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Maritime Electric Propulsion Systems

0 Example of AC-bus electric propulsion system - Viking Lady

Project from DNV GL, Eidesvik and Wartsila, which ~ °~<gre* (g %+
is aim to explore the use of fuel cells, hybrid and ==
battery technology in the shipping industry.

F-engine # :
o S )

("o ) ——— ‘; I \l_
DF-engine #3[ | . g X l*
2MW
DF-engine #4 ‘ L 7
2mw “ {8 X
' ' o= @
Battery n
450 kWh \ o}
Fuel-cell *\ —_—N *
320 kW e N :
The offshore supply vessel, Viking Lady Source:

1. Kotodziejski M. Review of hydrogen-based propulsion systems in the maritime sector[J]. Archives
of Thermodynamics, 2023, 44(4).

2. Viking Lady. https://corvusenergy.com/projects/viking-lady/ (accessed 22 Apr.2023).
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O Example of DC-bus electric - Hurtigruten Roald Amundsen in Norway

Length: 140m Current information available:
Beam: 23.6m

Prime mover:

Helght' 29m (1) Four Bergen B33:45 engines (each has 3.6-5.4MW)
Passenger: 530 (2) Batteries (1356kWh)
DC bus: 720-1000V
Propulsors
Hybrid Diesel-electric
Source: - 2 x Azipull azimuth thrusters with integrated permanent-
1. https://en.wikipedia.org/wiki/MS_Roald_Amundsen magnet (PM) motors (main propulsion)

2. https://www.ship-technology.com/projects/ms-roald-amundsen-polar-cruise-ship/?cf-view
3. https://corvusenergy.com/projects/roald-amundsen/

- 2 x tunnel thrusters for manoeuvring and DP
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O Radial distribution Electrical Distribution System
Features:

AC/DC MvVDC
AC Generator Converter Bus

' =il
Main ~—~L
Gt.—.—E—-—E— oad > Colour coded of power sources,
Gas Turbine AC Circuit _bc Port .
Breaker Disconnect —E—-—.F’mhgg:g'rm switches, power converters and
s e 22
SEtr;?;g:; ._-_E_ Disconnect  Inverter | O a d S .

Bar?k?Fpﬁg:challs CDCIDC Paort Longitudinal DC Bus DC/DC .
onverter N Converter N » Redundancy: two dc buses running
—E—.—l Bus —E-_. Bak#tgges .
[ Transfer - on the port and starboard sides
— LV AC Ship Service
] E-_. Load Load Centers

ircul AC/DC :
Meaker  Comverier _g_-.[ DiAC » Simple structure

Shore LV DC
o EHOHPHS | covcomens E— > Lower cost

Transformer Starboard Longitudinal DC Bus

Starbr.l:le!rd
Cﬁ)ﬁiﬂgﬁer Dri rfolor
Auxiliary nvr;vzr 1
Generator vert > Not flexible when occurs faults on dc

Diesel Motor AC
Disconnect Pli'llse'j
o2 bus

DCiDC Pulse
Converter Charging
Circuit

Red: Power Sources Grey: Switchgear Green; Power Electranics Converters Blue: Loads 8



University of

g

Vo

Nottingham

UK | CHINA | MALAYSIA

Electrical System for Hybrid Electric Vessels

O Zonal Electrical Distribution System

AC/DC Main AC Auxilary AC AC/DC
Converter Generator 1 Generator 1 Canverter
Energy Storage
DC/DC AC Circuit AC Circuit
Converter DC Breaker Breaker
Disconnect Port Propulsion
. Motor
Caéj:r?::m Drive Inverter
Foes |
b i
| :
—— DCIDC H :
| | Converter : :
1
| i |
I stem 1 Zone 4 SeS;’;te H Zone 3
I Cross-hull B Radar! Load |/ Ers for | Load Load
Disconnect 1 Center |"9Urefors Center Center
I | Zone 5 ! details
In-zone | , :
(W Dist. J ! .
Zone 5 : :
‘ Deck house | '
MVDC
Starboard Bus Star board
= Propulsion Motor
Split-bus mode “ . n
P AC Circuit Drive Inverter AC Circuit
Breaker Breaker
Coupled-bus mode
ACIDC Auxilary AC Main AC AC/DC
Converter Generator 2 Generator 2 Converter

Red: Power Sources

Grey: Switchgear

Green: Power Electronics Converters

IEEE 1709 MVDC zonal shipboard power system

DC
Disconnect
MVDC
Port Bus
Bow
Zone 1 Bl Cross-hull
In-zone Dist. Disconnect
Pulsed
Load
DC/DC Pulse
Converter Charging
Circuit
Blue: Loads

Features:

» Compatibility with the maritime cabin
structure well and cable needs reduced

» High redundancy: each load center is
powered by port and starboard buses

> Better survivability, redundancy, and
fault isolation

> Flexible power routing

Higher cost, design burden, less
efficient
Complicated control and coordination

strategies
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MW-level Electric Propulsion System in Nottingham

But what is the impact if we integrated such a new electric
propulsion motor to existing maritime grid?

HBK GN Series High-speed data AC gnc'i’%
Acquisition and power analyzer %

g I
1 I
DC Power ,/E,] /C' ;,F‘— /D ,Fl /F] ,P i i
,,’ A —‘,—7 / ll /I | |
s ple 7 / / / 1 1
- Iac /1 4/ I Power !
DC voltage A : :
Bect - g i ! converter !
DC bus Llay /2 I3ph : !
< 600Vdg=1 95t i I i
e ” B : p :
W \ Resolver H H
! ’ | 1
[l | |
L | ! |
6—‘—;"—,—0 As, Ay, Ag, A ! '
Power T i / : Dynamometer :
Electronic ,'\ B1, B2 By, By ( (\ ( : machine :
Converter 0 Cy, Cy, C3,Cy . E i
1 I
electric machine Tarque ! I
meter : !
1 |
“\ | |
Control/monitoring '\ ! e !
interface A Coolipg i Dynamometer Machine with |
L . | Controls (part of Test Bench) |
_____________ 2 Station r G ol NS0 T T |
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ACI/DC MVDC

AC Generator Converter Bus

Main
Generator

Gas Turbine AC Circuit ocC
Breaker Disconnect
Dedicated
MVDC bus
Energy
Storage

Capacitor DC/DC

!
==l Load
— Port
~ Propulsion
Motor

Radar

Bank/Fuel Cells  Converter

AC Circuit AC/DC
Breaker Converter

Shore
Power —E— @)
Interface

A

DC/DC
Converter

=

DC Drive
Disconnect Inverter
Faort Longitudinal DC Bus

DC
Disconnect
Bus
Transfer
DC/DC Converter

Transformer

=

DCIAC
Converter

Stafboard Congifudinal DC Bus

AC/IDC
Converter

Auxiliary
Generator

Diesel Motor AC
Disconnect

Drive
Inverter

Starboard
Propulsion
Motor

Radial Architecture

Pulsed
Load

DC/iDo Pulse

Converter Charging
Circuit

‘\

UpPs
Batteries

LYV AC
Load

LV DC

Load _/

Impacts of electrical propulsion to
the entire electrical system

- Stability
- Power quality
- Energy management

Ship Service
Load Centers

11
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Electrical System for Hybrid Electric Vessels

ACIDC MVDC
AC Generator Converter Bus
ME‘ in
Generator D_O_ ; _-_"‘"-4-.
Gas Turbine AC Circuit n]®
Breaker Disconnect
Dedicated
MVDC bus [l
Energy [T =
Storage
Capacitor DC/DC
Bank/Fuel Cells  Converter
AC Circuit AC/DC
Breaker Converter
Shore —
Power —E @)
Interface

Transformer

AC/IDC
Converter

Auxiliary

Port Longitudinal DC Bus

DC
Disconnect

Radar
Load

DC/DC
Converter

Bus
Transfer

—=

DC/DC Converter

]

AC
Disconnect

Generator

5O

Diesel Motor

- HA

DC/DC Pulse
Converter Charging
Circuit

-l

=g g

DCIAC
Converter

Pulsed
Load

Digital Emulation

'ﬁ

UPS
Batteries

LV AC
Load

LV DC
Load _/

Physical Hardware

Port

Teyrdury

Ship Service
Load Centers

Disconnect

Propulsion
Motor

)

1@

Drive
Inverter

oc

synchronised
| |

Data flow needs to be
real-time and

Port
~ Propulsion
Motor
Dc Drive
Disconnect  Inverter
12
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O Maritime EPS Real-time Emulation Platform (Power Hardware-in-the-loop, PHIL)

Typhoon + dSPACE
Real-Time Simulator

|
. DC-DC :
Batteries - Conv. :
1

1

1

|

1

|

1

1

1

|

1

1

Turbine +

Generator

Real-time Emulation

Simulated Port
longitudinal DC bus

Voltage signal

Amplifier

—
DC Power
——

Current feedback

Port propulsion Motor

\
I
l

= 4%

DC-AC

Physical Hardware

13
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0 UoN P-HIL testing platform

dSPACE

Typhoon#1 == | %:,f’""h_

Typhoon#2 wsp ®

DC Power
Amplifier

Host PC )

How to deal with power mismatch
between emulated system and real
physical system?
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« Scaling up from 2kW to 85kW Level

% Power
2 | | Motor DC-AC Amblifi Scaling factors
B Ll 1: DC bus vol
e - . : us voltages
e 2: Motor and its drives
Q
3
)
;— > Control
)
-
1 Control
Speed* Speed Voltage Current . . .
-----Jomae*{----rTorque-— -~~~ €onmrand T — — | Feedback — I — e o @
E = ) 9 ; i_ FC JI ............. DC-DCJ', ....... . ° _______ R | l l
— N R — R
' \ Y ! " | iscalingl! | Ports i——» PA DC-AC i Motor
1 O . . 1 HE 1 I 1
12 Scaling 2 Scaling 1 ! i Bat | | DC-DC 1
1 = 'y 1 L L =
: = 1 ¢ : T l_l‘_jpeed
h — \ 4 . i 3 . orgue e
' High-Power | soul:::ihs:;:::em ; r_- Sgalinﬁz __________ i
- . Speed*
i &| | motor RT model j y . =) _ High power T:rque“T l
N - RT model ! r simulation model
(- o
1 1
: = : Low power
: ! physical hardware
1 1
: —EJ v v . . ! i
= System control : Scaling ports
. - Motor control i
12 Sources control I
1 O :
1 O 1
1 1
1 1
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Scaling up from 2kW to 85kW Level

1002 MMMN Pl'mw "‘*'l'l m W‘W‘W mw W“ I‘ iﬁl‘mﬂ
WW%WW mc i
AL

0.28 0.3 032 034 0.36 0.38 0.4

Motor current comparison between emulated high- DC Link current comparison between emulated high-
power motor and low-power physical motor power motor and low-power physical motor
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O Zonal Electrical Distribution System

2MW CAC’D: DC AC/DC
onverter pisconnect Converter
g8 1050V MVDC Bus1
< | | |
, 1 i ' i 4 AcGrid
M:g?;fc 5 DC/DC | 3 DC/DC i DC/DC | &
Converter ! Converter : Converter !
1 ! 1
Zone1 |! - 1
Busbar ! Zone2 |} Zone3 |!
Energy |1 . one i
connector 0y Storage i Elef;;%“'c E Test Load E
]
1 - i
1 1
1.5MW o 5 DC/DC P - DC/DC ! DC/DC , o
AC Circuit Converter Converter : Converter ' Converter :
.. Breaker : : : Converter
\ ! ;
g o - 5 =g ——— -_H—-_.
Sy us
Main AC 5 1050\, 8 Resistor
DG2 Load Bank
Red: Power Sources Grey: Switchgear Green: Power Electronics Converters Blue: Loads
Main AC DG Dual DC Bus Zone 1 ESS Zone 2 Electrical Load
1050V x 2 452 kWh BESS 2.5 MW Load step

