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Before we start...

No fire alarms expected
Toilets
Wi-Fi:
Please join the conversation about today's event on social media:
#UKSGEF
#UKSingaporeJetZero
@HyDEXMidlands
@CranfieldUniversity
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Time Agenda

10:00-10:30 Arrival & Reception (coffee/tea/ snacks)

10:30-11:00 Welcome & Introduction: Lauren Babuik (Head of Nature, Climate and Energy, British High Commission Singapore)
11:00-11:15 Welcome and overview, intent of the workshops: Professor Ron Corstanje

11:15-11:30 Overview of The Midlands Hydrogen Ecosystem: Faye McAnulla (HyDEX Programme Director)

11:30 -12:00 UK presentation on Hydrogen: Dr. Sharon George (Keele University), Dr. Sandun Dissanayake (Cranfield University),

Dr. Tongtong Zhang (University of Birmingham), Prof Kumar Patchigolla (Teeside University) and Dr. Nahid Yazdani
(University of Nottingham)
12:00-12:30 Singapore presentation on Hydrogen: Dr. Paul Liu (Nanyang Technological University) and Dr Wong Roong Jien (A*star)
12:30-13:30 Lunch & Networking

13:30-14:45 Roundtable Discussion (All participants)

14:45-15:15 Afternoon refreshments

15:15-15:45 General feedback and room level discussion (All participants)
15:45-16:00 Recap and closure of workshop (Professor Ron Corstanje)




Singapore UK Jet Zero Workshops

» Green aviation is one of the priority sectors identified in the UK-Singapore Green
Economy Framework and in the UK Jet Zero strategy.

* Creating collaboration and promotional activities for both UK and Singapore
businesses and research communities

* Establish a comprehensive and strategic roadmap for aviation ecosystem
decarbonisation

54 T UK-SINGAPORE GREEN ECONOMY. FRAMEWORK ™
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Challenges in Aviation Decarbonization

Wity Is Avietion a difficul:

Sorne Key facts and figures
i g sachor o decarbonise ?

Aviation’s CO, emissions make up
about 2.5% of global totals, but is
potentially much higher due to the
non-CO, effects

Non-CO, impacts contribute two-
thirds of aviation’s net radiative
forcing

By 2050, a projected 10 billion air
passengers will travel 22 trillion km
annually, generating nearly 2,000 Mt
of CO,

VRO

From 2005 to 2019, aviation fuel
efficiency improved by ~ 39%, but
absolute emissions growth far more
than efficiency gains

Cranfield
University

HJDEX
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Long replacement
time for aeroplane
(commercial aircraft can last
between 20 to 30yrs)

Investment required
for decarbonisation
(e.g., Capital expenditure
on SAF production facilities

is estimated at up to $1.45
trillion over 30 years)

Bold investment
and breakthroughs
required in R&D
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Challenges around
regulatory support

Requirement for
global collaboration
and coordination

Passenger reluctance on
the cost of
decarbonisation solutions

British
High Commission
Singapore



Solutions for Jet Zero

Eh

Utilisation of
alternative fuels

£ A

Improvements in

aircraft fuel
efficiency

Sustainable Aviation
Fuel (SAF)

Aircraft design

Hydrogen (H;)

-

.

Electric (propulsion)

N

J

Ammonia (NHj3)

N

Efficient engine

Lightweight
materials

Cranfield
University

HyDEX

Improved systems

p-A

Enhancements in
air traffic control &
operational
measures

Optimised flight
planning

Dynamic airspace
management

Artificial Intelligence
(Al)

\ J
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Strategies for non-
CO2 emission

Alternative fuel

\ J

Avoidance of Contrail
cirrus formation

. J

s 3

Aircraft design

| Advanced engine
technology
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Reduction in climate impact: 75%-90% reduction for H2 fuel cell; 50%-75%

- reduction for H2 turbine

-

Improved air quality (NO2 reduction: 100% for fuel cell; 50%-80% for H2
turbine)

What: Challenges on
developing the Hydrogen
economy & supply chain for

aviation Increased contrail coverage

Aircraft, airport and air transport infrastructure redesign

Cost: Carbon-free H2 production is 3 times CAF

Cranfield Short-range aircraft (H2 fuel cell)

HyDEX

British
High Commission
Singapore



Workshop 3: Policy Ambitions

P @ 20% in 2030, net zero by 2050

What: Policy ambitions
contrasted onto existing and future
SAF and Hydrogen technological
capabilities

