Port CapEx and OpEx are expected to generate employment in port infrastructure construction, grid
connection and high-voltage installation, and charging system maintenance. Construction and installation
roles are typically local or regional (civil works contractors, electrical installers, grid connection engineers),
while specialised charging hardware manufacturing may remain imported. Ongoing port-side maintenance
roles are expected to be locally embedded and sustained over the asset lifetime.

Overall, electrification investment stimulates domestic shipbuilding, marine engineering, electrical
contracting and renewable energy supply chains, while reducing reliance on imported fossil fuels under
higher electrification scenarios. Within the Marmara region specifically, employment is likely to cluster
around shipyards, major ferry terminals and associated grid infrastructure nodes, reinforcing the region’s
role as a maritime and industrial hub.

3.3.2.2 Skills and workforce impacts

Electrification not only affects the scale of maritime employment but also alters the structure of
employment, shifting demand from traditional roles towards electric, digital and renewable skills.

Results indicate a clear transition from mechanical and diesel-engine focused roles towards electric
propulsion, high voltage systems, grid integration and digital monitoring. Jobs are also expected to move
increasingly onshore and closer to ports, raising demand for port-based technical roles.

Emerging key roles include the following:

m  Battery and high-voltage technicians: responsible for onboard energy storage systems and port
charging infrastructure.

m  Renewable energy and grid planners: supporting integration of port charging with local electricity
networks.

m  Electrical engineers and system integrators: involved in vessel retrofits and newbuilds.

m  Data, diagnostics and cybersecurity specialists: supporting fleet monitoring, predictive maintenance
and smart port systems.

These roles typically require higher levels of technical certification and STEM-based training compared to
traditional marine engine maintenance. As a result, electrification is associated not only with job creation
but with qualitative changes in workforce skill requirements and wage profiles.
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It is expected that electrification will produce both continuity and change in the workforce. Some roles will
be absorbed within existing shipbuilding and maritime engineering activities, whilst other more traditional
roles (e.g. diesel engine maintenance, fuel handling) may decline over time. Many competencies, however,
are transferable, enabling reskilling into electric, digital and charging-related roles.

The regional distribution of skills demand is likely to differ by role type: high-voltage installation and port
charging roles will concentrate around maijor ferry terminals in the Marmara basin; vessel retrofit roles will
cluster around shipyards; while renewable energy and grid integration roles may be distributed more
broadly across the national electricity system.

Electrification also shifts employment towards more shore-based and less physically intensive positions,
potentially broadening workforce participation, including among women and younger workers, subject to
training availability. However, international evidence shows that green and STEM-focused roles remain
characterised by gender disparities, and without targeted training and inclusion strategies, electrification
may risk reinforcing existing imbalances.

Global evidence suggests that demand for green skills is rising rapidly: employers report that up to 44%
of workers’ skills are expected to change within five years, and hiring for green roles is growing faster than
overall hiring (World Economic Forum, 2023). At the same time, growth in green talent has lagged demand,
creating potential skills shortages. This highlights the importance of proactive workforce planning in
Marmara to ensure that electrification-related roles are filled locally rather than imported.

Early workforce planning is therefore critical to ensure alignment between electrification timelines and
training provision, development of certification pathways for high-voltage and digital maritime roles,
strengthened university-port partnerships, and investment in port-based training and updated maintenance
protocols.

In the absence of proactive skills planning, there is a risk that specialised electrical and digital roles could
be sourced externally, limiting regional value capture and weakening the local economic multiplier effect
of electrification investment.
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4. Recommendations for the
implementation of electrification
pilot project

4.1 Electrification potential

The study has shown that some form of electrification (fully electric or hybrid) is technically feasible across
all assessed Ro-Ro vessels. Both the economic and environmental cases for electrification strengthen
over time under the assumption that electricity grid decarbonises and the relative price of electricity to
MGO continues to fall.

Early adoption of pioneering pilot projects is recommended for Turkiye, enabling the country to leverage
its strong ferry-building sector and to secure the long-term economic, environmental, social, and health
benefits identified in this study.

Hydrotreated vegetable oil (HVO) may provide a lower-carbon fuel option for some vessels with more
limited modification requirements than full electrification. However, its long-term role is constrained by
uncertainty over future fuel availability, cost and lifecycle GHG performance, and it does not provide the
same level of local air-quality, noise and energy-security benefits as electrification. For this reason, HVO
is best understood as a potential transitional or complementary pathway for selected services, rather than
a substitute for the electrification-focused pilot strategy set out in this report.

Accordingly, HVO does not materially change the prioritisation of pilot routes, which should continue to
focus on services where electrification is technically feasible, operationally repeatable and capable of
delivering port-based air-quality benefits.

It is therefore recommended that the following criteria be considered when assessing routes, vessels, and
ports for potential electrification pilots:

Total abated GHG emissions and abatement cost

Total abated GHG emissions and abatement cost generally exhibit an inverse relationship. Full-electric
solutions maximise emissions abatement but incur the highest costs due to substantial battery and
charging-infrastructure capital expenditure, whereas Hybrid-1 solutions offer lower abatement at
significantly lower cost.

Figure 25 illustrates how the optimum fleet mix varies depending on the relative weighting given to
abatement cost versus total CO,e abated. For the analysis presented in Section 3.2.3, an equal 50/50
weighting of the normalised values of these two criteria was applied.
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Figure 25 The optimum fleet architecture composition as a function of the relative importance
of low abatement cost and total abated CO2e. A 50/50 weighting was selected for
the optimum fleet mix results described in Section 3.2.3 of this report

Access to high voltage port grid connections

The technical assessment indicates that multi-megawatt charging infrastructure is typically required to
recharge vessel batteries within standard ferry turnaround times. Consultations with the Turkish energy
regulator (EMRA) confirmed that high-voltage grid connections to the port boundary are technically
feasible in most locations, although installations in historic or conservation areas are more challenging and
may require longer implementation periods.

Battery capacity and maximum charging power, and therefore system costs, are generally higher under a
hub-charging model compared with opportunistic charging at every port. Opportunistic charging is also
more suitable for retrofit projects, as smaller battery systems are technically and economically easier to
integrate. For these reasons, routes that enable charging at all ports are more attractive than those reliant
solely on hub charging.

Ports serving international routes may be able to share electrical infrastructure between international OPS
requirements and domestic charging needs. Hybrid electrification architectures remain the preferred
solution on routes where charging infrastructure is technically or economically challenging.

Operational Aspects

Consistent deployment of an electrified vessel on the same route will be essential, particularly in the short
term, when charging infrastructure is unlikely to be available at alternative ports. Where vessels are
required to operate on routes without charging facilities, a Hybrid-1 solution is likely to be the only viable
electrified option.
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To justify the substantial investment associated with electrification, and to maximise greenhouse-gas
reductions, routes with high utilisation should be prioritised, or those where multiple vessels can share the
same charging infrastructure. Consideration must also be given to repositioning requirements, such as
movements for dry-docking. This is particularly important for fully electric vessels, which may require
towage, temporary energy storage, or alternative generation to complete longer repositioning voyages.

Retrofit or newbuild

Decisions on whether to retrofit or commission new-build vessels will depend on further detailed analysis
of each vessel and route. Although new-build vessels are typically more expensive than retrofits, they may
deliver operational advantages, including increased vehicle and passenger capacity, improved energy
efficiency, and enhanced passenger experience.

The study also found that the Ro-Ro and Ro-Pax fleet is predominantly composed of older vessels under
2,000 GT, for which retrofitting presents greater technical and economic challenges. This is reflected in
the optimum fleet mix identified in Section 3.2.3, which comprises approximately 40% new-build vessels.

Long term view

The study demonstrates that both the economic and environmental cases for electrification depend on
adopting a long-term perspective. This approach enables operators to benefit from the expected
decarbonisation of the electricity grid in line with national targets, as well as anticipated reductions in
electricity prices. A long-term outlook is also essential to justify the substantial upfront investment required.
Ensuring clear, stable ownership, governance and partnership of ports and vessels further support this
long-term investment horizon.

Bankability

Access to capital is key to pay for the relatively high CapEx of electrified vessels. The study highlights the
important role of grant support in strengthening the business case for electrification. Table 6 outlines the
factors that lenders typically consider when assessing opportunities for blended finance, including grant
funding. A proven track record of technical vessel monitoring and stable cash-flows are beneficial. In
addition, stakeholder consultations conducted during the study emphasised the importance of proactive
engagement with financial institutions, supported by strong executive-level commitment and governance
structures that enable electrification and long-term investment.

Table 6 Indicative Eligibility Conditions Typically Considered by Lenders
Project Feasibility Operator Capacity Revenue & Risk Policy & ESG
Proven battery-electric | Experience operating Predictable demand and | Alignment with
technology ferry services utilisation national and
Low technical risk Track record in safety & | Stable cash-flow profile | international climate
compliance targets
Regular operational Clear ownership and Public service obligation | Air quality and noise
frequency through year | governance structure (PSO) or municipal reduction benefits
support
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policy

Battery lifecycle
strategy

Ability to operate and
maintain assets

Revenue visibility over
financing period

Contribution to wider
decarbonisation

Access to technical objectives

partners

Scalability potential

A clear understanding and explanation of the competitive position vis-a-vis bridges is also required to
support access to external investment in electrification. While proximity to a bridge presents a strong
alternative to ferry travel, long term pricing differences can allow a ferry route to remain competitive and
profitable.

Non-financial drivers

Non-financial drivers for stakeholders, such as local decarbonisation targets or green port ambitions, are
also important to support electrification and to offset high CapEx and high TCO at least in the near term.

Pilot project recommendations

This pre-feasibility study has shown that electrification is broadly technically feasible for all of the Sea of
Marmara Ro-Ro and Ro-Pax ferry network. However, not all vessel operators and ports are equally
prepared in terms of electrification implementation readiness or bankability. As well as quantitative
assessment of GHG abatement and abatement costs a qualitative assessment, as described in Appendix
B.5, highlighted routes and ports which were better positioned to implement electrification pilot projects.

Down-selected projects have been recommended and reported separately for confidentiality reasons.

4.2 Roadmap and project plan

This pre-feasibility study has shown that electrification is broadly technically feasible for all of the Sea of
Marmara Ro-Ro and Ro-Pax ferry network. It has also shown that to capture longer term benefits of
decarbonisation and lower fuel/energy OpEXx, as well as health and social benefits it is necessary to start
the electrification journey now.

Pilot electrification projects can kick-start wider fleet electrification by enabling:

= Practical demonstration of longer-term benefits and operational feasibility.

= Broad stakeholder engagement.

= Trial results, learnings and feedback.

= Access to innovation grants.

= Aroadmap for pilot electrification projects is presented in Figure 26, including the following phases:
= Creation of a project governance structure.

= Project management.

= Feasibility study.

= Build and implementation.

= Trials and learning.
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Figure 26 Pilot electrification project roadmap
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Table 7 describes the key steps and activities in each phase.

Table 7 Pilot project feasibility and implementation roadmap
Activity ‘ Timeline ‘ Key considerations Responsibility*

Define clear pilot project objectives and Short-term | Specification of vessel and [+ Vessel operator

success criteria for selected pilot projects: port technology solution is

= Qperational performan'ce (ra'nge',. vehicle f;;our:?c-lz}rlr:gg;Jseggzgif?gati ons

and passenger capacity, reliability,
turnaround time, speed)

= Emissions reduction targets

= Cost targets

Map and engage key stakeholders: Short-term | Successful electrification is | Vessel operator
dependent upon stakeholder

= Vessel owners and operators engagement for provision of

= Port owners and operators electrical supply, charging

= Energy and infrastructure providers infrastructure and vessels

= Financial institutions )

= Government and municipalities Early gngaggmgnt with .

. financial institutions essential

* Shipyards given relatively high CapEx

= Class societies

Define governance team and plan: Short-term | The pilot projects are an " Vessel operator

. . ) important step towards the  [* Port owners and
. Ass!gn exgcutlve team gponsorshlp . long-term environmental and | operators
= Assign project leadership team: Steering energy cost benefits of = Energy and
committee o electrification. Executive level | infrastructure providers

= Define roles and responS|b|.I|t|es ' sponsorship is |mportant to' s Government and
= Cadence of steering committee review take a long-term view despite municipalities

high CapEx and TCO,

especially for fully electrified

solutions.

Strong executive sponsorship

is also required to encourage

engagement of multiple

stakeholders required for

electrification

implementation.

Engage with financial institutions Short-term | Blended finance, including | Vessel operator
grants, is available to support [ Port owners and
the pilot projects. Financial operators
institutions have repeatedly | Government and
emphasised the requirement | municipalities
for early engagement so that lu Financial institutions
requirements and potential
barriers are quickly
understood and mitigated

Detail feasibility study scope and plan Short-term | To build on the results of this |* Vessel operator

. . pre-feasibility study definition [* Port owners and
- Deta”. o_f vessels, rou’fes (main and of the scope of a specific pilot | operators
subsidiary) and port infrastructure feasibility study is required
= QOperational timetable and flexibility
= Related projects (e.g. planned port
upgrades)
= Certification requirements
= Assign team and define feasibility scope

| ED22117
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Activity ‘ Timeline ‘ Key considerations Responsibility*

6 Technical feasibility and concept study to: Short-term | Refine the pre-feasibility " Vessel operator
. L assumptions for the specific |[* Port owners and
. Conce'p.t d§5|gns for vesgel considering pilot project conditions to operators
elect.rlflcatlon and operational down-select the optimum = Shipyards
requirements concept aligned to the
= Selection of optimum vessel architecture objectives and success
and concept design for vessel including criteria defined above.

electric systems (retrofit or new build,

Concept vessel designs to
electrification architecture, charging 4 9

consider operational

strategy) requirements e.g. potentially
= Selection and concept design of port larger new-build vessels to
charging infrastructure including increase route capacity.

assessment of port low carbon energy
generation, energy storage buffer and
smart charging options

Gather budgetary estimates
from shipyards, charging
infrastructure suppliers,

= Supplier budgetary time and cost battery suppliers (including
estimates for vessels and port battery life expectations) and
infrastructure electricity network operators.

= Assessment of vessel efficiency
improvements alongside electrification

= Confirmation of battery life expectations

= Confirmation of charging power profiles
and optimisation of layover schedules

= Infrastructure assessment including grid
connection, reinforcement plan and
permissions, concept design and high-
level construction plan

= Deployment plan including build and
operational schedules, training,
redundancy planning (e.g. back-up
vessel availability), performance

monitoring
7 Environmental impact analysis including: Short-term | Building on the current pre-  [* Vessel operator
N : . feasibility analysis, the ® Port owners and
) Conf!rmat!on of avoided emlsspns ) environmental, health and operators
= Confirmation of health and social benefits social benefits should be = Shipyards
confirmed
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Activity

‘ Timeline ‘

Key considerations

Responsibility*

8 Business case analysis, including: Short-term | Often higher TCO has been | \F:e?tsel operato;
i - ibili = Port owners an
= Costed plan for vessel(s), port(s) and grid z?ucijv;n é%;g?ngrgr:etﬁisslbmty operators
supply |nfrastrycturg analysis, the business case |= Government and
= Business plan including cost and revenue should be reviewed including | municipalities
forecasts, depreciation, return on consideration of forecast e Financial institutions
investment and financing revenues, grants and other
= Confirmation of funding sources (public incentives and competitive
grants, private investment, partnerships position
etc), including early engagement with Aspects not considered at
lenders and submission of supporting the pre-feasibility stage
evidence should also be assessed e.g.
= Review of other incentives (public or battery second life and diesel
private ESG) which will impact business vessel phase out
case
= Long-term scalability assessment
including long term vessel and port
contracts; diesel only vessel phase out
plan; second life values of vessels and
batteries; opportunities to share charging
infrastructure costs as more vessels are
electrified
= Confirmation of competitive position
versus bridges

9 |Feasibility study gateway: Short-term | The pre-feasibility study has [* Vessel operator

= From feasibility study technical, shown many routes are " Port owners and
environmental and business analysis a viable for electrification to operators
recommendation of vessel and port some degree. The pre- e Government and
concept design including newbuild or feasibility study outcomes municipalities
retrofit, electrification architecture and could be rgwewed n .t.he light |, Financial institutions

. of the detailed feasibility

charging stratle'gy ) ) study to identify other

= Go/No-go decision by steering committee opportunities to scale-up

= Confirmation of key contractual electrification following the
agreements (e.g. financial support, long- pilot projects
term contracts)

10 | Define delivery project plan and delivery Medium- | Electrification is clearly " Vessel operator
team: term dependent upon timely " Port owners and
« Assign pilot project team gvailability of charging ' operators

s ) o infrastructure, and electrical [ Energy and
= Define key milestones and decision- supply. infrastructure providers
making structure
= Prepare project plan and schedule Comprehensive project i Govgrpmgpt and
= Assign responsibilities managemgnt |s'essent|al .to m.UI‘lICIF)ah.tIeS' .
« Define project risk and management plan ensure gll links in the chain (= FlnlanC|aI institutions
= Define internal and external are aval'lable and risks " Shipyards
N appropriately managed s Class societies
communication plans

11 | Detail design of pilot vessels and Medium- | - " Vessel operator

infrastructure: term " Port owners and
) ) ) operators
= Detail design of solutions down selected = Energy and
in pre-feasibility study infrastructure providers
= Firm supplier quotes n rlas P
. ) . = Shipyards
= Detail construction and pilot o
. . = Class societies
implementation plan
= Update risk management plans and
contingency plans
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Activity

Timeline ‘

Key considerations

Responsibility*

= Vessel operator

12 Pilot trial and monitoring plan: Medium- Learning from pilot studies
Y S term should validate key " Port owners and
* Data monitoring and verification plan unknowns to facilitate scaling | operators
of electrification solutions = Shipyards
including vessel and charging
performance and reliability,
battery life degradation,
passenger experience
feedback, fuel/energy
savings and emissions
reduction, and TCO
13 | Build decision gateway: Medium- | - " Vessel operator
term = Port owners and
= Go/No-go decision by steering committee operators
= Government and
municipalities
= Financial institutions
14 | Vessel and infrastructure build: Medium- | The duration of the build " Vessel operator
. i term phase will depend upon the [ Port owners and
|gn.contracts ) vessel and port infrastructure | operators
= Port infrastructure and vessel build selected together with = Shipyards
= Certification supplier timescales. ltwas s Energy and
reported during the infrastructure providers
stakeholder engagement that |, Government and
battery supply can cause L
significant delays municipalities
= Financial institutions
= Class societies
15 | Training: Medium- | - " Vessel operator
term = Port owners and
= Training of crew, port and other staff, operators
including emergency services = Government and
= Development of operational procedures municipalities
16 | Pilot trials implementation Long-term | - " Vessel operator
) = Port owners and
= Sea trials operators
= Vessel and infrastructure handover = Government and
= Phased deployment on passenger municipalities
services
= Collect data from operations according to
pilot trial and monitoring plan
= |mplement any remedial measures
required
= Collate and share learning for future
projects
= Public relations communications
= Sign-off by steering committee
17 | Review electrification scaling plan: Long-term | - " Vessel operator
= Port owners and
= Incorporate learning from pilot trials into operators
electrification scale-up plan = Government and
* Share leaming B o municipalities
= Review wider opportunities for Turkiye

*Responsibility: Stakeholders expected to take key responsibility at each stage are shown in bold. Other
key stakeholders are also listed at each stage.