DG2 1.5MW

Ref: High-Performance Megawatt-Scale MVDC Zonal Electrical Distribution System Based on Power Electronics Open System Interfaces

IEEE Transactions on Transportation Electrification, Vol. 9, No. 3, 2023 17
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O Zonal Electrical Distribution System Modelling and next steps

ACIDC e AC/DC
Converter pisconnde Converter
MVDC Bus1

9 DC/DC
Converter
Zone 1
Busbar
connector] "} Enciy,
Storage
DC/DC
DC/DC
AC Circuit Converter 6 Converter
- Breaker

=P o=l 0 - Propulsion load prioritisation

8 Resistor
DG2 Load Bank

Red: Power Sourcps___ Grey: Switchgear reeTPOweT comverters  Blue: Loads _ E n e rg y Sto ra g e CO o rd i n ati O n
MULTI-ZONE CONTROL - Syste m Sta bi I ity

- MVDC bus protection strategy
- Zonal Reconfiguration
- Pulsed-load management

Converter

4 )
pee AC Grid

Converter

Zone 3
Test Load

DC/DC
Converter

DC/DC
W\ Converter

Zone 2
Electronic
Load

il DC/DC
Converter

AC-DC AC-DC
Converter 1 Converter 4 "
. [ Ak L=, - Power quality
DG1 [— — Vs MVDC BUS 1 e N [— AC grid
— . .
W Vo] o] P - Converter interactions
1 1 g 4| D4
L] Me D, Vi Dy Is] ™Mos
Pi o pcoc | — pC-DC pcbc | — L . LA
. Con\fe-nirl Vius1 Ipc Converter 2 — Vius1 C°C";':":I'Z Raroop Converter 3 C L% co::’;r:::z Co:vf;nﬁrl -
Qi Control ca Control Qs
Vz 'Z : VJ 13 :
] o
o= o
= E
|Busbar connector| Battery g Electronic E
eq.(3) eq.(4) - (5) ] load ‘_-.J
I <
z 8
Ve Ig S V; I N
Ps DC-DC I De Vbus D, AC-DC Ve |_l
Converter5 Vous2|  —Ipc pcbc | = DC-DC pcpe | = pC-De v; Cocr:e:telr 8
ntrol
Control Converter 6 — Viusz Coé':::::l' €|R droop Converter 7 = /A &3:37::7 ; U
Vs| p, v.| ™oe
Ll 8 Vbus2| 14 Vous2| I = 8] mos
DG2 ~ I T/ Vy
V. _— = f—
+diode =~/ |y, MVDC BUS 2 Viisz 7 s AC toad
rectifier] = ——— —
AC-DC AC-DC 1 8

Converter 5 Converter 8
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- Electric Propulsion plays a key role in Clean maritime

- MW-level electric propulsion system for maritime is in need

- Hardware-in-the-loop (HIL) Technology is essential to validate system level
performance, especially for integration of new electrical equipment

- Power HIL platform is now ready for maritime EPS studies in Nottingham

- The Zonal Architecture provides good redundancy and higher survivability

while Radial Architecture



r University of
M Nottingham
UK | CHINA | MALAYSIA

Thank you!
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Multi-objective Optimisation of Hydrogen
and Methanol-based Hybrid Power Systems

for Service Operation Vessels (SOV):
A Techno-economic and Environmental Analysis

Jiacheng Yu

Yuqi Zhang

Dr Salman Farrukh
Dr Ebrahim Nadimi
Prof Dawei Wu
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Scope

=  Maritime decarbonisation and SOV motivation

= SOV hybrid powertrain design under real mission operation

= Powertrain pathways: DFME, MRFC and PEMFC

= Solve a tri-objective problem: CAPEX-OPEX-CI| over 25 years
= Life-cycle cost, Cll reduction and integration trade-offs

=  Fuel-price and carbon-price sensitivity

= Summary

%. 2 UK National
"Durham =S Clear? I\II(I)ar:'?’cime

UIliV€I’Sity Research Hub




Shipping decarbonisation

99% 1,076 MtCO.e

world fleet fossil-powered shipping GHG in 2018 zero/near-zero fuels
Alternative fuels must scale 2.89% share of global IMO ambition for zero/near-zero
from demonstration to fleet- anthropogenic GHG fuels and energy sources by
level deployment. 2030.

Units: GHG emissions

B Emission pathway in line
with IMO's GHG strategy

2050

IMO net-zero target

Net-zero GHG emissions by
or around 2050, with
2030/2040 checkpoints.

mm Business-as-usual Designh implication for SOVs
emissions
2008 as Ermissi
D888 year o R « SOVs support offshore wind, but still rely heavily on
Totak diesel powertrains.
20% reduction * Long endurance, DP loads, and high hotel demand
Intensity: make battery-only solutions unrealistic.
U [Cdicion « Hydrogen, methanol and hybridisation must be
Fuel: Net- i
5% energy share Total: povEeio o assessed together with cost, storage and CII.
70% reduction by 2050
y
._
2008 2020 2030 2040 2050
Total: Well-to-wake GHG emissions; Intensity: CO, emitted per transport work; Fuel: Uptake of zero or near-zero GHG technologies, fuels and/or energy sources ©DNV

Sources: IMO 2023 GHG Strategy; European Commission FuelEU Maritime, DNV.
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Offshore Wind Farm

Cruising route of the reference SOV during
the representative 14-day voyage

The sea conditions profiles along the
typical real-world navigation case

Case study vessel and 14-
day mission profile

Table 1: Reference vessel specifications.

Unit

= Operational phases: departing, sailing,
approaching, harbour/shore

Value

Service Operation Vessel (SOV)

Parameter

Ship type

Length overall 85 m
sross tonnage 5000 GT
Power system Diesel-electric
Service speed 12 kn = Operation states: Docking = 340 kW;
Installed power 6000 kW o ~ . . ~
Voyage duration 14 days sailing power = 1650 kW; working power %
295 kW
Mission profile resolved at high temporal
i 20 o resolution to capture Dynamic Positioning
E 10 o
TS : : , : transients
N 100 |—— Wind direction 200

—=— Total load ~ —*— Propulsion load =~ —*— Service load

300 D
& 200 m ML\NJJ
£ 100
° 4 L :
200

0
0 100 [——Wave height|
E 4 g
g2 s
T L E
s 0 100 Mean wave pcriod[ 200 g
& 4
0 1
0 100 [ Sea ice cover coefficient]200
0.10 .
v 0.05 4 o 5 . .
" 0.00 _ 1 H . : The speed profile of the typical real-world navigation case
0 100 200
55
UK-MaRes Hub fd[®]&

Time (h)



Powertrain architectures assessed

A. Methanol-LFO engine + battery (DFME)  B. Methanol reformer + PEMFC + battery C. Liquid H, + PEMFC + battery

D D)
00 @0 | G D T D Do D
Batteries Batteries G — D <‘ feregen |) <‘ fregen |> Batteries
O O O O [reSr— ‘4‘ “; = D ':T berer D (T I’““"“P‘ EEE PEMFC Stacks +‘I‘ ||; Q = L/LIqE:IL ::‘::::Jinks(‘ = D :I‘ ‘l; PEMFC Stacks
© © m t D (omeD) El'm«n :P) %
““““““““““ - (] (mme] (] | [y P ke .
\ \ ACMainSwwtchboard\ \ Fuel Tanks \ I% & ST T r—— ?‘ \ AC Main slwmnboard | ﬁ | \
\ \ ‘ \ \ ™ = ™ \ \
~ — \ \ AC Main Switchboar rd \ @
4/ NI il T e pa
2 12 : :'. 2 7 2
- 4 % 7z |z -
e o> o E © o
. \,
= Higherreadiness and easier = Liquid fuel logistics; onboard H, = Zero local emissions; high FC
storage; LFO pilot and methanol production; reformer complexity and efficiency; storage and H, price

price affect OPEX and CII. WTW carbon depend on methanol route. dominate feasibility.



Method: bi-level

UK National

Clean Maritime optimisation (NSGA'" +
mission-based EMS)

Research Hub

r ___________________ -
|
Constraint condition |

Ship Space | | Ship Weight | | Power balance Battﬁ;);itSOC | | C0A- :
el ——————— | B s sz ppulation | Design variables: Number of fuel-cell
(A R DA D | T : platforms/stacks, battery modules,
| | | | | Constraint condition | . )
| | Hybrid power system model | | I v | englnes a nd Cyll nders
| | | |+> Evaluate fitness functions [¢— Mutation | | Constraints: space & We|ght’ power
| | PEMFC model MRFC model || | i ) |
| | | | : | balance, SOC bounds, component ramp
| I Battery model Methanol engine || | | Rank population Crossover R
j | attery mode model | | | T “ : limits

———————————— Select Paret . :
: R 1 - : : wndonisdsolitons [ g B EMS ensures operational realism 2 only
| : Energy management strategy| | F : feasible designs appear on the Pareto
: | |Deterministic dynamic programming : : : @ | front
L | . . .
| o — J______ : || : | Only technically feasible designs are
| | Ty — | | Generated Pareto front | i .
| | jective Function ! 1 T p retained in the Pareto front
| | f@] [oapex] | e s s
| | m,_i“ F(z)=|fo(z)| = | OPEX : | | |Output optimisation results |
|L |_ _____ f if)_ | _Cﬁ _I : Lselect optimal power sizing from Pareto front J| A: LH2 PEMFC + Battery
B: Methanol-LFO Engine + Battery
Outer loop Inner loop o C: Methanol Reformer + PEMFC + Battery
NSGA-II — Rule-based EMS CAPEX » OPEX » Cll
(design variables) (14-day simulation)

Diagram of the optimisation process UK-MaRes Hub E EH';



UK National Optimisation objectives:
Clean Maritime CAPEX, OPEX, and Carbon
Intensity Indicator (ClI)

Research Hub

Economic and emission parameters

Parameter Value Unit

Fuel prices

Green hydrogen 8.59 $/kg CAPEX: fuel cell platform/stacks,
E-methanol 1.44 3/kg engines, batteries, tanks + replacements
LFO 0.67 $ ke .