Cranfield
University

HIDEX

Regulatory tools

SAF mandates: 2026 -
Initial target of 1% SAF
usage, over 1% in 2026,
and 3-5% by 2030.

|\ —
===

Supply & Demand-side Actions

Supply-side: Regional SAF
feedstock study and SAF
production capacity program
Demand-side: Corporate
Buyers’ Club; Offtake
Mechanism for SAF; SAF
procurement mechanism
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Net Zero
Aviation
2050

Collaborations

International
collaboration: “green lanes,
SAF experience &
knowledge sharing.
Industry collaboration:
MOU between CAAS and

Airbus (SAF & Hydrogen)

% @/ Net zero domestic and airport (2040)
Net zero UK (2050)

Regulatory tools Direct support Enabling activities

e SAF mandate: 10% in UK fuel
mix by 2030 (in place by
2025)

e UK Emission Trading Scheme
(ETS)

* SAF infrastructure: £180 m
UK SAF industry growth;
£135 m Advanced Fuels Fund

e R&D: e.g., £12 m UK SAF
clearing house; £400 m
Breakthrough Energy Catalyst

* Five-year delivery plan

¢ Set Emissions reduction
trajectory 35.4 MtCO, in
2030, 28.4 MtCO, in 2040,
and 19.3 MtCO, in 2050

High Commission

Singapore



Capabilities in the HyDEX Network

L_) An introduction to Tyseley Energy Park

MORE VIDEOS -}
Ed

> ) 006/142- o B & Youlube 3

The University of Birmingham
Working with Tyseley Energy Park (TEP) and
other partners in the Midlands, the University
of Birmingham is pioneering infrastructure
solutions in renewable heat and power,
energy storage and clean transport fuels in
combination with advanced waste processing.
TEP features a hydrogen refuelling station and
integrated ammonia cracker.

The University of Nottingham

The University of Nottingham is home to world-
leading expertise in powertrain research and
hydrogen storage solutions, with impressive,
purpose-built hydrogen laboratories situated in the
Research Acceleration and Demonstration building
on the Net Zero Flagship Jubilee Campus.

Our HyDEX demonstrator is focused on the
development of the “Flex Fuel” engine, which has
the ability to flex between hydrogen (Hz) and
ammonia (NH3) as a retrofit solution for existing
heavy duty diesel engines using advanced
technology.

Loughborough University

Our hydrogen research areas encompass all areas
of hydrogen from production through to end use
including storage, distribution, combustion, policy,
economics and safety, sustainability analysis and

lifecycle management.

The University of Warwick
Warwick’s focus is on exploring and
demonstrating how to use renewable sources
to produce hydrogen. A novel green hydrogen
production system has been found to be more
efficient than current methods of hydrogen
production. The evaluation of the technical and
economic performance of this system is a core
theme in its work which will upscale this
innovative green hydrogen production to full
commercial scale.

—
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Aston University

Aston University specialises in the production methods needed
to provide a reliable, affordable and green supply of hydrogen.
With a long history in gasification and pyrolysis research, the
Energy and Bioproducts Research Institute (EBRI) at Aston
carries out world-leading research into new and innovative
ways of converting biomass into sources of sustainable energy

such as hydrogen, using thermochemical, biological and
wm( catalytic processes.

Keele University

network.

Keele University has a long been involved in
hydrogen research and innovation. Using the
campus as a living laboratory, the HyDEPLOY
trial demonstrated that a blend of 20%
hydrogen could be used in the heating
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Capabilities in Cranfield University

Airside Hydrogen Environmentally friendly ways Integration of hydrogen and

Production of making crop-based SAF SAF systems in the
Cranfield Global Research

[ by
SR

Mixed food-fuel cropping for SAF production by Cranfield’s ‘Living Laboratory’ campus and airport of

applying multi-cropping techniques. the future ' ]
Jet Engine Combustion Exhaust Plumes Plume Composition ‘
Air: nitrogen (N,) + oxygen (0,) Gases Aerosol Particles
Red u cl n g th e [ ) n‘tr i f?rrpafiorj By Carbon dioxide (CO,) Cloud condensation
e —— o LSS g 55 Ni : nuclei
i i Kerosene fuel: = itrogen oxides (NOx) )
Cl | mate im pact Of carbon (C), - A " Carbon monoxide (CO) Ice nuclei
= ontrail formation in low-temperature C il
airc raft (C 02 an d hydrogen (H,), N ice-supersaturated air Water vapor (H;0) s
sulfur, aromatics / E - Sulf Others S
. . == - = ulfur compounds oy
Efanﬁevld LY non-coz emISSIons) g Unburned hydrocarbons (HC) Brltlsh
niversit I P . . .
¥ Aviation COzand non-CO; emissions, adapted from Lee et al. (2021) ngh Commission
Singapore