Short, medium, and long-term timelines will vary depending on the complexity of the specific pilot.
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4.3 Barriers and mitigations

Stakeholder consultations conducted during the study identified several financial, technical, regulatory and
operational barriers that could affect the pace of ferry electrification in the Sea of Marmara. Table 8
summarises the key barriers identified and outlines potential mitigation measures that could support the
successful implementation of pilot electrification projects.

Table 8  Key barriers to electrification and mitigation measures

Barrier or challenge Difficulty Mitigation

ranking

1 High capital costs for electric propulsion High ® Feasibility study to select electrical architecture (hybrid
systems, especially batteries, compared with or full electric) aligned to overall objectives and
established, lower cost diesel engines success criteria of the specific pilot project

® Maximise use of grants and other financial incentives,
through early engagement with financial institutions

® Develop long-term supplier partnerships to reduce
procurement costs across multiple electrification
projects.

®= Commonise designs, components, and systems
across pilot projects to minimise engineering and
procurement costs

® | everage shared learning across pilot projects

2 Marine electrical components and systems High ® Sensitivity analysis to understand the risks of
are often procured in USD, while ferry exchange rate fluctuations on project costs
revenues are in TRY, creating exchange-rate ®  Financial mechanisms to protect against exchange
exposure and financial risk rate fluctuations

® | onger term development of local supply chains in

Tarkiye
3 Uncertainty in future relative prices of diesel High ® Review of current taxation policies that lower fossil fuel
vs. electricity, which directly impacts the ferry costs and reduce the economic advantage of
relative OpEx of electrified and BAU options electric alternatives

® Review of economic incentives to avoid emissions or
other decarbonisation support mechanisms (e.g.,
national maritime GHG pricing, scrappage schemes)
to incentivise electrification

® Clear government signalling of long-term commitment

to low-cost electrification and reduced low carbon

electricity supply
4 Seasonal variability in ferry demand creates Medium |® Selection of non-seasonal pilot project routes
inconsistent cash flows that may negatively = Assessment of potential to redeploy electrified ferries
affect bankability and access to finance on other routes during low season
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Barrier or challenge

Difficulty
ranking

Mitigation

limiting the long-term commercial case for
large scale ferry electrification on certain
routes

5 Widescale electrification may necessitate Medium |® Selection of new-build pilot project ferries which are
replacing a large share of the existing fleet close to end-of-life and would be replaced anyway
with newbuild vessels, substantially = Assessment of new-build opportunities to increase
increasing capital requirement revenue (e.g. larger ferry) and to improve efficiency

compared with current ferry

" Incentives for long-term contracts for routes and ports
to justify investment

= Retrofit where technically feasible and economic case
supports

6 Competition from road transport via bridges, Medium |® Government to provide certainty of long-term

competitive position versus roads and bridges

® Public transport contracts incorporating incentives to
use low carbon methods of transport

" |ncentives to encourage long-term ferry route and port
contracts

Energy and infrastructure

self-generated electricity back to the grid limit
the economic viability of renewable
generation

7 Risk of high cost for high-voltage Medium |® Confirmation of infrastructure costs and timing for
grid-connections to ports, especially where provision of grid connection to specific ports involved
substations are distant or insufficiently rated in pilot projects (assumed zero in pre-feasibility study

based on stakeholder consultations)

= Assessment of the potential of renewable energy
generation and/or energy storage at ports to reduce
the required capacity of the grid connection

® Sharing of costs with other users e.g. OPS for
international operations, electrified port machinery,
other electrified ferry operations

8 Delivery of substantial emissions abatement High = Continued commitment by government of Tlrkiye to
through electrification is dependent upon the reduce carbon intensity of electricity grid
national electricity grid following a strong = Support of contracts to supply “green” electricity
decarbonisation trajectory, ensuring ®  Supplement energy supply with local renewable
low-carbon energy is supplied to ports sources

9 Regulations which restrict ports from selling Medium |® Review regulations, which restrict sale of port

generated electricity to the national grid, with
appropriate stakeholders to improve the return on
investment of port renewable energy generation

through additional revenue streams
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Barrier or challenge Difficulty Mitigation

ranking
10 | Limited availability of suitable high voltage Medium |® Selection of pilot project ports less likely to have HV
electricity supply to ports, particularly in supply constraints
conservation, historic, or urban constrained ® Early engagement with electricity network operators
areas and municipalities to confirm supply feasibility

= Assess electrification architecture (e.g. hybrid), and
flexible in layover times, to match specific HV supply
constraints

®  Assess optimised charging strategies and battery
capacity, for example lower power at a port where grid
constraints apply (a combination of opportunistic and

hub charging)

Technical and operational

11 | Risk of interruptions to electrical charging Low = Clear contingency planning, for example back-up
which would quickly impact operational vessels, charger redundancy or back-up power
performance

12 | Limited routing flexibility for fully electric Low = Select pilot projects with long-term fixed routes for
ferries due to the lack of high voltage charging electrified ferries
facilities across all ports ® Specify hybrid solutions in cases where HV charging is

not feasible

13 | Repositioning of full electric vessels, Low " Prepare contingency plans for example temporary
especially those designed for short-range onboard energy storage or generation capability, or
operations towage

14 | Rapid technological change in large marine Low ® Feasibility study to confirm forecast battery system
battery systems, which could alter the attributes and costs with suppliers. Note, this pre-
economics and technical feasibility of feasibility study has taken a realistic, but conservative,
electrified ferries, risking early pilot vessels approach to battery system assumptions regarding
becoming economically obsolete energy density and price

® Build long-term relationships with battery system
suppliers to develop confidence in battery system

forecasts
15 | Uncertainty of battery life expectancy, Medium |® Assess warranties provided by battery system
especially for pilot projects and early adopters suppliers

= Specify batteries with sufficient capacity overhead to
allow for degradation, as allowed for in this pre-
feasibility study

® Design and operation to maximise battery life and

allow easy replacement

16 | Certification risk for full electric vessels Low ®  Separate feasibility assessment of specific case
carrying dangerous cargoes (e.g. gas carrying including class societies, if included in pilot studies
ferries)
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Barrier or challenge Difficulty Mitigation

ranking

17 | Insufficient trained crew and maintenance Low ® Plan staff retraining with support from academic
teams for deployment and operation of institutions and shipping associations
electrified vessels and ports for transition from " Provide incentives to undergo training

diesel to electric propulsion and high voltage

systems

4.4 Key stakeholder recommendations

Tarkiye has already taken significant steps to progress national strategies, incentive schemes and policy
tools which could support ferry network electrification. However, to translate these frameworks into
practical progress will require continued coordination across governance levels and with vessel and port
operators.

Electrification requires a long-term commitment to justify the high initial investments and to unlock the long-
term economic and environmental benefits. Multiple stakeholder inputs are required to realise
electrification and to achieve a sustainable operating model. Recommendations for actions and
coordination by government ministries, municipalities, port concessionaires, vessels operators and energy
actors include:

Government Ministries

An overview of existing national incentives is presented in Section 2.2, Table 1. However, these alone are
insufficient to drive the adoption of full-electric ferries in light of the high initial capital costs highlighted in
this pre-feasibility study.

It is therefore recommended that the government ministries consider additional targeted measures to
shape supporting policy including:

m  Measures to improve the economic competitiveness of electric ferries compared with conventional
diesel ferries, for example: review of relative tax exemptions, incentives to switch to less GHG intensive
energy, and emission-based port fees.

m  Targeted financial support, for example tax exemptions, duty reductions and lower electricity tariffs
initially. These could an extension to the General Investment Incentive Scheme (Yeni Tesvik Sistemi).

m  Extension of the capital support for fleet renewals with hybrid and electric ferries through the scrap-
and-build grant.

m  Coordination between the Ministry of Transport and Ministry of Energy to provide confidence in the
long-term provision of high voltage infrastructure to ports and integration with wider mobility
electrification and climate plans.

= Promotion of opportunities to share charging infrastructure with international shipping requirements for
shore power.

m  Support provision of long-term vessel operator concessions employing electrified solutions.
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m  Phased targets for low- and zero-emission ferry deployment (for example a defined share of routes by
specific milestones), aligned with national decarbonisation objectives.

= Procurement mandates for use of electric or hybrid vessels in government-financed ferry contracts.
= Extend pre-feasibility study to synergistic electrification opportunities for passenger only ferries.
Municipalities

Support of public municipalities is very important to create local conditions which support ferry
electrification including:

= Support provision of long-term port concessions which include charging infrastructure.
=  Streamlining of local permitting for construction of electrification infrastructure.

= Procurement mandates that promote electrification by applying environmental criteria and supporting
co-investment.

m  Local planning to consider and encourage ferry electrification and mandate provision of charging
infrastructure.

®m  Limit access to conservation and environmentally protected areas for non-electrified ferries.
Private Sector Vessel and port operators

Active participation by vessel and port operators is key to the development of pilot projects and subsequent
scaling. They have a key role, as described in Section 4.2, in setting objectives and defining a governance
team and plan for pilot projects. Key actions include:

m  Early and active engagement with financial institutions, for example the current EBRD / EU Green
Maritime Programmes to identify opportunities for blended finance.

= Carry out detailed feasibility studies including economic and environmental assessments, to refine the
pre-feasibility findings and to down-select optimum concepts.

m  Share learning from pilot studies to encourage scaling of electrification to help realise long-term
capacity benefits for all.

Energy infrastructure actors
The supply of high-power infrastructure to ports is vital for ferry charging. Key actions include:

m |Inclusion of ferry electrification expansion requirements with long-term generation and distribution
infrastructure planning.

m  Review and update of regulations to permit ports to sell locally produced low-carbon energy.

m  Continued sharing of new port energy infrastructure costs across market.

4.5 Recommendations for future pre-feasibility studies

The results of this study provide learning which can be used to support the assessment of ferry operations
in other parts of world.
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To streamline future assessments, we recommend first establishing the high-level governance framework
and defining the technical and economic conditions required for electrification. With these foundations,
together with the insights gained from this study, the process of down-selecting and focusing analysis on
the most feasible pilot projects can be significantly accelerated.

Early assessment of the factors which have a significant impact on the potential for electrification is
recommended, focusing on the following questions:

Competitive environment
m  What are the alternatives transport modes to ferries, now and in the future? For example:
o Direct road or rail routes, via bridges and tunnels.
o Flying.
= How do the alternatives compare in terms of travel time and cost, now and in the future?
Regional geography and ferry operations

= Are distances between charging locations and stop over durations within the range of current electrified
ferry technology?

m  Test operational levers: whether small, realistic increases in port dwell time are feasible, as this can
materially reduce required charging power (MW) on short routes where charging is “high power, short
time”.

m |s the frequency of ferry services, daily and annually, likely to provide sufficient utilisation to justify large
investment in electrified ferries?

= Preliminary fleet screening: prioritise smaller vessels on short, high-frequency routes where battery
sizes are modest, charging can be concentrated at a limited number of ports, and minor operational
adjustments (e.g., dwell time) are acceptable to manage peak MW requirements.

m  Are ferries operated consistently on the same route, or will port charging facilities be required at
multiple ports to support a variable routing?

m |s there potential for sharing of infrastructure with international ship operations at ports?
Electricity infrastructure
m |s electricity supply to support reliable megawatt charging feasible?

o Would future reliability of the electricity grid support full electric ferry operations?

m  Does the electricity grid, or any distributed energy generation systems, incorporate a substantial share
of renewable energy sources, either currently or within confirmed future development plans, to support
the decarbonisation of emissions associated with electric ferry operations?

m  What is the feasibility and indicative cost to connect ports to the high voltage electricity grid?
Stakeholder engagement
m Do stakeholders, including vessel and port owners and operators, have:

o An appetite for electrification, including relevant KPIs?
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O

Well-defined and influential stakeholders who are likely to champion decarbonisation initiatives?
Long term contracts to support investment decisions?

Data readiness: minimum dataset for credible sizing includes vessel fuel consumption, route
distance, transit time/speed, berth time, manoeuvring time and trips/year. Where data are sparse,
specify validation pathways

Financial viability, in the form of robust and audited accounts, to support bankability and access to
external finance if required?

Evidence of technical capability and vessel monitoring to support pilot electrification projects?

Comparative advantage of alternative decarbonisation options in the region

= Are alternative fuels available and a viable alternative to electrification in the region?

m  What is the current and forecast relative cost of energy at the propeller shaft (Fuel/energy cost per MJ
x Energy conversion efficiency) of diesel, electricity and other alternative fuels in the region?

Regulatory environment

= Are there regulatory incentives or penalties which promote electrification of services, routes,
stakeholders etc.?

o Are the incentives likely to be sufficient to overcome the initial high CapEx required for

electrification?
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Appendix A: International ferry
electrification case studies

Case Study 1: Eleanor Roosevelt (Spain)

Vessel Type & Profile: Large Ro-Pax ferry operating on medium-to-long-distance regional
Mediterranean services

Route: Barcelona — Balearic Islands

Voyage Length: Approximately 110—-120 nm

Propulsion Configuration: LNG-battery-electric hybrid (newbuild)
Gross Tonnage (GT): ~31,000 GT

Capacity: ~1,200 passengers; ~450 vehicles

Battery Capacity: ~1.5-2.0 MWh

Application Type: Newbuild hybrid ferry (entered service 2021)

Case Study 2: MF Tycho Brahe (Denmark-Sweden)

Vessel Type & Profile: Large Ro-Pax ferry operating on an extremely high-frequency short-crossing
route

Route: Helsinggr — Helsingborg

Voyage Length: ~2.5 nm

Propulsion Configuration: Battery-electric hybrid retrofit

Gross Tonnage (GT): ~12,000 GT

Capacity: ~1,250 passengers, ~240 cars, freight capacity available
Battery Capacity: 6.4 MWh (upgraded from 4.16 MWh)
Application Type: Retrofit conversion (2018, battery upgrade 2022)

Case Study 3: Tersan—Fjord1 Autonomous Ferries (Turkiye-built)

Vessel Type & Profile: Double-ended Ro-Pax ferries designed for very short, high-frequency
crossings

Route: Lavik — Oppedal (Norway)

Voyage Length: ~3.2 nm

Propulsion Configuration: Fully battery-electric with shore charging
Gross Tonnage (GT): Not publicly available

Capacity: ~399 passengers (including crew), ~120 cars

Battery Capacity: Not publicly available

Application Type: Newbuild fully electric vessels (delivery from 2026) e
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Case Study 4: Ellen (Denmark)

Vessel Type & Profile: Medium-distance Ro-Pax island service
Route: Sgby (&£re) — Fynshav (Als)

Voyage Length: ~22 nm

Propulsion Configuration: Fully battery-electric

Gross Tonnage (GT): ~996 GT

Capacity: ~198 passengers (summer), ~147 passengers (winter), ~
Battery Capacity: 4.3 MWh

Application Type: Newbuild fully electric ferry (entered service 2019)
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Appendix B: Methodology

B.1 Overall study methodology

A Ricardo techno-economic tool suite was used to determine the optimum way for each vessel to achieve
highest GHG reduction at lowest cost. The overall approach is shown in Figure 27.

Technical model
Fuel/energy consumption

Battery size

Charging requirements

Inputs Feasibility of retrofit . .
- Primary: vessel, route & port Outputs Down-selection matrix

characteristics 1. Total GHG reduction
« Secondary: fuel costs, emission 2. Cost of abatement Optimum architecture

factors, etc. Economic & environmental model (€/tonne CO2e)
Vessel CapEx, OpEx

Port CapEx, OpEx

GHG emissions

Health & social impacts

(air pollutants, employment)

Figure 27 Overall study analysis methodology
Inputs

Vessel and main route data for 67 vessels and 26 ports were supplied by the Ministry of Transportation
and Infrastructure (MOTI) of Turkiye. In addition, vessel and port specific data were supplied by
stakeholders during and following stakeholder meetings in September 2025 and February 2026 in Istanbul.
Other data were sourced from an extensive literature review and from key technology suppliers.

Technical Model

A technical model estimated current fuel and energy consumption for all vessels operating on main routes
as described in Section B.2. Vessel battery energy capacity and charging power requirements were
estimated for combinations of the following:

= Vessel architecture (Full electric, Hybrid 1 and Hybrid 2)
= Charging power (Hub and opportunistic charging scenarios)

= The battery size and charging power were estimated based upon

=  Supply of shaft energy between charging events equivalent to current diesel vessel, while
accounting for:

o Relative efficiency of diesel versus electric propulsion systems

o Contingency energy reserve (minimum battery State of Charge)
= Charging time at each port including allowance for

o Connection and disconnection of vessel to charger

o Charging efficiency
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o “C-rate”

Finally, a high-level assessment of the feasibility of vessel retrofit as carried out B.2.10.
The technical model is described further in Appendix B.2
Economic and Environmental Model

An economic model estimated the following for every combination of vessel retrofit and newbuild,
propulsion architecture and charging strategy:

» Vessel CapEx and OpEx
* Port CapEx and OpEx

=  GHG emissions

= Health and social impacts

Key outputs from the economic and environmental model were GHG abatement and abatement cost. The
approach is described further in Appendices B.3 and B.4

Optimum fleet selection

An optimum fleet mix was selected based on a weighted assessment of the following:

=  Normalised values of GHG abatement
=  Normalized values of GHG abatement cost

For the optimum scenario results presented in this report an equal weighting between GHG abatement
and abatement costs was assumed. The effect of weighting on the optimum scenario is shown in Figure
25.

