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Introduction

 This course is intended to provide an overall insight and basic knowledge on the issues
associated with the atmospheric emissions of ships and their energy efficiency

* Ship Emissions
* Nature and types of the emissions
* Relevant international guidelines, rules and regulations
* Technical solutions available and under development for their reduction

 Ship Energy Efficiency
* Methods for its improvement
* The course is organized in six modules, as follows
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Modules Summary

Ship Emissions and International Regulatory Framework
Technical Solutions — Alternative Fuels

Technical Solutions - Propulsion System configurations
Emissions Abatement Technologies

Improvement of Ship Efficiency

o vk wh e

Impact in Ship Operation
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Contents

* Introduction
- Greenhouse Gas (GHG)
- Atmospheric pollution

* International Maritime Organisation (IMO)
- MARPOL Annex VI. Atmospheric Emissions

e European Union (EU)
- EU Emissions Trading System (EU ETS)
- FuelEU Maritime
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Shipping Atmospheric Emissions

* The shipping sector accounts for about 90% of world freight trade
* The IMO Fourth GHG Study (2020) emissions inventory states that:

Shipping 2012|2018 |

Share of global emissions 2.76% 2.89%
GHG emissions [CO2eq] 977 Mill. ton 1,076 Mill. ton +9.6%
CO2 emissions 962 Mill. ton 1,056 Mill. ton +9.8%

* Emissions are projected to increase from about 90% of 2008 emissions in 2018 to 90-
130% of 2008 emissions by 2050 for a range of plausible long-term economic and
energy scenarios

* IMO strategic goal is to cut down GHG emissions by 50% of 2008 levels by 2050
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Diesel Engines Exhaust Products

Sources of ship emissions are:
* Propulsion engines
* Electric power Diesel generators

) Exhaust Products
e Boilers

Combustion of Fuel
Impurities and Additives

Complete Combustion
of Hydrocarbons

Incomplete Combustion

[ busti
of Hydrocarbons Nitrogen Combustion

Black Carbon (BC)
Particulate matter (PM)
Carbon monoxide (CO)

Carbon dioxide (CO,)
Water vapour (H,O)
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Greenhouse Gases (GHG)

* GHG have a strong impact on global warming Greennouse gases
and climate changes ey s 2
. cH, CO, sF
e The main GHG are: : 5 NO,
- Carbon dioxide (CO,)

- Methane (CH,)
- Nitrous oxide (N,O)
- Black carbon (BC)

- Chlorofluorocarbons (CFCs) — hydrocarbons in which some hydrogen atoms are
replaced by Chlorine (C.Cl .F, .,.)

- Hydrofluorocarbons (HFCs) — hydrocarbons that contain Fluorine (F) and Hydrogen
(Cn HmF2n+2-m)
- Water vapour (H,0)
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Air Pollutant Gases

* Pollutant gases are airborne substances released
into the atmosphere that are harmful to human
health, ecosystems, and the climate.

* The more relevant are:

Nitrogen Oxides (NOy)

Sulphur Oxides  (SOy)

Particulate Matter (PM) gend R =7 T ==

Black Carbon (BC) S Bl L SR

:?Nho 9 \un

\ particles ‘ fQ vl
. @ e
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Nitrogen Oxides (NOx)

* Includes nitrogen monoxide (NO) and nitrogen dioxide (NO,)

* Increased burning time and combustion temperatures lead to an increase of NOx
emissions

* NO, have a negative impact on

- Human health

- Are toxic air pollutants affecting the respiratory (inflammation of airways, asthma, chronic lung
diseases), cardiovascular and neurological systems

- Environment

- Contribute to acid rain, with a significant negative effect on water and soils, affecting the
functioning of ecosystems

- Promote the formation of ozone in the troposphere
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Sulphur Oxides (SOx)

Includes sulphur monoxide (SO) and sulphur dioxide (SO,)

Sulphur oxides can react to produce sulphate aerosols which are harmful for plants,
animals and humans and lead to acid rain

About 95% of emissions from ships are SO,

Emissions depend on the sulphur content of marine fuel

Sulphur content values:
* HFO: ~3.5%
* MGO: ~0.1%
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Particulate Matters (PM)

* Classified in accordance with the diameter of the particles expressed in micrometers
(10° m)
* PM Classes:
- PM 10 (10 micrometers)
- PM 2.5 (2.5 micrometers)
- PM 0.1 (0.1 micrometers)

* May trigger heart and respiratory diseases, chronic bronchitis, asthma
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Black Carbon (soot)

e Part of PM

* Small particles (ultra fine particles) resulting from
incomplete combustion of hydrocarbon fuels

* Diameter range of 20 to 250 nanometers (10° m)

* Harmful for human health (respiratory and
cardiovascular issues)

» Second biggest driver of climate warming just
behind carbon dioxide (particles in the atmosphere
absorb solar radiation and heat the air)

* In the Artic, black carbon also decreases light
reflection, which increases and accelerates the
melting of ice
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INTERNATIONAL
MARITIME
ORGANIZATION

IMO Regulations and Initiatives
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IMO Regulations and Initiatives

* The International Maritime Organization (IMO) has been active since 1997 in
promoting the implementation of measures leading to more efficient ship operations
with less fuel consumption and less emissions

* The measures include improved ship design and operational practices

» Several indexes have been created to quantify different aspects of these
improvements (EEOI, EEDI, EEXI, CllI)
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Chronology of IMO Initiatives
Initiative | Description _____|Approval Date

Voluntary tool to monitor and assess 2009 (MEPC Voluntary
operational efficiency of ships 1/Circ.684)
Mandatory technical measure for new 2011 15t January 2013
ships to improve energy efficiency (MARPOL Annex VI
Ammendments)

Operational measure requiring ships 2011 15t January 2013
to have a management plan for
energy efficiency
Technical measure for existing ships to June 2021 15t November 2022
meet efficiency standards (MEPC 76) (mandatory compliance

from January 2023)
Operational measure requiring annual June 2021 1t November 2022
rating of ships’ carbon intensity (MEPC 76)
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Energy Efficiency Operational Index (EEOI)

e EEOI allows the ship owners to measure the fuel efficiency of a ship in operation

* It is calculated by the following expression:

EEO] = z:J'FCi'ij NOTES:
B Megrao- Di * Not mandatory — voluntary use
g J e Based on actual voyage data recorded
Where: and not on design values (unlike EEDI)
j — type of fuel * Expressed in [t CO,/t.nm]

i —voyage number

FCj — mass of fuel j consumed at voyage i

Cfj — mass conversion factor of fuel j to CO2 [t CO,/t]

m — mass of cargo [t], or TEU (containerships), or GT (passenger ships)
Dj — distance in nautical miles corresponding to the cargo carried

[l Co-funded by
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Energy Efficiency Design Index (EEDI)

* EEDI is an index that reflects the ratio between the emissions produced and the work
done by the ship

* It is mandatory to all ships with GT > 400 built after 1st January 2013

 EEDI is required as part of the IAPP (International Air Pollution Prevention) Certificate
for new ships of the following types:

Bulk carriers Refrigerated cargo carriers

- Tankers - Combination carriers.
- Gas carriers - Ro/Ro cargo
- Container ships - RoPAX

Cruise ships, with non-conventional
propulsion

General cargo
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Energy Efficiency Design Index (EEDI)

* For each ship two values must be computed:
- Attained EEDI
- Reference EEDI

* The following condition must be satisfied:

Attained EEDI < Reference EEDI

Notes for ship design:
* EEDI must be less than the required reference value.
* The lower EEDI the better (EEDI should be minimized)
* The calculations are based on design (not operational) values
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EEDI Verification

Energy Efficiency Design Index

Bulk carrier

Bulk carrier CSR design

20.000 -
18.000 - IMO No.:
g Attained EEDI 2.931
16.000 - Phase 1: 1 Jan 2015 - 31 Dec 2019
_ Required EEDI ] 4.551
14.000 1 : Compliance Index ‘ 64.4
Calculation ref: I 409469 l
12.000
e Attained EEDI
-t New ships from 1.1.2013
810.000 1 Ref EEDI Lines - New ships from 1.1.2015
! — New ships from 1.1.2020
8.000 - New ships from 1.1.2025
------- Reference line
Attained EEDI . . k
6.000 - Ship Capacity
4.0
2.000 - — —_—
0.000 s . : . ; : v r .
0 50,006 100,000 150,000 200,000 250,000 300,000 350,000 400,000 450,000
Deadweight
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Attained Energy Efficiency Design Index (EEDI)

* Attained EEDI is given by the ratio of the emissions of CO, produced by the work carried
out by a ship and is expressed in [g CO, /ton.nm]

, Emissions produced
Attained EEDI =

Work done by the ship
E + EPower,, + EPTI — EEED
Attained EEDI = —“"2% cen
Capacity * Reference speed
Where:

Epropu - €Missions produced by the propulsion engine(s)

Epowercen - €Missions produced by the power generator engine(s)

- - emissions resulting from the contribution of the power generators to the propulsion

through the Power Take-In (PTI)

Ecep - reduction of emissions resulting from the use of Energy Enhancing Devices
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Attained EEDI

* The Attained EEDI can be approximated by the following simplified expression:

Pyr X SFCyg X C + Py X SFCyp X C
Att. EED] = ( ME ME X LfME AE AE fAE)

Capacity X Vgygr

Where:
SFC,;c — Specific Fuel Consumption of Main Engine [g/kW/h]
SFC,; — Specific Fuel Consumption of Auxiliary Engines [g/kW/h]
Cf\,e — CO, conversion factor for main engine fuel [t CO2/t fuel]
Cf,z — CO, conversion factor for aux. engines fuel [t CO2/t fuel]
Pye = 0.75 x MCR [kW] of Main Engine

P,e = required Auxiliary Engines power to supply normal maximum sea load including
necessary power for propulsion machinery systems and accommodation

Co-funded by
the European Union
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Attained EEDI

» Capacity is defined as follows:

- Deadweight (DW) - for bulk carriers, tankers, gas carriers, LNG carriers, Ro-Ro vehicle carriers, Ro-Ro
cargo ships, Ro-Ro passenger ships (RoPax), general cargo ships, refrigerated cargo carriers and
combination carriers