Blueprint for Zero
Emission Flight.and

lafrasiceicrsre
Q & A
ENERGY SYSTEMS ENABLING

INNOVATION  INTEGRATION JET ZERO



1 Idea... basic principles investigation

Concept development, core questions investigated
through simulation/bench top component models

Concept validation experiments/experimental core
systems bench top tests

Experimental bench top pre-prototype system
in lab

Small-scale prototype in relevant environment

Integrated pilot scale demonstrator

/ Pre-commercial demonstrator

"= MVP/commercial launch

Commercialisation and product enhancement

Systems
Integration

Enabling
Jetzero




Utilization (TRL 6-9)

Innovation Wave 1 Innovation Wave 2a Cranfield
10-15 Years 20+ Years iy
Focus: Certification Focus: Efficiency
_: I N 8 ’a ),‘\ :7‘/;
< S S
Innovation Wave 2b Innovation Wave 3
20+ Years 30+ Years
Focus: FC Certification Focus: Turbo-cryo-electric

, .

Vi
5 p— W 4
}\' Nl ! . -
- e M
Batteries
: Biofuels, LNG
Gasoline Kerosene & Synthetic
LH,
Fuels

| | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | 1 | |

1940 1960 1980 2000 2020 2040 2060 2080 2100




Enabling a H, integration ecosystem
The blue print for jet zero.

Brasw

=@ FuelTank

® Hydogen Trask

 diglane

Aircraft

- Fuel Sooage Tark

Eowser ® wee-@ Hyfreges Trck

Industrial

Heavy y
Transport C::::ii‘al b

g2
AS o
'pH @

Domestic Arport Temind @<«
Appliances

Local Availability
Storage
& Delivery

Hirgort Temingl @-oeer”
Networks

® Hpdoge Buage
Opportunity

@ Hyfioges Syrage Taks

Distribution

. * FanlSicige Tank
Networks Production Wyt Syeten @

* Miplane
wee=@ Liqeetactin
Plart

\
Storage 1,

3
5" o
g "
Support % = ' P U

Services

Business "
Electrolysis

Models y
) Compression h‘
Chemical Cryogenics / Tech
Temperature :

port Teeriny' &

Underground
Pipeine

oo @ Hydroges Bage

<e-- @ Hyminges Swuorage Taves



Cranfield’s Active Hydrogen Research Ecosystem

oy SRS
\f‘ Related research facilities Bulk Hydrogen Production by Sorbent ‘Digital Aviation Research
; e Rerariaes i st £ Wik ekl * Enhanced Steam Reforming (HyPER) and Technology Centre

- Ammeonia for marine propulsion. T mm
- Carbon capture storage. 9 www hyperh2 co uk
- Econcmics and certification of H2 and SF. : Research into SF and H2 refuelling of
- H2 for heat. oot} W:ﬁﬁeﬂmﬂ
- H2 in industrial processes. : I
‘Wastetofuel - ———

; 7 | ; : o

Cranfield Aerospace Solutions Ltd Fuel production research [BA: T RS S

storage on
Fueleelidﬂ-nmﬂtm
——— - | airfield fuel farm

Electrtﬁed aircmft B (Coming soon).
propulsion systems
Emissions and contraile of H2 and SF.

N

Storage vessels for ... .. 350 a1 hyd ) Anaerobic digestion feedstocks
compressedandhqmﬁede Y vehicle refueller “ “ foerandSFproducnon

Feedstocks and fuel production. t, ics, supply chain. d users — a se and road vehicles. | | * Hz = Hydrog *LH2 = Liquid hydrogen | = * SF = Sustainable fuels




Utilization (TRL 6-9)

Heat &
Chemical

Heavy
Transport

Cranfield
University

* .»” Utilization Domestic

Appliances

Local Availability

Storage
& Delivery
Networks

Opportunity

Distribution

Networks Distribution Production

I

Electrolysis

y
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Support <
Services

Business
Models

Cranfield
Aerospace
Solutions

: Compression
Chemical Cryogenics /

Temperature

Introducing Airbus ZERO& Net Zero Research Airport

Turboprop = ] 4R 1,000
_— oy ) 1,000+nm

Blended-Wing Body ﬁ/

| Turbofan
i

Liquid Hydr

Keiee GKN-40

AIRBUS




How can we accelerate our journey?