B.2 Technical model

This appendix describes the technical model used to estimate vessel energy demand, battery capacity
requirements, and shore charging power requirements for each vessel and scenario. The model translates
operator-provided operational data (routes, leg distances, port dwell times, trips) and vessel data (fuel
consumption rates, auxiliary loads, engine ratings) into scenario-specific electrical energy requirements
and then into battery and charging infrastructure specifications. Assumptions applied within the technical
model are presented separately in Appendix C1 and Appendix C2.

B.2.1 Model structure and workflow
The technical model follows four logical steps as shown in Figure 28:

1. Inputs (data + assumptions in more detail Appendix C1 and Appendix C2)

» Data: vessel itineraries, leg distances (nm), port dwell times (h), fuel consumption rates (t/nm), port
auxiliary/hotelling demand (kWh or t/h), trip frequency

= Assumptions: SFOC and/or fuel-to-energy conversion parameters, fuel LHV, powertrain and
auxiliary efficiency chains, battery round-trip efficiency, allowable depth of discharge (DoD),
operational margins, and scenario rules (charging availability and boundaries)

2. Vessel energy demand calculation (per leg, per route)
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= Cruise (main engine), auxiliary at sea, manoeuvring, and port-stay (hotelling) are calculated
separately to avoid double counting.

3. Per-leg electrical energy requirement (cruise + hoteling)

» Fuel energy is converted to mechanical/electrical energy demand using the relevant efficiencies,
then mapped to what is supplied by the battery (and/or shore power) under each scenario

4. Outputs: vessel and port feasibility

= For each vessel and scenario, the model outputs required battery capacity, required charging
power at ports/hubs, and feasibility checks (battery fit and charging feasibility). Port-side
aggregation converts vessel-level requirements into port peak power and annual energy
throughput signals for infrastructure planning

Vessel energy demand Per-leg electric energy Outputs: vessel/port
calculation (cruise + hoteling) feasibility
Data

Calculate vessel energy Convert fuel energy per leg to 2 scenarios
demand per leg per route battery energy using efficiencies 3 solutions assessed

Vessel itineraries & port

dwell i
Distance per leg (nm) Engine shaft energy per

|

!

| leg (MWh)

1 -

Leg distances (nm)

: x ; For each vessel and route, show

X Fuel rates (tnm) & [ ) energy needs, battery/charger

1 hoteling kWh requirements, fit constraints, and

! €ing Fuel consumption (tnm) Battery efficiency (%) port-side implications per
— — scenario/solution and aggregated
— — to daily/annual.

Fuel energy per leg (t) Battery :;Im perleg

Battery size for vessel and
charger rating for its Ports for
all scenarios and solutions

Convert fuel quantity to

Battery size required per leg

of each route for each
vessel across the fleet

shaft energy in MWh based
on LHV & ICE efficiency

Figure 28 Technical model structure

B.2.2 Scenarios assessed

Across the fleet, each vessel was assessed under six technical cases combining propulsion architecture
and charging strategy (FE/H1/H2 x S0/S1), with costs evaluated under both newbuild and retrofit
pathways where feasible.

Vessel electrification architecture. Three onboard architectures were assessed as shown in Table 9. All

electrified options are assumed to require battery charging from port-based infrastructure.

1. Fully electric (FE): the battery system supplies propulsion and onboard electrical demand during
normal operation any installed engines (if retained for redundancy) are not used during normal route
operation.

2. Hybrid 1 (H1): a mild hybrid configuration in which the battery system is primarily used for manoeuvring
and low-speed port operations (e.g. port entry/exit and berthing), while propulsion during the voyage
remains conventional.

3. Hybrid 2 (H2): a partial hybrid configuration in which the battery supplies a moderate share of vessel
operations, including a portion of propulsion at sea and some auxiliary loads, with the engine remaining
part of the propulsion mix.
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Table 9  Assumed proportion of energy by operation and vessel electrification architecture

Operation Full Electric Hybrid 1 Hybrid 2
FE H1 H2
Propulsion at sea 100% 0% 40%
Manoeuvring 100% 100% 100%
Auxiliaries at sea 100% 0% 50%
Berth hotel (OPS) 0% 0% 0%

Charging strategy. Two charging strategies were assessed for each architecture as shown in Table 10.
Under opportunistic charging (S0), vessels are assumed to charge at all ports they call, where practical,
subject to constraints such as connection time, safe charging rates, and berth-level power limits. Under
hub charging (S1), vessels are assumed to charge only at a subset of selected high-capacity ports (hubs).
The hub approach reduces the number of ports requiring charging infrastructure, but shifts the energy
storage burden to the vessel, typically requiring larger batteries to carry energy between fewer charging
opportunities.

Table 10 Impact of charging strategy on vessel battery size and number of ports with charging

infrastructure
Parameter Opportunistic charging Hub charging
S0 S$1
Vessel battery size Lower Higher
Number of ports with charging Higher Lower
infrastructure

Newbuild versus retrofit. Costs and practical constraints were assessed under both newbuild and retrofit
pathways as shown in Table 11. A newbuild assumption reflects a vessel designed around the electrified
system, with cost modelling including full vessel build elements. A retrofit assumption reflects integration
of battery and power systems into an existing vessel; the cost model focuses on the addition of battery
systems, power electronics, integration works and associated modifications, with the feasibility constrained
by available space and weight margins. Where retrofit was not considered realistic (for example, due to
space/weight constraints or age-related considerations), the newbuild pathway was used for that scenario
when assessing longer-term potential. A detailed vessel-by-vessel retrofit feasibility assessment, including
the criteria applied and resulting classifications, is provided in Appendix B.2.10

Table 11 Components of CapEx by electrification implementation approach

Parameter ‘ New Retrofit
CapEXx - propulsion Yes Yes
CapEx — rest of vessel Yes No
Revenue losses* No Yes

Across the fleet, a technical analysis was run for each vessel under six technical cases: FE-S0, H1-S0,
H2-S0, and FE-S1, H1-S1, H2-S1. The resulting battery sizing and charging requirements were then
passed to the economic and environmental assessment, where the additional newbuild versus retrofit cost
layer was applied in line with the feasibility assessment for each vessel and scenario. Throughout this

Study exploring the potential for electrification of the ferry network servicing the Sea of Marmara
22 June 2026 | ED22117 82



\\\I)

report, the following abbreviations are used: FE (fully electric), H1 (mild hybrid), H2 (partial hybrid), SO
(opportunistic charging), and S1 (hub charging).

B.2.3 Inputs and data handling

The technical model draws on three main input categories: vessel data, route data, and port data.
Wherever possible, these inputs were taken directly from ferry operators and port operators (operational
logs, schedules, and questionnaire returns). Where primary data were incomplete or inconsistent, values
were supplemented using targeted literature review and engineering assumptions to ensure internal
consistency across the fleet. A detailed inventory of assumptions, default values, and evidence sources is
provided in Appendix C1 and Appendix C2.

Vessel data

Vessel-level inputs include, as available:
» Principal particulars (e.g., GT, length, deadweight where relevant) and vessel type classification
= Main engine rated power and auxiliary engine rated power

= Fuel consumption rates at sea (e.g., tonnes/nm or equivalent) for main engines and auxiliaries (at-
sea)

= Auxiliary consumption at port (e.g., tonnes/hour) or equivalent hotel load proxy
» Manoeuvring fuel per port call (arrival + departure) where provided or derived
= Annual activity indicators (e.g., trips/day, trips/year) used to annualise route-cycle results

* Practical battery integration limit indicators (space/weight-based limit applied consistently within
the model)
Route data
Route-level inputs describe the service pattern and energy-driving characteristics:
* Route structure (sequence of ports/legs) and identification of “main routes” used for modelling

= Leg distance for each crossing (nm)
» Transit time per leg (or average speed where transit time was not directly available)
* Frequency of crossings (linked to annual trips and daily schedules)

Port data

Port-level inputs capture the time available for charging and the split between manoeuvring and hotel
loads:

» Average port stay time (alongside/turnaround time per call).

= Average manoeuvring time entering and leaving the port (or an equivalent proxy used to derive
manoeuvring energy/fuel per call).

= Operational constraints that affect charging feasibility (e.g., typical berthing windows and
operational buffers), where provided.

Data provenance and completion approach. Most operational inputs (distances, schedules, port stay
times, and consumption rates) were provided by operators. Where gaps existed (for example, missing
manoeuvring times or inconsistent fuel-rate reporting), values were normalised using consistent rules and
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supplemented with literature-backed defaults. Appendix C1 and C2 document the adopted assumptions
and any default parameters applied where primary data were unavailable.

B.2.4 Key controls and consistency rules embedded in the model

The following controls ensure internal consistency across the dataset and scenarios:

1.

Direction handling: Route keys and lookup logic ensure both directions of a leg are represented, even
if an assumptions table lists only one direction. This avoids underestimating energy and charging
needs for return journeys.

No double counting of operating modes: Cruise, manoeuvring, and at-berth (port stay) are treated
as distinct buckets. Where operator annual fuel rates are used, the cruise rate is corrected to remove
manoeuvring fuel so that manoeuvring is not counted twice.

Scenario-dependent boundaries (charging and hoteling treatment)
= At ports with charging, hoteling energy can be met by shore power (if that is the scenario boundary).

= At ports without charging (or where charging is not permitted under the hub strategy), hoteling
energy is carried forward into the battery energy stretch to the next charging opportunity/hub.

Margins and lifecycle constraints: Operational margin (e.g., 15%) and DoD limits convert “required
usable energy” into “installed battery capacity”.

Physical feasibility (battery fit): Required installed battery capacity is checked against a cluster-
specific battery capacity limit (space/weight/integration constraint).

B.2.5 Outputs produced by the model

For every vessel (and per leg/port where relevant), the model produces the following outputs by scenario
(FE, H1, H2) and charging case (S0, S1):

1.

Energy and fuel components

= Cruise main engine fuel (t) per leg.

= Auxiliary at sea fuel (t) per leg.

= Manoeuvring fuel (t/port call).

= Port stay auxiliary fuel (t/port call).

= Converted electrical energy demands (kWh) by component and scenario.

Battery sizing

= Energy stretch® (kWh) between charging opportunities (S0) or hubs (S1)
= Required battery capacity (kWh) by scenario (FE, H1, H2)
= Battery fit check (TRUE/FALSE vs vessel limit)

Charging requirements

= Effective charging time at each charging port (h).

6

Energy stretch is the electrical energy (kWh) the vessel must carry and use between two consecutive charging opportunities either between
charging ports in SO or between designated hubs in S1 including any in-scope manoeuvring and non-charging port hotel loads for that
interval.
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» Required charger power per charging event (MW).
» Maximum required charger power per vessel (MW).
» Feasibility flags per event and per vessel.

4. Port-side aggregation (infrastructure planning)

» Daily and annual energy delivered per port (kWh/day, kWh/year) by scenario.
» |dentification of peak-power driver vessels and peak charging windows.

B.2.6 Per-leg energy accounting (cruise + manoeuvring + auxiliaries)
Per-leg energy accounting (cruise + manoeuvring + auxiliaries).
For each leg j with distance d; (nm), fuel is calculated by component.

Main engine cruise fuel

FME,cruise,j = TME,sea X dj
Where:

" 7yEseq 1S the corrected cruise fuel rate (t/nm).
Auxiliary at sea fuel

FAE,sea,j = Tag sea X dj
Where:

B 74E seq IS Auxiliary-at-sea fuel rate (t/nm).
Manoeuvring fuel

Manoeuvring fuel is applied per port call, not per nautical mile. It is allocated consistently to leg endpoints
(e.g., by “departure manoeuvre” and “arrival manoeuvre” conventions). The key rule is that manoeuvring
is not embedded inside cruise fuel.

Port stay auxiliary fuel

Port-stay fuel is calculated per port call using auxiliary consumption rate and dwell time:

FAE,port,call = fAE,port X tport
Where:

" fagpore iSint/h and .. is in hours.
Fuel-to-energy conversion and scenario electrical demand

Fuel quantities are converted to energy and then mapped to the portion supplied by battery/shore power
per scenario.

Fuel to shaft energy conversion (explicit):

k
F(©) * LHV (i) « 1000C50) * e »anase
Eshaft,j(MWh) -

3600 (MWh)
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When converting fuel to energy, the model applies different efficiency assumptions for: (i) ICE-to-shaft
efficiency during cruise, (ii) auxiliary generation efficiency (for hoteling/auxiliary loads), and (iii) ICE-to-
shaft efficiency during manoeuvring. These efficiency values and their sources are documented in
Appendix C2.

Battery electricity required for propulsion

After calculating shaft energy, the model converts this to the battery electrical energy required by applying
the relevant electrical-chain efficiencies. Two different efficiencies are used because propulsion energy is
delivered through the battery-to-motor-to-shaft chain, while hotel/auxiliary loads are delivered through the
battery-to-auxiliary electrical distribution chain.

Eshaft,prop,j + Eload,aux,j

Ele j
g’] n n
bat—>shaft bat—>aux

B.2.7 Battery sizing logic

Battery sizing is driven by the maximum energy stretch between charging opportunities (SO) or hubs (S1),
plus any scenario-dependent hoteling energy at non-charging ports that must be carried forward.

In this section, the per-leg electrical energy used in the stretch calculations is the scenario electrical
demand defined previously:

Scenario FE-S0 (opportunistic charging)

Objective: the battery must cover the maximum energy requirement between consecutive charging
opportunities.

For each vessel:
1. Compute electrical energy per leg E.4 ; (KWh) using the equation above.

2. Compute cumulative energy index:

j
Cj = ZEleg,i
i=1

3. Where charging is allowed at a stop, energy is treated as “resetting”. The required stretch energy is:

Estretcn = max(energy between charge stops)

4. Convert stretch energy to installed battery capacity using operational margin mmm and DoD:

Estretch
Brea =~pop

Where usable fraction of the nominal battery DOD = 70%
5. Battery fit check:
Breq < Biimit
Scenario FE-S1 (hub-only charging)
Charging occurs only at designated hub ports; stretches may span multiple legs.

Using cumulative indices, for a current index ¢; and next hub index ny:
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= If the next hub is ahead in the cycle:

Estretch = an - Cc]-

» |f the next hub wraps around the end of the cycle:

Estretcn = (Ceor — ch) + an
Where C;,; is the total cumulative energy at the end of the cycle. Battery sizing then follows the same rule
as before:

Estretch

DoD
Any scenario-defined hoteling energy at non-charging ports that must be carried to the next hub is added

into Eteccn before sizing.
Hybrid scenarios (H1 and H2)

Hybrid variants size the battery to cover only the electrified subset of demand, depending on the defined
architecture. H1 typically covers harbour approach/manoeuvring and low-speed operations. H2 covers a
moderate share of operations, which may include part of propulsion at sea and some auxiliaries.

Breq =

The model applies the same stretch logic as FE, but the per-leg electrical energy definition Ej, ; includes
only the components electrified under H1/H2 (i.e., the same equation form as above, but with scenario-
specific Espaftprop,; Eloadaux,j t€rms). This reduces required battery capacity and typically reduces

charging power requirements (or concentrates them depending on SO vs S1).
B.2.8 Charging power sizing logic

Effective charging time at port

For each port call where charging is allowed, the effective charging time is derived from available
berthing/turnaround time minus operational buffers:

teng = tawetr — tousfer
Where:
" tpusrer IS the time to connect and disconnect
Charger power required per charging event
If the vessel must receive Eg;o:cr (KWh) before the next charge opportunity or hub:

Estretch
nchg X tchg X 1000

Preq,MW =
Where:
= 7.4 is the charger efficiency factor.
Vessel-level maximum charger power
For each vessel and scenario:

Pmax,vessel = max(Preq,MW)

Charging power was calculated as an unconstrained model output. The 10 MW value was used only as
an indicative screening threshold; requirements above this level were retained in the results and flagged
rather than capped.
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Feasibility flags
A charging event is feasible if:

Preq < Pcap

Where P.,, may represent a scenario cap, a port limit, or may be left unconstrained where the model is

solving for the required power. Vessel feasibility requires (i) all required charging calls feasible in
time/power, and (ii) battery capacity fits within the vessel limit.

B.2.9 Aggregation to daily and annual totals (vessels and ports)

To move from per-leg and per-port-call results to annual totals, the model first sums each vessel’s fuel
consumption across one complete operating cycle (cruise, auxiliaries at sea, manoeuvring, and at-berth
auxiliaries), ensuring these components are not double-counted. That per-cycle total is then scaled by the
number of cycles the vessel performs per year (based on reported trips/schedules) to estimate annual
BAU fuel consumption.

For electrified scenarios, the model aggregates shore electricity demand at each port by summing the
charging energy delivered to all vessels calling that port, scaled by call frequency (daily or annual,
consistent with the timetable basis used). This produces port-level indicators used for infrastructure
planning, including annual energy throughput and identification of the vessels and time windows that drive
peak charging power

B.2.10 Retrofit feasibility assessment

Clustering Module

To support the detailed techno-economic assessment vessels were clustered by similar characteristics.
Data and variables selection

A comprehensive list of all ferries considered in the study was compiled. For each vessel, the following
key technical parameters were available, which were selected to characterise the fleet and form the basis
of the clustering analysis. Their relevance is as follows:

*» Gross Tonnage (GT): serves as a proxy for vessel size and overall transport capacity. It reflects
structural scale, potential space availability for alternative fuel systems or batteries, and the
magnitude of potential energy demand

= Vessel Age (years): provides an indication of technological generation, remaining operational
lifetime, and likely retrofit feasibility. Older vessels may face technical or economic constraints for
deep retrofits, while newer vessels may present greater compatibility for retrofitting

= Main Engine Power (kW): represents installed propulsion capacity and provides an indication of
operational power requirements. It is directly linked to energy consumption levels

Together, these parameters capture structural scale, technical maturity, and propulsion demand - three
critical dimensions for assessing retrofit versus newbuild suitability.