Shore power 0.26 $/kWh over 25-year life cycle

Emission factors (well-to-wake) )

E-methanol 0.318  kgCOs2e/kg

LFO 3151 keCOy/ke Cll: Well-to-Wake CO,e per transport
Shore power 0.177  kgCOse/kWh

work (gCO,e / t-nm), aligned with IMO-
style intensity metrics

Decision variables and ranges for each pathway

Description PEMFC MRFC DFME
Total CO:2 emitted in a year
Number of fuel cell platforms 1-10 - - cn= Ship capacity x Distance sailed
Number of PEM fuel cell stacks 1-20 1-30 -
Number of methanol reformers - 1-30 -
Number of methanol engines - - 1-3
Cylinders per engine - - {6, 7, 8, 9}
Number of battery modules 0-150 0-150 0-150

UK-MaRes Hub E Eli';




DFME

UK National
Clean Maritime
Research Hub

Pareto-optimal solutions ¥ TOPSIS (= Min-OPEX for MRFC, DFME) ¥ Min-CAPEX H Min-OPEX (PEMFConly) @ Min-Cll
d e f
v v
T sa} _ B T sel
o E @ o} £
P i - ._I. |
c”: L:‘sa S o ‘;55
}!3. 8" 54 F @ 90 (_oé’ 54
= O ol =
552', , ! *, e 1 :z | Yo et 052',*., , , , ,
6 7 8 9 10 1 5] 7 8 9 10 1 88 89 90 o1 92 a3
CAPEX (M USD) CAPEX (M USD) OPEX (M USD)
Representative Pareto-optimal solutions for DFME
CAPEX OPEX CII TOPSIS
Pathway Solution Config. Batt. (MUSD) (MUSD) (gCOs2/t-nm) rank
DFME TOPSIS 12C2E 28 8.55 88.17 52.47 1
Min-CAPEX 14C-2E 3 5.96 93.59 59.21 47
Min-OPEX 12C2E 28 8.55 88.17 52.47 1
Min-CII 12C2E 50 10.91 88.49 51.60 22

A. DFME Pareto Results:
Cost-effective Near-term
Transition Pathway

DFME reduces Cll by 66.4% compared
with diesel.

Min-CAPEX option is cheaper, but gives
higher OPEX and weaker Cll reduction.
Min-Cll gives only a small extra ClI
benefit, but requires higher CAPEX and
more batteries.

DFME is therefore a cost-effective near-
term transition pathway.

UK-MaRes Hub E Eli';



Time (h) Time (h)

gig| UK National A. DFME Operation: Battery
ean Maritime o o o
Research Hub Sizing Reduces Engine
| Min-CAPEX (14C-2E-3B) —— Min-Cll (12C-2E-50B) TOPSIS ! Min-OPEX (12C-2E-28B) °
51250-&]_____ . ] | | 1 | ' J CYCIIng
T 1000 | | | | "I : ka , lie )
% 750 - l ‘ | | J
g Engine 1 provides the main continuous
R power; Engine 2 supports high-load
1000 (bl .
% kel ~ periods.
8 oo ’ | Min-CAPEX uses larger engine capacity:
14C-2E-3B, 2800 kW installed.
. I Larger batteries absorb load peaks and
gm_ ()} | J ' reduce engine cycling.
2 sl |l | l " I i 1 TOPSIS balances engine sizing and
; o L i | Ao L - Ll I i o o
£ : battery'support without excessive battery
oversizing.
Pl DFME performance is mainly improved by
ool N avoiding low-efficiency engine operation.
g 1000 = % m ITirrlu= (hi, i ;Z -{g]
% so0f %; 500 | ﬁu'ﬁ_
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UK National
Clean Maritime
Research Hub

Pareto-optimal solutions ¥ TOPSIS (= Min-OPEX for MRFC, DFME) ¥ Min-CAPEX B Min-OPEX (PEMFConly) @ Min-Cll
a CAPEX vs ClI b CAPEX vs OPEX c OPEX vs ClI
. 314fY L __ 314 v
'g 312t ggs'o £ 312
E ST 310} 294_5 = 7,310
= ?-.n_%so.s— g 00 230,8
— 306 o — 306
5 w = *®
© 30.4F . ! . . 9351 s . . I © 304F : ] | ®
165 170 175 180 185 19.0 165 170 175 180 185 19.0 935 940 945 950
CAPEX (M USD) CAPEX (M USD) OPEX (M USD)
Representative Pareto-optimal solutions for MRFC
CAPEX OPEX CII TOPSIS
Pathway Solution Config. Batt. (MUSD) (MUSD) (gCOs2/t-nm) rank
MRFC TOPSIS 12R-13FC 10 17.30 93.42 30.53 1
Min-CAPEX 13R-11FC 11 16.56 94.37 31.44 30
Min-OPEX 12R-13FC 10 17.30 93.42 30.53 1
Min-CII 11R-16FC 10 18.82 95.33 30.38 31

B. MRFC Pareto Results:
Retrofit-friendly Deep
Decarbonisation Pathway

MRFC reduces Cll by 80.5% vs diesel:
156.26 > 30.53 gCO,/t-nm.

Min-CAPEX is slightly cheaper, but gives
higher Cll and OPEX.

Min-Cll gives only marginal extra CII
reduction: 30.53 » 30.38 gCO,/t-nm
MRFC is the best retrofit-fit option, with f*
= 0 and no major reallocation need.
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B. MRFC Operation:

Research Hub Reformer—FC Sizing Controls
Battery Stress

I Min-CAPEX (13R-11FC-11B) —— Min-Cll (11R-16FC-10B) TOPSIS / Min-OPEX (12R-13FC»1OB)I

(@) , I [\

3000
— L
= 2500
=
20001

1500

Q ]
o 1000F | L 1f

1 V N A A, V A | K 1"
500‘{ | LA R o L W Wi | ' 2 yY W Y 2 U ¥ I Y / Ul
N L N L L L s i s A N N

MRFC operation depends mainly on
0 e RER T ' ' ' ' ' ' REALP ' ] reformer count, FC capacity and battery
ol ]| 'y & " S A | O e Larger FC capacity reduces H, use:

- : . | | ! i : : : ; . i . 2 0.0597 > 0.0579 kg/kWh.

a7 ' i - i T j ' ' ' ' i q Min-Cll reaches highest FC peaks, up to
PO T TR s PSP NSOFVER WHOPR WPV T PP PRI WSRO VRPN DY N |11V TYPRTWON 11 MY (11 ~2.7-3.0 MW, reducing battery peak-

Boal [ e ' “ LR ! shaving.

' Min-CAPEX hits the 2.2 MW FC ceiling and
needs stronger battery discharge.

TOPSIS gives the balanced operation:

12R-13FC-10B, Cll = 30.53 gCO,/t-nm.

Battery power (kW)

0 25 50 75 100 125 150 175 200 2&5 250 275 300 325 350
) Time (h) . 1.0

_(f) ] ()
1000 g I 08k [
500 )

=
= 2000+
g 1500}
a L
5 1000 / . 7 —1000}
L 500 > z =S At -1500 +

50 55 60 65 70 50 55 60 65 70 0.0, 5 10 15 20 25

Time (h) Time (h) Time (h)

0 b o b e e o 06F v

‘ ) v ; <3 \ A<
-500 F | ' ] D o4k \ —
i
0.2

Battery power (kW)
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PEMFC

Clean Maritime
Research Hub

Pareto-optimal solutions ¥ TOPSIS (= Min-OPEX for MRFC, DFME)

Representative Pareto-optimal solutions for PEMFC

(v
7
\n Hg 12.0
N O
Il (‘3‘
L8 mns
2
5 ¥
O 1.6 o
20 21 22 23 24
CAPEX (M USD)

OPEX (M USD)
<

*

¥ Min-CAPEX

|

20

21 22

23 24

CAPEX (M USD)

O

Cll (gCO2 t71 nm~1)

Min-OPEX (PEMFC only)

-
g
=)

-
ory
-]

*

-
=
-2}

® Min-Cll

?lQ 810 B‘1
OPEX (M USD)

CAPEX OPEX

CII TOPSIS

Pathway Solution Config. Batt. (MUSD) (MUSD) (gCOs/t-nm) rank

PEMFC TOPSIS 2P-13FC 8 22.19 79.79 11.65 1
Min-CAPEX 1P-10FC 9 19.93 80.39 12.17 64
Min-OPEX  3P-10FC 10 23.16 78.87 11.91 43
Min-CII 2P-16FC 13 24.29 82.03 11.58 7

B. PEMFC Pareto Results:
Maximum Carbon
Reduction, Higher
Integration Cost

PEMFC achieves the deepest ClI
reduction: 156.26 > 11.65 gCO,/t-nm.
TOPSIS selects 2P-13FC-8B as the best
compromise design.

Min-CAPEX is cheaper, but gives higher
Cll: 12.17 gCO,/t-nm.

Min-CllI gives only marginal improvement:
11.65~>11.58 gCO,/t-nm.

Higher investment reduces CII, but with
diminishing carbon benefit
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UK National
Clean Maritime
Research Hub

| Min-GAPEX (1P-10FC-98)

Min-OPEX (3P-10FC-108) —— Min-Cll (2P-16FC-138)

TOPSIS (2P-13FC-8B) |
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C. PEMFC Operation:
Platform Partitioning
Reduces H, Use

PEMFC performance depends on both
fuel-cell capacity and platform
partitioning.

Platform shutdown reduces H, use during
low-load operation

Larger fuel-cell capacity supplies more
peak demand directly.

Smaller fuel-cell systems rely more on
battery peak-shaving.

Higher fuel-cell capacity reduces battery
stress and narrows SoC fluctuation.
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Cross-technology comparison of TOPSIS-selected decarbonisation solutions against
the diesel baseline for the reference SOV

Clean Maritime

Cross-technology trade-
offs and SOV-specific
implications

Diesel baseline ~ DFME PEMFC MRFC DFME: Lowest LCC: 96.72 MUSD; ClIl =
Configuration - 12C2E-28B 2P-13FC-8B  12R-13FC- 52.47 gCO,/(t:-nm)
10B
Operating condition - g* =0.10 =25 g* =0.0 MRFC: Best retrofit fit: * = 0; Cll = 30.53
CAPEX (MUSD) 1.83 8.55 22.19 17.30 gCO,/(t-nm)
OPEX (MUSD) 26.37 88.17 79.79 93.42
LCC (MUSD) 28.20 96.72 101.98 110.72
CII (gCO2/t:nm) 156.26 52.47 11.65 30.53 PEMEC: Deepest Cll cut=11.65
CII reduction (%) - 66.4 92.5 80.5 gCO,/(t-nm); T =2.5
Green premium, GP - 68.52 73.78 82.52
(MUSD)
AAC (USD/tCOg) - 1,180 912 1,173
Integration requirement Baseline Fuel Volume Drop-in
reallocation expansion (8* =0.0)
(46.5 t of (+425 m? Baseline diesel Cll: 156.26 gCO,/(t-nm). All alternatives
465 t) deck) reduce Cll substantially, but lifecycle cost rises from

28.20 MUSD to 96.72-110.72 MUSD.
L
UK-MaRes Hub E Eli?




Life-cycle cost over 25 years

= Alternative pathways cut Cll strongly, but at much higher life-cycle cost.

= Dieselremains cheapest: 28.2 MUSD over 25 years.
= PEMFC gives the highest Cll reduction: 92.5%, but cost rises to 102.0 MUSD.

= DFME is the lowest-cost alternative; MRFC offers a balanced retrofit-friendly route.
= Fuel cost dominates the life-cycle cost, not equipment cost.

Life-cycle cost (MUSD)

B Equipment (incl. repl.) Battery m Fuel cost (NPV) Maintenance (NPV) M Carbon tax (NPV) <> Cll reduction

140
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o
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I
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Diesel DFME

92.54%

<

101.98

80.46%

o

110.72

PEMFC

MRFC
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Cll reduction vs. diesel (%)



Fuel price and Carbon price sensitivity

= Fuel price strongly controls (66-75% of lifecycle) alternative pathway LCC.

= PEMFC becomes more competitive only if delivered H,, price falls sharply.