Cranfield
University

With over £46 million of co-investment secured from Cranfield University and our
partners, we have been awarded £24 million from UK RPIF to
deliver three interrelated transformative infrastructure programmes to accelerate
the journey to net zero:

*A new £12 million Hydrogen Integration Research Centre
(HIRC): Enabling research linking developments in hydrogen
exerey — production, storage, SAF, ammonia and hydrogen refuelling for

INNOVATION

mobility to accelerate TRLs 2-4 to Enable Jet Zero

*A £9 million investment in hydrogen gas turbine combustor
ﬂ testbed. Hydrogen testbed that will enable hydrogen transition for
ssems  Aviation; to accelerate this expansion and modernisation is required
NI to accelerate TRLs 4-6 to Enable Jet Zero

*A £22 million investment in the Global Research Airport to drive
net zero mobility. Development and co-location of multiple fuels on
ENABLEJETZERoone airport . TRLS 6-9 tO Enable Jet Zero
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Hydrogen Capabilities in the UK

The Midlands Hydrogen Ecosystem

Faye McAnulla (HyDEX Programme Director)

Cranfield
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High Commission
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The Midlands Hydrogen Ecosystem

Cranfield
University

Worcester-Bosch, Baxi and Cadent (hydrogen boilers and
gas networks),

Intelligent Energy (fuel cells),

Alstom and Porterbrook (hydrogen trains),

Toyota (hydrogen vehicles),

Horiba-MIRA (vehicle test and host of R&D cluster),
Caterpillar, Faun Zoeller and JCB (heavy vehicles),
DVNGL, BSI, Cenex (established low carbon transport
consultancy),

Equans (District Heating Networks), SSE, Progressive
Energy

ITM Power nearby, Siemens and ENGIE are also working
closely with regional partners in next-generation
hydrogen production and storage.

FYDEX
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P
collective hydrogen demand
of more than 9TWh by 2035 within

Keele 20 miles of East Midlands Freeport

University East Coast

Rapid development Hydl'ogeﬂ
of hydrogen-fuelled

off-road vehicles

Hosted the first hydrogen
blending trial in the gas Aims to supply hydrogen to
network the region using a pipeline
from the East Coast

Development of the
hydrogen powered version .
of the Hilux pick up vehicle Ratcliffe-

on-Soar
power
station

Stoke-on-Trent
Nottingham
Uniper plans to scale-up to a total
electrolysis hydrogen production
capacity of 500 MW by the turn of the
decade. The first 100 MW is targeted
to be commissioned in the second
Loughborough half of the 2020’s.

Leicester

Sustainable

University of MIRA Hydrogen

Birmingham

Technology coT
Produced the UK’s C Park Nottingham, Loughborough and
2 s oventry : Birmingham universities are the lead
irst hydrogen train, Agrowing cluster of hydrogen- members of the national Sustainable
HydroFLEX, with

related automative businesses,
Porterbrook including HVS, Tevva, Viritech &
Ceres Power, plus the Octopus
hydrogen electrolyser
production facility

Hydrogen Centre for Doctoral Training.

WVAEEY
Energy Cranfield
Aston Park The

% 3 Universit
University The Motive Hydrogen 3

: ! of Warwick Cranfield
refuelling station is

Aston University has the UK’s thought to be the Birmingham The University of Warwicki University
largest gasification plant and largest in Europe T H e University of Warwick is
i s i City Council demonstrating a hybrid green Cranfield University is a leader in

has installed a Bioproducts e g o b St b bl

Demonstrator in Birmingham . . et Uind el e ydrogen and has develope

using biomass to create fuels ect titlerhenesordeleietihisShs treiper 00% efficiency. a hydrogen powered light aircraft

including hydrogen. hydrogen bus fleet, with as well as working on new
funding for a further 124 methods of production.
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SOUTH DERBYSHIRE HYDROGEN REFUSE TRUCKS TRIAL

 A42 AND A50 MAIN ROADS
() EAST NIDLANDS AIRPORT

The UK’s largest inland hydrogen
cluster | East Midlands Hydrogen



https://eastmidlandshydrogen.co.uk/
https://eastmidlandshydrogen.co.uk/

Sustainable
o' Hydrogen

CENTRE FOR DOCTORAL TRAINING

Cranfield
Aerospace
Solutions

(o) HyDeploy
Cranfield

\ a 1%
University A UK BATTERY
) =~ INDUSTRIALISATION
CENTRE
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TCR500 Demonstrator Hohenberg Germany
= Successful Conversion of 2000 tonnes of Sewage
Sludge
= 200 tonnes of Green Diesel Produced
= 30 Tonnes of Green H2 Produced
= Total Operating time 4000 Hours Continuous
= TRL7-8
Next step - looking for investment to develop
commercial site Tyseley Energy Park, Birmingham.