Exploratory mapping and identification of outliers

The three variables were first visualised using a bubble chart (see Figure 29), where:
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= The x-axis represents main engine power (kW),
» The y-axis represents gross tonnage (GT), and

= The bubble size represents vessel age.
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Figure 29 Variables visualisation chart (Engine Power, Gross, Age)

This visual mapping allowed an initial assessment of the distribution of vessels across size, power, and
age dimensions. At this stage, two clearly distinct groups (Clusters 7 and 8) were identified as structural
outliers, significantly separated from the main concentration of vessels in terms of size and engine power.
These vessels exhibit materially different technical characteristics compared to the rest of the fleet and
were therefore treated as standalone clusters.

Cluster Definition

After isolating the two outlier groups, a focused analysis (“zoom-in”) was conducted on the remaining
vessels. Based on the distribution patterns observed across GT, engine power, and age ranges, six
additional clusters were defined. The clustering approach aimed to segment the fleet into a limited number
of technically coherent groups, capturing meaningful differences in scale, age profile, and installed
propulsion capacity. The idea of the clusters is to ensure that vessels within each cluster shared broadly
comparable technical characteristics.
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Figure 30 Clusters (1-6) comparing variables Engine Power, GT and Age

4000

The resulting eight clusters are defined by the parameter ranges presented in Table 12 (minimum and
maximum values for GT, engine power, and age).

Table 12 Clusters limits
Cluster Min Age Max Age Min Engine | Max
(years) (years) Power (kW) | Engine
Power (kW)
1 0 900 15 50 1000 1700
2 400 1000 25 40 1700 2300
3 300 1500 18 47 2300 3000
4 900 1800 35 60 0 2000
5 1100 2000 8 38 1200 2250
6 1200 2600 4 27 2500 4000
7 2000 3000 18 24 5000 7000
8 4000 16000 27 48 5000 30000

Vessels under each cluster
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Table 13 Vessels per cluster
Cluster 1
Vessel ID Ship Type Engine
Power (kW)
ALINTERI 18 ARABA FERISI 713 | 19 1074
BAHARIYE FERIBOT (YOLCU+ARABA+KURU 785 | 21 1429
YUK)
EGE GAZ-3 ARABA FERISI 743 | 27 1488
KILITBAHIR FERIBOT (YOLCU+ARABA+KURU 432 | 27 1470
YUK)
ALINTERI-8 FERIBOT (YOLCU+ARABA+KURU 524 | 30 1358
YUK)
YAVUZ NAZ FERIBOT (YOLCU+ARABA+KURU 495 | 33 1532
YUK)
OMER KAPTAN-3 FERIBOT (YOLCU+ARABA+KURU 372 | 36 1125
YUK)
EGE GAZ-1 ARABA FERISI 306 | 43 1133
YENICE FERIBOT (YOLCU+ARABA+KURU 405 | 49 1470
YUK)
Cluster 2
Vessel ID Ship Type Engine
Power (kW)
MURADIYE FERIBOT (YOLCU+ARABA+KURU 671 | 26 2208
YUK)
ERCIN CINER UNKNOWN 873 |29 1969
KARAHASANOGULLARI-2 FlgRiBOT (YOLCU+ARABA+KURU 767 | 26 1781
YUK)
BAYRAMIC FERIBOT (YOLCU+ARABA+KURU 802 |35 1913
YUK)
SERDAR-5 FERIBOT (YOLCU+ARABA+KURU 497 | 32 1949
YUK)
OZKAPTAN-1 FERIBOT (YOLCU+ARABA+KURU 477 | 30 2080
YUK)
Cluster 3
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Vessel ID ‘ Ship Type Engine
Power (kW)
SULTANAHMET HAFIF YOLCU FERIBOTU 1065 | 19 2380
SAHILBENT ARABA FERISI 1065 | 19 2380
SUHULET YOLCU GEMISi /RO RO 1065 | 19 2380
SADABAT ARABA FERISI 1065 | 19 2559
EGE GAZ-4 FERiBOT (YOLCU+ARABA+KURU 999 | 25 2759
YUK)
AYDIN KAPTAN-2 YOLCU GEMISi /RO RO 890 |26 2460
SARAYLAR YOLCU GEMISi /RO RO 1282 | 31 2418
CEMAL AKSOY FlgRiBOT (YOLCU+ARABA+KURU 837 | 27 2434
YUK)
BAHRI REIiS-IlI YOLCU GEMISi /RO RO 834 | 32 2627
GUZEL SARAYLAR FlgRiBOT (YOLCU+ARABA+KURU 674 | 29 2483
YUK)
SEYHAN-4 FERiBOT (YOLCU+ARABA+KURU 817 | 34 2932
YUK)
ADALAR 1 YOLCU GEMISi /RO RO 617 | 46 2557
BARBAROS HAYRETTIN | YOLCU MOTORU 395 | 27 2440
PASA
Cluster 4
Vessel ID Ship Type Engine
Power (kW)
GALATASARAY ARABA FERISI 1077 | 39 1265
OKMEYDANI ARABA FERISI 1077 | 37 1265
ZEYTINBURNU ARABA FERISI 1077 | 39 1265
AVSA ADASI ARABA FERISI 1077 | 39 1265
AYVACIK ARABA FERISI 1077 | 39 1265
GAYRETTEPE ARABA FERISI 1077 | 39 1265
GELIBOLU-1 ARABA FERISI 1077 | 40 1265
HALIDERE TREN FERISIi / RO-RO 1596 | 40 1766
BOZCAADA 1 UNKNOWN 1047 | 57 872
DEGIRMENDERE-1 ARABA FERISI 1596 | 40 1766
HEREKE-III ARABA FERISI 1596 | 40 1766
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Vessel ID ‘ Ship Type Engine
Power (kW)
KARAMURSEL ARABA FERISI 1596 | 40 1790
TOPCULAR-I ARABA FERISI 1596 | 42 1765
ESKIHISAR-1 ARABA TASIYICI GEMI 1596 | 42 1790
LAPSEKI ARABA FERISI 1077 | 47 1044
TOPKAPI UNKNOWN 1047 | 57 1193
$EH_iD (")MI_ER ARABA FERISI 1047 | 48 1044
HALISDEMIR
Cluster 5
Vessel ID Ship Type Engine
Power (kW)
KASIF-1 UNKNOWN 1876 | 9 2060
DALGA-1 UNKNOWN 1642 | 16 1864
MESUDIYE YOLCU GEMISi /RO RO 1490 | 15 1880
SEDDULBAHIR YOLCU GEMISi /RO RO 1490 | 15 1880
ELLIYEDINCI ALAY YOLCU GEMISi /RO RO 1490 | 15 1880
ONSEKIZ MART YOLCU GEMISi /RO RO 1490 | 15 1880
AZIZIYE FERiBOT (YOLCU+ARABA+KURU 1815 | 18 1412
YUK)
HAMIDIYE YOLCU GEMISi /RO RO 1247 | 13 1790
KAPTAN SEFIK GOGEN | ARABA FERISI 1596 | 29 1766
ORD. PROF. ATANUTKU | ARABA FERISI 1596 | 29 1766
AHMET OZKAPTAN $I(5Jii)BOT (YOLCU+ARABA+KURU 1594 | 27 2207

Cluster 6

Vessel ID

Ship Type

Engine

Power (kW)

MELEK SU YOLCU GEMISi /RO RO 1999 | 6 2760
TEKIRDAG 59 YOLCU GEMISi / RO RO 1998 | 5 2652
BALIKESIR 10 YOLCU GEMISi / RO RO 2460 | 12 2760
YENER C YOLCU GEMISi /RO RO 1896 | 19 2799
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Vessel ID Ship Type Engine
Power (kW)
ALI TAHA C FERIBOT (YOLCU+ARABA+KURU 1462 | 26 3740
YUK)
Cluster 7
Vessel ID Ship Type Engine
Power (kW)
YAVUZ SULTAN SELiIM-1 | HAFiF YOLCU FERIBOTU 2366 | 18 6740
KANUNi SULTAN YUKSEK HIZLI HAFIF YOLCU GEMISi | 2366 | 18 6740
SULEYMAN
FATIH SULTAN HAFIF YOLCU FERIBOTU 2042 | 23 6000
MEHMET-I
RECEP TAYYiP HAFIF YOLCU FERIBOTU 2042 | 24 6000
ERDOGAN
Cluster 8
Vessel ID Ship Type Engine
Power (kW)
ERDENIZz TREN FERISIi / RO-RO 15195 | 47 8781
ADNAN MENDERES UNKNOWN 5992 | 28 26000

Selection of Representative Vessels

To enable detailed techno-economic assessment in subsequent stages (retrofit vs. newbuild evaluation),
one or two representative vessels were selected for each cluster. The selection criteria prioritised vessels
that fell near the centre of the cluster’'s parameter range and were considered technically representative
of the cluster profile. This approach allows the analysis to remain tractable while preserving technical
representativeness across the fleet.

B.3  Economic and Environmental analysis

The economic and environmental analysis module within the Ricardo techno-economic tool suite evaluates
the financial viability and environmental impacts of proposed network and vessel upgrades. The model
configuration is visualised in Figure 31.
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Forecasted for year 2025-2050 |

Vessel
CapEx

NPV of CapEx +
mll OpEx with WACC
as discount rate

Total emissions
2025-2050
(tCO2eq)

Fuel OpEx

* *
| Technical Model outputs + Cost & Emission Inputs |

Figure 31 Economic and Environmental model configuration

Economic analysis

The economic analysis section of the model estimates the total infrastructure investments required under
each scenario defined in the technical analysis for all vessels. Further, the model provides a breakdown
of the associated capital and operational costs. This would include calculation of:

1.

Port CapEx — This includes all cost associated with grid infrastructure upgrades and installation of
charging infrastructure. The economic model estimates the port CapEx based on the maximum charger
capacity required at each port, as estimated in the technical analysis. This ensures that infrastructure
cost estimates reflect the peak power demand and corresponding electrical upgrade requirements.

Vessel CapEx — This includes the cost of purchasing new vessels or retrofitting existing vessels,
depending on the scenario defined in the technical analysis. The economic model estimates these
costs differently for a newbuild vessel and retrofits. Vessel CapEx is estimated as follows:

= BAU scenario — Sum of base vessel cost and engine cost varying by vessel

= Hybrid 1 & Hybrid 2 scenario — Sum of base vessel cost, engine cost and battery cost, which
varies as per scenario definition in technical analysis

= Electric scenario - Sum of base vessel cost and battery cost varying by vessel

= For retrofitting vessels, base CapEx is not included, and an extra cost factor is added to
accommodate the extra cost for retrofitting existing vessel

Fuel OpEx — This includes cost associated with capturing the cost of energy or fuel consumption of
the vessels. The economic model calculates this by multiplying total fuel or energy consumption
determined from the technical analysis by the corresponding fuel cost projections for each vessel and
scenario.

Fixed OpEx — Primarily covers the routine maintenance of both vessel systems and port-side
infrastructure. The economic model calculates the fixed OpEx by assuming it as a fixed proportion of
the total CapEx.
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Total cost of ownership (TCO) is then calculated as the sum of the annualised costs for vessels and
port-side infrastructure for each year.

Project Finance structure

CapEx for both vessel and port-side infrastructure are modelled across two Weighted Average Cost of
Capital (WACC) scenarios to consider uncertainty in cost of capital. Project financing framework adopted
in the model based on stakeholder consultation is a blended structure consisting of a grant and debt
components amortised over a fixed repayment period. Under this approach, a proportion of the total CapEx
of electrified options is offset through a grant contribution, reducing the up-front financial burden on project
developers or operators. The remaining portion of CapEXx, termed as Financed CapEx is funded through
a debt facility that is amortised over an eight-year period.

Financed CapEx = Total CapEx—Grant Contribution

The financed CapEx is amortised over a fixed repayment period, as defined in the financing assumptions,
and a corresponding interest charge added to estimate the total capital cost. In scenarios involving battery
systems, the model also accounts for battery replacement costs.

Weighted Average Cost of Capital (WACC)

To reflect the cost of capital, the model calculates a Weighted Average Cost of Capital (WACC). In this
structure WACC reflects after-tax cost of debt, as equity is not considered.

WACC =D*Rqy4 *(1-Cx)
where:

= D = proportion of cost financed by debt
m  Ry= Interest rate on debt financing
m  Cr= Corporate tax rate

Net Present Value (NPV)

The annualised costs are projected from 2025 to 2050, and the Net Present Value (NPV) over this period
is calculated to assess the economic feasibility of each vessel type and scenario. This is done by
discounting future costs over the assumed the time period using the selected discount rate.

T

NPV =5 ( CF/ (1 +r)") — CapEx,
t=1

where:

m  CF; = net cash flow in year t

= 1 =discount rate

m  CapEx, = upfront capital expenditure at year 0

m t = year of operation

m T = project lifetime (years)

Environmental analysis

The environmental analysis section of the model estimates the total greenhouse gas (GHG) emissions
associated with each scenario’s defined in the technical analysis for all vessels. This assessment includes
emissions associated with operation of both vessel and port-side infrastructure, primary contributor being
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emissions associated with fuel and energy use. GHG emissions are calculated by multiplying the total fuel
or energy consumptions (estimated in the technical analysis) by the corresponding Well-to-Wheel (WtW)
emission factors. This approach ensures that both fuel production and fuel use components are accounted
for in the estimation. The annual emissions are then calculated from the years 2025 to 2050 and are then
summed to calculate the total cumulative emissions.

GHG emission = Fuel consumption x WtW emission factor
Abatement cost

Comparison of different scenarios defined in the technical analysis is conducted through estimating the
abatement cost, which represents the cost incurred per tonne of GHG emissions avoided relative to the
Business-As-Usual (BAU) scenario.

NPVscenario — NPVpau
EmissionSscenario—Emissionsgay

Abatement cost =
where:
8 NPVicenario = cumulative TCO from 2025 to 2050 (NPV) of the scenarios being evaluated

NPVg 4y = cumulative TCO from 2025 to 2050 (NPV) of the BAU scenario
EmissionSscenario = Cumulative GHG emissions from 2025 to 2050 of the scenario being evaluated
m  Emissionsg,y = cumulative GHG emissions from 2025 to 2050 of the BAU scenario

B.4 Health and Social

The assessment focuses on air pollutants with well-established links to adverse health outcomes and
significant maritime contribution: Nitrogen oxides (NOx), and Particulate matter (PM10 and PM2.5).

Shipping emissions include both primary particulate matter (including black carbon) and secondary
particulate formation from gaseous precursors such as NOx and SO2. Epidemiological literature
consistently links exposure to PM2.5 and NOx-related secondary pollutants to respiratory disease (e.g.
asthma, COPD), cardiovascular disease, and premature mortality.

Emissions for each vessel were quantified on an annual basis under each scenario (BAU, Hybrid 1, Hybrid
2, Fully Electric, Optimum). These were calculated using the emission factors (EF) for NOx and PM10 (in
g of pollutant per kg of MGO), as well as annual fuel consumption figures at sea for per vessel (in tonnes).

The emission factors were dependent on several variables and thus had to be calculated for each vessel.
For NOx, the emission factor calculation varies by vessel tier, and engine speed (n), in accordance with
IMO MARPOL Annex VI Regulation 13, as displayed in Table 14 (IMO, n.d.).

The tier of each vessel was identified by using the year of construction. Regarding engine rated speed per
vessel, as this data was not available, vessels were classified into medium-speed and high-speed engine
categories based on vessel type, installed power, and service speed, consistent with standard practice
and approaches used in IMO- and EU-aligned emissions studies. It is assumed that conventional vehicle
ferries, Ro-Ro passenger ships, train ferries, and mixed passenger/car ferries are equipped with medium-
speed diesel engines (300-1,000 rpm), and a representative rated speed of 500 rpm was applied. High-
speed passenger ferries were assumed to be equipped with high-speed diesel engines (>1,000 rpm), with
a representative rated speed of 1,800 rpm.
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Table 14 Emission factors for NOx, categorised by vessel tier

Tier Ship construction Total weighted cycle emission limit (g/kWh)
date on or after

n = engine’s rated speed (rpm)

n<130 n=130- 1999 n = 2000
01-Jan-00 17 45-n(-0.2) 9.8
e.g., 720 rpm —12.1
I 01-Jan-11 14.4 44-n(-0.23) 7.7
e.g., 720 rpm—-9.7
Il 01-Jan-16 3.4 9-n(-0.2) 2
e.g., 720rpm—-2.4

The emission factors for PM10 were calculated via the following equation, which is specific to MGO fuel
(IMO, 2020):

EFpy,, = 0.23 + SFC;-7-0.02247 - (S — 0.0024)

Where:

m  SFC; = specific fuel consumption
m S = sulfur content by % mass

The values for SFC and S were taken from the tables below (Table 15 Table 16). The SFCease figures
(standardised values) were assumed satisfactory to use in place of SFC; figures (values adjusted for real
conditions), due to lack of data around engine load per vessel. Majority of the vessels came under MSD
engine type (and MDO fuel), with only the high-speed passenger ferries coming under HSD engine type.
The vessel year of construction was assumed to be equal to the year of engine built.

For the sulphur content (%) value, a conservative value of 0.1% was taken, given that LS-MGO is reported
to have a sulphur content (S) of less than 0.1% (Oil Tanking, 2026). Additionally, per Table 16, the sulphur
content for MDO fuel has not exceeded 0.1% since 2014.

Table 15 SFC base values given in g/kWh for different engine and fuel types, and year of
built

Engine Type Fuel Type | Before 1983 (g/kWh) 1984-2000 (g/kWh) 2001+ (g/kWh)

SSD HFO 205 185 175
SSD MDO 190* 175* 165*
SSD MeOH** N/A N/A 350*
MSD HFO 215 195 185
MSD MDO 200* 185* 175*
MSD MeOH** N/A N/A 370*
HSD HFO 225 205 195
HSD MDO 210* 190* 185*
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Table 16 Global average fuel sulphur content in percentage per year (IMO, 2019)
‘ 2012 ‘ 2013 ‘ 2014 ‘ 2015 ‘ 2016 ‘ 2017 ‘ 2018
HFO 2.51 2.43 2.46 2.45 2.58 2.60 2.60
MDO 0.14 0.13 0.12 0.08 0.08 0.08 0.07

The emission factors were converted from g/kWh to g/kg of fuel using the specific fuel consumption (SFC)
values. All emissions are expressed in tonnes of pollutant per year.