= PEMFC is highly H,-price sensitive: 101.98 MUSD at 8.59 USD/kg H, > 49.6 MUSD at 2 USD/kg H..
= PEMFC becomes cheaper than DFME only when H, price falls below ~7.9 USD/kg.

= Carbon price up to 300 USD/tCO, is not enough for cost parity with diesel.

a b = PEMFC (2P-13FC-8B) === MRFC (12R-13FC-10B) === DFME (12C—-2E-28B) == = Diesel (baseline)
= = Diesel (baseline) 1.44 USD kg™t Diesel i -
200 | — DFME (12C—2E—28B) I — P:f;iébﬁf ';‘;’I’:C 5 850 USD kg™ 125 , ,
— MRFC (12R-13FC—10B) - (2P ) (base case) ! i
® Base case price 125 1 I
A Range lower bound i i
—= 100 F ] | E——
0O 150 F =~ .
7 O 100} ' l I
- ® o I i
= 2 D I |
= 2 — | [
B = S 75f , .
8 g 75t = i |
o 100F o o a I |
- ) 8] I |
> Q ) : !
5} © R
2 8 sof > i !
- = 2 : L
- L memmmm=mmT !
______________________________________ o—————— [
25 F 25 b o : i
1 + [EA NZE 2050
E-methanol range Green H; range : EU ETS 2025 I (~250 USD)
(Lagouvardou et al. 2023) (IEA GHR 2024) 1 (82.97 USD) I
0 1 L L 1 1 1 O L 1 Y 1 1 1 0 1 : 1 1 L I 1
0.0 0.5 1.0 15 2.0 2.5 3.0 0 2 4 6 8 10 12 0 50 100 150 200 250 300

Methanol price (USD kg™1) H- price (USD kg™1) Carbon price (USD tCO31)
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Challenges of moving towards net zero

UK carbon budgets

UK emissions including IAS (MtCO,e/year)
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2030 NDC
At least 68%

2035 Emissions

Reduction 78%

O The Sixth Carbon Budget
Recommendation

International aviation and shipping
emissions (not yet within target)
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O Active legislated Carbon Budgets

\ Active legislated carbon budgets

S The recommended Net Zero
N pathway

Source:

BEIS (2020) Provisional UK greenhouse gas
emissions National Statistics 2019; CCC
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Challenges of moving towards net zero

Figure 2 Distribution of emissions reductions during each

carbon budget period

Share of emissions reduction in given period
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- Challenges of moving towards net zero

Transport is an important but challenging area for decarbonisation

Millien tonnes of CO, equivalent
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- Challenges of moving towards net zero

What about aviation, marine, and non-road mobile machinery?

« High power/weight &volume requirement

» High energy density requirement (continuous running from days to months)
« Poor environmental conditions (humidity, dust, etc)

« Limited/no charging availability




Challenges of moving towards net zero

. CAPF

Hydrogen and hydrogen derived fuels are important to decarbonise marine sector

Bulk Vessel Yu Ming

« Deadweight 46,665 tons
* Cruising distance 10,000 n mile
+ Total capacity 52,848 m°
]
1,180 m?

142,732¢ ==

1,250 m? | 2.3% Total capacity
158,385 $ —

Biodiesel

gl
=

2,646 m’ 4.9% Total capacity |
Methanol : 304,831 SmEmmm
Jf . 2,925 m’ | 5.5% Total capacity
o e 6.266i243 $ ey e
S ; 3,715 m? ' 6.9% Total capacity |
$ i, EEEC
" 7,910 m? 14.7% Total capacity
duic hivdrogen 0 & 19»653|v8°° | s mmssme
Lithium battery 71 1o5.000%. TRt 20tal Capacity Bpy
2,071‘135,000 Y e om o O O £ o G O o B

Fuel & tank volume / Storage capex cost

Reference: Pilot diesel-ignited
ammonia dual fuel low-speed
marine engines: A comparative
analysis of ammonia premixed
and high-pressure spray
combustion modes with CFD

simulation 43



Why hydrogen and hydrogen-derived fuels?

:: CAPF
Energy storage is key in a renewable energy future
700 | British Theortical Wind Power Generation (TWh) - Used vs Curtailed
| Each Day is a different color. 30
600 |
Day 29
500 | 70
S 400 | XTH—F geo
s A A £
@© 300 | SN c
g 7 s o 50
£m] TN
100 : _“}";_/—?»_-/ §D 40
o| = e € 30
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£ 90
=
Source: 0
http://mixenr.ademe.fr/en
0
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storage
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Why hydrogen and hydrogen-derived fuels?

Hydrogen is an excellent chemical is hydrogen good for
long-term large-scale energy storage

Storage time

L4
3
= O Chemicals: Methane / Hydrogen /
Ammonia
w
>
(=) Flow- Thermo-mechanical
Batteries storage Pumped
= (® eEs’
5 . “AES?
£ Batteries
(P Aauion Technology
. NaS, Lead Acid : g:zm':‘?’
m

3 0 bt 0 Flywheel storage =W Electrochemical
z @ Lion (< 1MW Flywheel, up fo 100 MW Turbines) m [échanical
= o Electrical

Maturity

& Concept phase
» @ Demonstration
g &) Early commercial
T ) Commercial
d >

1kW 100 KW 1 MW 10 MW 100 MW 1,000MW  Power

Electro-Thermal Energy Storage 2)Compressed Air Energy Storage

7 Adiabatic Compressed Air Energy Storage

Source:
Wilkinson, 2017,
1st NH, European
Conference
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Why hydrogen and hydrogen-derived fuels?

Press release
Jobs unlocked as first wave of
hydrogen projects sign contracts

UK Hydrogen {

& Net Zero
Building back better, support
our path to net zero

ENERGY ACT
BECOMES UK LAW

Transport 10 projects from the first phase of the government's flagship
P
Vision 2050 hydrogen programme can begin construction.

Cleaner, more secure,
more affordable energy

Investing in the future of mobility
secand Editic

From: Department for Energy Security and Net Zero and Sarah Jones MP
e Published 23 July 2025

Parliamentary Bills

UK Parliament > Business > Legislation > Parliamentary Bills > Energy Act 2023 D Bill feed

Energy Act 2023 | g
Commons Final stages H d rog e n p rOJ e s - ¢
_ ! A —t 2 /

overnment Bill @@ @ @ v
overnments unlocked — :

Originated in the House of Lords, Session 2099-93 See full passage

as government continues to
support clean energy industries

Last updated: 3 November 2023 at 15:11

, -
e Enable the scale up of CO2 and hydrogen transport and storage networks, through the r, ‘ 1 ‘ .
establishment of regulation and licensing frameworks. A 1% S |

e Enable the delivery of a large village hydrogen heating trial by 2025.
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Advanced Low- and Zero-Carbon Propulsion Technologies

d H2ICE produce zero carbon emissions

Exhaust Out & to
Heat Exchanger
O

(@) P - .
° CO, AU/ Fossil Fuels
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Advanced Low- and Zero-Carbon Propulsion Technologies

. CAPF
d H2ICE produce zero carbon (COZ2) emissions CMDC R2
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Advanced Low- and Zero-Carbon Propulsion Technologies

d H2ICE and FC show comparable and lowest carbon footprint

Life cycle analysis (LCA) of carbon emissions

Vehicle Production

Fuel Production Vehicle Operation

Well-To-Wheels (WTW)

Vehicle Recycling

Life Cycle Assessment (LCA)
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Advanced Low- and Zero-Carbon Propulsion Technologies

d H2ICE produce near-zero emissions
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Advanced Low- and Zero-Carbon Propulsion Technologies

:: CAPF
d H2ICE produce near-zero emissions
Brunel MAHLE
Fuel Injection Engine PN Sample i University Powertrain
Line Type Type Condition Location SPN10 Percentage Reduction Walk | ofLondon
—a— 95 E10 Side DI Worn Engine Out
e H2 Side DI Worn Engine Out 100% 97%
i — H2 Central DI Worn Engine Cut
2 Central DI Fresh Engine Ot 90% 85%
—_— H2 Central DI Fresh Post GPF %
3.60-107 — - - - - ! - / 70%
. 3.20-107 o0% 51%
8 3 | / 50%
H 2.80-107 | oo
. 4 OD
& 240107 - —t— | 29%
73] . 30%
= 2.00-107 - | I . |
3 : 20%
~ 1.60-107
= ? ( | 10%
.E 1.20-10 1 | i 0%
= 8.00-106 — - - - - : , .

: 1 Al Gasoline H2 Side DI H2 Worn GPF Filter
4.00-106 | I SPN10 to Engine Trapping
0.00-10° - to average H2 H2 Central DI to Efficiency with

2 6 10 14 18 29 A sweep SPN10 H2 Fresh Engine HZIEiEg;r:sh

IMEP [bar]

Notes: Results obtained on single cylinder 0.4litre H2 Engine at Brunel
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- Advanced Low- and Zero-Carbon Propulsion Technologies

d H2ICE can be more efficient
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- Advanced Low- and Zero-Carbon Propulsion Technologies

d H2ICE can be more efficient
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A Advanced Low- and Zero-Carbon Propulsion Technologies

1 Cost-effective decarbonisation from converted to dedicated H2ICEs

Converted H2ICEs at Brunel = Dedicated H2ICE at Brunel A cost-effective solution
, — Faster implementation (CO, reduction)

1 i / f / m 7:7‘%@7
& 7 MAHLE’ y
Brunel \as G6l | rovertrain f 17 gl
University [l $ s ] £

niversity '

TCO AFTER 5YRS / 580,000KM

University
of London

€ 1,000 Source: AVL

€75k

€900
€ 850
€ 800
€750
€759k
€ 700

Diesel H2-HPDI FCEV
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Advanced Low- and Zero-Carbon Propulsion Technologies

. CAPF
d An even cheaper option: dual-fuel H2ICE o 2.0L/Cyl
runel g
University
of London
Direct injection of high CMDC R4
‘ reactivity fuel (diesel,
N biodiesel, etc)
Dl Brunel
Exhaust AR ) Intak;a ; MR Universiy
manifold \.\,3‘ ¥ manifo
N ["l ?\
R
Vi g~
<B‘\ Port injection of low "
reactivity fuel (NG,
methanol, hythane,
Dualiue hydrogen, ammonia)
engine

6.6L/Cyl

Diesel-hydrogen/ammonia/methanol
Dual-fuel Engines
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Advanced Low- and Zero-Carbon Propulsion Technologies

10 |GHG emissions reduction
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Notes: Results obtained on 2.0L engine at Brunel

NOx emissions relative to CDC [%]

An even cheaper option: dual-fuel H2ICE
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Advanced Low- and Zero-Carbon Propulsion Technologies

i CAPF
FASTMOVE: Feasibility of Ammonia 4-STroke Marine engines in Offshore Vessels
Deliver a High-Pressure Dual Fuel (HPDF) marine engine concept
CMDC R6 achieving 90% ammonia energy fraction with no loss in brake
thermal efficiency, full IMO Tier Ill compliance, and N,O < 0.1
g/kWh to ensure minimal greenhouse impact
Liquid ammonia Pinj=200bar, Tyns = 26.7 deg
RICARDO
Brunel
cftandan Diesel
BRUNEL
UNIVERSITY E CROMARTY
OF LONDON il

PORT OF CROMARTY FIRTH

Ammonia spray
studies in chamber Development of port-based

bunkering and safety systems

Project FASTMOVE is funded by UK Government through the UK Shipping Office for Reducing Emissions (UK SHORE)
programme in the Department for Transport.
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Advanced Low- and Zero-Carbon Propulsion Technologies

Propulsion via Direct Seawater Electrolysis and Ambient Hydrogen Storage

CMDC R6
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Direct seawater
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University
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; Advanced Low- and Zero-Carbon Propulsion Technologies
;égAPF

Hydrogen/ammonia combustion engine

Brunel UK Research
University i
Ofmndo?] C A -!:ANASF Oln-MINSG ENYEHGSY and Innovation
©) Pressure regulator
Fuel
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©
g:—lllz NH, cracker @I @ ) Injector

I | =3
o =

Air Flow meter

filter Al )
ir compressor

Engine crankshaft AC dyno Computer

Eminox
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« With the support of CMDC and other government and industrial funding, Brunel has

established testing, fundamental measurements and modelling capabilities of hydrogen and
ammonia marine engine research.