ENERGY
RESEARCH
ACCELERATOR




ENERGY
RESEARCH
ACCELERATOR

Flex Dual-Fuel Heavy-Duty
Engine

H2, NH3 ... and more!

r University of
S Nottingham
UK | CHINA | MALAYSIA
'\.
MAHLE M

Powertrain
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Hydrogen Capabilities in the UK

Keele Smart Hydrogen Network
Demonstrator

Dr. Sharon George (Keele University)

Cranfield
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Keele Smart Hydrogen

Network Demonstrator

Demonstration and modelling of hydrogen
optimisation through management and control
On-site prediction, and real-time verification trials
Perception and acceptance (commercial and public)

SMART ENERGY
MANAGEMENT
SYSTEM

APPLICATION

HYDROGEN
PRODUCTION

STORAGE

WEATHER
PREDICTION

DEMAND

PREDICTION BATTERY

STORAGE

PRICE POINT
PREDICTION

HYDROGEN
STORAGE

HEAT

DRONES

AUTONOMOUS
VEHICLES

TRANSPORT

Keele ?

UNIVERSITY




Hydrogen Capabilities in the UK

Cranfield Hydrogen Production
Demonstrators

Dr. Sandun Dissanayake (Cranfield University)
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HYDROGEN COOLER

VESSEL BODY

Production

HYDROGEN COOLER
SUPPORT FRAME EXTENSION

VESSEL SUPPORT
COLLAR

ELECTRICAL HEATER
C/W MOUNTING PLATES

VESSEL GUIDE
COLLAR

DIMETRIC VIEW

X

GTI ENERGY

Blue Hydrogen Demonstrator Turquoise Hydrogen Demonstrator




L9

Flue Gas

‘ CO, Product Gas Stream
® v >98% Purity -

Solids Separation System 0

200 kg/day (16 bar max) H, Product (Dry-Basis)

H, > 94%, CH, ~2.5%
o comn- @ 4R

ion Enhan rmi E :

Fluidized Bed
CH, + 2H,0 + Heat(a) —> 4H, + CO, Reactor L
CaO +CO, — CaCO, + Heat(b) | )
CH, + 2H,0 +CaO —> 4H, + CaCO, F .
Heat(b) ~ 95% Heat(a) . Sorbent with CO,

Sorbent elutriates through reactor to o 1
filter while heavier catalyst remains b3,

CO, absorbed by sorbent forcing
more CO, to form (Water-Gas Shift) e

Steam Methane Reforming 9
produces H,, CO & CO,

[ ﬂ"!..,,.‘.
0 Transport Gas = . Air & Recycled 0
« = | H, to Burner
gt] @ I'gDEX o Steam/NG/Recycle Gas inlet '



Turquoise Hydrogen Pilot (7kg/day)

Track: Particle Residence Time (s)
957622 300 600

oo [ o




Hydrogen Capabilities in the UK

Hydrogen Liquefaction and Storage

Dr. Tongtong Zhang (University of Birmingham)
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The need for Liquid Hydrogen

SGUK

Liquid hydrogen has some salient Fuel + tank storage mass and payload
characteristics mass fractions vs aircraft range
80
g
12 =
_ Diesel % 60
E' 10 - &
:%/ n Gasoline ;) %0 - TYPICAL AIRCRAFT
%- 8 g 40 Lf? L X'\‘\\\k — - / ) DRY MASS FRACTION
3 Liquid methane & Q;'? iz | -%amcRarT_
> 64 ™ g 30 P PAYLOAD MASS
% a L=~ »«W
& 0| ¢ o o //q/ ety ! g
.% 4 4 Methane (250 bar) e e \ : -] ! |- QU HEEEE B
| - - | [ FUELsTANK MASS
E . . | !
S 24 Hydrogen (700 bar) 0 e e | N
. 500 1000 1500 2000 2500 3000
0 T T T T T T RANGE (NM)
10 18 2 & & & Work by Aerospace Technology Institute — FlyZero
Gravimetric energy density (kWh/kg) Ve N
Liquid hydrogen
application
Untiaalty <~ o oo ote - ~ N
University iqui _di
! Liquid rocket.fue_l for used in neutron Long dlstan_ce_energy Aviation technology Motor vehicles
rocketry applications scattering transmission
N N N N N

