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IMO’s APPROACH TO GHG REDUCTION

Addressing climate change IMO ===

Over a decade of regulatory action to cut GHG emissions from shipping

Revised procedure on 2023 MD Stratogy * Review of short-term
H : p on reduction of measure Net-zero GHG
Committee outputs E:SSBtsaig'lsenioﬁmpacts GHG emissions - Apprroval of basket of emissions by or
+ Consideration of mid- from ships mid-term measures around, i.e.,

term measures + LCA guidelines close to, 2050

+ Biofuels circular

* 40% reduction of CO. per

Energy efficiency transport work

;zf ::fi::-nsl,sEm Initial IMO Strategy on ) * 5% uptake of zero-emission fuels,
and SEEI'\.'IP ) reduction of GHG Short-ier.m Comprehensive striving for 10%
DCS regulations emissions from ships measure: EEXI, Cll impact - Indicative checkpoint: 20%
assessment

reduction of the total annual GHG,
striving for 30%

2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025

Implementation

Indicative checkpoint:
70% reduction of the
total annual GHG,
striving for 80%

Fuel consumption th
31 IMO 4" MO
G Study report to DCS GHG Study

EEXI survey

Collection of

EEDI and SEEMP carbon intensity

Aggregated data (Cll) for
mandatory measures ;%i'-;':i:lf the existing ships
and guidance consumption
evidence-based EEDI Phase 1 N EEDI Phase2 data

decision making

EEDI phase 3 for remaining
ship types

strategic objectives | 7PN

EEDI Phase 3 for certain
ship types




Dual Fuel Combustion

Diesel Combustion
_— Diesel (liquid)

Air
/
/
EASTERRES AT Low Pressure Dual Fuel (LPDF)  Retrofits/Conversions
RTINS \I/F R Liquid pilot fuel for ignition Heavy duty vehicles
AP . __— Pre-mixed gaseous fuel Stationary engine

Natural gas, Hydrogen, etc Marine engines

High Pressure Direct Injection (HPDI)

Liquid pilot fuel for ignition Heavy duty vehicles
Direct injected gaseous fuel Marine engines
Natural gas, hydrogen, etc

HPDI: High Pressure Direct Injection
LPDF: Low Pressure Dual Fuel




CASE STUDY: GHG Emissions from a NG LPDF Marine Vessel

OBJECTIVE: Evaluate and minimize

CH, emissions offsets CO,
reductions for natural gas
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CASE STUDY: GHG Emissions from a NG LPDF Marine Vessel
Methodology

AVL 493 iX ﬁgz’NCOO’ O H2 fuel needed
. y 2 "
PEMS (incl. FID) CH,, nmHC Not CH, specific
Bruker MG5  CO,, CH,, CO,NO, <ot
Process gasses / LN,
FTIR NO,, H,0, ... e .
Significant training
Commercial Low cost _ St -, -5 ) 2 . . L &
) , : Low cost, turnkey; can be L RGER o m  —— S
IR absorption Multi-species :
inaccurate for exhaust CH,
System Turnkey
Calibration free
WMS CH Not (yet) commercially SEASPAN RELIANT
(IR absorption) 4 available 2x Wartsila 9L34DF Engines
Requires training (2x4.3MW; 4-stroke; med. speed)
_ _ Slow LNG and Diesel Fuel Systems
Bag + off vessel M:S;Sfe?‘glreezce Expensive (instrument or Battery Bank (468 kWh)
FTIR/GC/MS . service)
instruments

No time resolution



CASE STUDY: GHG Emissions from a NG LPDF Marine Vessel
MethOdOIOQy Sample In Sample Out

@ Gas Chamber ﬁ Photodetector
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Electrochemical
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Wavelength Modulation Spectroscopy (WMS) for
“calibration-free” CH, Measurement

Sommer, et al. Environmental Science and Technology. 2019

Sommer, et al. CIMAC 2019

Cohen-Sacal, et al. SAE 2021

Jaeger, et al. CICS 2022

FTIR Mhannaet al. CICS 2024
Mhanna et al. under preparation

Jaeger, et al. under preparation



2018: Tank to Wake GHG Emissions — Diesel
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Sommer, et al. Env. Sci. Tech. 2019
Sommer, et al. CIMAC 2019

Peng, et al. Env. Poll. 2020
Rochussen, et al. Fuel. 2023



2018: Tank to Wake GHG Emissions — Diesel vs LNG (CO,)
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- == Diesel

2500 A

2000 A

1500 A

1000 A

CO;  Emissions [g/kWh]

500 A

0 .
0 10 20 30 40 50 60 70 80 90
Engine Load [%]

Sommer, et al. Env. Sci. Tech. 2019
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Rochussen, et al. Fuel. 2023



2018: Tank to Wake GHG Emissions — Diesel vs LNG (CO, +
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TODAY: Tank to Wake GHG Emissions — Diesel vs LNG (CO, + CH,)

- TR Modified engine control strategy developed by
3000 - = Egz engine manufacturer to reduce CH, emissions
4
— 2500 - === Diesel | Measures include:
E « Cylinder deactivation
> 2000 -  Decreased air fuel ratio at low loads
0 « Optimized pilot injection
ey
@ 1500 - Overall Tank to Wake GHG savings with
uEJ natural gas operation relative to diesel
~ 1000 -
S | .. Very low load CH4 emissions still problematic
500 -
0 -

0 10 20 30 40 50 60 70 80 90
Engine Load [%]
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Sommer, et al. CIMAC 2019