« We see hydrogen and hydrogen derived fuel engines an enabler for quick maritime
decarbonisation and hydrogen economy because they can produce zero/net-zero carbon

emissions, and they are cost-effective and affordable for both retrofitted and dedicated
engines.

hydrogen jets

Hydrogen Injection Ammonia ignition

Dual-fuel

H2 engines ]
engines

Optical engines and measurements CFD modelling
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Thank you very much.

Email: Xinyan.Wang@brunel.ac.uk
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Introduction

a With the ever increasing demand for
emissions reduction from the maritime sector,
alternative ICE fuels for marine vessels are an
area of great interest.

1 A range of potential candidates stand out:

e Methanol
e Ammonia
e Hydrogen

S University of

;a-} Sheffield 2 UK-MaRes Hub [s[®]|&




Ports of interest

Ports of origin

Destinations

Vessel types

Liverpool New Orleans, Dry bulk
US

Dover Calais, France Ro-Pax

Felixstowe Rotterdam, the Container
Netherlands

Port of Tyne Port of Tyne Service vessel

Teesport Syczecin, Liquid bulk
Poland

Portsmouth Fishmouth, Isle Ro-Pax

of Wight

Shefheld

University of

UK-MaRes Hub E |E|1P



Fuels of interest

Marine diesel - Ultra Low Sulfur Diesel

O One of the major fuels used in marine engines, the C9-C20 carbon
chain length fossil fuel is used as the base comparison for this study.

- Alternative fuels
2 Methanol

A promising fuel, already in use with some cargo ships, it can be produced
by synthesis of carbon dioxide and hydrogen, or through fermentation of
biowaste.

aJ Ammonia
Produced by the well established Haber-Bosch process, ammonia has been
used for ICE engines, although concerns persist on its safety relating to
human exposure.

O Hydrogen
Offering the highest energy density of the examined fuels, hydrogen is
often touted as the fuel of the future, although storage seems to be a
consistent obstacle, especially for cryogenic storage. M University of

UK-MaRes Hub [ [®]@ "/\“ Shefﬁeld




Life Cycle Assessment

2 Life cycle assessment is a
/—\

methodology used for examining the
impacts of different processes based

Goal and Scope

on their inputs and outputs. :: C T
2 It is broken down into 5 major sections, ooy _— pprpm

detailed by IMO RESOLUTION ek

MEPC.391(81) in Annex 10. : /

1 Case studies will examine well-to-wake

Assessment

impacts for each fuel. \-

S University of
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System boundaries and assumptions

Carbon Dioxide
capture

Synthetic Methanol
production

Transportation and
refueling of methanol

Combustion in
methanol burning
engine

Key Assumptions

Nitrogen capture

Y

Haber-Bosch process
for Ammonia
production

Transportation and
refueling of ammonia

Combustion in
ammonia burning
engine

Water electrolysis for
Hydrogen production

Compression of
Hydrogen

Transportation and
refueling of hydrogen

Combustion in
hydrogen burning
engine

Oil extraction

Fractionation column
and cracking for
Marine Diesel
production

Transportation and
refueling of Marine
Diesel

Combustion in diesel
burning engine

\\/,‘t
SEE?
’{/\\S

University of

Sheffield

3 Synthetic manufacturing methods used
for alternative fuels.

0 Marine diesel is used for slow speed
maneuvering, such as in port.

1 UK national grid impacts are used for
electricity contributions.

3 Fuel demands are calculated using fuel
energy density, engine power, time for
journey, speed, and expected
propulsion efficiency.

UK-MaRes Hub Ei’i



Fuel assumptions

UK-MaRes Hub E Eﬁ‘i

Marine diesel
a The well established factional column and cracking

processes are used to convert crude oil into the fraction of
diesel used.

1 Marine diesel has an energy density of 42.8 MJ/kg

Methanol

a A synthetic process, utilising captured CO2 from a gas
power station and electrolytic hydrogen, is used to
manufacture the methanol examined in these case
studies.

a  Within the processes, it is assumed that the intaken CO2 is
allocated to the process it is sourced from.

aJ Methanol has an energy density of 19.9 MJ/kg

‘\\ University of

> Shefﬁeld



Fuel assumptions

Ammonia

2 A synthetic process, utilising captured nitrogen and

electrolytic hydrogen, is used to manufacture the ammonia
examined in these case studies.

2 Itis assumed that there is a small consumption of catalysis
in the Haber-Bosch process.

2 Ammonia has an energy density of 18.9 MJ/kg

Hydrogen

3 A synthetic process, utilising electrolysis of water, is used to
manufacture the hydrogen examined in these case studies.

a3 The hydrogen is stored at 300 bars at room temperature,
which has its own compression energy demand.

2 Hydrogen has an energy density of 120 MJ/kg.

M University of

Shefﬁeld

UK-MaRes Hub E Eﬁ‘i



Results - Felixstowe to Rotterdam Container Ship

GWP (kg CO2 eq)

University of

y Sheffield
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O Alternative fuel production @ Alternative fuel use
O Marine diesel production O Marine diesel use
O Removed CO2 © Overall GWP (kg CO2 eq)

KA

Methanol

Ammonia Hydrogen Marine diesel

Impacts per tonne*km
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Results - Felixstowe to Rotterdam Container Ship

W
=
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S
=
L
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4=
Q
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L

Methanol

University of

y Sheffield

Ammonia Hydrogen

Marine diesel

Impacts per tonne*km

Fossil resource use (MJ)

0.08

Methanol Ammonia Hydrogen Marine diesel
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Results - Tyne Offshore Service Ship

O Alternative fuel production @ Alternative fuel use
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 I—

University of

Sheffield

Methanol Ammonia Hydrogen Marine diesel

Impacts per tonne*km
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Results - Liverpool dry bulk ship

O Alternative fuel production B Alternative fuel use OMarine diesel production
O Marine diesel use ORemoved CO2 O GWP (kg CO2eq)
0.0015
0.001 § O Alternative fuel production @ Alternative fuel use OMarine diesel production
. O Marine diesel use O Removed CO2 O GWP (kg CO2eq)
o 0.0015
o™ 0.0005
Qo
o
oy |—O—| 0.001 5
S
a 0 . *
= o
© fﬂ 0.0005
8 0
-0.0005 O
iy
o 0 —0—
=
-0.001 (L]
Methanol Ammonia Hydrogen Marine diesel -0.0005
* [ ]
Impacts per tonne*km from UK energy grid
-0.001
Methanol Ammonia Hydrogen Marine diesel

Impacts per tonne*km from wind turbine usage

S University of

SEEr .
& Sheffield

UK-MaRes Hub E Eﬁ‘i



Results - Case study comparisons

0.06 Liverpool
[ Teesport
[ Felixstowe
Port of tyne
Dover
—_ 0.04 . Portsmouth
[on
[«H]
o
@)
Q
(=)}
=
o JE.
=
O 002 —

Methanol Ammonia Hydrogen Marine diesel

Impacts per tonne*km
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Results - Case study comparisons - Total GWP

GWP (kg Felixsto | Dover | Liverpo | Tyne | Teespor | Portsmou
CO2 eq) we ol t th
Methanol 81,160 | 3,310 | 420,590 2,990| 77,700 330
Ammonia 115,910 -1 611,520 3,880 | 112,380 -
Hydrogen 27,240 950 129,100 1,590 24,030 120
Marine 125,270 5,110 660,440| 4,130 121,280 510
Diesel

S University of

% Sheffield
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Results - Felixstowe fuel consumption - mass and volume

Fuel used for Felixstowe Mass (kg) | Volume
case study (m3)
Methanol 67,960 86
Ammonia 71,560 118
Hydrogen (300 bar 11,270 549
compressed)

Marine Diesel 31,600 35

A University of

% Sheffield
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Conclusions - Key points

a1 Methanol has high production GWP but the
allocation of CO, from capture lowers the overall
GWP.

a1 Within the fuels examined, Hydrogen ultimately
offered the lowest GWP impacts over the case
studies examined.

a1 Ammonia offers lower overall GWP compared -
with Marine diesel, but has the highest impacts for
its production of all the fuels.

a1 The slow maneuvering at sea notably increased
the Tyne case study impacts.

M University of

% Sheffield
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Conclusion - Future work

1 Biofuel comparison to synthetic fuels.
a1 Comparison between compressed and cryogenic
hydrogen.
1 Examination of prospective LCA for key net-zero dates:
e 2030
o 2040
e 2050
1 Case studies for further ship types, such as cruise ships.
1 Comparison of alternative fuels to electrification for
appropriate case studies, such as Portsmouth to The Isle
of Wight, and tug boats in port.
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Thank you for listening
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A systematic review of technologies, measures, and CO, emission reduction | s
potential for maritime transport decarbonisation

Sina Fadaie ™ ©, Patricia Thornley °, Jean-Baptiste Souppez "

* Aston University, Energy and Bioproducts Research Institute, Birmingham, UK
® Birmingham City University, School of Architecture, Built Environment, Computing and Engineering, Department of Engineering, Birmingham, UK

ARTICLE INFO

ABSTRACT

The maritime shipping sector is a significant contributor to global carbon dioxide (CO;) emissions, accounting for
approximately 2.7%-3% of global emissions. In response, the International Maritime Organization (IMO) has set
ambitious targets: a 30% reduction in emissions by 2030, 80% by 2040, and net-zero by 2050, relative to 2008
levels. Meeting these goals requires a comprehensive understanding of the full range of viable decarbonisation
measures. Therefore, this study conducts a systematic review of maritime decarbonisation measures, applying
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) methodology. Unlike pre-
vious studies, this paper not only provides an updated overview of CO5 reduction measures but also maps them to
specific vessel types based on data reported in the literature. Furthermore, the findings are compared with
literature to highlight shifts in mitigation potential. A case study is also included to schematically demonstrate
how these measures can be applied in practice. Following a rigorous analysis: (i) thirty-two individual CO,
mitigation measures were identified and classified into six categories, (ii) alternative fuels shown the highest
long-term potential (5-100 % CO, emission reduction), whereas hull design improvements show the lowest
(1-20 %), (iii) the wide disparity in reported abatement values is attributed to inconsistent system boundaries,
variability in fuel origin, partial-blend scenarios, and differing assumptions across studies, (iv) combinations of
measures provide the most practical and realistic pathway to phased emissions reduction. These findings are
expected to assist decision-makers in selecting effective, context-appropriate strategies to support global mari-
time decarbonisation and ensure long-term sectoral sustainability.

https://doi.org/10.1016/j.adapen.2025.100255
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B Shipping
~ Aviation

- Other transportation
© " Rail

75.2%
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2030: An interim target has been set to

L5 2050: GHG emissions from UK
reduce greenhouse gas emissions across domestic maritime fuel lifecycle:
the fiel Efecyclo of the UK domestic net zero by 2050 (v 2008 levels).