Office of ENERGY EFFICIENCY & RENEWABLE ENERGY https://www.energy.gov/eere/fuelcells/hydrogen-storage



https://www.energy.gov/eere/fuelcells/hydrogen-storage

Hydrogen liquefaction

SGUK

Energy consumption performance - comparison between theoretical and

commercial hydrogen liquefaction

Classical theoretical cycles Large plants in-service Optimised liquefaction cycles
>10 kWh/kgLH, 13.83 kWh/kgLH, <10 kWh/kgLH,

(Linde-Hampson and Claude cycles) (on average) (expander liquefaction cycles)

J

Target for large-scale hydrogen
liquefaction plants
6 kWh/kgLH,
(US Department of Energy)

Minimum energy required
~3 kWh/kgLH,
(thermodynamically ideal hydrogen
Cranfield liquefaction cycle)

University
mw Zhang et al. (2023) Renewable and Sustainable Energy Reviews, 176, 113204




Hydrogen liquefaction

Cranfield
University

Liquefaction capacity

<3 tons/day

Current

<50 tons/day

Future trend in hydrogen liquefaction technologies

Short to medium term

up to 150 tons/day

Long term

2100 tons/day

Main refrigeration
cycle

Brayton

Claude

High-pressure Claude

High-pressure Claude

Refrigeration
medium

Helium

Hydrogen

Hydrogen

Hydrogen

Precooling cycle

Liquid nitrogen

Liquid nitrogen

Liquid nitrogen or mixed
refrigerant

Mixed refrigerant

Feed pressure 10-15 bar 15-20 bar 20-25 bar >20 bar
Compressor type Reciprocating Reciprocating Reciprocating Centrifugal
Specific energy
consumption >12.3 kWh/kglH, | >10.8 kWh/kgLH, 7.7-10.8 kWh/kgLH, <9 kWh/kgLH,
Investment cost - o _ -
(CAPEX)
Operating cost
(OPEX) 2 * -
CAPEX & OPEX - (0] + ++
mw( o Neutral (+) Strength (-) Weakness

Zhang et al. (2023) Renewable and Sustainable Energy Reviews, 176, 113204

GREEN ECONOMY FRAMEWORK




Liquid hydrogen storage

Comparison between liquid-phase hydrogen storage methods

Assessment indicators Liquid hydrogen

Hydrogen liquefaction small scale: +

Conversion Hydrogen liquefaction large scale: -

LOHC (MCH)

Hydrogenation: O

Ammonia

Haber-Bosch process: +

Reconversion Liquid hydrogen regasification: +

De-hydrogenation: O

Ammonia cracking: O

Technology

maturity 2 Tank storage 0>+ N .
gucle Truck: + Truck: +
Transport Ship: 0>+ Ship: + e
Supply chain 03+ ° i

integration

Conversion and reconversion total
energy consumption b

Current stage: 25-40% LHV,,,
Potential: ~18% LHV,,,

Current stage: 35-40% LHV,,,
Potential: 25% LHV,,,

Conversion: 7-18% LHV,,,
Reconversion: <20% LHV,,,

Hazards © Flammable; no smell and flame visibility

Toluene; flammable; moderate toxicity
(other LOHC can be safer)

Flammable; acute toxicity; precursor
to air pollution; corrosive

Hydrogen liquefaction plants efficiency;
boil-off management; cryogenic energy
recovery during regasification

Technology improvement needs

Reconversion efficiency; conversion
heat recovery

Conversion efficiency; hydrogen
purification after ammonia cracking;

HySTRA; CSIRO; Air Liquide; Fortescue
Metals Group

Supply chain developers

AHEAD; Chiyoda; Hydrogenious;
Framatome; Clariant

Green ammonia consortium; [HI
corporation; US department of
Energy




Liquid hydrogen transportation

Transportation  Transportation

Hydrogen BOG formation Application examples or
. Pressure Tank volume o
method distance amount (per day) projections

Air Products transports liquid
hydrogen via liquid semi- trailers
with a capacity of 12,000 to 17,000
gallons (45-64 m3).

Mid-range

. <7bar |4tonpertruck |<64m3 0.5 vol%
distance

National Renewable Energy
Laboratory estimated that LH, rail
delivery cost is likely to be lower
than that of CGH, and LH, trucks/
pipelines delivery for long-distance
and large-scale application.

Railway >1000 km <7 bar 7 ton per rail car 105 m3 0.2 vol%

A pilot-scale liquid hydrogen supply
chain between Australia and Japan
. 19 )
m3 <0.2 vol% (HySTRA Project, 1250 m?3 ship) has
been completed in 2022.