Peng, et al. Env. Poll. 2020
Rochussen, et al. Fuel. 2023



COMPARISON OF CH, EMISSIONS FOR MARINE LPDF ENGINES
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[ —— RORO Ferry #1 (2018)

y J — RORO Ferry #1 (2022)
Man’f A == ROPax Ferry #1 (2023)
- ROPax Ferry #1 (2024)

Man’f B 4 —— RORO Ferry #2 (2023)

CHA4 Slip Equal to CO2
T Savings Relative to Diesel*

20 40 60 80 100
Engine Load [%]

All engines are medium speed, 4-stroke, low
pressure dual fuel (LPDF) with similar cylinder bore
(~340mm)

RORO #1:
» Hybrid drive (genset+batt+emotor)
« 2018: As delivered
« 2022: Cylinder deactivation
« 2023: + pilot and air path optimization

RORO #2:
« Hybrid drive (genset+batt+emotor)
« 2023: As delivered

ROPax #1:
» Direct drive (shaft + variable pitch prop)
» 2023: As delivered
« 2024: Cyl. deac + pilot and air path optim.

Emissions depends on engine manufacturer,
engine software, and vessel type

RORO: Roll on, roll off
ROPax: Roll on + passenger



Combined Technological and Operational Measures for GHG Reduction

Standard Operation
(2018)
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Baseline LPDF (2022)
New LPDF (2022)

Sommer, et al. Env. Sci. Tech. 2019
Sommer, et al. CIMAC 2019

Peng, et al. Env. Poll. 2020
Rochussen, et al. Fuel. 2023

57% reduction
16.6 TIEO,,
~ 4 cars/yi/sailing

i 5

25% reduction
4T CO,,
~1 car/yr/sailing
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Optimization of Power Management (NG-LPDF- Hybrid Vessel)
Reinforcement Learning for GHG Reductions
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Measured emissions (steady state) and engine power histories (>300 sailings) used to Abdalla. et al. ADCHEM. 2024

Abdalla, et al. Under preparation.

train RL algorithm to identify instantaneous power distribution for minimum total GHG



Power/kW

Optimization of Power Management (NG-LPDF- Hybrid Vessel)
Reinforcement Learning for GHG Reductions

r
[ S —— N————— = =
4000 l Methane Carbon Dioxide
! Dataset & .. . .
Alaorithm Emissions Emissions
: 9 Reduction (%) Reduction (%)
2000 RL - TD3 (train) 25.8 -1.3
i \ OO — SLSQP (train) 34.2 1.2
N7~ IN RL - TD3 (test) 27.2 1.3
— ,'[’_g;iijgj';:wcr OO0 — SLSQP (test) 33.0 -1.3
=== Actual Ftngine Power
TD3 Battery Power
—2000 Actual Battery Power RL — TD3: Reinforcement Learning — Twin Delayed Deep Deterministic
0 30 100 150 300 OO0 - SLSQP: Offline Optimization — Sequential Least Squares Programming
Time/min
Sample RL-based power distribution Summary of predicted emission reductions
for one-way sailing using RL optimization, based on actual total

vessel power demand for 300 cycles

Abdalla, et al. ADCHEM, 2024
Abdalla, et al. Under preparation.



Comparison of Tank to Wake CH, Emissions Factors (g.q, ./MJ) :;-..--~|..=
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Becker et al. CICS 2024
Becker et al. Under Preparation

UBC

Tank to wake emissions vary
considerable between similar vessels

Actual value is dependent on
engine+vessel technology AND
operation

GREET: Reference emission factor
(Marine Module 2022)

ST-VDC: Emission factor calculated
based on measured steady state
emission data and instantaneous
engine load

ST-ADC: Emission factor calculated
based on measured steady state
emission data and modified duty cycle

D: Emission factor measure directly for
limited sailings



LIFECYCLE GHG EMISSION REDUCTION: Biofuels and Renewable Diesel

Biofuel (SME) and renewable diesel (HDRD)
implemented on commercial vessels can

(o]
o
l

provide “drop-in” solution for decarbonization
of legacy vessels

(o))
o
I

Pilot studies provide much-needed

iaN
o
I

operational and emissions data for policy and
fleet development

N
o
1

Carbon Intensity [gco,./MJ]

On-vessel measurement carried out for SME 0 -
(RORO ferry) and HDRD (harbor tug) for
seatrial and commercial operation.

Diesel HDRD SME



IN-USE EMISSION MEASUREMENTS - Instrumentation Installations

Commercial PEMS,
Soot Sensor,
Electrochemical Sensors,
Particulate Matter

Seaspan Trader RORO Ferry Harbor Tug
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IN-USE EMISSION MEASUREMENTS S

]

RORO Ferry — unloaded seatrials
Constant engine speed, variable load

Exhaust modifications for accurate i |
emission rate measurements | VAR e
Tug — bollard pull
Propeller curve




LIFECYCLE GHG EMISSION REDUCTION: Biofuels and Renewable Diesel
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UBC Urban Freight Emissions Program

I * I Environment and
Climate Change Canada

Generate data, tools, and strategies to mitigate the greenhouse
gas and air quality pollutants from urban freight vehicles

Vehicle Measurements
GHG + Air Pollutants
Conventional + Low Carbon Fuels

Freight System Modelling
Total GHG + Air Pollutants

Case Study
Vehicle optimization

Corridor Measurements
Air and non-exhaust pollutants
Toxicity

Regional Emissions and

Dispersion Modelling
Total GHG + Air Pollutants

Case Study

Impact of fuels

Case Study
Policy interventions
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