- Gross Tonnage (GT) - for passenger ships and cruise passenger ships
- 70% of the deadweight (DW) - for containerships

* Reference Speed VR_ef

- is the ship speed [knots], verified during sea trials and corrected to be given in the following ideal
conditions:

in deep water of 15°C
assuming the weather is calm with no wind, no current and no waves

in the loading condition corresponding to the Capacity
at the total propulsion power defined in 5.2 taking into account shaft generators and shaft motors

Co-funded by
the European Union
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Attained EEDI

When there is no Electric Load Balance calculation available yet, the auxiliary engines
power, P,; is estimated by one of the following expressions, as a function of the ship’s
total propulsion power

¢ If (SPye + SPpr / 0.75) 2 10,000 kW:

P,z = 0.025 X (XPyz + (XPpr;/0.75)) + 250 [kW]

¢ If (SPy,c + 3Ppr / 0.75) < 10,000 kW:

Pyg = 0.05 X (X Pye+(XPpri/0.75)) [kW]
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Emission Factors

* Emission factors <Cf> are specified as [ton emissions/ton fuel consumed] based on
statistics:

Lower CO, (1) SO, (2)

Cf Calorific [t/t] [t/t]
Value [kl/kg]
MDO/MGO 42,700 3.206 0.005
LSFO 41,200 3.151 0.015 NOTES.
HFO 40,200 3.114 0.045 (1) IMO Resolution MEPC.308(73) — 2018
LPG (propane) 46,300 3.000 0 Guidelines for Calculation of EEDI
LPG (butane) 45 700 3.030 0 (2) EEA Air Pollutant Emissions
! Guidebook, Technical Report No.12/2013

LNG 46,000 2.750 0
Methanol 19,900 1.375
Ethanol 26,800 1.913
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SFC Base Line Values

» Reference Specific Fuel Consumption values according to IMO Fourth GHG Study 2020:

Engine Type Fuel Type SFC
[g/kW/h]

2-Stroke Slow Speed HFO 175
MDO 165
CH;0H (Methanol) 350
4-Stroke Medium Speed HFO 185
MDO 175
CH;0H (Methanol) 370
4-Stroke High Speed HFO 195
MDO 185
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Reference EEDI (1)

* The Ref. EEDI is computed by the expression:

Ref.EEDI = a x Capacity?

ShipType | a2 | b

e The values of g and b are given in the Table Tanker _ 12188 0.488
for the main ship types Gas Carrier 1120.0 0.456
o Bulk Carrier 961.79 0.477

e The capacity is measured as follows:
General Cargo 107.48 0.216
Ship Type Refrigerated Cargo 227.01 0.244
Container Carriers 0.70 x DW Combination Carrier 1219.0 0.488
Ro/Pax and Cruise Ships ~ GT Container 174.22 0.201
Others DW Ro/Ro Cargo 1405.15 0.498
Ro/Pax 752.16 0.381

Sl Co-funded by
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Reference EEDI (2)

* A stepwise reduction requirement will apply to container ships, starting with a 30%
reduction rate for small container vessels and increasing up to 50% for very large
container ships.

e The EEDI reference line for large bulkers above 279,000 DWT will be constant,
calculated based on 279,000 DWT, regardless of the actual DWT.

 These MEPC 75 amendments have entered into force on 1st April 2022.
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Negative Impact of EEDI on Ship Design

* The introduction of the EEDI can have undesirable practical results by leading to ships
with less power installed

e Underpowered ships can raise safety issues in adverse sea conditions

* Adverse Conditions — means sea conditions with the following parameters:

Significant Wave Peak Wave Mean Wind

Height (h,) Period (Tp) Speed (V)
[m] [s] [m/s]

6.0 8.0to 15.0 19.0

IMO (2012). MEPC 64/4/13 — Air Pollution and Energy Efficiency
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Engine Power Limitation (EPL)

TECNICO
CENTEC @ LISBOA I BLUESKILLING interreg

Engine power limitation (EPL) is a semi-permanent, overridable limit on a ship's
maximum power to reduce fuel use and CO, emissions

In mechanically controlled engines, it may be a mechanical stop screw sealed by a wire
that limits the amount of fuel that can enter an engine

In newer, electronically controlled engines, it may be applied via a password-protected
software fuel limiter.

EPL can be overridable if a ship is operating under adverse weather conditions and
requires extra engine power for safety reasons.

The overrides should be recorded and reported to the appropriate regulatory authority
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Ship Energy Efficiency Management Plan (SEEMP)

 The SEEMP establishes a mechanism for operators to improve the energy efficiency of
ships.

e SEEMP is mandatory to all ships with GT > 400 built after 1st January 2013

* The SEEMP proposes measures such as:
- Routing optimized according to weather, current and tides
- Improved trim
- Periodic hull and propeller inspections and maintenance

- Real-time supervision and optimization of relevant ship parameters
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Energy Efficiency Existing Ship Index (EEXI)

* EEXI is required to be calculated for ships with GT > 400, in accordance with the
different values set for ship types and size categories.

* Ships are required to meet a specific required EEXI, which is based on a required
reduction factor (expressed as a percentage relative to the EEDI baseline).

* The attained EEXI is expressed in [g CO2/t.nm] and is calculated by the following
expression:

!

l\l RWE |". " mPTY e ™ b
fir Z Prrign — Zf* iy Pagarin [Cras - SFCas
A i=] =l 5, 3

[. ﬁ iﬁ (Z Puein - Crae - SFCur

"".':r',l?"
5 LE Jerriir- Pegriiy Crvie - SFCue % %
il

1 [.P.-h'-?- Crag - SFCas *:I +[
WA

Jio fer fi-Capacity « fo-Veer- fu
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B
4

BRIl Co-funded by
Bt the European Union

: TECNICO
CENTEC @ LISBOA ‘BLUESKILLING Interreg

INNOVATION Atlantic Area




Attained EEXI (1)

* The attained EEXI is expressed in [g CO2/t.nm] and is calculated by the following
expression:

b nUE { )
)

[. ﬁ iﬁ (Z Puein - Crae - SFCur

A
4+ [.P.-h'-?- Cras - SFCas *:I +[
/ —

Jio fer fi-Capacity « fo-Veer- fu

"".':r',l?"
5 LE Jerriir- Pegriiy Crvie - SFCue % %
il

" rPTY nifl 3
fi- Z Prrrin— Z}'Tf iy - Pagagy [Crag - SFCag
i=] i=l A g

&

e For the ships falling into the scope of EEDI requirements the method is identical to the
computation for new ships with the following exceptions

* Py — in ships with overridable Shaft/Engine Power Limitation (EPL), is 83% of the

limited installed power MCR;,, or 75% of MCR, wichever is lower
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Attained EEXI (2)

* Pug) is calculated as for the EEDI

* For ships where the value of P,; calculated is significantly different from the total power
at seagoing condition (Ex.: passenger ships) the P, should be estimated based on the
Electric Power Table (EPT) condition (excluding the propulsion) divided by the average
efficiency of the generators

* When the EPT is not available, the P,; can be estimated either by:
1. The anual average of P,; at sea, from monitoring
2. For cruise passenger ships
P,e=0.1193*GT + 1814.4 [kW]

3. For RoPax ships Note:

Pae = 0.866*GT9-732 [kW] * Electric Power Table (EPT) is the
designation given by IMO to the Electric

Power Balance calculation booklet.
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Reference EEXI

* The reference line for EEXI is obtained from the reference line of EEDI by the following
expression:

(1-Y)

EEXIpes =55

X EEDlges

Y — reduction factor as a function of the ship type and size in accordance with the
Tables in the next slides

- Reduction factor (Y) to be linearly interpolated between the two values
dependent upon ship size.

- The lower value of the reduction factor is to be applied to the smaller ship size
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Reduction Factors Y (1)

* The reduction factors Y for the reference EEXI expression are obtained from the Table

U

TECNICO
LISBOA

Ship Type

Size Reduction Factor
200,000 DWT and above 15
Bulk Carrier 20,000 - 200,000 DWT 20
10,000 — 20,000 DWT 0-20*
15,000 DWT and above 30
Gas Carrier 10,000 DWT — 15,000 DWT 20
2,000 — 15,000 DWT 0-20*
200,000 DWT and above 15
Tanker 20,000 — 200,000 DWT 20
4,000 - 20,000 DWT 0-20*
200,000 DWT and above 50
120,000 - 200,000 DWT 45
80,000 —-120,000 DWT 35
Container Ship
40,000 — 80,000 DWT 30
15,000 — 40,000 DWT 20
10,000 - 15,000 DWT 0-20*
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Reduction Factors Y (2)

* The reduction factors Y for the reference EEXI expression are obtained from the Table

15,000 DWT and above 30
General Cargo Ship
3,000 — 15,000 DWT 0-30%*
5,000 DWT and above 15
Refrigerated Cargo Ship
3,000 - 5,000 DWT 0-15*
20,000 DWT and above 20
Combination Carrier
4,000 - 20,000 DWT 0-20*
LNG Carrier 10,000 DWT and above 30
Ro-ro cargo ship (vehicle carrier) 10,000 DWT and above 15
2,000 DWT and above 5
Ro-ro cargo ship
1,000 - 2,000 DWT 0-5%*
1,000 DWT and above 5
Ro-ro passenger ship
250-1,000 DWT 0-5%*
Cruise passenger ship having non- 85,000 GT and above 30
conventional propulsion 25,000 — 85,000 GT 0-30*
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Carbon Intensity Indicator (Cll)

* The Cllis required to be calculated annually for ships with GT > 5,000 and to be verified
by a recognized organization

 The Cll determines the annual reduction factor needed to ensure continuous
improvement of the ship’s operational carbon intensity within a specific rating level.

* The rating is to be given on a scale of performance level as follows:
A - major superior

B - minor superior

C - moderate

D - minor inferior

E - inferior

BRIl Co-funded by
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Possible Measures to Reduce the Cli

The current strategies to reduce the Cll are:
DW Increase (DWI)

Engine Performance Limitation (EPL)

Hydrodynamic and Energy Saving Devices

Energy Management Systems

BRIl Co-funded by
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IMO Fuel Oil Consumption Data Collection System (DCS)

Adopted by Resolution MEPC.278(70) in 2016 as an amendment to MARPOL Annex VI
and mandatory since 2019

It applies to ships with GT > 5,000 engaged in international voyages

At the end of each calendar year the ship shall aggregate the data collected in that year

Data reported is to be transferred to the IMO Ship Fuel Oil Consumption Database via
electronic communication and using a standardized format

NOTE:
* [MO DCS is distinct from the EU MRV, which has different reporting requirements and applies to voyages
to/from EU ports.