Maritime Traf\soceanlc <7bar |60 ton per tank LLAURRELLY
delivery




Economic aspects of liquid hydrogen
Long-distance transportation

Projected costs (2030-2035) of green hydrogen delivery with different storage
methods for a transporting distance of 2500 km

3 9] unpacking - Unpacking
[ ] Packing 6 [__] Packing T
ransporttstorage ! ! | -Transport+st0rage i A
B Electricity i i N : B Electricity ! :
*  Waste heat ! Vo i 54 A Hydrogen .

A Hydrogen

E

Hi Lo Hi Lo Hi Lo Hi Lo Hi Lo Hi Lo Hi Lo Hi Lo Hi Lo
H2 pipeline Compressed H2 Liquefied H2 LOHC Ammonia Compressed H2 Liquefied H2 LOHC Ammonia
Delivering green hydrogen to a single Delivering green hydrogen to a network of 270
Cranfield customer - 1 MtH, per year hydrogen refuelling stations - 500 km
University distribution distance & 0.1 MtH, per year

ww Assessment of Hydrogen Delivery Options. The European Commission's science and knowledge
service (joint research centre); 2021.



Economic aspects of liquid hydrogen - long-distance transportation

Projected costs (2030-2035) of clean hydrogen delivery for
different storage methods vs transport distance in single end-
user scenario (1 Mt/H, per year)

— —H2 Pipeline — —Liquefied hydrogen — —LOHC — —Ammonia ——Compressed hydrogen-ship
8

7 4

61
| Pipeline

Liquefied hydrogen LOHC 2

EUR/kg H2

0 5,000 10,000 15,000 20,000 25,000
Cranfield Distance (km)

University
Liquid hydrogen provides an opportunity for long-distance

energy transmission (e.g., intercontinental trade)

Assessment of Hydrogen Delivery Options. The European Commission's science and knowledge service (joint research centre); 2021.



Hydrogen Capabilities in the UK

Zero Boil-off Hydrogen Storage and Energy
Efficient Liquefaction

Prof Kumar Patchigolla (Teeside University)
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Zero Boil-off Hydrogen storage and energy efficient liquefaction

part of Growing Teesside’s Hydrogen Economy and Catalysing a Just

Transition to Net Zero]

The energy density of hydrogen compared to
other common gases/ liquids[ Zhang et al]

12

Diesel
[ ]

a Gasoline

Liquid methane
]

4
Methane (250 bar) Liquid hydrgoen
- [ ]
24 Hydrogen (700 bar)
L]

Volumetric energy density (KWh/L)
(o>}
1

10 15 20 25 30 35
Gravimetric energy density (kWh/kg)

Main challenges in liquefaction and storage of LH2

1.
2,

Formation of boil-off hydrogen
Very high specific energy consumption of liquefaction

Two main objectives

4 H. Liquefaction
To develop modelling and design of
liquefaction system with mixture
working fluids for effective liquefaction

of H, with specific energy consumption
\< 6 kWh/kgLH,

~

SGUK

| GREEN ECONOMY FRAMEWORX |

J

LH, storage

peveloping a lab scale 2 to 3 kg capacity

LH, storage tank and reducing the boil-
off rate to < 0.5% per day.

N

J




Hydrogen Capabilities in the UK

East Midlands Airport Green Futures Study
East Midland Airport (EMA) decarbonisation: towards a
hydrogen-enabled ecosystem

Dr. Nahid Yazdani (University of Nottingham)
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Key Partners and Stakeholders

Key Partners

*University of Nottingham (Energy Institute, Business School)
*Midlands Connect (reporting directly to the UK Dept for Transport)

*Midlands Net Zero Hub (reporting directly to the UK Dept for Business
Energy and Industrial Strategy and the UK Dept for Levelling Up,
Housing and Communities)

*EPRI (Electric Power Research Institute)

Key Stakeholders

*East Midlands Freeport
«East Midlands Development Corporation
*Local Enterprise Partnerships such as D2N2 and LLEP

*The community of distribution and logistics comprising the airport ecosystem including
DHL, UPS, Royal Mail

Cranfield *The rail freight sector including Maritime Transport, Alstom, DB Cargo
University *Energy infrastructure companies such as National Grid, National Gas, Cadent, Uniper

mw( *East Midlands Chamber of Commerce representing the SME community

University of Nottingham Faculty of Engineering | Faculty of Science | Faculty of Social Sciences

GREEN ECONOMY FRAMEWORK




Context

« EMAIs the UK's busiest 'pure cargo airport' and second only

to LHR for total cargo handled
*  Major global hub for DHL, UPS, FedEx, and Royal Mail
*  Key economic hub, supporting 6000+ jobs and £300m for the region
*  The aviation sector is a growing contributor to global GHG emissions
+  UK's 6™ carbon budget will include aviation-related emissions

The current approach to decarbonising transport is

fragmented, focusing on individual technical solutions!