@ maritime sector by 30% (v 2008 levels). @

» 2040: An interim goal has been set to
reduce greenhouse gas emissions across
the fuel lifecycle of the UK domestic
maritime sector by 80% (v 2008 levels).

2025: Strategy adapted: «
IMO updates its GHG strategy
baseline for reduction targets.
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Systematic Literature Review g BRMINGHAMCITY

* Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA)

« Search terms: ((green OR clean OR sustainable OR eco-
friendly OR low-carbon) AND (ship OR shipping)) OR ((maritime
OR Marine OR shipping) AND decarbonisation)

* We present the technologies and associated CO, (proxy for
GHG) emission reduction as reported in the literature



Systematic Literature Review g BRMINGHAMCITY

|dentification Screening Inclusion

13 119 papers 2850 papers 592 papers 326 papers 241 papers

4 N | N

Exclusions: Exclusions:
 Pre 2018 * No CO2 data
Not journal Title Abstract . Irreltevant
papers . . sector
Not open sClieening screening * Insufficient
access data
! Not in English/ k / k / K Etc /
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Publications per Vessel Type
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2017 — 2025 Evolution
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Case Study
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Conclusions
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Up next..
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Background

Maritime decarbonization pressures are increasing

IMO and regional regulations drive emissions reduction, e.g. IMO ClI,
IMO NZF; EU ETS, FuelEU Maritime.

Use of low-carbon fuels, e.g., LNG, biofuels
Shipping lines redesign service networks



Service Route Redesign

Maersk and Hapag-Lloyd formed Gemini Cooperation in 2025
Ocean Network Express, Yang Ming, and HMM formed Premier Alliance in 2025
Gemini adopt a hub-and-spoke system

MSC focus on multi-port direct services to smaller destinations, including secondary
ports

In North Europe, Antwerp loses four Asia-North Europe calls, Hamburg gains one
call, Bremerhaven loses one, and Le Havre gains one call.

In the UK, Felixstowe loses two calls, London Gateway gains two calls. MSC added
Liverpool to one of its Asia-Europe service routes from July 2024



Port Competitiveness

* Major ports: scale, connectivity, volume
* Regional ports: smaller but closer to customers

* Potential advantages: lower congestion and inland transport
distances

e Supply chain perspective

Deep-sea shipping

Port operations

Road transport

Rail transport

End-to-end supply chain assessment

YV VVY

Can regional ports gain competitiveness in a decarbonizing world?



Objective

Assess economic and environmental viability of
rerouting to regional-ports

Examine impacts of key factors on viability

United Kmadom

Port of Liverpool vs Southampton )
.., Dublin

'Liverpool

Asia—Europe container service ot P

Supply chain viewpoint

Southampton
&




Rerouting To Regional Port

? reenod
Belfas

] g (%  united Kingdom

Liverpool blin/ < _Liverpool

Total Cost & CO2 emission of container shipping supply chain:
from oversea ports = UK ports - feeder vessel, road, rail = inland destinations



Rerouting CSSC Scenarios

Deep-sea service Port handling Feeder, road, rail
cost & COlZ cost 81‘ o, service cost & CO,
I | I | } @ 1
Scenario 1: Original Major Feeder
Base CSSC orts ort ports
Scenario 2: Original Regional .
Regional port CSSC orts ort Hinterland
Scenario 3: Original Feeder
Dual port CSSC ports port ports
Major .
) pr——| Hinterland
port

e Scenario 1: Southampton only

e Scenario 2: Liverpool replaces Southampton
e Scenario 3: Liverpool + Southampton



Scenario Evaluation Procedure

Step 1. Calculate deep-sea service costs and CO2 emissions

Step 2. Calculate port handling costs and CO2 emissions

Step 3. Calculate feeder service costs and CO2 emissions

Step 4. Calculate inland rail and road transportation costs and CO2 emissions

Step 5. Obtain total relevant costs and CO2 emissions for three scenarios, and calculate
the performance differences between rerouting scenarios and the base scenario



1. Deep-sea service costs and CO, emissions

The relevant deep-sea service cost for scenario j, denoted by RC, is given by:
* RCy=Cre Gylsy) - dy; /[ (24sy), for j=1,2,3.
Sq2 = Agz * Sy / das-
* Sg3= g3/ (dga/Sq = 8).
* Gylsy):=Fy-(sy/ sqg)? forj=1,2,3.
The relevant CO, emissions of a vessel in deep-sea service, RE; for scenario j, are given
by:
* RE;=K, - G,lsy)-dy/(24s,), for j=1,2,3.



2. Port handling costs and CO, emissions

The relevant port handling costs, RC, for j=1,2,3, Vessel berthing
* RC, =Y(V,)+Y(V) + (W, +2Z) - (2h + 4g), THC |

* RC,,=Y(V,)+ Y(V) + (W, +Z,) - (2h +4g) ClolilEE Joln

* RC;=2Y(V,) + Y(V)) + (W, + Z)) - 2h3, + (W, + Z,) - (2h - 2h; ; + 4g).

* Where hy, =2, h;-(6;,;+ J;,,) represents the hinterland shipment volume handled at Southampton
in Scenario 3

The relevant port operations emissions RE,, for j=1,2,3,
* RE,; =K, -2h,

* RE,=K,,-2h,

* RC, =K, -2hs, +K,,-2(h—h;,).



3. Feeder service costs and CO, emissions

The relevant feeder service cost for scenario j, RCy, is given by

¢ Rij = CfUE’/ * Gf(sfj) ¢ df]/ (24Sfl)’ fOrj=1,2,3

¢ Sﬂ = df] * Sfl / dfl’ fOrj=1,2,3

The relevant CO, emissions of a vessel in feeder service, RE;; for scenario j, is given by



4. Inland rail and road transportation costs and CO,
emissions

The relevant hinterland transportation costs by road hauliers and rail services

for 3 scenarios, RC,; forj=1,2,3, are

* RC,=C,-2.(6,-2h,-d;)+2,2h-(1-6,)-(C-dy;+2C,+30C,);

* RC,=C,-2..(60,-2h -d,)+22h.-(1-6,)-(C-d,;+2C,+30C,);

* RCy=0Cy- 2 (654 2h;-dy;+ Oy, - 2h - dy)) + 2., 2k 654, (Cody; + 2C, + 30C,)
+ 2. 2h; 05, (C-dy; + 2C,, + 30C,).

The relevant CO, emissions in tonnes from hinterland transportation by road

hauliers and rail services for 3 scenarios, RE,; for j=1,2,3, are

* RE, =15K,-2>.(6,-2h,-d;;)-10°%+>.(1- 6,)-2h-(15K, -d,; + 2K, + 15K,
-30)-10°5;

* RE,,=15K,-2>.(6,-2h;-d,)10°%+>.(1- 6,)-2h:(15K, -d,; + 2K, + 15K,
-30)-10°%;

* RE,;=15K, -2, (0;,72h:dy;+ 05 ,:2hd,)-10° + 2, [5; ,2h;-(10K, -d; +
2K, + 15K, -30) + &5 ,72h-(15K, -d,; + 2K, + 15K, -30)]-10°®.



5. Total relevant costs and CO, emissions in three
scenarios

The total relevant costs and CO, emissions in three CSSC scenarios, denoted by TRC,
and TRE; for j=1,2,3, are given by

* TRC;=RCy+ RC, +RC; + RC,, for j=1,2,3.
* TRE;=RE, +RE, + RE; + RE,, for j=1,2,3.

The relative total relevant costs and CO, emissions between Scenarios 2 and 3
compared to Scenario 1

* TRC,—TRC,, for j=2,3.
* TRE;,—TRE,, forj=2,3.



Proposition 1: Cost Sensitivity

e Suppose that the major port has a closer proximity to
maritime routes (d; > d,, > d,;), while the regional port has a
closer proximity to transhipment markets (d; = d;, < d;)).
Additionally, the regional port has lower THCs (W, > W,) and
lower port congestion costs (Z, > Z,).

» TRC,—TRC, and TRC; — TRC, are increasing in s, but decreasing in s;,.
» TRC,—TRC, and TRC, — TRC, are decreasing in d ;.

» TRC,—TRC, and TRC; — TRC, are decreasing in W, - W, and Z, - Z,.

» TRC,—TRC, and TRC, — TRC, are decreasing in g.



Proposition 2: Emission Sensitivity

e Suppose that the major port has a closer proximity to
maritime routes (d; > d,, > d,;), while the regional port has a
closer proximity to transhipment markets (d; = d;, < d;)).
Additionally, the regional port has lower THCs (W, > W,) and
lower port congestion costs (Z, > Z,).

» TRE,—TRE, and TRE; — TRE, are increasing in s, but decreasing in s,.
» TRE,—TRE, and TRE; — TRE, are decreasing in d,.
» TRC,—TRC, and TRC, — TRC, are decreasing in (K, - K,,,).



Numerical Experiments

The deep-sea vessel V, = 10,000 TEUs; s, = 23 knots;
the feeder vessel V,= 600 TEUs; s; = 18 knots;

In the base scenario, the feeder vessel’s sailing speed is 5 knots less than the deep-
sea vessel, i.e. sy =54 — 5.

Both deep-sea vessels and feeder vessels use biofuel. The fuel consumption per day
at designed speed F, = 205t; F,= 33t.

The biofuel cost C;,,, = $1000/ton. The fuel emission factor K, = 1.2 g CO,/g.



Asia-Europe Service Route

Scenario 1 (base): Far East ports - Singapore - Rotterdam - Hamburg - Southampton
- Singapore -- Far East ports.

Scenario 2: Far East ports - Singapore - Rotterdam - Hamburg - Liverpool - Singapore
-- Far East ports.

Scenario 3: Far East ports - Singapore — Liverpool - Rotterdam - Hamburg -
Southampton - Singapore -- Far East ports.

The round-trip journey distances for the deep-sea services in Scenario 2 and
Scenario 3 are 503 and 605 nautical miles longer than the base scenario, i.e.d, =
dy +503,d,;,=d, +605.

The round-trip journey distance in the feeder service is: d;, = 1227 in the base
scenario; and dp, = d = 549 in Scenarios 2 & 3.



Port-related parameters

THC at Liverpool is £15 less than Southampton, W, - W, = -$15;

Liverpool is less congested,

Z,-2Z,=-510;

K,,-K, =-1072 g CO, /container, representing the amount of CO, emissions for
additional 10~15 minutes waiting at ports for an external truck.

The fixed vessel berthing costs per call at a port is given by Y(V) = 1.95*V + 5200.



Hinterland transport-related parameters

* The cost of transport a container by truck C, = $2.5/km;
* The cost of transport a container by rail C, = $0.3/km.

* For rail containers, handling costs at both seaport and inland
rail terminals, i.e. C,, = $187.5/container.

* Assume the average distance between inland terminals and
customers is 30km, with deliveries made by trucks.

* K, =106.5 g CO, per tonne-km by truck;

* K. =26gCO, per tonne-km by rail;

* K.,=8040 g CO, per container handled at rail terminals;

* The average container weight is 15 tonnes

* Rail-to-road modal split: 0.3:0.7 for SOU and 0.1:0.9 for LIV.