BRIl Co-funded by
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Key Components of IMO DCS

Data______ Descripton

Ship Technical Ship type, DW, GT, NT, Power output (propulsion and power generation)
characteristics [kW], EEDI, Ice Class

Fuel oil consumption [metric ton] by fuel type

Distance traveled [nautical miles]

Time underway [hours]
How It Works

* Data Collection: Begins each calendar year; ships monitor fuel consumption using
one of four approved methods (e.g., bunker delivery notes, flow meters).

* Submission Deadline: Data must be reported by 31 March of the following year.

* Verification & Compliance: Verified data is submitted to the IMO, which maintains a
global database of ship emissions.

TECNICO
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Net Zero Framework (NZF)

* Objective

- Implement set of measures to ensure that international shipping can meet the GHG
reduction targets

* Application:
- Will apply to ships with GT > 5,000 engaged in international voyages
- Covers approximately 85% of international shipping CO, emissions.

NOTES:

* Initially approved in 2025 (MEPC 83) but to be further discussed in 2026 and
expected to entry into force in 2028

 When formally approved it will be added to MARPOL Annex VI

BRIl Co-funded by
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Net Zero Framework (NZF) Key Components

* Technical Measures

- A gradual, mandatory reduction in the GHG Fuel Intensity (GFI) of marine fuels,
tightening annually towards 2050.

e Economic Measures

- A pricing mechanism charging per-ton on CO,eq emissions for vessels that exceed
the fuel standard thresholds.
- alower fee for emissions between the base and compliance target (approx. USD 100/t CO,eq)
- a higher fee for emissions above a higher penalty-level threshold (approx. USD 380/t CO,eq).
- A reward system for vessels using, zero- or near-zero emission fuels, aiming to

bridge the cost gap between conventional and green fuels (funded by the revenues
from the pricing mechanism)
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GHG Intensity (1)

* GHG Intensity is calculated on a Well-to-Wake (WtW) basis

* For the GHG Intensity calculation the following data must be compiled for each fuel
type used:

- Annual fuel consumption (mass)
- Lower Calorific Value (LCV)
- Emission factors WtT and TtW

- The Global Warming Potential (GWP) values in accordance to AR5 or AR6

NOTES:

* The GWP of a gas is the capability of that gas to trap heat in relation to CO,

* For example, stating that Methane has a GWP=28 means that emitting a ton of methane into the
atmosphere is equivalent to emitting 28 tons of CO,
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GHG Intensity (2)

* GHG Intensity is calculated by the following expression:

COZeq total

GHG Intensity = E
total

* CO — sum of the CO, equivalent emissions of each fuel used, calculated by:

2eqTotal

COZeq total — COZeq wer T COZeq TtwW

Where:

COz eq wir = »rco, eq WtT,i- M  Emissions Well-to-Tank (WtT)

—_ n . L
COz eqTtw = Yrco, eq Ttw,i- M Emissions Tank-to-Wake (TtW)
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GHG Intensity (3)

* E, .,y — SUm of the energy contents of each fuel used, calculated by:

i
Frotar = ) mi.LCV,
1
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GHG Fuel Intensity Allowed

* The allowed annual average intensity of fuels will be reduced by increasing amounts
every 5 years

* The baseline GHG Intensity from 2020 was calculated as 91.16 g CO2eq / MJ

Date of Reduction from GHG Intensity
Beginning Baseline Limit
[%] [g CO2eq/MI]
15t January 2025 2.0 89.34
15t January 2030 6.0 85.69
15t January 2035 14.5 77.94
15t January 2040 31.0 62.90
15t January 2045 62.0 34.64
15t January 2050 80.0 18.23

M Co-funded by

INNOVATION Atlantic Area g the European Union

TECNICO
TEC W LISBOA LBLUESKILLING Interreg




European Union (EU) Initiatives
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Chronology of EU Regulations and Initiatives

m Approval Date Entry into Force

Requires ships over 5,000 GT 2015 1 January 2018

calling at EU ports to monitor (Reg. EU 2015/757)

and report CO, emissions

Includes maritime transportin  April 2023 1 January 2024
the EU carbon market; shipping

companies must buy allowances

for emissions

HUEEARRET (<8 Sets limits on GHG intensity of  July 2023 1 January 2025
energy used on board ships and (Reg. EU 2023/1805)

mandates uptake of

renewable/low-carbon fuels

OPS under Mandates use of onshore power July 2023 1 January 2030
FuelEU supply in ports to cut emissions

at berth

TECNICO
TEC W LISBOA LBLUESKILLING Interreg

Sl Co-funded by
2 the European Union

INNOVATION Atlantic Area



EU Monitoring, Reporting and Verification (MRV)

* Itis applicable to ships with GT > 5,000 on EU-related voyages

* Requirements:
- Monitoring Plan (MP) — description of the method chosen to monitor and report
emissions

- Emissions Report — information about the fuel consumed, the distance travelled and
the cargo carried on voyages to, between and from EU ports. To be submitted until
315t of March of the following year.

- Document of Compliance (DoC) — issued by the EU THETOIS-MRYV and to be carried
on board
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EU Emissions Trading System (EU ETS)

* The EU ETS works on the ‘cap and trade’ principle.

* A capis alimit set on the total amount of greenhouse gases that can be emitted by the
installations operators covered by the system.

* The cap is reduced annually in line with the EU’s climate target, ensuring that emissions
decrease overtime.

* The cap is expressed in emission allowances, where one allowance gives the right to
emit one metric ton of CO,eq (carbon dioxide equivalent GHG)

* The core unit of the EU ETS is the EUA (European Union Allowance)
e EUAs are issued in limited quantities by the EU.
 Companies can buy, sell, or trade them on carbon markets.

* The price of an EUA fluctuates with supply and demand, often used as a benchmark for
the cost of carbon in Europe.
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EU Emissions Trading System (EU ETS) — Maritime Sector

 EU ETS is since 2024 applicable to ships with GT > 5,000

* Shipowners must purchase EUAs to cover their CO, emissions from voyages to, from,
and within EU ports entering EU ports, regardless of the flag they fly

* The ETS system covers:

- 50% of emissions from voyages starting or ending outside of the EU (allowing the
third country to decide on appropriate action for the remaining share of emissions);

- 100% of emissions that occur between two EU ports and when ships are within EU
ports.

- CO, (carbon dioxide), CH, (methane) and N,O (nitrous oxide) emissions, but the two
latter only after 2026.
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EU ETS Carbon Price Evolution and Forecast until 2030
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EU ETS Carbon Price Evolution Forecast after 2030
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EU-ETS Example of Calculation

* Input:
- A vessel emits 10,000 tons of CO, emissions in a year
- The EUA price is 85 €/t

* Qutput:
- The operator must pay 10,000 EUAs, costing about 850,000 £.
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FuelEU Maritime

* Applies to cargo and passenger ships with GT £ 5,000 that call ports in the European
Economic Area (EEA)

* The main objective is to reduce GHG emissions from shipping

* The path to that objective includes:
- Reducing the GHG Intensity of energy used

- Making mandatory use of Onshore Power Supply (OPS) for container ships and
passenger ships in EEA ports

Encouraging the introduction and development of Renewable Fuels of Non-
Biological Origin (RFNBOs)
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On-Shore Power Supply (OPS)

Transformer
6.6KV Shore

Connection Switchgear

Shore Power
Substation

6.6KV Cable Reel

o lf]ry

460V Main

Switchboard 7;
Control & Communication

Ship's Generator
' Cable

./ AMP C t Bo»
2 e SO SRR 6.6KV Power Cable Reel

Ship's Load i

Source: marineinsight.com

* OPS (Cold Ironing) is an infrastructure to provide electric power to the ships at

berth, avoiding the usage of the auxiliary engines
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On-Shore Power Supply (OPS)

* The usage of OPS is mandatory since 2025 for container ships and passenger ships
(cruise ships, ferries) in EU ports where the facilities are provided and time at berth is
more than 2 hours

* Vessels NOT complying will need to pay a penalty

Penalty (€) = 1.50 X E x Ty«

E — electric power demand [kW]
Tperth — time at berth not complying [hours]

e Advantages
- Reduces emissions of GHG (CO, ~20%), and pollutants (NOx ~34%, SOx ~30%)
- Improves air quality and reduces noise in urban areas
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Ship Emissions and International Regulatory Framework

Thank You for Your Attention!
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Contents

* Traditional Marine Fossil Fuels  Alternative fuels

- Heavy Fuel Oil (HFO) - Liquefied Natural Gas (LNG)

- Marine Diesel Oil (MDO) - Liquefied Petroleum Gas (LPG)
- Ammonia
- Methanol / Ethanol
- Hydrogen
- Biofuels
- Renewable fuels
- E-Fuels
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Traditional Marine Fossil Fuels
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Traditional Marine Fossil Fuels

e Conventional types of fuel (residual and distillates, >1.5% in sulphur):
- HFO (heavy fuel oil) RMK380,~N26 fuel oil, Bunker C
MFO RMG380
IFO380 (Intermediate Fuel Oil) RMG380, RMH380
IFO180 (Intermediate Fuel Oil) RME180
MDO (Marine Diesel Oil) DMB
MGO (Marine Gas Oil) DMA,~N?92 fuel oil, Bunker A, DMX, DMZ
* Where:
MDO - a blend of MGO and HFO

IFO - a blend of MGO and HFO, with less gasoil than MDO
MFO - a blend of MGO and HFO, with less gasoil than IFO

Fuel specifications are standardized in “ISO 8217:2024 Petroleum products Fuels (class F) Specifications for
Marine Fuels”
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Alternative Fuels
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Liguefied Natural Gas (LNG) (1)

e Definition
- Main component of LNG is methane (CH, )

* Source
- From wells or refining of oil

* Storage
- Liquid below boiling point of 163°C in cryogenic tanks
- Shrinks volume to 1/600

* Converters
- Internal combustion engines
- Fuel cells
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Liguefied Natural Gas (LNG) (2)

GHG emissions
- Reduction in CO, emissions during combustion of LNG is 25% compared to HFO

- Methane slip (emissions of CH,)

SOx ,NOx, PM emissions
- Significantly reduces or eliminates emissions of SOx and PM

- Reduction of NOx emissions depends on engine technology (generally well within
the strictest IMO NOx Tier Il for ECAS).