B.4.1 Damage costs calculation

The damage costs were estimated using factors from the 2019 Handbook of external costs, as displayed
in Table 17 (European Commission, 2019).

Table 17 Average damage cost in EUR/kg, national averages for maritime emissions in 2016
(all effects: health effects, crop loss, biodiversity loss, material damage)

Region ‘ NH;s ‘ NMVOC ‘ SO, ‘ NOx ‘ PM:zs ‘ PMio
Atlantic 0.0 0.4 3.5 3.8 7.2 4.1

Baltic 0.0 1.0 6.9 7.9 18.3 10.4
Black Sea 0.0 0.2 11.1 7.8 30.0 17.1
Mediterranean 0.0 0.5 9.2 3.0 24.6 14.0
North Sea 0.0 23 10.5 10.7 34.4 19.7

The Handbook provides pollutant-specific cost factors reflecting health, ecosystem and material damage
impacts, differentiated by geographic context. For this assessment Mediterranean-relevant shipping
damage cost factors were applied, and base-year values (2016 price basis) were uplifted to 2025 values
using GDP deflators (Trading Economics, 2026).

Table 18 Damage cost factors for relevant pollutants, inflated to 2025

Damage cost factor, 2016 (EUR/kg) | Damage cost factor, 2025

(EUR/Kg)
NOx 3 3.82
PM10 14 17.82
PM2.5 24.6 31.31

Table 19 GDP deflator values for 2015 and 2025

GDP deflator 94.05 119.72
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Damage costs are represented as annual values, directly linked to annual emissions for each vessel under
each scenario.

B.4.2 Employment estimation

Employment impacts associated with ferry electrification were estimated using a macroeconomic
multiplier-based approach, linking modelled expenditure streams to sectoral employment intensities.

The analysis estimates gross annualised employment supported by electrification-related capital and
operational expenditure under each scenario.

Total expenditure values were obtained from the economic model outputs for each scenario (BAU, Hybrid
1, Hybrid 2, Fully Electric, Optimum), under the following five cost categories (in EUR million):

=  Vessel CapEx

= Vessel fuel OpEx

= Vessel non-fuel OpEx
= Port CapEx

=  Port OpEx

To apply Turkish employment multipliers, expenditure values were converted from EUR to Turkish Lira
(TRY). Conversion used the average 2025 exchange rate (European Central Bank, 2026).

Employment effects were calculated by multiplying expenditure (in TRY million) by sector-specific
employment/output multipliers (Alkan, Ogus Binatli, & Deger, 2018).

These multipliers capture direct, indirect and induced employment effects within the Turkish economy.
Each cost component was mapped to the most appropriate sectoral multiplier:

Table 20 Category of multiplier selected for relevant cost category
Vessel CapEx Industry
Vessel fuel OpEx Coke & refined petroleum
Vessel non-fuel OpEx Water transport
Port CapEx Industry
Port OpEXx Electricity

While the electricity multiplier formally refers to generation rather than port operations, it was selected as
a proxy due to similar labour and technical skill characteristics associated with high-voltage infrastructure
and grid-related activities.

The model estimates total employment supported by cumulative expenditure over the transition period,
from 2025 to 2050 (25 years). To express results as annualised employment, total jobs supported were
divided by 25, to provide the average number of jobs supported per year over the transition period. It is
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important to note that this does not represent permanent job creation in a single year, but rather the
average annual employment level supported by the investment pathway.

Interpretation
The employment results should be interpreted with the following considerations:
Time Profile of Employment

The modelling approach implicitly assumes that total investment is distributed evenly over the 25-year
transition period.

However, in practice, construction and manufacturing roles (e.g. shipyard retrofits, charging infrastructure
installation) are likely to be front-loaded during early investment phases. Operational and maintenance
roles (e.g. vessel operations, electrical diagnostics, port charging maintenance) are expected to persist
over the asset lifetime. Additionally, some activities may be absorbed by the existing workforce rather than
generating entirely new positions.

The results therefore represent maximum gross employment potential supported over the lifetime of the
transition, rather than short-term job creation in a specific year.

Location of Employment
Employment multipliers assume domestic economic capture of expenditure.

However, certain components, particularly high-value equipment such as battery systems and propulsion
electronics, may be imported.

To the extent that equipment manufacturing occurs outside Tlrkiye, associated upstream employment
would not accrue domestically. The model may therefore overstate Turkish employment capture for import-
intensive components.

Conversely, areas where Turkiye has strong existing capability, such as shipbuilding, marine engineering
and port construction, are more likely to generate domestic employment.

Gross vs Net Employment

The model estimates gross employment supported. It does not account for, potential job losses in
combustion-engine-related manufacturing or fuel supply chains, productivity improvements that may
reduce labour intensity over time and any labour market displacement effects.

Net employment impacts would therefore likely be lower than gross estimates presented.
Multiplier Limitations

Input—output multipliers assume fixed production relationships, constant labour productivity and no supply
constraints.

They do not capture dynamic effects such as technological change, wage inflation, labour shortages and
sectoral crowding-out. Results should therefore be interpreted as indicative macroeconomic estimates
rather than precise job forecasts.
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B.5 Optimum fleet selection

An optimum fleet mix was selected based on a weighted assessment of the following:
= Normalised values of GHG abatement
= Normalized values of GHG abatement cost

The optimum defined the implementation strategy (newbuild or retrofit), electrification architecture (FE, H1
or H2) and charging strategy (opportunistic or hub) for each vessel-route. For the optimum scenario results
presented in section 3.2.3 of this report an equal weighting between GHG abatement and abatement costs
was assumed. The effect of weighting on the optimum scenario is shown in Figure 25 in Section 4.1.

A final step included a qualitative assessment of the commercial attractiveness of the optimum electrified
solution for each vessel-route. The following factors were rated, based on stakeholder feedback:

m  HV port supply feasibility

o Discussions with stakeholders highlighted that providing high voltage connections to ports in
conservation and historic areas was more challenging

o Provision of high voltage supply to the Marmara islands was also more challenging than to
industrialised areas

m Number of stakeholders

o The research identified that pilot projects which involve fewer stakeholders are typically preferred
by lenders. Accordingly, pilot projects are prioritised with entities that operate vessels and ports

m  Potential to leverage private capital and size of businesses

o The research found that pilot projects led by larger stakeholders with a proven track record of
audited financial statements and strong operational data are more likely to secure blended finance.

= Remaining port contract length.

o Ports which have a long remaining concession are more likely to be able to justify investment in
charging infrastructure.

= Seasonal volatility

o Routes which do not have significant seasonal or other volatility are preferred for the pilot studies,
due to high utilisation of charging infrastructure throughout the year. Vessels which may be
operating on different routes through the year would require additional charging infrastructure at
ports.

= Risk of road bridge competition.

o Proximity of road bridges implies greater risk of competition to ferry services. For electrification
planning, proximity to fixed links is treated as a long-term demand sensitivity rather than a
screening criterion; these routes remain suitable candidates for pilot studies.

m  Potential for shared infrastructure.
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o Pilot projects with the potential for shared infrastructure with other (international) shipping to spread
costs and increase utilisation were preferred because of the potential to share infrastructure costs

= Replicability of pilot
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Appendix C: Assumptions

Appendix C describes the key assumptions used in the model.

C.1  Fuel / Energy assumptions
Main engine fuel consumption (tonnes/nm) by vessel for cruising

For each vessel, a main-engine-at-sea cruising fuel rate (t/nm) was derived using one of two approaches,
depending on data availability. Vessels where operator-derived rates were not available, a power—speed—
SFOC method was applied:

‘ t LF X Pyg (kW) X SFOC(%)
mME,cruise(nm) = V(kn) x 1000

Inputs were taken from the vessel dataset and cluster assumptions: main engine rated power, a cluster-
based load factor (58-65%), cluster-based SFOC (190-200 g/kWh), and cluster-based service speed (=9
kn for conventional ferries up to =20 kn for high-speed craft).

Corrected operator-derived rate (when operators provided “t/nm” based on annual totals)

In several cases, the supplied “consumption rate” was calculated as annual fuel divided by annual
distance, which implicitly includes manoeuvring fuel. To avoid double counting (and to isolate cruise),
manoeuvring fuel was estimated separately and removed before recomputing the at-sea cruise rate:

t
¢ Mug,year () = Nyoy (/Y1) X 2 X Mg man (G7p)

m o (—) =
ME,cruise (nm D(nm)

With:
® Mg yeqr: @annual main-engine fuel
= N,y VOyages/year

" Mpygman- Manoeuvring fuel per port call (Manoeuvring fuel per call was estimated separately, see
below)

= Dyeqrt annual distance sailed

Auxiliary engine fuel consumption (tonnes/nm) by vessel for cruising

Auxiliary-at-sea fuel consumption was estimated as a fixed fraction of the main-engine-at-sea cruising fuel
rate (t/nm), using cluster-specific factors (6—7%). This was adopted because detailed auxiliary engine load
and duty-cycle data were sparse, while auxiliary-at-sea demand on short-sea ferries broadly scales with
propulsion effort and vessel size.
. . t
MAE sea (%) = OAE * MME cruise (%)

Where a,j is the cluster-specific auxiliary share (0.06—0.07).
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Manoeuvring fuel consumption (tonnes/call) by vessel for port entry/exit

Manoeuvring fuel was treated explicitly and separately because several hybrid configurations are sized to
cover harbour approach and low-speed operations, and because manoeuvring energy does not scale
linearly with cruise distance. Manoeuvring fuel per call (t/call) was estimated using one of three
approaches:

1. Direct operator data: where manoeuvring fuel per call was provided (typically in litres), it was
converted to tonnes using an appropriate fuel density and used directly.

k
VW xpC)
Mman ="""7000
2. Physics-based, time method (when manoeuvring time was available): manoeuvring fuel per call

was calculated from main engine rated power, assumed manoeuvring load factor, manoeuvring time
in/out, and a low-load SFOC:

Paig (kW) X LEan X tman(R) X SFOC,,

_ an (kWh)
MyEman = 1000

With LE, 4, = 0.30 is manoeuvring load factor (30% MCR; midpoint of ~20-40%), manoeuvring time
provided by the operator where available, SFOC,,,,n, = 0. 220 to reflect derated efficiency at low load
and t,,,n (h) is manoeuvring time in/out.

3. Distance-based proxy (for the remaining vessels with no manoeuvring data): manoeuvring fuel

per call was approximated from the combined at-sea cruise fuel rates, scaled by a representative
manoeuvring distance and a low-RPM inefficiency uplift:

Mman = (MuME cruise T MaE sea) X Aman X flowrpm
Where:

" d,.. = 0.5nmis the typical low-speed approach/casting-off distance
®  fiowrem = 1.3 inefficiency uplift for very low RPM operation (dimensionless).

Technical assumptions

The technical assumptions used in the electrification model are summarised in Table 21-Table 26. These
parameters define how baseline fuel use is converted into useful energy demand (propulsion and hotel/aux
loads), and how that demand is translated into required battery capacity and shore charging power.

Table 21 Engine and auxiliary conversion efficiencies
Item ‘ Unit ‘ Value ‘ Notes (how it is used)
Main engine efficiency | % 42.0 Converts fuel LHV energy to shaft energy during
(cruise) at-sea propulsion.
Main engine efficiency | % 34.0 Lower low-load efficiency applied during harbour
(manoeuvring) approach/departure.
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‘ Unit ‘ VELD T ‘ Notes (how it is used)
Auxiliary genset % 40.0 Converts fuel LHV energy to electrical output for
efficiency auxiliary generation.

Table 22 Fuel and energy properties (LHV basis)

Item ‘ Unit ‘ Value ‘ Notes (how it is used)

MGO lower heating value MJ/tonne 45,286 Converts mass of fuel to thermal

(LHV) energy content for BAU and scenario
energy accounting.

HVO lower heating value MJ/tonne 43,500 As above, for drop-in biofuel case

(LHV) assumptions where applicable.

Fuel density kg/l (or t/m3) | 0.8425 Used only where operator data were in
litres; converts volume to mass.

Energy conversion constant | kWh/MJ 0.277777778 | Converts MJ to kWh

(K)

Table 23 Battery energy properties and electrical-chain efficiencies

Item ‘ Unit ‘ Value ‘ Notes (how it is used)

Cell-level gravimetric energy | kWh/kg 0.18 Cells only (optimistic). Use for cell-only

density checks, not installation feasibility.

System/pack-level kWh/kg 0.09 Installed system (battery + packaging,

gravimetric energy density containment, thermal management, BMS,

structural allowances). Use for retrofit
weight/space feasibility.

System/pack-level volumetric | KWh/m? 47 Installed system volumetric density. Use
energy density for battery room volume feasibility.
Battery — shaft efficiency % 90 Combined drivetrain efficiency used to

convert required shaft energy to battery
electrical energy delivered.

Battery — auxiliary efficiency | % 97 Converts auxiliary electrical load to battery
electricity delivered (distribution +
conversion losses).

Usable fraction of nhominal % 70 Converts required usable energy into
battery capacity (DoD) installed battery capacity (lifecycle
constraint).
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Table 24 Charging and operational timing assumptions
Item ‘ Unit ‘ Value ‘ Notes (how it is used)
Cold ironing % 97 Loss factor for shore-supplied hotel loads
efficiency where shore power is used.
Charger efficiency | % 95 Loss factor between grid electricity and energy
stored in the battery.
Time to connectto | min 2.5 Subtracted from berth time to determine
charger effective charging duration.
Time to disconnect | min 2.5 Subtracted from berth time to determine
from charger effective charging duration.
Table 25 Margins applied to fuel estimates
Item ‘ Unit ‘ Value ‘ Notes (how it is used)
Main engine fuel margin % 15 Applied to reflect operational

variability/uncertainty in at-sea propulsion fuel
estimates and safety.

Auxiliary engine fuel % 10 Applied to reflect uncertainty in auxiliary-at-sea
margin and auxiliary load estimates.
Battery ageing margin % 0 Not activated in this model run (battery

replacement handled explicitly elsewhere
where relevant).

Table 26 Legs distances and transit times
Origin Port Destination Port Distance [nm] Average transit time
(hour)

CEYPORT (TEKIRDAG) MARMARA ADASI | 33 2.25

MARMARA ADASI AVSA ADASI 5.6 2.75

AVSA ADASI ERDEK 13 0.75
(BELEDIYE)

YENIKAPI (iDO) YALOVA (iDo 26 1.42
FERIBOT)

BANDIRMA (CELEBI) AMBARLI 52 3.5
AKCANSA

CANAKKALE MERKEZ ECEABAT 2.7 0.42

GELIBOLU (BELEDIYE) LAPSEKI 3.4 0.42

ESKIHISAR (GOK DEN.) TAVSANLI (GOK 4.5 0.42
DEN.)

BANDIRMA (CELEBI) SARAYLAR 30 2.75
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Origin Port Destination Port Distance [nm] Average transit time
(hour)

SARAYLAR CEYPORT 20 2.75
(TEKIRDAG)

PENDIK (IDO) YALOVA (iDO 13 0.58
YOLCU)

ESKIHISAR (IDO) TOPCULAR (iDO) 5 0.58

FORD YENIKQOY ISKELESI AUTOPORT 3 0.42
TERMINALI

ZEYPORT MALTEPE (iDO) 11 1.25

CEYPORT (TEKIRDAG) BANDIRMA 33 2.25
(CELEBI)

PENDIK (IDO) YALOVA (iDO 13 0.58
FERIBOT)

BANDIRMA (CELEBI) TEKIRDAG 52 3.5
MARTAS

AVSA ADASI CEYPORT 48 2.75
(TEKIRDAG)

MARMARA ADASI EKINLIK ADASI 14 1.5

EKINLIK ADASI AVSA ADASI 13 0.75

FORD YENIKOY ISKELESI | YARIMCA PORT 7 0.6

C.2 Economic and environmental assumptions

Table 27 Fuel and energy emission factors and cost assumptions
‘ Value ‘ Source (Author, Year)

MDO tCO2/t 4.011 IMO (MEPC.391(81)), 2024
MDO tCH4/t 0.0004 IMO (MEPC.391(81)), 2024
MDO tN20/t 0.0002 IMO (MEPC.391(81)), 2024
HVO tCO2/t 0.704 IMO (MEPC.391(81)), 2024
HVO tCH4/t 0 IMO (MEPC.391(81)), 2024
HVO tN20/t 0 IMO (MEPC.391(81)), 2024
MDO 2025EUR/ 493 DNV, 2025
HVO 2025EUR/N 1511 Argus, 2025 and Argus, 2024
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‘ Unit

‘ Value ‘ Source (Author, Year)

Electricity 2025 EUR/kWh | 0.09 EUROSTAT, 2025

Table 28

Grid electricity emission scenarios and generation source mix (Shura, 2024) (Note:

Medium assumption used for results presented in main report)

Scenario

Grid Scenario High
— Static Intensity
(Baseline)

Scenario Description

Represents a conservative
baseline where the carbon
intensity of electricity
remains unchanged over
time.

Methodology / Construction

A single electricity emission intensity value
corresponding to 2025 is applied consistently
across the entire modelling period, with no
assumed changes in the generation mix or
decarbonisation progress.

Grid Scenario
Medium —
Projected Grid
Decarbonisation
(Central Case)

Reflects a realistic evolution
of the electricity grid based
on expected changes in the
generation mix.

Year-by-year electricity emission intensities are
estimated using projected grid mix data from
multiple recognised sources (e.g. national energy
plans, system operators, international energy
outlooks). Values are combined using weighted
averages to produce a consistent time series.

Grid Scenario Low
— Net-Zero
Pathway by 2050
(Ambition Case)

Represents a long-term
decarbonisation pathway
aligned with climate
neutrality targets.

Electricity emission intensity declines from the
2025 baseline to near-zero by 2050, following a
defined decarbonisation trajectory (linear or non-
linear). This scenario assumes full power-sector
decarbonisation in line with net-zero commitments.