Hinterland shipment distribution in the UK

282 526

Newcastle 2.98

VO AT 8 Leeds & Sheffield 9.55 141 365
East Midland Derby 29.70 156 277
East England Northampton 8.64 242 153

London 24.12 343 129
Exeter 2.51 411 151
TR 16.83 30 380
Swansea 1.07 391 279

Edinburgh 4.59 354 692




Impact of Key Factors

Deep-sea vessel speed s,

The round-trip distance in deep-sea service d;,
The hinterland shipment volume h,

The CO, emission factor of marine fuel K,

The marine fuel cost per tonne C;,,,

The reduction of THC at Liverpool W, - W,,

The modal split at Liverpool modalSplit,.



Cost differences
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The round-trip distance in deep-sea service
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Cost differences

The hinterland shipment volume
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The CO2 emission factor of marine fuel
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The marine fuel cost per tonne
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The reduction of THC at Liverpool
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Key findings under baseline parameters

* Economic viability: Rerouting to Liverpool yields significant
cost savings under both scenarios, saving cost by $90,201 in
Scenario 2 and $445,060 in Scenario 3.

Show commercial viability under current market conditions

* Environmental trade-off. Rerouting increases total supply
chain CO, emissions by 309 tonnes and 62 tonnes more for
Scenario 2 and Scenario 3 respectively.

Create a cost-emissions trade-off for decision-makers



Strategic levers for enhancing rerouting viability

Economic impact on|Environmental
rerouting impact on rerouting

Positive Positive

Slower steaming

Higher hinterland volume Positive Positive

Increased rail use at Liverpool eHIE Positive

Lower fuel emission factor Neutral Positive

Lower fuel unit cost Positive Neutral

Lower THC at Liverpool Positive Neutral

Longer deep-sea LU Minor Positive

distance Minor Positive



Managerial insights and implications

Prioritize dual-benefit levers: Investing in rail infrastructure, adopting slower
steaming, and fostering hinterland cargo consolidation

Accelerate greener fuel adoption: Policy support (subsidies, mandates) for near-
zero emission marine fuels is essential to resolve the emissions trade-off

Optimize port economics: Regional ports should strategically improve efficiency and
offer competitive THC to attract deep-sea services.

Implement a consolidated UK service route: An alternative rerouting scenario can
be designed by introducing a rotating call pattern alternating between SOU and LIV.
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Motivation

Ports must reduce at-berth hotelling emissions, with
ferries among the strongest early candidates

Vessel manoeuvring, anchoring and berthing drive local air pollution and public-health risk in densely populated port
areas. Cold ironing (shore-side power) lets a berthed vessel switch off its auxiliary diesel engines and draw electricity

instead. Ferries - fixed routes, small size, high call frequency - are the strongest early candidates, reinforced by green-
corridor commitments such as the Clydebank Declaration (at least six UK corridors by 2026).

~5% Q 25-579%

of shipping CO, berthing CO, cut

now offer cold ironing worldwide, from RoPax / Ro-Ro ferries -

reported from cold ironing across
serving roughly 2,500 vessels

concentrated near populated coasts UK, Turkish and Taiwanese ports



The problem

Limited shore power forces hybrid ferries back to
diesel

When several hybrid ferries berth in close succession, their
combined cold-ironing demand can exceed what the grid Why peaks cause diesel fallback
and on-site battery (BESS) can supply.

A BESS needs time to recharge and degrades with every Several hybrid ferries berth at once

charge—discharge cycle, so it cannot absorb synchronised
peaks on its own. Some vessels then revert to auxiliary
diesel engines, eroding both the emission benefit and the
return on shore-power investment.

Synchronised, high-frequency shuttle calls

Combined demand exceeds grid + BESS

Battery cannot recharge fast enough between
peaks

The two operational levers - vessel schedules and
berth assignments - are tightly coupled in ferry
terminals, so they must be optimised together, not in
sequence.

Some ferries revert to diesel

Lost emission savings and stranded investment




Research gap

What existing scheduling and berth-allocation models
miss

Uniform shore power assumed Energy constraints overlooked
Most models assume every berth has adequate cold ironing. Many berth-allocation and scheduling models ignore grid-
Partial, phased upgrades - the real early-transition state - are capacity limits and BESS charge—discharge dynamics
rarely represented. altogether.

Container-terminal assumptions Decoupled, single-operator view

RoRo ferries operate on cyclic and predictable schedules and Scheduling and berth allocation are treated separately, and
usually berth immediately upon arrival, unlike the multi-operator terminals with mixed diesel-hybrid fleets are
assumptions typically used for container terminals. under-studied.



Contribution

An integrated, energy-aware model for ferry
terminals

Enables a phased diesel-to-hybrid

Energy-aware ferry model shift

Berth allocation and scheduling tailored to ferries: cold- A tri-objective MIP that cuts CO,, limits grid exceedance to
ironing limits, interdependent crossing schedules, and protect the BESS, and reduces berth activation - extracting
mixed fixed/flexible ticketing across multiple operators in maximum benefit at every phase without large up-front

a single formulation. infrastructure spend.

Structural observation: in cyclic short-sea ferry operations, fixing the initial berthing time may largely determine the

downstream sequence of arrivals, suggesting that scheduling and berth allocation are difficult to treat as fully separable
decisions.




Objective structure

Three competing objectives, in strict priority order

Minimise CO, emissions Why lexicographic, not
Prioritise electric (hybrid) berthing over diesel and eliminate weighted
unnecessary crossings.
o . The objectives are non-compensatory: a
Minimise gl‘ld exceedance gain on a lower priority must never offset
Limit periods where demand exceeds grid capacity, cutting BESS a loss on a higher one. Each is optimised in
cycling and extending battery life. turn, only after the one above has reached

its best attainable value.

Minimise berth activation
Avoid switching on berths - especially costly cold-ironing berths -

that are not needed, lowering maintenance cost.

Robustness: sensitivity analysis confirms the ordering is stable under realistic demand - re-ordering the objectives
changes the schedule only on unusually low-demand days, when spare vessels can be idled.



CASE CONTEXT

A four-phase pathway from all-diesel to full-hybrid

a Phase 1 a Phase 2 3 4 Phase 4
All Diesel Hybrid Start Full Hybrid

HYBRID FERRIES HYBRID FERRIES HYBRID FERRIES HYBRID FERRIES
0 2 5 9
o0 00000 000000000
COLD-IRONING BERTHS COLD-IRONING BERTHS COLD-IRONING BERTHS COLD-IRONING BERTHS
0 2 5 9
o0 00000 000000000
Grid 0 MVA Grid 5 MVA Grid 5 MVA Grid 7 MVA

BESS 0 MW BESS 0 MW BESS 5 MW BESS 8 MW



Case study

A major Western European ferry port (Port A)

The binding constraint on a real
green corridor

Port A faces limited grid capacity and ageing
infrastructure - full upgrades are roughly a decade
away - while the partner port has already upgraded.

Three operators each run three ferries. Cars buy
operator-specific tickets; freight uses flexible multi-
operator tickets and boards any ferry with space.

Arrivals are modelled with Poisson fits to eight years
of historical demand (2016—2023).

24 h

Scheduling horizon
(6 h round trip, 4
trips/ferry)

2.0 /6.7

Berthing CO; (t/h)
hybrid / diesel

1h/5h

Berthing / sailing time

4 x 200

Demand scenarios
x instances

5 MW

Hourly charging load
per ferry during
berthing

2016-23

Years of demand data



Model
Mixed-integer programming, solved to optimality in
under two seconds

. . minimise
minimise minimise . o
. . . Berth-activation
CO; emissions Grid exceedance
penalty

e Three decision levers 0 Computational

performance
e Initial berthing time of each ferry (within a flexibility window)

e Berth assignment in each time period

O . 94 S average solve time

e Service-termination time of each ferry

e Key constraint groups | I A slowest of 200 instances

e Demand coverage within time windows (fixed & flexible tickets)
e Cyclic round-trip timing and continuous service
e Berth occupancy, exclusivity and operator-specific compatibility

200 / 200 solved to proven optimality

Energy balance: grid import + BESS charge/discharge Gurobi 12.0 - Python 3.12




Result (experiment 1)

Planned infrastructure is sufficient, with one modest
top-up

Grid - BESS Reinforcement
(planned) Cl berths active needed
- cold-ironing berths

are enough to serve all

1 All Diesel ' None demand without any ferry
waiting
2 Hybrid Start 5-0 1 None
3 Hybrid Shift 5-5 2 None
Only Phase 4 needs more. A small
. top-up - +1 MVA grid or +6 MW BESS
. +1 MVA grid or +6
4 Full Hybrid 7-8 3 MWgBESS - restores feasibility under

simultaneous peak demand. Phases
1-3 need nothing.

Extra berths beyond these three remain valuable for resilience, maintenance and future growth - this is an activation benchmark, not a case for
decommissioning.



Result (experiment 2)

Energy-aware scheduling beats business-as-usual -

even before hybridisation

CO, reduction vs business-as-usual (%)

60%
51%

48% P
42%
40%
40% C— 35%
19%
20%
12% 14%
o— —
0%
Phase 1 Phase 2 Phase 3 Phase 4

m@= Busy day =@= Non-busy day

Fewer, fuller crossings

Busy day 4136 - non-busy 40->24 - redundant
sailings removed

Higher capacity efficiency
+12% on the busy day, +40% on the non-busy day

No diesel fallback while berthed

Energy-aware scheduling keeps every hybrid ferry
on shore power

even with no hybrids, EAS cuts

CO; by 12-40% vs BAU just by removing redundant
crossings.




Result (experiment 3)

Up to 70% lower at-berth hotelling CO, emissions as
the fleet transitions to hybrid propulsion

At-berth hotelling electricity
consumption increases in each
phase

Grid exceedance only in Full
Hybrid

70%

And only under simultaneous peak car + peak
maximl'Jm berthing C.Oz 22% 56% 100% of berthings freight - a deliberate worst-case stress test.
reduction (Full Hybrid) These are controlled BESS peak-shaving events,

powered by electricity (peak-car case) , ,
not service failures.

Berthing CO, reduction vs all-diesel (%) Freight flexibility optimises

80% 70% 70% the timetable
9 44% . .. .
0% 39% B Peak car Total crossings stabilise at 36 in the peak-car-
16% 20% m Off-peak car demand case and 24 in the off-peak-car-demand
— case, regardless of freight timing. This suggests
0% that freight flexibility supports more efficient
Phase 2 Phase 3 Phase 4

allocation without adding redundant sailings.



Result

Operators benefit too, with stable at-berth energy-
system performance

Operator CO; reduction vs all-diesel (%, total daily)

10%

5%
5%

0%
0%

Phase 2

0%

W Operator 1

8%

Phase 3

W Operator 2

Diesel fallback eliminated

Every hybrid ferry stays on shore power, in all

s phases and demand scenarios.

8%

Flatter load profile

EAS smooths BAU's demand spikes, cutting grid-
exceedance events and protecting the BESS.

Longer battery life

Less charge—discharge cycling; the BESS stays near
full and serves mainly as backup.
0%

Phase 4 Operator-level cuts of 5-9% are bounded because crossings remain

Operator 3 diesel-powered - the saving is on berthing only.



Insights

Optimise before you build, and coordinate across the

corridor

Operational optimisation first

Substantial cuts are achievable with limited cold ironing -
defer capital-heavy grid and BESS expansion and preserve
investment flexibility.