Lifecycle emissions

- GHG savings amount to roughly 0-18% compared with traditional marine fuels,
considering the lifecycle.

Tank size

- For the energy equivalent to an oil-based fuel, LNG requires 2X — 3X the tank
volume
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Methane Slip

* Methane slip consists of the release of unburned methane (CH4) - the primary
component of LNG - through the exhaust system during combustion.

* Methane is a GHG with over 25-30 times the global warming potential of CO, over 100
years (GWP )

* This leakage has a strong impact on the environmental benefits of LNG

* Low-pressure dual-fuel engines (4-Stroke) often have the highest slippage, sometimes
ranging from 3-6% or more.

o
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Liguefied Petroleum Gas (LPG) (1)

* Definition
- Any mixture of propane and butane in liquid form can be called LPG.

* Source
- By product of oil and gas production or as a by product of oil refining

 Storage onboard
Propane has boiling point of 42°C.
At pressures above 8.4 bar at 20°C, propane is a liquid.

Butane can take two forms, n- butane and isobutane, with boiling points at 0.5°C
and 12°C.

Butane becomes liquid at lower pressures.
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Liguefied Petroleum Gas (LPG) (2)

* Converters
- Two-Stroke diesel cycle engines
- Four-Stroke, lean burn Otto cycle engines
- Gas turbines.

* GHG emissions
- CO, emissions approximately 16% lower than those of HFO.

* SOx ,NOx, PM emissions
- Significantly reduces or eliminates SOx and PM emissions.
- The level of reduction of NOx emissions depends on the engine technology.

e Tanks size

- Volume of a tank of LPG is typically 2X to 3X larger than one with the energy amount
equivalent to oil-based fuel
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Ammonia (1)

e Definition
- Chemical molecule is NH,
- Liquifies at 332C at atmospheric pressure

* Source
- Mostly produced from natural gas (Haber Bosch process)
- Can also be produced from naphta, HFO and coal
- More than 170 Mt/year of NH, are produced globally, most of it from natural gas.

NOTES:

* Energy density per volume unit is 50% higher than H,

* Might be interesting as a source for H,

* Significant cost savings in storage and distribution compared with LNG or liquid H,
* Additional costs in making H, out of NH; must be considered.
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Ammonia (2)

e Emissions
- No carbon emissions.
- Significant NOx emissions.

* Lifecycle
- Haber Bosch process of production is energy intensive.

* Converters
- Fuel cells that use directly ammonia.
- Dual fuel engines which burn ammonia are under development.
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Methanol (1)

Definition
- Methanol (CH;0H) is the simplest alcohol with lowest carbon content and high
hydrogen content.

Sources
- Natural gas or coal; biomass; CO, + Hydrogen (e-methanol).

Storage onboard
- Liquid from 932C to +652C at atmospheric pressure.
- Does not require pressurized or refrigerated tanks.

Properties

- Toxic, corrosive and burns without visible flame. Broad range between explosive
limits (7 to 35%).
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Methanol (2)

* Converters
- Two-stroke Diesel cycle engines
- Four-stroke, lean burn Otto cycle engines

* GHG emissions
- Reduces CO, emissions by approximately 10% compared with oil

* SOx ,NOx, PM emissions
- Eliminates SOx emissions
- PM emissions significantly lower
- Reduction in NOx depends on the technology used
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Methanol (3)

* Lifecycle emissions
- For production from natural gas, total CO, emissions are equivalent to oil

- For production from biomass, significantly lower.

* Tank size
- Requires the double of space of Diesel for the same energy content.

e Relevant IMO Regulations
- IGF Code (provides regulations on handling methanol)
- Methyl/Ethyl Interim Guidelines (2020)

NOTE:
» Everllence (former MAN) has since 2024 a Dual-Fuel 4-stroke 21/31 DF-M engine running on

methanol
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Ethanol

e Ethanol (CHsCH,OH), also known as ethyl alcohol, is a colorless, volatile and flammable
organic compound.

* It has a low energy density, about 50% less than fossil fuels and 40% less than bio-
diesels

* Ethanol may require purpose built or modified specific engines

 Purification plants, filtration and transfer systems need to be specifically designed to
handle ethanol

* Ethanol has a low flashpoint fuel (13-15 °C), and vapors can accumulate, increasing
explosion risk if there is improper ventilation.

Notes:

» Everllence (former MAN) has been testing a Dual-Fuel 4-stroke 21/31 DF engine running on ethanol
successfully at all load points

* WinGD claims that it will have available a ethanol fueled 2-stroke engine by 2026
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Hydrogen (1)

Definition
- Simple molecule H,

* Emissions
- If the gas is produced from renewable energy sources, from natural gas with CCS
(Carbon Capture and Storage), from nuclear energy, zero emission chains can be
created.

Production methods
- Electrolysis (energy consuming with cost closely related to the price of electricity).

- Steam methane reforming, the cost is closely related to the price of gas and scale of
the production plant.

Availability
- More than 50 Mt/year of H, produced globally, almost all by methane reforming
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Hydrogen (2)

e Distribution

- Distribution chain is a significant cost element and varies greatly with local
conditions

* Converters
- Fuel cells
- Engines
- Gas turbines (experimental)

* Lifecycle efficiency
- Low due to the energy loss in H, production
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Hydrogen Fuel Storage

* Compressed
- Pressures 350-700 bar

* Liguefied
- Temperature -2532C
- Liquefied gas volume reduces to 1/800

 Cryo-Compressed

- A hybrid approach offering the highest energy density, combining cryogenic
temperatures with higher pressures

BRIl Co-funded by
P the European Union

T TECNICO
CENTEC. @ LISBOA ‘BLUESKILLING Interreg

INNOVATION Atlantic Area




Biofuels (1)

* Biofuels are obtained by converting primary biomass or residues into liquid or gaseous
fuels.

 There are different conversion methods

Current processes produce first generation biofuels.

Processes under development produce second generation biofuels

Algae based processes produce third generation biofuels.

Production might be Diesel, CH, and Methanol.
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Biofuels (2)

* Types of biofuels and its applications:
- Biodiesel (Hydrotreated Vegetable Oil, HVO): substitute MDO, MGO
Straight Vegetable Oil (SVO): substitute HFO
Biomass To Liquids (BTL, including Fischer-Tropsch Diesel)
Fatty Acid Methyl Esters (FAME)
Dimethyl Ether (DME)
Liquefied Biogas (LBG): substitute LNG
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Bio-Ethanol

e Can be used as a biofuel (bio-ethanol), made from renewable resources like corn, sugar
cane, or agricultural waste

* Bio-ethanol may reduce GHG by about 60% in comparison with fuel oil

Co-funded by
the European Union

TECNICO
«CENTEC W LISBOA ‘BLUESKILLING Interreg

INNOVATION Atlantic Area




Biofuels Applicable Regulations

* IMO International Bulk Chemicals (IBC) Code provides regulations on Fuel Bunker
Storage Tanks
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Renewable Fuels (1)

 Synthetic fuels are commonly known to be a mixture of carbon monoxide and hydrogen
that can be produced from fossil or renewable-energy resources.

- An alternative definition of synthetic fuels is that they are chemically synthesized
fuels designed to mimic the chemical and physical properties of fossil fuels, which
are typically made from renewable or non-fossil feedstocks.

- In practice, however, the term ‘synthetic fuels’ is also used to refer specifically to
fuels that are synthetically made using renewable energy sources.

* Renewable fuels are those made from renewable energy sources, i.e., renewable
electricity and renewable CO,, if required.
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Renewable Fuels (2)

 Renewable Fuels of Non-Biological Origin (RENBOQ) are liquid and gaseous fuels, the
energy content of which is derived from renewable sources other than biomass.

- This definition from the Renewable Energy Directive (RED) is also applied in the
FuelEU Maritime Regulation.

 Renewable e-fuels are fuels made from renewable hydrogen, which is produced using
renewable electricity and water electrolysis, and renewable CO2, if required
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Renewable Methanol

Description
- Ultra-Low carbon chemical produced from biomass (bio-methanol) or from CO, and
Hydrogen using renewable electricity

Characteristics
- Remains liquid at ambient pressure and temperature

GHG Emissions
- Can cut CO, emissions by up to 95%

Pollutant Emissions
- Eliminates SO, emissions and PM
- Reduce NO, emissions by up to 80%
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Brown / Blue / Gray / Green Fuels (1)

* Brown Fuels

- Are the traditional fossil fuels (oil, coal, natural gas) or synthetic fuels produced
using fossil-based electric power

- Examples: HFO, MDO
- High emissions (Increasingly penalized under EU ETS and FuelEU)

e Blue Fuels

- Produced from fossil sources but using Carbon Capture and Storage (CCS)
technologies to reduce emissions

- Examples: blue hydrogen (from natural gas with CCS), blue ammonia (from blue
hydrogen + nitrogen)

- Lower emissions bit still implying some carbon cost
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Brown / Blue / Gray / Green Fuels (2)

e Gray Fuels
- Produced entirely using natural gas

* Green Fuels
- Produced entirely using renewable energy sources
- Renewable, sustainable
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Brown / Blue / Green Fuels (3)

Fuel Type

Average unit
cost

EU-ETS
Exposure

FuelEU
Maritime

Brown (fossil)

Blue (fossil + CCS)

Green

VLSFO, MDO,
LNG

Blue ammonia,
blue methanol

Green ammonia,
green methanol,
e-diesel

TECNICO
LISBOA

(USD/ton)

~ 600-700
(VLSFO baseline)

~900-1,200
(VLSFO baseline)

~1,200-2,000
(VLSFO baseline)

High —~3.1
tCO,/t fuel >
~260 €/t fuel at
85 € EUA

Reduced — CCS
lowers lifecycle
CO,, but tank-to-
wake emissions
still priced

Zero ETS cost if
carbon-free at
combustion (e.g.,
ammonia)

‘BLUESKILLING
INNOVATION

Compliance

High penalties as
intensity limits
tighten

Partial
compliance;
depends on CCS
efficiency

Compliant; may
generate credits
under FuelEU

Interreg

Atlantic Area

Cheapest
upfront, but
compliance costs
dominate by
2030-2050

Transitional
option; lower
cost than green
but not fully
future-proof

Highest
production cost
today, but avoids
rising carbon
liabilities
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Conclusions for Strategic Fuel Options

e Short-term (2025-2030)
- Brown fuels remain cheaper upfront, but ETS costs already reduce competitiveness
- Blue fuels can reduce exposure but are transitional.