Electricity generation

% share of energy mix

% share of energy mix | % share of energy mix

source 2024 2030 2050
Coal 35% 29% 0%
Natural gas 19% 16% 4%
Nuclear 0% 8% 4%
Biofuels 2% 0% 5%
Hydropower 21% 19% 9%
Solar PV 8% 12% 38%
Wind 10% 12% 39%
Geothermal 3% 0% 1%
Other sources 0% 5% 0%
Total 100% 100% 100%
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Grid Scenario Medium is used for the results presented in the main report and is visualised below. Grid
Scenario Medium is created by using the current grid emission intensity for Turkiye and the corresponding
generation mix (IEA, 2024) and then projecting it to 2050 by using the projected generation mix in 2030,
2035, and 2055 in the Turkiye National Energy Plan (official long-term energy roadmap published by
Turkiye’s Ministry of Energy and Natural Resources (ETKB)) (Republic of TURKIYE Ministry of energy and
natural resources, 2022).
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Figure 32 Electricity emission factor assumptions (Note: Medium assumption used for results
presented in main report)

To estimate future electricity prices in Turkiye, the analysis first establishes a baseline using historical
electricity price data from the European Commission’s Eurostat database. Half-yearly averages indicate
that the electricity price for Turkiye in 2025 is approximately €89.5/MWh.

Building on this baseline, projected electricity generation mixes for 2030, 2035, and 2055 were reviewed
to identify the expected contribution of different generation technologies over time. The projected mix
includes technologies such as coal, oil, natural gas, hydropower, solar photovoltaics, geothermal, and
other renewable sources. Technology-specific Levelized Cost of Electricity (LCOE) values for these
generation types were obtained from the National Renewable Energy Laboratory (NREL) Annual
Technology Baseline 2024 dataset.

Using the projected generation shares and corresponding LCOE values, indicative electricity prices for
each target year were calculated by applying a weighted-average approach, whereby the share of each
generation technology was multiplied by its respective LCOE and the results aggregated to derive an
overall average cost of electricity. Inflation adjustments were applied where necessary to express values
in constant euro terms.

Based on this approach, the analysis results in indicative electricity prices of €76.97/MWh for 2030,
€63.89/MWh for 2035, and €26.19/MWh for 2055, relative to the 2025 baseline of €89.5/MWh. Historical
electricity price data were sourced from the European Commission’s Eurostat database
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(https://ec.europa.eu/eurostat/databrowser/view/nrg_pc_205), while technology-specific LCOE values
were obtained from the NREL  Annual Technology Baseline 2024 dataset
(https://atb.nrel.gov/electricity/2024/data).
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Figure 33 Electricity cost versus time assumption

Table 29 Economic assumptions

Fuel ‘ Assumption ‘ Source / Comments

Currency 2025 Euro

Non-fuel OpEx 3.5% of Regular servicing, repairs, and equipment maintenance.

CapEx Excludes crew costs, insurance, port fees and fuel costs.

WACC 1 6.8% Calculated (Grant 20%, Loan debt 80%)

WACC 2 6% Calculated (Grant 30%, Loan debt 70%)

Amortisation 8 years EBRD

period

Loan interest 11.4% 10-year Euribor is 2.4% plus 3% margin is 5.4% all in interest
plus country specific risk rate for Turkey at 6%
Other sources also checked

Corporate tax 25% https://tradingeconomics.com/turkey/corporate-tax-rate

Capital life 25 years

Discount rate 5%
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Table 30 Vessel CapEx assumptions
Fuel ‘ Assumption Source / Comments
Battery + Motor 1055 EURO/KWh’ Includes inverter and motor cost assuming
CapEx 1C rate
Vessel CapEx ~ 5000 €/GT?® Depending on the cluster, various sources
indicating costs of passenger vessels
Engine CapEx 400 EURO/KW Ricardo analysis. Includes engine and

gearbox.

Battery replacement | Battery replacement every 14 | Ricardo analysis
years

Retrofit cost 60% To allow for additional works to retrofit
premium electrical architecture
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Figure 34 Port charging CapEx assumption

CapEx estimation method for port charging infrastructure

The cost assumptions for port-side electrical charging infrastructure were derived from two primary
sources:

(1) the European Commission’s 2021 AFIR Impact Assessment (2021), which provides reference cost
ranges for shore-side electricity and charging systems; and
(2) cost indications received directly from a large supplier of marine charging systems.

7 (He, Valgen, & Olsen, 2024) (Albo-L6pez & Carrillo, 2024) (Doedee, 2026)
8 (Shippax, n.d.) (Shipping, 2025)
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To ensure comparability, all values from 2021 were updated to 2026 using inflation adjustments.

Using these two data points as lower- and mid-range benchmarks, we constructed a simplified cost
function that relates infrastructure CapEx to installed charging capacity (MW). The resulting linear
relationship follows:

y = 0.2889x + 1.0111

where, y represents total infrastructure CapEx (in million EUR) and x is the installed charging capacity
(MW).

This function was used to interpolate costs across the capacity range relevant for the pilot ports, ensuring
internal  consistency and a conservative  application of the available evidence.
The underlying data and inflation adjustments are documented in the accompanying economic model
Excel file.

C.21  Battery CapEx cost breakdown

This appendix itemises the cost elements included within the assumed installed marine battery energy
storage system (BESS) CapEx value of €1,055/kWh. The breakdown clarifies that the unit cost represents
the complete ship-installed BESS (pack plus balance-of-system, integration, safety and certification),
rather than cell or pack-only costs.

Table 31 Installed marine BESS CapEx components

Cost element ‘ What it includes ‘ Typical share

Battery pack Cells, module assembly, rack/frames, 45-65%
internal pack wiring

Power conversion system | Inverters/rectifiers, transformers (if 10-20%

(PCS) applicable), filters, switchgear interface

BMS + EMS / control BMS hardware, energy management, 2-8%
integration to vessel PMS/IAS

Thermal management Liquid/air cooling, chillers, pumps, 3-10%
ducting

Safety & fire protection Detection, suppression, ventilation, gas 5-15%

handling, segregation, boundaries

Cabling & electrical Cables, trays, termination, protection 3-10%

installation devices, earthing

Mechanical integration Foundations, structural mods, battery 3-10%
rooms/containers

Engineering & Design, class approvals, testing plans 2-8%

class/regulatory

Shipyard labour & Installation labour, harbour/sea trials, 5-15%

commissioning commissioning
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C.3  Non-fuel OpEx costs

Non-fuel OpEx (operational expenditures) for charging infrastructure at ports refers to the ongoing costs a
port incurs to operate and maintain the charging infrastructure excluding the cost of the electricity itself as
a fuel substitute. These are costs that are not related to capital investment (CapEx) or the purchase of
power used to replace onboard generators, but rather the recurring overheads associated with keeping
the system operational. Based on industry studies and feasibility analyses, the main non-fuel OpEx
components include:

1.

Electricity charges and taxes

Connection charges, standing charges and taxes levied by utilities for charging connections (often
based on contracted capacity rather than actual use).

Ports may face fixed availability fees (e.g., demand/standing charges) irrespective of utilisation.
Taxes on electricity can vary significantly by jurisdiction and impact operating costs.
Maintenance and repair

Routine servicing of electrical infrastructure: switchgear, transformers, cables, connectors, and
metering.

Maintenance of charging infrastructure outlets, cable reels or crane systems that move cables to ships.
Inspection and testing to ensure safety and reliability.

These maintenance costs can be significant relative to usage levels.

Metering, billing & administration

Costs of metering energy consumption, billing vessels and administrative overhead.

Includes staff time for managing contracts, scheduling connections, IT systems for usage tracking.
Operational staffing

Staff involved in operating the system (e.g., technical operators, safety personnel, scheduling).
Training costs for staff to manage and troubleshoot systems.

Insurance and regulatory compliance

Insurance for electrical installations and liability coverage.

Compliance with electrical safety and maritime regulations, which can require periodic certification or
inspection.

Reporting and compliance costs associated with environmental and safety standards.
Other recurring service charges

Service fees for external support (e.g., contracted technical support, software licenses for monitoring
systems).

Communication and network charges if remote monitoring is used.
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Overall, non-fuel OpEx for charging infrastructure is largely about keeping the system running reliably and
safely, and typically includes:

m  Standing and capacity charges from utilities

= Maintenance & repairs of electrical and distribution equipment
= Administrative, metering, billing & staffing

= |nsurance and compliance costs

m  Other service contracts and overheads

Calculation of OpEx

For many electrified infrastructure projects, including shore charging, annual OpEx typically falls in the low
single-digit percentages of CapEx (e.g., 2-5 % per year), depending on energy prices, utilization, and
system complexity (DNV GL, 2018; Merkel et al., 2023; Energy Solutions, n.d.). However, there is a notable
lack of peer-reviewed studies that directly quantify OpEx for shore-to-ship charging infrastructure for
electrified vessels. Existing research primarily focuses on design, power management, and feasibility
rather than detailed cost breakdowns.

Shore power (OPS) infrastructure and battery charging infrastructure share the same fundamental cost
drivers for non-fuel OpEx:

m  High-power electrical equipment

m  Grid connection assets

m  Transformers and switchgear

= Power electronics

= Monitoring, inspection, and safety compliance

Given the absence of differentiated empirical OpEx ratios for maritime charging systems, OPS-based costs
were used as a conservative proxy. Literature on OPS installations commonly assumes annual non-fuel
OpEx in the range of 2-5 % of CapEXx, with typical values between 2-4 % depending on system complexity
and utilization (Energy Solutions, n.d.). While these estimates are primarily reported for OPS installations,
the underlying cost drivers (high-power electrical equipment, grid connection assets, transformers, power
electronics, inspections, monitoring, and administrative overhead) are largely identical to those of shore-
side charging infrastructure for electric vessels (Sustainable World Ports, n.d.). Charging infrastructure for
small ferries generally operates at lower voltage levels and does not require frequency conversion or
complex cable-handling systems, suggesting that non-fuel OpEx would be comparable or lower than OPS.

Supporting this, Remoundos etal. (2025) report that the annual OpEx for the fully electrified Salamis-
Perama ferry scenario is ~2.6 % of total CapEx. This figure includes energy costs, maintenance, and
vessel operations, implicitly accounting for shore charging. While the majority of costs are associated with
vessel propulsion, shore charging operations represent a small but proportional share of the total OpEx.
Therefore, using a similar ratio for the charging infrastructure itself provides a reasonable first-order
estimate.
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On this basis, an annual non-fuel OpEx equal to 3.5 % of CapEXx, corresponding to the midpoint of
commonly reported values, was applied for the charging infrastructure in this study.

C.4  Port stay assumptions

To standardise port operational inputs across the network, ports were first grouped into four categories
(A—D) based on typical terminal function and operating pattern. Each category was assigned a baseline
berth time (used to define the available port-stay/charging window) and a baseline manoeuvring time (used
to size manoeuvring energy and hybrid operation).

Table 32 Baseline port operational assumptions by category (applied unless overridden by
port-specific data)

Port Category Typical operational characteristics Typical Berth | Typical

Time (hours) | Manoeuvring
Time (hours)

Category A — Large Ro- | Vehicle ferries, Ro-Ro cargo, commercial | 1.00 0.30

Ro / commercial freight, more complex berthing

terminals

Category B — Mid-size High-frequency passenger/Ro-Pax 0.75 0.25

passenger/Ro-Pax terminals with structured gates

terminals

Category C — Small Small-scale jetties, quick loading, minimal | 0.50 0.20

island & municipal ferry harbour manoeuvring

ports

Category D — Ultra-short | Very high-frequency shuttles, short 0.25 0.15

shuttle ports cycles, minimal manoeuvring

Port-specific operational times (overrides to baseline)

Where operator/port data were available, the category baselines in Table 32 were replaced with port-
specific averages. These override values were used directly for (i) hotel/auxiliary energy during port stay,
(i) manoeuvring energy/fuel in and out of port, and (iii) effective charging time (after
connection/disconnection allowances).

Table 33 Port-specific berth and manoeuvring times used in the model
Average time at port | Average manoeuvring Time at port
(h) time (h) (min)
CEYPORT (TEKIRDAG) 1.00 0.30 60.0
MARMARA ADASI 0.50 0.20 30.0
AVSA ADASI 0.50 0.20 30.0
ERDEK (BELEDIYE) 0.50 0.20 30.0
BANDIRMA (CELEBI) 1.56 0.30 93.6
AMBARLI AKCANSA 1.00 0.30 60.0
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Average time at port | Average manoeuvring Time at port
(h) time (h) (min)
ZEYPORT 0.75 0.25 45.0
MALTEPE (iDO) 0.75 0.0833 45.0
TEKIRDAG MARTAS 1.00 0.30 60.0
GANAKKALE MERKEZ 0.50 0.20 30.0
ECEABAT 0.50 0.20 30.0
GELIBOLU (BELEDIYE) 0.50 0.20 30.0
LAPSEKI 0.50 0.20 30.0
YENIKAPI (iDO) 0.5833 0.0833 35.0
YALOVA (iDO FERIBOT) 0.25 0.0833 15.0
PENDIK (IDO) 0.25 0.0833 15.0
YALOVA (iDO YOLCU) 0.50 0.0833 30.0
ESKIHISAR (IDO) 0.283 0.0833 17.0
TOPCULAR (iDO) 0.283 0.0833 17.0
FORD YENIKQOY ISKELESI 0.75 0.25 45.0
AUTOPORT TERMINALI 1.00 0.30 60.0
SARAYLAR 1.00 0.20 60.0
EKINLIK ADASI 0.50 0.20 30.0
ESKIHISAR (GOK DEN.) 0.25 0.15 15.0
TAVSANLI (GOK DEN.) 0.25 0.15 15.0
YARIMCA PORT 1.00 0.25 60.0

Charging permission by scenario (S0 vs S1)

Charging access is scenario-defined. Under SO (opportunistic charging), charging is assumed possible at
all ports in-scope. Under S1 (hub-only charging), charging is restricted to a subset of ports designated as
hubs; all other ports are treated as non-charging locations for that scenario.

Table 34 Charging permission by port under opportunistic (S0) and hub-only (S1) strategies

Charging allowed (S0) Charging allowed (S1)

CEYPORT (TEKIRDAG) TRUE TRUE
MARMARA ADASI TRUE FALSE
AVSA ADASI TRUE TRUE
ERDEK (BELEDIYE) TRUE FALSE
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Charging allowed (S0)

Charging allowed (S1)

BANDIRMA (CELEBI) TRUE TRUE
AMBARLI AKCANSA TRUE FALSE
ZEYPORT TRUE TRUE
MALTEPE (iDO) TRUE FALSE
TEKIRDAG MARTAS TRUE FALSE
CANAKKALE MERKEZ TRUE TRUE
ECEABAT TRUE FALSE
GELIBOLU (BELEDIYE) TRUE FALSE
LAPSEKI TRUE TRUE
YENIKAPI (IDO) TRUE TRUE
YALOVA (iDO FERIBOT) TRUE TRUE
PENDIK (iDO) TRUE FALSE
YALOVA (iDO YOLCU) TRUE TRUE
ESKIHISAR (IDO) TRUE FALSE
TOPCULAR (iDO) TRUE TRUE
FORD YENIKOY ISKELESI TRUE TRUE
AUTOPORT TERMINALI TRUE FALSE
SARAYLAR TRUE FALSE
EKINLIK ADASI TRUE FALSE
ESKIHISAR (GOK DEN.) TRUE FALSE
TAVSANLI (GOK DEN.) TRUE TRUE
YARIMCA PORT TRUE FALSE

C.5  Sensitivity and uncertainty considerations
Parameter ‘ Robustness ‘ Impact
Fuel and Future forecasting of fuel and energy Expected moderate impact given that
energy cost prices is challenging. fuel/energy costs are relatively small
projections compared to CapEx

Grid intensity
mix forecast

Linear projection from current level to
net zero in 2053, could be non-linear

No impact on total emissions in 2053 if
net zero by then, but effects trajectory of
emissions reduction

Vessel is used
on main route
only

If vessel is used on a different route the
energy consumption should be checked

Negligible impact if used on similar or
shorter length route. High impact if used
on longer route.
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Parameter

GHG pricing
costs are
assumed zero

‘ Robustness

Assumption is currently true for
domestic vessels operating in Turkiye.
Future policy discussions may consider
a national maritime GHG pricing or
contribution-based mechanism for
international ships calling at Turkish
ports.

‘ Impact

Direct TCO impacts on the domestic ferry
cases are therefore assumed to be zero.
Any future revenues from international
port calls could indirectly strengthen the
investment case for domestic ferry
electrification if allocated to grants,
concessional finance, port infrastructure
or other decarbonisation support

infrastructure to
port

HVO High confidence based on the current Major impact on the feasibility and cost of
availability/cost | status but low future confidence HVO as a decarbonised solution and
and GHG because global changes in supply and | strengthen relative case for full
intensity demand, and changes in the emissions | electrification
classification of HVO are possible
Cost of HV grid | High confidence that currently no costs, | Significant impact on port infrastructure

external to the port, are borne by the
port based on stakeholder consultation.
However, moderate future confidence
given that pricing mechanisms can
change

costs due to often high cost of providing
HV from distant substations

Availability of Factored into down-selection, but Lack of availability of HV infrastructure at
HV availability at some ports, especially in ports would impact selected solution
infrastructure island locations, is risk technology (e.g. drive greater hub
charging and hybrid solutions, or provision
of local charging solution)
Battery High confidence in assumptions Potentially significant although any major
technology according to current technology disruptions expected to be at least 10
trajectories but a disruptive years away from widespread marine
development in (energy density or price) | deployment. Technology disruptions
has not been included would increase the feasibility of all electric
solutions and could reduce need for
battery replacement
Retrofit Moderate-confidence, cluster-level Approach may overestimate retrofit
assessment assessment: we reviewed one readiness, since not every vessel was

representative vessels GA per cluster
rather than each individual vessel

assessed in detail; however, a
conservative value of installed battery
energy density was used, and top
candidates were further analysed to
confirm feasibility
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Appendix D: Detailed results

D.1  Detailed results for representative long route archetypes

This section provides the detailed supporting results for the representative long-route analysis summarised
in Section 3.2.1. It brings together the full set of vessel-level results for battery requirements, charging
power, capital expenditure, total cost of ownership and cumulative CO,e emissions for the representative
long-route cases.