Corridor-wide benefit

Fixing the berthing schedule at the constrained port
automatically smooths hybrid-ferry arrivals at the partner
port.

Coordinate the operators

Central, energy-aware scheduling plus flexible freight tickets
remove redundant crossings and overlapping demand
peaks.

Operational levers

Energy constraints should shape both strategic and
operational decisions and must therefore be embedded in
operational optimisation.



Conclusions

Smart scheduling is a low-cost lever for ferry

decarbonisation

0 What we show

e Scheduling and berth allocation must be optimised jointly
for ferries - they are structurally inseparable.

e Upto 70% lower berthing CO,, and 12—-40% versus BAU
even with no hybrids, with little or no new infrastructure.

e A phased diesel- hybrid transition is feasible with only
modest, well-timed top-ups.

e Decision support for ports, operators and policymakers
across the whole corridor.

Where next

Full electrification requires shore power for main
propulsion during crossings, beyond at-berth hotelling
demand

Operator alliances and coordinated service planning

Diesel-fallback modelling for capacity shortfalls and
outages

Scalable methods: rolling-horizon, decomposition,
tailored heuristics

Landside traffic interactions at busy terminals



Energy-aware scheduling and berth
allocation for ferries under phased
cold ironing upgrades

Funded by UKRI National Clean Maritime Research Hub - EPSRC EP/Y024605/1 - Transportation Research Part E, 210 (2026) 104800
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Ime Decarbonisation

Advances in Applied Energy 20 (2025) 100255

I T Range within 1.5IQR | Median Line © Mean Outlicrsl

- - _ . Hydrogen — " ew e |
Contents lists available at ScienceDirect NSRS Ammoniac . .o “
. q Biodiesel . O
| Advances in Applied Energy Biofuels . T Y
. =5 Methanol — 0 -
ELSEVIER journal homepage: www.elsevier.com/locate/adapen LNG - B I L T S “% % +
LPG - oI
) Carbon Capture and Storage - YT e
A systematic review of technologies, measures, and CO, emission reduction | % Koy "’:JHS‘I"CS ) v —— -
. .l .. uclear —
potential for maritime transport decarbonisation 1 cells
Fuel cells — .
. . g . : . ironing ———— - *
Sina Fadaie ™ @, Patricia Thornley *, Jean-Baptiste Souppez " -C(id L
(Windpower 3 _ _ MENENES > !

# Aston University, Energy and Bioproducts Research Institute, Birmingham, UK
® Birmingham City University, School of Architecture, Built Environment, Computing and Engineering, Department of Engineering, Birmingham, UK

Solar power

Onshore power — —— -
Power system/machinery - +— I -
ARTICLE INFO ABSTRACT Hybrid power/propulsion ST FeTe e e -
The maritime shipping sector is a significant contributor to global carbon dioxide (CO5) emissions, accounting for Propulsion eﬂiciency devices ""-
approximately 2.7%-3% of global emissions. In response, the International Maritime Organization (IMO) has set Waste heat recovery WY
ambitious targets: a 30% reduction in emissions by 2030, 80% by 2040, and net-zero by 2050, relative to 2008 N . N . ..
levels. Meeting these goals requires a comprehensive understanding of the full range of viable decarbonisation Opumlsalmn of supply chain and lOngthS 7 e
measures. Therefore, this study conducts a systematic review of maritime decarbonisation measures, applying Di gi[alisation —
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) methodology. Unlike pre- ) S e

vious studies, this paper not only provides an updated overview of CO, reduction measures but also maps them to

Speed optimisation

specific vessel types based on data reported in the literature. Furthermore, the findings are compared with Voyage optimisation - .
literature to highlight shifts in mitigation potential. A case study is also included to schematically demonstrate Other opcrational measures

how these measures can be applied in practice. Following a rigorous analysis: (i) thirty-two individual COy

mitigation measures were identified and classified into six categories, (ii) alternative fuels shown the highest Main dimensions -

long-term potential (5-100 % CO» emission reduction), whereas hull design improvements show the lowest Vessel size - -

(1-20 %), (iii) the wide disparity in reported abatement values is attributed to inconsistent system boundaries, Alternative fuels
variability in fuel origin, partial-blend scenarios, and differing assumptions across studies, (iv) combinations of Hull Shapc 7 Oth

measures provide the most practical and realistic pathway to phased emissions reduction. These findings are Hull coating - CIEIGASUEES

expected to assist decision-makers in selecting effective, context-appropriate strategies to support global mari-
time decarbonisation and ensure long-term sectoral sustainability.

https://doi.org/10.1016/j.adapen.2025.100255

Light Weight (LW) materials
Air lubrication

Ballast water reduction
Resistance reduction devices
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Alternative energy sources
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Hull design
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The Society of Naval Architects and Marine Engineers.

State of the Art in Wind Assisted Ship Propulsion for Maritime Decarbon-
isation and Sustainable Shipping: A Systematic Review

Jiajie Huang
Aston University, UK.

Jean-Baptiste R. G. Souppez
Birmingham City University, UK, jb.souppez@bcu.ac.uk.

Manuscript received May 8, 2025; revision received August 11, 2025; accepted August 21, 2025

Abstract. The advent of modern wind propulsion systems (WPS) to answer contemporary and forth-
coming regulatory requirements to reduce shipping emissions has prompted the development of mul-
tiple technologies, ranging from sails to rotating cylinders, to kites. However, as the benefits of WPS
for wind-assisted ships are still based on predictions due to the lack of operational, on-water data,
the most promising technologies and areas of future research remain unclear. Moreover, the lack of
consistent research methodologies and test conditions has led to large reported divergences in the
potential of WPS in the literature. Consequently, to ascertain the comparative potential of WPS to
reduce shipping emissions and present the state of the art in wind propulsion for ships, a systematic
review is undertaken, with the aim to quantify the carbon dioxide (CO2) emission reductions associ-
ated with each type of WPS. The systematic literature review methodology ensures unbiased results,
while accurately reporting the latest research developments in the field. Here we quantify the benefits
of WPS, with an average 17% reduction in CO, emissions, with an interquartile range from 7.5% to
22.5%. Moreover, we identify Flettner rotors as both the most studied and most commonly installed
WPS, and note a discrepancy for suction wings, with a large share of installed WPS, but only very
little published research. Additionally, we critically appraise current practices in the analysis of WPS,
ranging from true wind and ship speed to the vessel type and size. These findings provide a novel
and holistic overview of wind propulsion of ships, as well as the first systematic review on the topic,
allowing an unbiased assessment of wind propulsion for ships. It is anticipated that these results may
inform future research directions in sustainable shipping, and inform policymakers on the benefits of
wind propulsion to meet emission regulations. Moreover, recommendations for more consistent re-
porting of WPS studies have been provided to support future global research and enable quantitative
comparison across all published work.

Keywords: wind propulsion for ships; clean maritime; shipping; decarbonisation; aerodynamics.

https://doi.org/10.5957/ist/2025.10.1.258
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Why wind? Tog BIRMINGHAM CITY

Windenergy Electrical energy  Energy transport Conversion Transportof  Combustion engine Propeller Ioosesocomplete =" 90%
%-m- V2~ [ conversion loss loss -10 % into synthetic fuel ~ fuel loss - 45% loss -45% only 10% of the Wind energy

/ " 50 % loss - 25% loss -1% is used for ship propulsion

_) ,,,,,,,, =1 - i T I |

L

Wind advantages of a sailing ship:
ind energy
1/2 m - V2 o uses high wind potential on the open sea
e No losses due to energy conversion
e No losses due to energy transport
driving force e No Ianq-.baseq infrastructure necessary ‘
> e One sailing ship replaces 10 land based wind power plants

o No fuel costs for the shipping company ( wind is for free)
Herbert Blimel ,2019 e |ess dependency of shipowners on fuel producers
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Wind Propulsion Systems (WPS)

WPS

Sails Rotating Cylinders Kites
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Wind Propulsion Systems (WPS)  Tsg BIRMINGHAM CITY

University
Sails
|

|
- Modern ;
— S 3 Single Multi

ENEOLINE / Mauric / Neopolla / Chantiers de I'Atlantique ot . quare
Ri Element Element
'9 Wing Sails

Wina Sails

SRS - &
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Wind Propulsion Systems (WPS)  Tsg BIRMINGHAM CITY

University

Rotating Cylinders
l

—3 (
| =
Flettner Suction
Rotors Wings
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Wind Propulsion Systems (WPS)  Tsg BIRMINGHAM CITY

University

Static Dynamic
Kites Kites
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Wind Propulsion Systems (WPS)  Tsg BIRMINGHAM CITY

University

WPS

Sails Rotating Cylinders Kites
I l l

/ | |
f | 1 | | .
/ — !
X (
/ L.—[ | | . [ o —_

\\
Soft Modern : Flettner Suction Dynamic
Sails Square Single Mult Rotors Wings Slf(ites
Ri Element Element
J Wing Sails Wina Sails

Low power requirements and simpler than rotating cylinders ~ Higher lift and good wind angles  Higher altitude = more wind
SUT BUT BUT

Expensive and power Limited wind angles

requirement
jb.souppez@bcu.ac.uk 171
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Systematic Literature Review g BRMINGHAMCITY
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(wind OR sail) AND assisted AND (ship* OR propulsion OR vessel)

|dentification Screening Inclusion

624 papers 405 papers 371 papers 330 papers 48 papers

4 N 4 N 4 N

Exclusions:
Exclusions: - . « Theoretical
Not journal Exclusions: Exclusions: Different field
papers * Not English > INBLGRET » Stability only
: access .
Duplicates * Economics
" /U J AN
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Results: WPS ﬁ BIRMINGHAM CITY

(a) WPS in the literature (b) WPS on ships

I Flettner Rotor

[ ISuction Wings

[ Wing Sails (Single & Multi Elements)
I Modern Square Rigs

I Soft Sails

I Kites (Static & Dynamic)
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Resqﬂ!ts: Ship Size
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Results: Wind Speed BN inversity
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Results: Ship Speed T BIRMINGHAM CITY
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Results: CO, Reduction TR IRMINGHAM CITY

What does the industry rule of thumb say?
 Retrofitting with no change to operations: 5%-20%
 Retrofitting with wind optimisation (e.g. routing): 25%-30%
* New build designed for wind propulsion: 50%+

What does the literature say?
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Results: CO, Reduction TR BIRMINGHAM CITY
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Barriers to Uptake (IWSA, 2023) g BiRMinGHaMciTY

Pressure to Change
Perception (new, 39%

disruptive)
18%

Financial (costs, ROIs)
24%

Policy/Regulation
5%

Verified Results
15%
Operational (port,

intermittency, size, crew)
23%

Technical (integration,
installation,)
12%
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ROI (Reche Vilanova, 2025) T SIRMINGHAM CITY

10

i |deal Scenario
1 Realistic Scenario
81 1 Rotor Sail

72 DynaRig

Payback Period [years]

10.0 25.0 40.0
Minimum Fuel and Emissions Saving Target [%]
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Conclusions ’ggg BIRMINGHAM CITY

* Historically proven technology

* Multiple Wind Propulsion Systems available

* 5-30% reduction in CO, emissions for retrofits
* Up to 100% reduction in CO, emissions for new builds
« ~ 6-8 years ROI

« Continued growth forecast

» Pushback against fuel-centric regulations

https://doi.org/10.5957/jst/2025.10.1.258
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