 Medium-term (2030-2040)
- FuelEU Maritime penalties make brown fuels uneconomical
- Blue fuels may survive but face tightening standards

* Long-term (2040-2050)
- Green fuels dominate

- Despite higher unit cost, they avoid compliance costs and align with IMO 2050 net-
zero targets.
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E-Fuels

* E-Fuels (electro-fuels) are synthetic fuels produced using renewable sources of power
(electricity, green hydrogen, and captured carbon dioxide), designed to replace fossil
fuels

 Renewable power is used to split water into hydrogen by electrolysis
* Captured CO, is combined with hydrogen to synthesize hydrocarbons

* They emulate conventional fuels (diesel, gasoline, methanol) but are produced in a
sustainable way

* They can be used in the existing types of internal combustion engines
e Can be blended or directly replace fossil fuels (unlike hydrogen, for example)

* Can be used to store energy from renewable sources in liquid form
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Comparison of E-Fuels with Fossil Fuels and Hydrogen

Carbon footprint Near-neutral (closed cycle) High (new carbon

released)
Compatibility Compatible with existing Already established
engines
Energy source Renewable electricity + Petroleum extraction
CO,
Application Aviation, shipping, heavy All sectors historically
trucks

W TECNICO
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Zero at use, but storage
complex

Requires new
tanks/pipelines

Renewable electricity
(electrolysis)

Short-haul, fuel cells,
niche
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Comparison of E-Fuels with Ammonia in Shipping (1)

Aspect | E-Fuels (e-Diesel, e-Methanol) | Ammonia____________

Energy density Similar to fossil fuels (=~ 35-40 MJ/L for Lower: = 12.7 MJ/L (liquid ammonia).
e-diesel, = 16 MJ/L for e-methanol) Requires ~3x more tank volume than
MDO.
Carbon emissions Near-neutral: CO; released equals CO, Zero carbon at combustion (no CO,), but
captured during production NO, emissions must be controlled.
Compatibility Drop-in: can use existing bunkering, Requires new tank systems
storage, and engines with minor (cryogenic/pressurized), corrosion-
adjustments resistant materials, and modified engines.
Safety issues Similar to conventional fuels; Toxic to humans, pungent odor, requires
flammable but well-understood strict handling protocols.
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Comparison of E-Fuels with Ammonia in Shipping (2)

Aspect | E-Fuels (e-Diesel, e-Methanol) _|Ammonia_____________

Production Needs renewable electricity + CO, Needs renewable electricity + hydrogen

procedure capture + hydrogen. Complex but + nitrogen (from air separation). Simpler
scalable chemistry, but storage challenges.

Regulations Seen as transitional fuels for Strong candidate for long-term zero-

(IMO/EU) decarbonization, especially in shipping  carbon shipping, but safety/regulatory
and aviation frameworks still evolving.

Cost Currently expensive, but expected to fall Also costly, but potentially cheaper than
as electrolysis and CO, capture scale. e-fuels due to simpler synthesis.

Fields of Application  Retrofitting existing fleets, global trade  New builds, deep-sea shipping, long-
routes where infrastructure already term decarbonization strategies.
exists.
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Practical Conclusions

* E-Fuels are attractive because they fit today’s ships and ports with minimal disruption.
They’re a bridge solution: carbon-neutral but still involve CO, handling.

« Ammonia is more radical: zero-carbon combustion, but requires new safety systems and
larger tanks. It’s favored for future ship designs rather than retrofits.

BRIl Co-funded by
Bt the European Union

. TECNICO
CENTEC @ LISBOA ‘BLUESKILLING Interreg

INNOVATION Atlantic Area




Current Status in Alternative Fuels

* According to DNV, during the first 11 months if 2025, there were a total of 232 orders
for ships to be built to operate on fuels other than Diesel oil

* LNG (67%) and Methanol (20%) altogether, dominate nearly 87% of alternative fuels in
2025 new ships orders

* Container ships account for about 66% of these new orders

BRIl Co-funded by
P the European Union

INNOVATION Atlantic Area

. TECNICO
CENTEC @ LISBOA ‘BLUESKILLING Interreg



Thank You for Your Attention!

Co-funded by
the European Union

— TECNICO
CENTEC W i ‘BLUESKILLING Interreg R

INNOVATION Atlantic Area




BLUESKILLING

INNOVATION

Technical Solutions - Ship Propulsion Systems

Module #3

Centre for Marine Technology and Ocean Engineering (CENTEC)
Instituto Superior Técnico (IST)

Universidade de Lisboa (ULisboa)

TEC @ TECNICO Interreg

LISBOA 2025 Atlantic Area

Co-funded by
the European Union




Contents

 Ship Propulsion Systems
- Dual-Fuel engines
- Electric systems
- Electric motors
- Batteries
- Fuel Cells
* Enhanced Efficiency Devices (ESD)
- Propulsion Improving Devices (PIDs)
- Ship Friction Reduction
- Renewable Energy
- Wind-Assisted Propulsion Systems (WAPS)

g TECNICO
CENTEC @ LISBOA ‘BLUESKILLING interreg IR Cohudelly

INNOVATION Atlantic Area




Dual-Fuel Engines

Dual-Fuel engines are designed to run either in Diesel Mode or in Alternative Fuel Mode

Fuel possible combinations are currently
- Diesel — LNG
- Diesel — LPG (methane)
- Diesel - Methanol

The engine starts in Diesel mode and there is a pilot fuel (always Diesel)

When the engine reaches a certain load, it can switch the operating mode without
interruption of the power output
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Dual-Fuel Engines 4-Stroke

* Diesel Mode N & * Alternative Fuel Mode

* Liquid fuel : | * LNG (gas)
« HFO * Methanol (liquid)
* MDO (DMA, DMB)  Ammonia (gas)
* Biofuel * Pilot fuel

* Pilot fuel « MDO (DMA, DMB)
« MDO (DMA, DMB) * Biofuel
e Biofuel

WARTSILA 46 DF
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Dual-Fuel Engines 2-Stroke

* Diesel Mode | e Alternative Fuel Mode
- Liquid fuel injection TR M | - LNG
Vit (g2
- HFO §§%ﬂfﬁguﬁg‘ﬁt i | - LPG (quuid)
) 'V_'DO(DMA' RLE) AL - - Methanol (liquid)
- Biofuel

Ammonia (liquid)
Ethanol (liquid)
* Pilot fuel injection
- HFO
- MDO (DMA, DMB)
- Biofuel

MAN B&W ME-GI
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Conventional Marine Diesel Engines (4-Stroke and 2-Stroke)

e Conventional Diesel engines are based on the High-Pressure Direct Injection (HPDI) of

E(

) "'_‘i'

o
2

Engine Strokes: 1 3
Admision Compresion Inyecction Exhaust Admision Inyection
tumb:lstiun Enh;m Scauning l:unh:ﬂtlm
+ + +
4-Stroke R 2-Stroke  comresn Expansin
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Methods of Combustion in the Dual Fuel Engine 4-Stroke

There are two methods of supplying the gas fuel into the combustion chamber:

1. Port Fuel Injection (PFI) (Otto cycle)

- Gas is introduced at low pressure when the exhaust valve is closed, and the cylinder
pressure is low

- The gas and the air are compressed, and the resulting mixture is ignited by a pilot
fuel injector

- Method has issues with engine knocking and lower efficiency

2. High-Pressure Direct Injection Method (HPDI)

- Gas is compressed to about 250-300 bar and directly injected into the combustion
chamber simultaneously with the pilot fuel

- Method has better efficiency and reduced knocking and is more common in modern
engine designs
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Methods of Combustion in the Dual Fuel Engine 2-Stroke

There are two methods of supplying the gas fuel into the combustion chamber:

1. Low-Pressure Direct Injection (LPDI) (Otto cycle)

- Gas is introduced at low pressure when the exhaust valve is closed, and the cylinder
pressure is low

- The gas and the air are compressed, and the resulting mixture is ignited by a pilot
fuel injector

- Method has issues with engine knocking and lower efficiency

2. High-Pressure Direct Injection Method (HPDI) (Diesel cycle)

- Gas is compressed to about 250-300 bar and directly injected into the combustion
chamber simultaneously with the pilot fuel

- Method has better efficiency and reduced knocking and is more common in modern
engine designs
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Comparison of Diesel Cycle and Otto Cycle in 2-Stroke Engines

2-Stroke Dual-Fuel Engines with
Alternative Fuels

High Pressure Direct Low Pressure Direct

Injection (HPDI) Injection (LPDI)
Pilot fuel consumption Higher Lower
Fuel consumption Lower Higher
Pressure of Fuel Supply High Low
Tier Il / Tier Ill compliance Tier Il Tier Il (except for
methane)

Tier lll when using
methane (LPDI & PFI)

Fuel slip in Alternative Fuel mode Neglectable Higher
Knocking Not sensitive Sensitive
Load acceptance Fast Slow
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Dual-Fuel Engines Systems

* In relation to the traditional Diesel engines, in general the following systems must be
adapted:

- Fuel storage
Fuel supply
Injection
Air handling
Control
Safety
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Electric Propulsion Systems

Diesel-Electric
* Diesel engines drive generators, which power electric motors connected to
propellers.
PODs
 Electric motors housed in steerable pods outside the hull, combining propulsion and
steering.
Diesel-Electric Grid

* Aflexible grid of diesel gensets feeding multiple electric consumers (propulsion +
hotel loads).