Typical long route

This section presents results for a representative vessel operating on a longer Sea of Marmara route (50—
60 nm) to illustrate the scale of technical requirements and the associated trade-offs between capital
expenditure and CO.,e abatement. Longer routes are characterised by higher propulsion energy demand,
fewer charging opportunities, and longer dwell times at each end of the service pattern. As a result,
electrification solutions on these routes tend to be constrained by the size of onboard energy storage
required and by the shore-side charging power needed to replenish that energy within operational
turnaround times.

Battery sizes. Table 35 summarises indicative battery capacity ranges for the six technical cases (FE,
H1, H2 under SO and S1). Fully electric solutions require the largest batteries. Under opportunistic charging
(SO-FE), the typical battery size range is approximately 8—14 MWh, increasing to approximately 16-28
MWh under hub-only charging (S1-FE). This near-doubling reflects the need to carry more energy
between fewer charging points under the hub strategy and indicates that hub-only charging can become
impractical on long routes where the required energy storage exceeds the available space for many
vessels. In contrast, Hybrid 1 (H1) requires only a small battery because it is sized primarily for
manoeuvring and low-speed port operations.

Charging power and duration. The effective charging duration assumed for this typical long route is
approximately 55 minutes reflecting the port-side turnaround/dwell time used for this route archetype (after
applying connection/disconnection allowances) and therefore treated as a port-operational input rather
than a scenario-specific parameter. Even with this relatively long window, the charging powers required
for fully electric operation are high due to the large energy quantities that must be transferred. Typical
charging powers are between approximately 7.2 and 14.3 MW.

Hybrid cases require substantially lower charging power, between approximately 0.1 MW and 6.0 MW.
The hub strategy generally increases required charging power at the hub ports because a larger share of
energy replenishment is concentrated into fewer charging events.
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Table 35 Indicative battery capacity and shore charging power requirements for a typical
long-route vessel (50-60 nm) under the six technical cases

Typical long route solution SO-FE S1-FE S0-H1 S1-H1 S0-H2 S1-H2
options

Battery size (MWh) 8.0-14.0 16-28 | 0.08-0.13| 0.3-065|3.5-5.0| 7.0-11.0
Charging power (MW) 7.0-95 | 11.0-14.5 0.1 01-02 | 25-40| 3.5-6.0
Effective charging 55 mins

duration

CapEx composition. Figure 35 (CapEx breakdown) illustrates how total capital cost is distributed across
major components for the six electrified options. For fully electric cases, battery CapEx is a dominant
contributor, and the analysis also includes replacement battery cost within the 2025-2050 assessment
period (assumed after approximately 14 years of service). Although port charging infrastructure is required
to enable multi-megawatt charging (including transformers, cabling, switchgear and chargers), port
infrastructure contributes a smaller share of total CapEx than vessel-side investment for this long-route
archetype.

Moving from opportunistic to hub charging increases the battery share materially (reflecting the higher
required onboard energy), while the reduction in port infrastructure needs from charging at fewer ports is
relatively limited compared with the battery uplift. For hybrid solutions, the vessel (excluding battery) share
becomes more prominent, reflecting that conventional propulsion machinery remains a core part of the
system alongside the battery and power electronics; consequently, H1 and H2 architectures can show
higher “non-battery” vessel CapEx shares than fully electric options.

It is important to note that the CapEXx values presented here are indicative and vary materially with vessel
size, installed power, route energy demand, and port interface constraints. Furthermore, the CapEx
breakdown shown reflects a newbuild framing (full vessel included). Retrofit cases are generally lower in
absolute CapEx than an equivalent newbuild because they mainly comprise battery and electrical
integration works and port upgrades (plus a retrofit premium more details on appendix C.2), rather than
full vessel replacement; retrofit feasibility and applicability are treated separately in the vessel-level
assessment.
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Figure 35 CapEx breakdown for newbuild electrified options for a typical long-route vessel
(50—-60 nm), showing the contribution of battery, vessel (excluding battery), port infrastructure,
and replacement battery cost

Total cost of ownership (TCO). To complement the CapEx breakdown, Figure 36 to Figure 39 present
the total cost of ownership (TCO) to 2050 for the same representative long-route vessel, expressed as
2025 present value (EUR million) and disaggregated into vessel CapEx, vessel fuel OpEx®, vessel non-
fuel OpEx, port CapEx'® and port OpEx. Results are shown for BAU, full electric, hybrid 1 and hybrid 2,
under both charging strategies (S0 and S1) and for both implementation pathways (newbuild and retrofit).

®  Vessel fuel OpEx includes operating energy costs (fuel for BAU or electricity for electrified cases or both for hybrid ones)
0 Port CapEx excludes upstream grid connection or reinforcement costs beyond the port boundary.
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Figure 36 TCO breakdown (2025 present value, EUR million) for a representative long-route
vessel — newbuild, opportunistic charging (S0)
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Figure 37 TCO breakdown (2025 present value, EUR million) for a representative long-route
vessel — retrofit, opportunistic charging (S0).
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Figure 38 TCO breakdown (2025 present value, EUR million) for a representative long-route
vessel — newbuild, hub charging (S1)
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Figure 39 TCO breakdown (2025 present value, EUR million) for a representative long-route
vessel — retrofit, hub charging (S1)

Key observations from the TCO results. Across all cases, fuel OpEx remains a major contributor to BAU
TCO, whereas electrified options shift costs towards upfront vessel CapEx and (to a lesser extent) port
CapEx. In the long-route archetype, full electric has the highest total TCO, between €16.5m and €26.4m
higher than BAU for opportunistic charging, newbuild and retrofit respectively. This is driven primarily by
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the vessel CapEx associated with large batteries. Hub charging (S1) further increases the total TCO versus
opportunistic (S0) due to the larger onboard energy requirement.

Hybrid 1 shows a similar and in some cases lower TCO than BAU, because battery and port investments
are limited and most of the energy demand on long routes remains in cruising. Hybrid 2 provides an
intermediate outcome, increasing CapEx relative to BAU but reducing fuel OpEx compared with BAU; the
balance between these effects depends on whether charging is opportunistic or hub-based. The hub
charging TCO is between €13.9m and €23.1m greater than opportunistic charging. In the hub charging
case, the vessel CapEx is greater for retrofit than for New Build, because of the retrofit premium assumed
to account for complexity of installing a large battery in an existing vessel.

Differences between newbuild and retrofit are mainly driven by how much baseline vessel CapEx is
attributed to the case (full replacement versus incremental conversion), while port CapEx and port OpEx
remain comparatively smaller contributors in all cases.

For clarity, the port CapEx shown in these figures covers the port-side charging equipment and associated
on-site electrical works assumed within the port. It does not include wider upstream grid reinforcement or
connection costs beyond the port boundary, which may be material at some locations and would increase
total infrastructure cost where required.

Abated CO.e to 2050. Figure 40 presents cumulative CO,e emissions for the representative vessel over
2025-2050 under BAU and the electrified architectures. Fully electric operation provides the highest
abatement in this long-route case, reducing cumulative CO,e by approximately 65% relative to BAU.
Hybrid 2 provides a material reduction of approximately 32%, while hybrid 1 yields a more modest
reduction of approximately 12.5%. The smaller benefit of H1 on long routes reflects the duty-cycle
structure: manoeuvring and low-speed operation are a relatively small fraction of total energy demand
compared with cruising, so electrifying only that portion displaces a limited share of fuel consumption.
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Figure 40 Cumulative CO.e emissions to 2050 for a typical long-route vessel under BAU and
electrified architectures.

Overall, the typical long-route results highlight that full electrification can deliver substantial emissions
reductions but is associated with large battery capacities and high charging power requirements, driving
battery-dominated capital costs and, in some cases, feasibility constraints. Hybrid options reduce battery
and charging requirements and may therefore be more readily implementable on certain long-route
vessels, but they deliver lower CO,e abatement because conventional engines remain responsible for a
significant portion of propulsion energy.

The figures and discussion above present the detailed supporting results corresponding directly to the
representative long-route findings discussed in Section 3.2.1. The additional results below provide further
long-route detail, including the range of capital cost outcomes across electrification architectures and
charging strategies.

Full electric (FE) opportunistic scenario (S0) — long route

The results for a representative vessel operating on a long route were described in section 3.2.1. The
range of CapEx for vessels on long routes is shown in Figure 41.
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Figure 41 Minimum and maximum CapEx breakdown (2025 present value, EUR million) for
long-route FE vessels — newbuild, opportunistic charging (S0)

The CapEx breakdown shows that cost is driven primarily by the battery system and its lifecycle
replacement allowance (replacement assumed after ~14 years). In the representative min—-max range,
total newbuild CapEx is approximately €27 million (SO-FE Min) rising to approximately €49 million (SO-FE
Max). The spread reflects variation in vessel and route energy demand within the long-route class, which
directly affects battery capacity and therefore battery and replacement costs. Port infrastructure is material
due to multi-MW charging but remains a smaller contributor than the vessel-side battery and vessel
platform costs for this archetype. The bars are presented on a newbuild basis (full vessel included); retrofit
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CapEx would typically be lower in absolute terms because it is mainly battery and integration works plus
port upgrades (and a retrofit premium), rather than a full vessel platform.

Full electric (FE) Hub scenario (S1)

Moving from opportunistic to hub-only charging concentrates charging into fewer locations and increases
the energy that must be carried between charging opportunities. The CapEx results show that the hub
strategy materially increases total cost because the larger battery dominates the investment case. In the
representative range, total newbuild CapEx increases from approximately €27—49 million under SO-FE to
approximately €41—73 million under S1-FE (S1-FE Min to S1-FE Max). Port infrastructure remains required
in both cases because charging power is multi-MW; any saving from installing equipment at fewer ports is
small relative to the vessel-side battery uplift because hub ports must still be sized for high peak power
and energy transfer. For long routes, this is also the case most likely to encounter integration constraints,
as the required battery volumes and weights increase substantially.
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Figure 42 Minimum and maximum CapEx breakdown (2025 present value, EUR million) for
long-route FE vessels — newbuild, opportunistic charging (S0) and hub charging
(S1)

Hybrid 1 (H1)

Hybrid 1 is designed as a manoeuvring/low-speed hybrid and therefore has minimal battery and charging
requirements even on long routes. The CapEx breakdown shows that H1 is dominated by the vessel
(excluding battery) component because conventional propulsion remains fully required; battery and port
infrastructure costs are marginal. The min—max range is therefore driven more by variation in the
underlying vessel platform cost than by electrification hardware. In the representative long-route class,
total newbuild CapEx is typically around €10-20 million, with only a small increment attributable to the
battery system and charging equipment. The environmental implication is that H1 delivers modest
abatement on long routes because manoeuvring is a smaller share of total energy than cruising; the
architecture is intentionally limited in the share of the duty cycle it electrifies.
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Figure 43 Minimum and maximum CapEx breakdown (2025 present value, EUR million) for
long-route H1 vessels — newbuild, opportunistic charging (S0) and hub charging
(S1)

Hybrid 2 (H2)

Hybrid 2 electrifies a moderate share of operations and sits between FE and H1 in both technical
requirements and cost.

The CapEx results show two large contributors: the vessel (excluding battery) component remains
substantial because conventional propulsion is retained alongside the battery system, and the battery
component grows materially with the hub strategy. The hub case increases battery size strongly while
charging power rises more modestly, so port infrastructure costs do not reduce in proportion to fewer
charging ports. In the representative range, total newbuild CapEx spans approximately €17 million (S0-H2
Min) to approximately €41 million (S1-H2 Max), with the S1 uplift primarily driven by the higher required
battery capacity. In environmental terms, H2 delivers materially more abatement than H1 on long routes,
while remaining below FE because the engine continues to supply a significant portion of cruise propulsion
energy.
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Figure 44 Minimum and maximum CapEx breakdown (2025 present value, EUR million) for
long-route H2 vessels — newbuild, opportunistic charging (S0) and hub charging
(S1)

D.2  Detailed results for representative short-route archetypes

This section provides the detailed supporting results for the representative short-route analysis
summarised in Section 3.2.2. It brings together the full set of vessel-level results for battery requirements,
charging power, capital expenditure, total cost of ownership and cumulative CO,e emissions for the
representative short-route cases.

The structure of the representative short-route mirrors the long-route archetype, but the operating profile
is materially different. On short routes, manoeuvring and berthing can represent a larger share of total
energy demand, and port stays are frequent but short. This changes the relative attractiveness of hybrid
options and shifts the infrastructure challenge from total energy towards charging power delivered over
limited connection windows. Compared with long routes where feasibility is often constrained by very large
battery capacities, short routes tend to shift the key constraint towards delivering multi-MW charging power
within very short connection windows, even when the required onboard energy (MWh) is modest.

Battery sizes. Table 36 summarises indicative battery capacity ranges for the six technical cases (FE,
H1, H2 under SO and S1). Fully electric battery requirements are substantially lower than on long routes.
Under opportunistic charging, typical battery size is between approximately 1.4 and 3.7 MWh. This
contrasts with the long-route case where typical batteries are on the order of 8—14 MWh and 16-28 MWh.

Hybrid 1 (H1) battery requirements are quite small reflecting its focus on manoeuvring and low-speed port
operations. Hybrid 2 (H2) requires moderate storage. As with the long-route case, the hub charging
strategy increases required battery capacity because the vessel must carry more energy between fewer
charging opportunities.
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Charging power and duration. The effective charging duration for the representative short-route case is
approximately 10-20 minutes'’, consistent with high-frequency operations where vessels have short
connection windows but can charge frequently. Despite lower energy requirements, charging power
remains multi-megawatt for fully electric operation because energy must be transferred quickly. Typical
charging powers are approximately 4.9 and 13.5 MW.

The hub case therefore pushes charging power towards the upper end of what may be practical to install
at a berth, depending on local grid capacity, space, and connection constraints. Hybrid solutions require
lower charging power than FE. Compared with long routes, the short-route archetype therefore represents
a “high power, short time” charging requirement.

Table 36 Indicative battery capacity and shore charging power requirements for a typical
short-route vessel (4—5 nm) under the six technical cases

Typical short route S0-FE S1-FE S0-H1 S1-H1 S0-H2 S1-H2
solution options

Battery size (MWh) 14-18 |28-37 01-0.2 |03-05 06-0.8 1.4-17
Charging power (MW) 49-64 10.2-135|03-05 (10-16 23-29 49-6.3

Effective charging duration | 10-20 mins

CapEx composition. Figure 45 shows the distribution of total capital cost across the main components
for the six electrified options. The CapEx breakdown is presented on a newbuild basis, for fully electric
cases on short routes, the lower battery capacity requirement reduces the battery share compared with
the long-route FE case, and port infrastructure becomes a more prominent contributor because multi-
megawatt charging equipment and associated electrical works are still required.

Moving from opportunistic to hub charging increases the battery share and typically increases the required
charger power at the hub ports; the reduction in the number of charging locations does not necessarily
reduce port CapEx proportionally for the representative vessel case, because the hub ports must
accommodate higher peak power. For hybrid cases, the vessel (excluding battery) remains the dominant
CapEx contributor, reflecting the continued requirement for conventional propulsion machinery alongside
the battery system; battery-related CapEx is comparatively small for H1 and moderate for H2, with
replacement battery cost included within the assessment period.

" For short-route services, effective charging time varies because some vessels depart as soon as loading is complete and service frequency

can change with seasonality; the 10-20 minute range reflects average observed port stay conditions for this route class.
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Figure 45 CapEx breakdown for newbuild electrified options for a typical short-route vessel

Total cost of ownership (TCO)'>. Figure 46 to Figure 49 present the total cost of ownership (TCO) to
2050 for the representative short-route vessel, expressed as 2025 present value (EUR million) and broken
down into vessel CapEx, vessel fuel OpEx, vessel non-fuel OpEx, port CapEx'® and port OpEx. Results
are shown for BAU, full electric, hybrid 1 and hybrid 2, under both charging strategies (S0 and S1) and for
both implementation pathways (newbuild and retrofit).

2 TCO results shown are for a representative vessel on this route class; absolute values will vary by vessel and operating profile, but relative
trends across options are expected to be similar.
3 Port CapEx excludes upstream grid connection or reinforcement costs beyond the port boundary.
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Figure 46 TCO breakdown (2025 present value, EUR million) for a representative short-route
vessel — Newbuild, opportunistic charging (S0)
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Figure 47 TCO breakdown (2025 present value, EUR million) for a representative short-route
vessel — Retrofit, opportunistic charging (S0)
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Figure 48 TCO breakdown (2025 present value, EUR million) for a representative short-route
vessel — Newbuild, hub charging (S1)

30.0

- l I I I
0.0

Electric Hybrid 1 Hybrid 2
m\/essel CAPEX mVessel Fuel OPEX mVessel Non-Fuel OPEX mPort CAPEX = Port OPEX

N
o
o

N
o
o

(&)
o

2025 present value (EUR million)
o
o

Figure 49 TCO breakdown (2025 present value, EUR million) for a representative short-route
vessel — Retrofit, hub charging (S1)
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Key observations from the TCO results. In the newbuild opportunistic (SO) case (
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Figure 46), total TCO is approximately €26 million (BAU), €32 million (full electric). Thus, the average
TCO of a full electric newbuild architecture is approximately €240,000 per year greater than BAU.

In the retrofit opportunistic (S0) case (Figure 47), BAU is approximately €15 million, increasing to
approximately €23 million (full electric). Thus, the average TCO of a full electric retrofit architecture is
approximately €320,000 per year greater than BAU.

Under hub charging (S1), full electric TCO increases further because higher onboard energy requirements
translate to higher vessel CapEx: approximately €35 million (newbuild, Figure 48) and €27-28 million
(retrofit,_Figure 49), compared with the corresponding SO cases. Thus, the TCO of full electric architecture
is €3-4m greater when charged at hub ports only compared with opportunistic charging.

Across all four figures, the cost structure shifts away from fuel OpEx and towards vessel CapEx and port
CapEx under electrification; however, on short routes the port CapEx component is consistently material
because multi-MW charging equipment is required even when battery energy (MWh) is modest. Hybrid 1
shows the smallest change in total TCO versus BAU in both SO and S1, whereas hybrid 2 sits between
hybrid 1 and full electric, reflecting higher CapEx than H1 but lower fuel OpEx than BAU.