Pure Electric

* Propulsion powered entirely by batteries or shore-supplied electricity, no
combustion engines.
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Characterization of the Electric Propulsion Systems (1)

Type Configuration Advantages Limitations Typical
Applications

Diesel-Electric Diesel engines drive - Flexible power - Higher capital Cruise ships,
alternators - distribution cost icebreakers,
electricity powers - Reduced - Efficiency losses offshore vessels
propulsion motors vibration/noise in conversion
connected to - Engines can run at
shafts/propellers optimal load

POD Electric motor inside - Excellent - Higher Cruise ships,

a steerable POD maneuverability maintenance cost  ferries, specialized
beneath the hull; (360° rotation) - Vulnerable to vessels

propeller mounted - Compact design underwater

directly on POD - Efficient damage

hydrodynamics

TECNICO
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Characterization of the Electric Propulsion Systems (2)

Type Configuration Advantages Limitations Typical
Applications

Diesel-Electric Multiple diesel - Redundancy and - Complex electrical Large passenger
Grid gensets feed a reliability management ships, offshore
common electrical - Load sharing across - Requires support vessels
bus powering gensets advanced
propulsion motors - Easy integration automation
and hotel loads with hybrid systems
Pure Electric Propulsion motors - Zero local emissions - Limited energy Ferries,
powered entirely by - Very low noise density inland/coastal
batteries charged - Ideal for short- - Range vessels, harbor craft
from shore or range, green constrained by
renewable sources operations battery capacity
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Electric Motors for Marine Electric Propulsion

* The following types of motors are applicable to marine propulsion:

- Synchronous Motors (SM)
- Permanent Magnet Motor (PMM)

Induction Motors (Asynchronous Motors)
Synchronous Reluctance Motors (SynRM)
Switched Reluctance Motors (SRM)

Direct Current (DC) Motors

High-Temperature Superconducting Motors (HTS)
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Batteries for Marine Electric Propulsion

* Marine electric propulsion today relies mainly on lithium-ion chemistries - especially
LFP and NMC - because they offer the best balance of energy density, safety, and

lifecycle for ships.

e Other chemistries like lead acid, sodium nickel chloride, and emerging solid-state
systems also appear in niche applications
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Lithium-lon Batteries

* Are the dominant technology

* Key Chemistries

* LFP (Lithium Iron Phosphate) * Why lithium-ion dominates

- High thermal stability = safer for marine use - High efficiency
- Fast charging

- Mature supply chain

- Long cycle life
- Lower energy density than NMC

- Common in ferries, workboats, and coastal vessels - SUIOIOOIF'EGO| by major malr-ine :
. . propulsion system suppliers (e.g.,
NMC (Nickel-Manganese-Cobalt) Wartsila’s electric propulsion
- Higher energy density - longer range systems emphasize battery
- Used where weight/volume are critical integration)

- Requires more stringent thermal management
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Lead Acid Batteries (Legacy / Auxiliary Use)

* Types
- Flooded lead-acid

- AGM (Absorbent Glass Mat)
- Gel batteries

 Advantages
- Low cost
- Simple and robust

* Disadvantages
- Very low energy density
- Heavy
- Shorter cycle life
- Rarely used for propulsion today, except in very small craft or backup systems.
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Sodium-Nickel Chloride (Zebra) Batteries

e Characteristics
* Good thermal stability
* Tolerant to deep discharge
» Operate at high internal temperatures (~270°C)
* Lower energy density than lithium-ion

e Application

* Used in some offshore and industrial vessels where safety and robustness outweigh
energy density.
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Solid-State Batteries (Emerging)

* Potential advantages
* Higher energy density
* Improved safety (non-flammable solid electrolyte)
* Longer cycle life

* Current status
* Early-stage adoption
* Expected to enter marine markets in the 2030s
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Fuel Cells

* Fuel Cells are electrochemical devices that convert the chemical energy of hydrogen
and oxygen directly into electricity, with water vapor as the only byproduct

* The electrochemical reaction between hydrogen and oxygen is typically facilitated by an
electrolyte

* Hydrogen atoms are split into protons and electrons at the anode, with the electrons
flowing through an external circuit, generating electricity

e Oxygen is reduced at the cathode, combining with the protons and electrons to form
water as the only byproduct

* Fuel Cells are an important option to improve the use of alternative marine fuels
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Types of Fuel Cells

The main types of fuel cells used in marine propulsion applications are:
* Proton Exchange Membrane Fuel Cells (PEMFCs)

Solid Oxide Fuel Cells (SOFCs)

Alkaline Fuel Cells (AFCs)

Molten Carbonate Fuel Cells (MCFCs)

Direct Methanol Fuel Cells (DMFCs)
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Proton Exchange Membrane Fuel Cells (PEMFCs)

 PEMFCs are one of the most common types of fuel
cells used in marine propulsion due to their high-
power density, fast startup times, and relatively

. H, = =0,
low operating temperatures. | —
* They employ a solid polymer electrolyte H,
membrane, typically made of a proton-conducting e
polymer such as Nafion, which allows only protons .
to pass through while blocking electrons
 PEMFCs are well-suited for applications requiring — =

high efficiency and quick response times, making
them suitable for small to medium-sized vessels,
ferries, and auxiliary power units (APUs) on larger
ships

Anode Cathode
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Solid Oxide Fuel Cells (SOFCs)

* SOFCs operate at higher temperatures compared
to PEMFCs and use a solid ceramic electrolyte,
typically made of yttria-stabilized zirconia (YSZ) or o —> >
doped ceria.

* Can convert directly hydrocarbon fuels such as
natural gas, diesel, or biogas into electricity,
offering greater fuel flexibility compared to
PEMFCs.

* SOFCs are highly efficient and can achieve high
power densities, making them suitable for larger ;
vessels, such as cruise ships, naval vessels, and s = | Elsctionio! SR GATEE
cargo ships, where space and weight constraints
are less critical.
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Alkaline Fuel Cells (AFCs)

* AFCs use an alkaline electrolyte, typically et ot
potassium hydroxide (KOH), and operate at §"

relatively high temperatures I -

* They have high efficiency and durability, Hin wep | o = %
particularly at higher power outputs, but are . .
sensitive to carbon dioxide (CO,) in the air, Le e
which can degrade their performance over 1 .
time. "o

e e

e Less commonly used in marine propulsion than l o ol

PEMFCs and SOFCs H,0and _ —
h:atout p—

* May find niche applications in specialized P s

marine vehicles or research vessels. Anode ey T
Catalyst Catalyst
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Molten Carbonate Fuel Cells (MCFCs)

 MCFCs operate at high temperatures (typically
650°C to 800°C) and use a molten carbonate
electrolyte, typically a mixture of lithium = % =
carbonate and potassium carbonate.

* Can directly use a variety of fuels, including 3
natural gas, biogas, and syngas, without requiring L’ % £ £ 0;(orain
external reforming, offering greater fuel < I ™
flexibility.

* Are suitable for stationary marine applications
where waste heat can be utilized for
cogeneration purposes, such as combined heat
and power (CHP) systems on cruise ships or
offshore platforms.
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Direct Methanol Fuel Cells (DMFCs)

 Directly oxidize methanol fuel to generate electricity, offering simplicity and ease of fuel
handling compared to hydrogen-based fuel cells

 Are typically used in smaller-scale marine applications, such as recreational boats,
yachts, and Unmanned Underwater Vehicles (UUVs), where hydrogen infrastructure
may be limited or impractical
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Electric Propulsion Systems — Strategic Perspective

* Near-term:
* Diesel-Electric and PODs remain dominant for large vessels.

e Medium-term:

* Hybrid diesel-electric networks integrating batteries and alternative fuels will
expand.

* Long-term:

* Pure electric propulsion will grow in ferries and short-sea shipping as battery
technology improves.
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* Emissions Abatement Technologies
* Exhaust Gas Cleaning Systems (EGCs) - Scrubbers
 Selective Catalytic Reduction (SCR)
e Exhaust Gas Recirculation (EGR)
* Diesel Particulate Filters (DPF)
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Emissions Abatement Technologies

* Exhaust Gas Cleaning Systems (EGCs) - Scrubbers
* Remove SO, and particulates from exhaust gases

* Selective Catalytic Reduction (SCR)
* Uses a catalyst to convert NO, emissions into nitrogen and water

e Exhaust Gas Recirculation (EGR)

* Part of the exhaust gases is filtered, cooled and recirculated back into the engine’s
charge air

* Diesel Particulate Filters (DPF)
* Remove particulates from exhaust gases
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Scrubbers (1)

* Purpose
* Washing the exhaust gas of the main engine and auxiliaries from SO, and particulate
matter.
 Efficiency
* Reduces SO, emissions by up to 98%
e Reduces particulate (PM) emissions up to 40 - 75%.

* Principle
* Wash the exhaust gases are washed using either

* Fresh water mixed with caustic soda (NaOH) or
* Salt water and alkaline components such as limestone (CaCO,)

* Location of Equipment
e Large tower placed in the funnel
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Scrubbers (2)

* Operating Costs

e Small increase in fuel consumption mainly to feed pumps to circulate water (3% of
main engine consumption)

* Disposal of residues
* Maintenance of equipment
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Scrubbers — IMO Requirements

e IMO 2009 Guidelines for Exhaust Cleaning Systems - Resolution MEPC.184(59) specifies
the requirements for the testing, survey certification and verification of Exhaust Gas
Cleaning systems

* The system must ensure effective equivalence to the requirements 14.1 and 14.4 of
Annex VI of MARPOL shown in the Table

Fuel Oil Sulphur Ratio Emission

Content SO2 (ppm)/CO2 (%

(0]

[% m/m] V/v) % m/m — percentage in mass
4.50 195.0 % v/v — percentage in volume
3.50 151.7 ppm —parts per million
1.50 65.0
1.00 43.3
0.20 21.7
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Types of Scrubbers

* Marine scrubbers are classified into wet and dry systems
* Wet scrubbers can be divided into open-loop, closed-loop, and hybrid types.

* Each type differs in wash-water handling, chemical process, environmental impact, and
regulatory flexibility

Wet Scrubbers Dry Scrubbers
Open-Loop Closed-Loop
(SW) (FW)
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TEC W LISBOA LBLUESKILLING Interreg

INNOVATION Atlantic Area

Sl Co-funded by
2 the European Union




Open-Loop Scrubbers (1)

e Seawater scrubbers (open loop) use the natural alkalinity of the untreated seawater to
neutralize the sulphur from exhaust gases.

* Negative aspect - greater energy consumption compared to a close loop system

* Positive aspect - no need for chemical additives like caustic soda in a closed loop
system.
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Open-Loop Scrubbers (2)
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Scrubber Salt Washwater Pump
Scrubber Effluent Dilution Pump
Effluent Water Discharge Pump
Scrubber Salt Washwater Monitor
Effluent Water Monitoring

Qil & Soot Separator

EGC Residue Tank

Sludge Separator

Reareation Unit

Exhaust Gas Inlet

Scrubber

Exhaust Gas Inlet

Control Fan

Monitoring & Alarm Cabinet
Exhaust Gas Outlet
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Closed-Loop Scrubbers (1)

* Freshwater scrubbers (closed loop) are not dependent on the type of the water where
the vessel is sailing, because the exhaust gases are neutralized with caustic soda,
which is added to freshwater in a closed system.

 Circulating water is processed after the scrubber and dosed with caustic soda to
restore the alkalinity of wash water.

 The amount of the water which is needed in a closed loop process is about half of the
flow in an open loop system.
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Closed-Loop Scrubbers (2)

Scrubber Cooler Sea Water Pump
Scrubber Wash water Supply Pump
Effluent Water Recirculation Pump
Oil & Soot Separator

Alkali (NaOH) Unit

EGC Residue Tank

Sludge Separator

Reaeration Unit

Wash water Cooler

Exhaust Gas Inlet

Scrubber

Exhaust Fan

Control Cabinet

Monitoring & Alarm Cabinet
Exhaust Gas Outlet

Bleed-Off Treatment Unit

Holding Tank

Effluent Water Monitoring

Scrubber Wash water Cooling Monitoring

2 -

00 =y Lo

— =
o=

[ T T T = T =i =
000 S e
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Hybrid Scrubbers (1)

* Have the possibility to use either closed loop or open loop technology.

* Are generally used as an open loop system when the vessel is operating in the open sea
and as a closed loop system when operating in harbour or estuaries, where water
discharge is prohibited.

* Hybrid scrubber is becoming increasingly common because of its flexibility and
restrictions.
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Hybrid Scrubbers (2)

Scrubber Salt Wash water Pump/Scrubber Cooler Sea Water Pump
Scrubber Effluent Dilution Pump/ Scrubber Wash water Supply Pump
Effluent Water Discharge Pump/ Effluent Water Recirculation Pump
Scrubber Cooler Sea Water Monitor

Effluent Water Monitoring

Oil & Soot Separator

Alkali (NaOH) Unit

EGC Residue

Sludge Separator

10. Reaeration Unit

11. Wash water Cooler

12. Exhaust Gas Inlet

13. Scrubber

14. Exhaust Fan

15. Control Cabinet

16. Monitoring & Alarm Cabinet

& Exhaust Gas OQutlet

18. Bleed Off Treatment Unit

19. Holding Tank

JOLEe = BN bhe e LR I ke
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Dry Scrubbers

e Exhaust gases are cleaned

with hydrated lime-treated
granulates (no liquids are
used in the process). L Control Catinet
Z Mmit;m’ng Cabinet
* There are no discharges to % St
the sea from the system. : R o, el
T Scrubber Reactor
* The result of the process a : ol Proiat
gypsum, which is used to Lo Exhaust Outit
manufacture wallboard, is 2 et ek
generated. 14, Exhaust Bypass Manifold
15 Granulate Sorption Inlet
16. Reaction Product Outlet
* They have lower energy
consumption in

comparison to wet
scrubbers.
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Wet Scrubber Sizing

* Typical capacities of wet scrubber systems for different main engine MCR, according to

ABS (1)

Scrubbing water

225

flow (m/hr)

Cooling water flow

Electric load (kW) (4)

NA
65

Electrical load Open Loop

Water Treatment System

(kW)(5)

Blead-off water (m3'hr)

Sludge generation

{liter/hr)(6)

MaOH usage (50%
solution) (liter/hr)(7)

CENTEC.

U

MNA

0.5

MNA

TECNICO
LISBOA

225

150
85

NA

0.875

95

s oop | Openoop | S5 | ovenioon | G

900 675
MA 240
205 190
65 MNA
MA 3.5

2 25
MA 155
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1,800

NA
395

125

N4

4

MNA

1350

450
350

NA

45

290

RS

interreg
Atlantic Area

Based on Wartsila data

Closed loop sized for 6 MW
Closed loop sized for 15 MW
Assuming scrubber installed 20
meters above least draught of
ship during scrubber operation
This is optional, consist of a
residual tank, wash water
pump, hydrocyclone and
settling tank

For open loop operation,
sludge is only generated if the
water treatment system is
chosen

Caustic soda usage rates and
storage requirements can vary
significantly depending on the
engine load and scrubber
operation
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Selective Catalytic Reduction (SCR) (1)

* Purpose
* Removing NO, from exhaust gases
* Efficiency
* Reduction in NO, emissions of up to 90 - 95%.
* May also include an oxidation step, resulting in significant reduction of HC
(hydrocarbons) and CO
* Principle

* Injecting urea water into the exhaust gas and using the exhaust gas heat to
produce ammonia (NH,).

* NH; is then reacted with the NOx on a catalyst to break the NOx down into
nitrogen and water
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SCR Functional Principle

Nitrogen oxides (NOy) are
reduced into nitrogen (N5) and
water vapour (H,0) using
ammonia or urea at a suitable i
temperature on the surface of the F - il —
catalyst.

Soot blowing

Operating temperature
~ 300 — 450 °C

Exhaust gas in

Source: Wartsila
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Selective Catalytic Reduction (SCR) (2)

Concepts available
* HPSCR (High-pressure SCR) with a reactor installed upstream the turbocharger(s)
* LPSCR (Low-pressure SCR) with a reactor installed downstream the turbocharger(s)

Location of equipment
* Generally, in engine room

Safety
» Storage of urea presents health and safety risks.

Operating costs
e Approx. 11-15 g of urea is needed per kWh energy from the engine
* Disposal of residues
* Maintenance of equipment
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Urea

e Description

* Organic compound, CO(NH,),, used as a catalyst
in marine SCR systems (also quite used as a
fertilizer)

e Typical consumption

e Consumption of urea solution used in marine
SCR systems is around 3% to 5% of the fuel
consumption by volume.

* Unit cost

* The AUS40 marine-grade urea solution used in
marine SCR systems is approximately $0.35 to
$0.90 USD per liter
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IMO Technical Code (2008)

* IMO Technical Code on Control of Emission of Nitrogen Oxides from Marine Diesel
Engines

- Provides mandatory procedures for the testing, survey and certification of marine
diesel engines

- To ensure that all applicable marine diesel engines comply with the NO, emissions
limits specified within regulation 13 of Annex VI of MARPOL
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Exhaust Gas Recirculation (EGR)

* Purpose
* Removing NO, from exhaust gases

* Efficiency
* May reduce NO, emissions by approximately 80%

* Principle
* Recirculating exhaust gas into the charge air, the oxygen content in the cylinder is
reduced and the specific heat capacity increased.

* Both cause lower combustion temperatures and therefore lower NO, emissions.

e Location of equipment
* Engine room
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Exhaust Gas Recirculation (EGR)

TURBOCHARGER
Exhaust Gas Manifold T/C
—— (Recirculation Part)
Scav. Manifold [Water
— AL e fae
AR ‘ > " Scrubber
| | . l
== = Clean
©, e | 1 L ecrvave
; ‘K Sludge line
{: 4 “~ EGR Blower
ot Scavenging Air

cooler
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Exhaust Gas Recirculation (EGR)

 Operating costs

* Estimated to result in an increased fuel consumption of approximately 2% for a Tier
Il engine

* Disposal of residues
* Maintenance of equipment.
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Diesel Particulate Filters (DPF) (1)

* Purpose
e Remove particulate matter and soot from the
engine exhaust gases as they leave the exhaust

pipe
e Efficiency

* Currently, 97 - 99% reduction on PM may be
achieved and 90% reduction in HC and CO.
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Diesel Particulate Filters (DPF) (2)

* Working Principle
* Wall flow ceramic filter element with high capture
efficiency for particulates over a broad size range.

e Location of equipment
* Engine room.

* Operating costs
* Increase of about 1 - 3% of fuel consumption
e Additive
* Disposal of residues
* Maintenance of equipment
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Technical Solutions — Emissions Abatement Technologies

Thank You for Your Attention!
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Ship Energy Efficiency

Research indicates that up to 16% of
emissions from shipping could be reduced

through reducing onboard energy losses by
technical energy-efficiency measures
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Ship Energy Efficiency Measures

Energy-efficiency measures may be classified as follows:

: TECNICO
CENTEC @ LISBOA ‘BLUESKILLING Interreg

Hull and Propulsion: measures that improve the hydrodynamical performance of the
vessel.

Machinery: measures related to the machinery on board the vessel, including main
engines, auxiliary engines, and related systems.

Energy consumers: improvement in energy efficiency of onboard consumers such as
lighting equipment and cargo handling systems.

Energy harvesting: measures that capture energy from the surroundings, converting it
to propulsion power or electricity (e.g. sails and solar panels).