Abated CO.e to 2050. Figure 50 presents cumulative CO,e emissions for the representative vessel over
2025-2050 under BAU and the electrified architectures. In this short-route case, BAU emissions are
approximately 155 kt CO.e. Fully electric operation reduces cumulative emissions to approximately 55 kt
CO.e, corresponding to ~64% abatement.

Both hybrid options deliver higher abatement than in the long-route archetype: H1 achieves ~22%
abatement (compared with ~12.5% on the typical long route) and H2 achieves ~39% abatement
(compared with ~32% on the typical long route). This reflects the duty-cycle structure on short routes,
where manoeuvring and berthing form a larger fraction of energy demand, so electrifying these phases
displaces more fuel than on cruising-dominated services.
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Figure 50 Cumulative CO.e emissions to 2050 for a typical short-route vessel

The figures and discussion above present the detailed supporting results corresponding directly to the
representative short-route findings discussed in Section 3.2.2. The additional results below provide further
short-route detail, including the range of capital cost outcomes across electrification architectures and
charging strategies.

The figures show the same three elements as the long-route case CapEx composition (including min—max
ranges) but the short-route duty cycle shifts the main constraint from onboard energy capacity to delivering
energy in a short charging window (effective charging duration of ~10-20 minutes).

Full electric (FE) opportunistic scenario (S0) — short-route

The SO-FE CapEx range is materially lower than the long-route FE case but still shows a clear min—max
spread driven by vessel size and the associated charging interface. In the representative short-route
range, total newbuild CapEx increases from ~€12.6 million (SO-FE Min) to ~€20.7 million (SO-FE Max). In
the minimum case, the labelled components are battery ~€1.4m, vessel (excl. battery) ~€5.9m, port
infrastructure ~€4.4m, and replacement battery ~€0.9m; in the maximum case they increase to battery
~€1.8m, vessel ~€12.3m, port infrastructure ~€5.4m, and replacement battery ~€1.2m. Compared with
long routes, the battery is smaller, but port infrastructure remains material because charging must be
delivered at multi-MW power within a short dwell window.
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Figure 51 Minimum and maximum CapEx breakdown (2025 present value, EUR million) for
short-route FE vessels — newbuild, opportunistic charging (S0)

Compared with the long route, port infrastructure becomes a larger share of total CapEx in relative terms
because the charging system must be sized for high peak power (grid interface, transformers, cabling,
chargers) even when battery size is smaller. Battery replacement cost is included and remains visible but
is smaller than in the long-route FE case because installed capacity is lower.

Full electric (FE) Hub scenario (S1)

Under hub-only charging, the short-route FE case shifts more burden onto the vessel because energy
must be carried between fewer charging opportunities.

Under hub-only charging, the CapEx uplift is driven mainly by higher battery capacity and associated
replacement allowance, while hub ports must accommodate higher peak power. The CapEx bars indicate
that S1-FE is higher than SO-FE across the representative range, with totals rising from ~€15 million (S1-
FE Min) to ~€24 million (S1-FE Max). The increase is dominated by the larger battery block and
replacement battery block, while the port infrastructure block remains of comparable order because high-
power grid connection and charging equipment are still required at the hub ports.
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Figure 52 Minimum and maximum CapEx breakdown (2025 present value, EUR million) for
short-route FE vessels — newbuild, opportunistic charging (S0) and hub charging

(S1)
Hybrid 1 (H1)

H1 performs better on short routes than on long routes because manoeuvring and berthing represent a
larger share of total energy in a short crossing cycle.

For H1 on short routes, total newbuild CapEx remains dominated by the vessel (excl. battery) component,
with battery and replacement battery costs remaining small. The CapEx chart shows totals of roughly ~€8—
15 million across the SO and S1 cases, with only a modest uplift under hub charging. Port infrastructure is
present but remains secondary to the vessel platform cost, reflecting that H1 requires relatively low energy
transfer compared with FE, even though hub charging increases the required charging power.
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Figure 53 Minimum and maximum CapEx breakdown (2025 present value, EUR million) for
short-route H1 vessels — newbuild, opportunistic charging (S0) and hub charging
(S1)

Hybrid 2 (H2)

H2 provides a middle pathway on the short route, electrifying a larger portion of the duty cycle than H1
while retaining conventional propulsion for the remaining load.

For H2 on short routes, CapEx reflects two large contributors: the vessel platform (excluding battery),
because conventional propulsion remains, and the battery system, which is materially larger than H1. The
CapEx chart indicates totals of approximately ~€10—17 million under S0-H2 and ~€12-19 million under
S1-H2, with the hub strategy increasing costs primarily by increasing battery size (and replacement
allowance) rather than reducing port CapEx. This matches the technical pattern where S1 increases the
energy that must be carried between fewer charging opportunities, while charging power increases less
than proportionally.
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Figure 54 Minimum and maximum CapEx breakdown (2025 present value, EUR million) for
short-route H2 vessels — newbuild, opportunistic charging (S0) and hub charging
(S1)

Short-route vs long-route comparison (interpretation)

Across architectures, the short-route case consistently shifts the practical constraint from battery size
(dominant on long routes) to peak charging power delivered in short connection windows. FE battery
capacity reduces from the long-route envelope (multi-MWh tens) to ~1-4 MWh, but charging power
remains multi-MW and can exceed 10 MW under hub charging. For hybrids, the short-route duty cycle
increases the relative importance of manoeuvring/berthing, which is why H1 and H2 show higher
percentage abatement than on long routes, while still remaining below FE because conventional
propulsion remains part of the energy supply.

D.3  Fleet analysis

This section provides the detailed supporting results for the fleet-level analysis summarised in Section
3.2.3. It brings together the comparative results for fleet composition, capital expenditure, operating
expenditure, total cost of ownership and cumulative CO,e emissions across the assessed fleet scenarios.

Fleet CapEx

Many different combinations of implementation strategy (retrofit or newbuild), of vessel architecture and of
charging strategy are possible. All electric, all hybrid 1 and all hybrid 2 scenarios of the 67-vessel fleet
were analysed alongside an optimum fleet mix scenario which was selected based on equal weighting
factors applied to normalised GHG reduction and normalised abatement cost. The resulting optimum fleet
mix of new or retrofit, architecture and charging strategy is shown in Figure 55.
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Figure 55 An optimum scenario of retrofit and newbuild, vessel architecture and charging
strategy which maximises GHG abatement at minimum cost

The fleet optimum consisted of:

= Retrofit for over half of the fleet. For cases where battery installation is technically feasible and the
vessel's age supports the economic case, retrofitting offers a more cost-effective solution

= Fully electric architectures of % of the fleet. Full electric vessels deliver the greatest reduction in
total GHG emissions and are technically feasible for a significant proportion of the fleet

m  Opportunistic charging for all routes. Charging at every port is strongly favoured because:

m  More frequent recharging allows the use of smaller, less expensive onboard batteries which
represent a major component of total system cost.

m  Hub charging necessitates larger onboard batteries and substantially higher charging power unless
layover durations can be extended which is technically challenging and leads to higher overall
infrastructure costs

For comparison the following fleet scenarios were also assessed:

= All Electric. All vessels fully electric, including 38 newbuild vessels to accommodate large batteries.
It should be noted that some all-electric vessels require greater than 10MW charging.

= All Hybrid 1. All vessels hybrid 1 architecture, including 23 newbuilds

= All Hybrid 2. All vessels hybrid 2 architecture, including 38 newbuild vessels
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Figure 56 Vesel implementation strategy (newbuild or retrofit) for scenarios of uniform
electrical architecture

The total vessel and port fleet CapEx for each scenario over a 25-year period to 2050, discounted to
2025 values, for different scenarios is shown in Figure 57
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scenario scenario scenario scenario
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Figure 57 CapEx over 25-year period to 2050 by fleet scenario
The vessel cost represents the most significant portion of total CapEx, driven mainly by:

= Battery system costs, including their mid-life replacements, and
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m  The cost of newbuilds where technical or economic considerations necessitate them

The CapEx for Business as usual (BAU) scenario is assumed zero (no newbuild). Furthermore, the fleet
analysis does not account for potential sharing of port infrastructure by vessels on the same route.
Depending upon the roll-out of electrification, this could result in lower port infrastructure costs for the fleet.

The all-electric scenario has the highest capital expenditure (approximately €1.5 billion), driven by the high
cost of batteries and the need for new vessels where retrofit is not feasible. The optimum scenario reduces
total CapEx to approximately €1.0 billion by incorporating hybrid solutions, which lower both battery
capacity requirements and newbuild costs compared with the fully electric option.

Fleet fuel and non-fuel OpEx

The total fuel and non-fuel fleet operating costs (OpEx) for each scenario over a 25-year period to 2050,
discounted to 2025 values, are shown in Figure 58.
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Figure 58 Fuel and non-fuel OpEx over 25-year period to 2050 by scenario

Fuel and energy operating expenditure is lower than BAU for all electrified architectures due to the higher
efficiency of electric propulsion and the relative cost advantage of electricity over diesel. However, total
operating expenditure remains broadly similar across electrified and BAU scenarios (€0.8-0.9 billion),
because of the additional operating costs of the port equipment in the electrified scenarios, offering limited
scope to offset the higher capital costs associated with electrified solutions.

Fleet Total Cost of Ownership (TCO) and abated CO2e

The fleet total cost of ownership (TCO) for each scenario over a 25-year period to 2050, discounted to
2025 values, are shown in Figure 59. Due primarily to the high CapEx of electrified scenarios their Total
Cost of Ownership (TCO) is higher than BAU in all cases.

Study exploring the potential for electrification of the ferry network servicing the Sea of Marmara
22 June 2026 | ED22117 144



\\\I)

3000
2500
2000
c
S
E 1500
()
1000
0
All Electric All Hybrid 1 All Hybrid 2 BAU scenario Optimum
scenario scenario scenario scenario

Figure 59 Total Cost of Ownership (TCO) over a 25-year period to 2050 by fleet scenario

The fleet CO2e emissions for each scenario over a 25-year period to 2050 are shown in Figure 60. The
all-electric scenario has the highest TCO but also abates the most CO2e emissions (~5 million tonnes or
68% of total BAU CO2e emissions to 2050). This compares to annual GHG emissions from all domestic
navigation in Turkiye of approximately 1 million tonnes CO2e in 2023 (Greenhouse Gas Inventory of
Turkiye, (https://unfccc.int/sites/default/files/resource/TUR _NID 2025 Rev.pdf)
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Figure 60 Total CO2e emissions over a 25-year period to 2050 by scenario
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D.4  Impact of capital subsidy on TCO

This section provides the detailed supporting results for the capital-subsidy sensitivity discussed in Section
3.2.4. It presents the effect of applying 30% grant funding to electrified options for the representative long-
route and short-route cases.

The long and short route results described in Section 3.2.1 and 3.2.2 show a TCO for all electrification
options is higher than the BAU case. To explore the impact of grant funding on the economics of vessel
electrification, the effect a 30% grant funding of electrified options was analysed.

Figure 61 and Figure 62 show the TCO to 2050, including 30% grant funding on CapEx for the long route
newbuild and retrofit respectively. Figure 63 and Figure 64 show similar outputs for the short route case.

Although the required CapEx is reduced by the grant funding, especially for more capital-intensive
newbuild options, the TCO for the all-electric cases remains significantly higher than BAU. The hybrid
cases, and especially hybrid 1 costs are lower than the BAU TCO. Thus, 30% grant funding, although
helpful to reduce initial CapEx does not achieve parity of TCO for the most decarbonised full electric option,
but is closest to parity for the short route, newbuild, opportunistic case.
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Figure 61 TCO breakdown including 30% CapEx grant funding of electrified options (2025
present value, EUR million) for a representative long-route vessel — newbuild,
opportunistic charging (S0)
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Figure 62 TCO breakdown including 30% CapEx funding of electrified options (2025 present
value, EUR million) for a representative long-route vessel — retrofit, opportunistic
charging (S0)
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Figure 63 TCO breakdown including 30% CapEx funding (2025 present value, EUR million) for
a representative short-route vessel — newbuild, opportunistic charging (S0)
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Figure 64 TCO breakdown including 30% CapEx funding (2025 present value, EUR million) for
a representative short-route vessel — retrofit, opportunistic charging (S0)
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D.5 Annual results in 2050

This section provides the detailed supporting results for the 2050 annual operating cost and emissions
analysis summarised in Section 3.2.5. It presents the annual operating expenditure and annual
greenhouse gas emissions results for representative vessel cases and for the full fleet under the assessed
scenarios.

By 2050, it is assumed that the electricity grid mix in Turkiye will have decarbonised from a current value
of approximately 400gCO2e/kWh to 130 gCO2e/kWh. It is also assumed that the electricity price will
reduce from 0.09 €/kWh to 0.02 €/kWh by 2050.

The annual OpEXx costs are therefore materially lower than BAU by 2050 as shown in Figure 65 and

The annual OpEx is €310,000 lower for a representative long route vessel and €29.3m lower across the
fleet. A similar narrative is true for a representative short-route vessel.

The annual GHG emissions of electrified solutions in 2050 are also significantly lower, especially for all
electric as shown in Figure 66.
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Figure 65 Annual OpEXx in 2050 for a representative long-route vessel — Opportunistic
charging (S0)
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Figure 66 Annual WTW GHG emissions in 2050 for a representative long route vessel —
Opportunistic charging (S0). Full electric GHG abatement 82% in 2050

Annual results for the full fleet show a similar significant OpEx cost and emissions benefits in 2050.

€40

€35

Millions

€30
€25 83%
€20
€15

€10

v

- .
€-

BAU All Electric All Hybrid 1 All Hybrid 2

Figure 67 Annual fleet fuel OpEx in 2050 by scenario. Full electric OpEx reduction 83% in
2050

It is estimated that the all-electric scenario abates 84% of BAU CO2e emissions in 2050, as shown in
Figure 68.
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Figure 68 Total annual CO2e emissions in 2050 by scenario. Full electric GHG abatement 84%
in 2050

Given the long service life of ferries, vessels procured today are likely to remain in operation through 2050.
Consequently, electrifying all new vessel builds is vital to fully capture these long-term benefits.

D.6  Impact of achieving net zero grid decarbonisation by 2053

The impact of an accelerated rate of decarbonisation of the grid electricity supply was assessed, using the
“Low” assumption for grid carbon intensity described in Appendix C2. For the long and short route
representative vessels the full electric scenario reduced annual GHG emissions by 94% by 2050 as shown
in Figure 69 and Figure 70.
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Annual WTW GHG emissions in 2050 for a representative long route vessel assuming
net zero grid intensity by 2053 — Opportunistic charging (S0). 94% reduction in GHG
emissions for all-electric
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Annual WTW GHG emissions in 2050 for a representative short-route vessel
assuming net zero grid intensity by 2053 — Opportunistic charging (S0). 95%
reduction in GHG emissions for all-electric
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D.7  The economic impacts of reducing space on vessels

The economic impact of retrofit was assessed by estimating potential reductions in vehicle-carrying
capacity resulting from spatial constraints associated with battery integration. The assessment considered
3 steps, described below:

1. Estimation of available engine room volume and scenario requirements

Engine room volumes were derived from General Arrangement (GA) drawings where available. For
vessels without GA drawings, engine room volumes were approximated using vessels of similar type and
gross tonnage (GT). These values provided the baseline spatial envelope available for retrofit integration.
For each decarbonisation scenario, volumetric requirements were defined based on the estimated battery
system size. However, not all engine room space was assumed to be usable. The following availability
assumptions were applied:

m  Fully Electric (FE): 90% of engine room volume available
= Hybrid (H1 and H2): 60% of engine room volume available

These differentiated assumptions reflect the need to retain a greater share of existing propulsion
equipment in hybrid configurations. Where required battery volume exceeded the available engine room
space, a volume deficit was calculated.

2. Conversion of Volume Deficits into Lost Vehicle Capacity

Any identified volume deficit was assumed to translate into a reduction in vehicle-carrying capacity. A
conversion factor of 0.08 vehicles/m® (equivalent to approximately 12 m*® per vehicle) was applied to
estimate the number of vehicle slots lost due to spatial displacement. This approach provides a simplified
but proportionate representation of how internal space reallocation for battery systems may affect
operational capacity.

3. Monetisation of capacity losses

Economic losses were estimated by applying a revenue loss assumption of €120 per lost vehicle. Total
economic impact per vessel and scenario was therefore calculated as:

= Volume deficit (m3®) x 0.08 (vehicles/m?) x €120 per vehicle

This methodology enables a consistent and transparent estimation of revenue impacts arising from
reduced vehicle capacity under each retrofit scenario. The table below shows the impacts for each vessel
in terms of Euro/voyage.

Table 37 Estimated monetisation of capacity losses (Euro/voyage) due to electrification (grey
cell indicates no losses)

Name of vessel | NET Engine
(m3) room

size (m3)

Cluster 1 Vessel 1701 2991 263.5
Cluster 1 Vessel 2057 3297 263.5
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Name of vessel Engine
room

size (m3)

Cluster 2 Vessel | 1121 3221 | 263.5
Cluster 3 Vessel | 2741 4473 | 263.5
Cluster 3 Vessel | 2741 4473 | 3704
Cluster 4 Vessel | 2840 | 6703 | 263.5
Cluster 5 Vessel | 2507 | 7623 | 263.5
Cluster 5 Vessel | 2579 | 7879 | 370.4

Cluster 6 Vessel | 2696 | 8392 | 290.3 -948

Cluster 6 Vessel | 8689 | 10332 | 166.5 -1161 -93 -3825 -1191
Cluster 7 Vessel | 3974 12356 | 406.0

Cluster 8 Vessel | 25166 | 25166 | 406.0 -3488 -540 | -3488 -540

The results indicate that spatial constraints leading to reduced vehicle capacity are limited to a small subset
of vessels. In most cases assessed, the available engine room volume is sufficient to accommodate battery
integration without affecting commercial carrying capacity.

Economic impacts are concentrated in three vessels, primarily under the FE scenarios. Overall, the
analysis suggests that space-related revenue losses are vessel-specific and scenario-dependent rather
than systemic across the fleet. Reduced vehicle capacity therefore represents a targeted constraint
affecting particular configurations.

Among these, Cluster 8 vessel shows the highest loss per voyage, reflecting the combination of higher
battery volume requirements and available engine room constraints under certain configurations.
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