Operational: measures related to ship maintenance and cargo handling
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Hull Form Optimization

e Hull form can be optimized to reduce the
resistance without changing the main
dimensions and form coefficients

* In general, the process will be iterative,
driven by optimization tools and will
include the following steps:

- Analysis of the hull performance using
CFD tools

- Evaluation of a measure of merit
- Modification of the geometry

TEC W TECNICO
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Enhanced Efficiency Devices (EED)

* IMO guidance categorizes energy efficiency technologies based on how they affect the
EEDI calculation formula:

- Category A - Devices that increase the ship's reference speed

- Category B - Devices that improve the main engine's energy efficiency
- B-1 - Technologies that can be used at any time during operation (availability factor Feff = 1.0)
- B-2
- Category C - Devices that improve the auxiliary engine's energy savings.
- C-1- devices that can be utilized at any time during operation
- C-2 - Technologies that can be used at their full output only under limited conditions (Feff < 1.0).
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Examples of IMO-Recognized Energy Saving Devices (1)

Technologies explicitly mentioned in IMO guidance for improving EEDI include:

 Waste Heat Recovery (WHR) Systems

- Systems that capture heat from exhaust gases or cooling water that would
otherwise be wasted and convert it into electrical power or additional propulsion
powetr.

e Hull Air Lubrication Systems

- Systems that generate a layer of air bubbles beneath the hull to reduce friction
between the hull and the water, thereby reducing the power needed for propulsion.

e Wind-Assisted Propulsion Systems (WAPS)

- Technologies that use wind power to assist in propulsion, reducing the load on the
main engine.
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Examples of IMO-Recognized Energy Saving Devices (2)

* Optimized Hull and Propeller Designs

- Improved hydrodynamics and propeller efficiency reduce resistance and increase
the overall efficiency of the propulsion system

* Engine Power Limitation (EPL) or Shaft Power Limitation (SHaPolLi)

- While not a "device" in the same sense, these are methods for existing ships to
comply with the related EEXI regulations by limiting the maximum power output of
the engine, thus ensuring a more efficient operating point

 Advanced Propulsion Systems

- Use of more efficient engines, potentially using alternative low- or zero-carbon
fuels, also contributing to meet EEDI requirements
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Propulsion Improving Devices (PIDs)

* Many devices have been studied or developed

to improve the energy efficiency of a ship,
such as:

- Wake Equalizing and Flow Separation
Alleviating Devices

Pre-Swirl Devices
Post-Swirl Devices
High-Efficiency Propellers
Optimized Rudders

- Gate Rudders

. TECNICO
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Pre-Swirl Devices

* Are hydrodynamic appendages installed ahead
of the propeller to condition the inflow of water
so that it arrives at the propeller with a
beneficial swirl.

* Their purpose is to reduce propeller losses,
improve wake alignment, and increase overall
propulsive efficiency.

* Examples of these devices:

- Pre-Swirl Stators / Fins
- Pre-Swirl Ducts

- Asymmetric Stern Hull Modifications
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Post-Swirl Devices

* Are energy-saving devices installed after the propeller, in the propeller slipstream.

* Their purpose is to recover rotational (swirl) energy that the propeller leaves in the
wake and convert part of it into useful thrust.

* Where pre-swirl devices condition the inflow, post-swirl devices recover outflow losses

* Examples of these devices:
- Rudder Bulbs (Costa Bulb / Hub Vortex Absorbing Fin)
- Twisted Rudders
- Rudder Fins / Flaps
- Propeller Boss Cap Fins (PBCF)

BRIl Co-funded by
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High-Efficiency Propellers

* Controllable Pitch Propellers (CPPs)

Ducted Propellers

Propellers with End-plates

Kappel Propellers - propeller has modified blade
tips smoothly curved to the suction side of the
blade (unlike while traditional ship propellers that
have blades modeled based on helical surfaces)

Contra-Rotating and Overlapping Propellers

Podded and Azimuthal Propulsion

W TECNICO
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Waste Heat Recovery Systems (WHRS)

Shaft Power 49%

* In a marine diesel engine, a large percentage of — T
the energy provided by the fuel is wasted and
does not contribute to the propulsion

* The waste consists basically, on heat losses ,,.5[,=w]> S
through the exhaust gas and the cooling water
* The energy of the exhaust can be partially E 1430&“'1% 4
recovere_d through an exhaust gas boiler or U
economizer, that can produce steam mm[kwl 8.7%
. —r\ Thermal losses
* The energy from the cooling systems can be 2100WV 2.6%

partially recovered for both for heating and for
fresh water generation through an evaporator

11495 (kW]

Energy balance of the engine W6L50 DF.
Source: Wartsila
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Wind-Assisted Propulsion Systems (WAPS)

WAPS are an attractive solution to meet new regulations setting a price on emissions
and mandate the use of more expensive low GHG intensity fuels

Since 2021 there are now 52 seagoing ships in operation 75 of which are retrofits
By January 2025 there were 97 orders for newbuilds with WAPS

* WAPS Technologies: Current installations (Jan. 2025):
- Rotor Sail (48%)
- Suction Sail (31%)
- Wing Sail (19%)
- Soft Sail
- Kite (2%)
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WAPS Technologies — Rotor Sail (1)

* A rotor sail is a cylindrical
structure rotating around its
own axis

* The aerodynamic lift is
generated by the ‘Magnus
Effect’, producing a pressure
differential by surface
friction enhanced by the
rotation.

Magnus Force
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WAPS Technologies — Rotor Sail (2)

* The rotor does not need trimming against the wind angle

* Clockwise and anticlockwise rotation is required when wind is coming from port or
starboard side.

* Rotor sails need a continuous supply of electrical power to keep spinning at the
necessary speed

* The aerodynamic efficiency of a rotor sail depends on the ratio between wind speed
and surface speed, where the revolutions are limited for practical reasons.

 Cutting off electrical power supply stops rotor operation and lift generation.

* Rotor sails are available with a tilting mechanism to facilitate port operations or reduce
air draft.
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WAPS Technologies — Suction Sail

* The suction sail is a short-span wing- or oval- —
shaped vertical structure. 3

* An electric-powered suction system delays ~
aerodynamic flow separation by sucking air
through the leeward perforated surface, increasing
the generated lift and reducing drag.

* Suction sails need aligning to the incoming wind
direction with an optimum angle of attack.

* The suction fan operation needs a continuous

supply of electrical power to operate
 Suction sails may have a tilting

mechanism to facilitate port
operations or reduce air draft.

 Cutting off electrical power supply stops the
operation and lift generation
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WAPS Technologies — Wing Sail

* A wing sail is a foil-like structure, often equipped with
high-lift devices such as flaps to increase the generated
lift force.

* The aerodynamic efficiency is relatively high, compared
to conventional sails - wing sail aerodynamics are very

!W
.. . . g
similar to those of airplane wings. ll

i

/P

* Rigid wing sails are made of hard shells, while soft and
hybrid wing sails are made of modern textile material.

* Wing sails need aligning to the incoming wind direction
with an optimum angle of attack.

* If it consists of multiple elements, a wing sail can also be cambered to maximize
aerodynamic forces.

* Wing sails may be tiltable to reduce air draft, or to protect them from high winds

-NTE TECNICO
CENTEC. W LISBOA ‘BLUESKILLING Interreg

INNOVATION Atlantic Area

BRIl Co-funded by
2 the European Union




WAPS Technologies — Soft Sail

A soft sail is a flexible fabric flying between a
supporting mast and a boom and is often stabilized
by sail battens. —

 Soft sails also appear as traditional sails but with —
modern features such as shown by the Dynarig7.

 Sail cloth materials and manufacturing can be
tailored to relevant demands, such as high
performance, stretch, or longevity.

e Systems installed on seagoing ships need to operate
without physical human interaction.
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WAPS Technologies — Kite

* A kite is a tethered sail made of
lightweight material, guided by ropes
and flying at high altitude.

* Aerodynamic performance is enhanced
by dynamic motion

* Performs best only in the downwind
sector, in contrast to the other systems
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Emission Control Areas (ECAs)

* ECAs are geographical areas where specific emissions limitations are set by MARPOL

* These areas can be classified into 2 types:
* Nitrogen Emission Control Areas (NECAs) - for new ships only
e Sulphur Emission Control Areas (SECASs)

- Applicable Limitations Alternatives to Comply

NECA Tier 11l NOx limits [g/kWh]: e Use of SCR system (80 —90% NOx reduction)
RPM < 130 3.4 * Use of EGR system

130 < RPM <2000 9.0 RPM0?2 * Use of LNG, Methanol, Ammonia fuels

RPM = 2000 2.0

SECA Fuels with Sulphur content < 0.10% m/m * Usage of MDO/MGO or VLSFO (0.10%)
* Use of scrubbers
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Current Emission Control Areas (ECASs)

Area Adopted |Entry into In Effect
Force From

Baltic Sea 26 Sept. 19 May 2005 SO 19 May 2006
1997

North Sea 22 Jul. 22 Nov. 2006 SOx 22 Nov. 2007
2005

North American 26 Mar. 1 Aug. 2011 SOx, NOx, PM 1 Aug. 2012
2010

United States Caribbean 26 Jul. 2011 1 Jan. 2013 SOx, NOx, PM 1 Jan. 2014

Sea

Mediterranean Sea 1 May 2025 SOx, PM

Canadian Arctic March 2027 SOx, NOx

Norwegian Sea March 2027 SOx, Nox, PM

North-East Atlantic April 2025 2027 ? SOx, NOx, PM
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Map of Emission Control Areas (ECAs)

ECA MAP

5 i

B ECA Under Consideration
M Established ECA

BRIl Co-funded by
o the European Union

INNOVATION Atlantic Area

TECNICO
TEC w LISBOA ‘BLUESKILLING Interreg



ECA Baltic and North Sea

The Baltic and North Sea SECAs
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ECA United States, Canada and US Caribbean Sea

US East and West Coast and
Hawaiian Islands ECAs .

I Co-funded by
o the European Union

TECNICO
LISBOA ‘BLUESKILLING Interreg
INNOVATION Atlantic Area



ECA North-East Atlantic

NOTE:

It links the existing ECAs in the Baltic
Sea, North Sea and English Channel
with the Mediterranean Sea, resulting
in the ECA coverage of most European
waters.
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Operational Practices

* IMQ’s Ship Energy Efficiency Management Plan (SEEMP) encourage shipowners to
adopt some operational practices to improve efficiency, such as:

* Slow steaming - lowering service speed and therefore the engine load

* Hull cleaning and propeller polishing - reduce drag resistance

e Trim Control - optimization of the ship trim, by reducing hull resistance
 Weather Routing - optimization of ship route for the local weather conditions

* The expected reduction of emissions from the different measures can be seen in the

Table . .

Slow steaming 10 — 30% reduction
Hull cleaning and propeller polishing 3 —10% reduction

Trim Control 2 — 5% reduction

Weather Routing 5 —10% reduction
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Impact in Ship Operation

Thank You for Your Attention!
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