Focusing on this airport ecosystem is ideal as it is small T LTI O .ul.'.:,“,

enough to be studied in detail and, at the same time, has

sufficiently diverse transport modes (air, road and rail ;

at/around the airport) to shed essential insights on a wide i i i

range of energy and infrastructure issues on the way to |
achieving net-zero targets!

in| sln
- )

Cranfield
University

FyDEX



Aims

Aims of the study are to develop a vision (2030-2050 timeline
shapshots) for zero-emission ground and air vehicles operating
at and near major airports*. The scope will look at EMA as the
case study and will include:

> Define a baseline scenario, with options for the adoption of
electrification and hydrogen technologies

> Derive hydrogen infrastructure needs and costs under each scenario

> Calculate relative emissions (CO, and NOx) under each scenario e i AL

> Engage with external stakeholder groups representing o PR
government agencies, aviation companies, airport operators, energy ;;lg,,;",,"-‘:;'_-l;" :
infrastructure, distribution/freight Dt

=L} ms =@
Sommegon » an
w
- galt
1511 It -
ae

()
8l
CN

* In collaboration with ADL, we are expanding a pioneering Ontario Airport Hydrogen Enabled
cranfield Ecosystem Study in California to a UK context.

University




Ecosystem Boundaries

Transportation of
passengers and goods
to/from EMA

Airport operations

Energy infrastructure to
support EMA and its
ecosystem

Passengers: air transport,
buses/coaches, individual cars
and taxis, rail

Goods: air transport, rail, HGVs
and delivery vehicles

Aeroplane movements (airliners,
air taxis)

Ground support equipment,
maintenance vehicles and other
airside vehicles

EMA services

E.g., DNO, fuel suppliers,
microgrid etc.




Technical study — ecosystem segment energy use/emissions

Methodology | Aircrafts — Passenger

INPUT

Avg. flight
distance Total miles o

No. pass.
per flight flights by %

No. of
gallons

by haul per year per mile

pass. in

2050 "
by haul (mi)
Long 276 11 4,189
(0.03%) :
Medium
11,455,637 (86.6%) 175 56,585 1,204
Short
(13.4%) 17 13,109 279

KEY
- Key figures

I Mutipliers
- Intermediate results ADL

Annual
fuel Fuel mix
demand R (%)
(gallons)
Jet-A
SAF
Electric
Hydrogen
OUTPUT

Demand (kWh)

CO2 emissions (kg)

CONSUMP-

tion
(demand

kWh /
demand
unit

Emissions
factor




Social science- FCM and Knowledge map

Enablers and barriers
to decarbonising
airport ecosystem,
coded into 16 factors

and 4 categories of
social, technical,
legal, and economic

University of



Multi-level Cognitive Map

The individual maps
are used to develop
multi-level cognitive
maps to find the
patterns in different

groups.

Micro level Meso level

University of Nottingham Faculty of Engineering | Faculty of Science | Faculty of Social Sciences

Macro level



Social Stakeholders element

T L e Engaging social stakeholders, including industrial gas
N ext Ste ps companies, automobile manufacturers and other
- companies with the hydrogen energy industry is vital.
The transition to a hydrogen economy is a vast and
systematic project that requires the full cooperation of
governments, enterprises, scientific research
institutions and the public.
...In the data analysis process

Public Stakeholders element

« Studies globally reveal that societal acceptance
significantly influences the success of hydrogen
technologies. To address potential hesitations, particularly
in the early adoption stages, providing transparent risk
information, information dissemination, educating
individuals, and dispelling misconceptions about the

hydrogen technologies can foster positive attitudes towards
its adoption.

....We are developing follow-up projects on
Hydrogen storage and integration, and end-user
awareness
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This presentation has covered the following topics, but details
on these slides have been omitted at the speaker’s request.

Snapshot of H2FC Research @ NTU over the last ~30 years

Promotion of Hydrogen Economy

Proton Exchange Membrane Fuel Cells

PEMFC System Development

Hydrogen and Fuel Cell Technologies H2-fueled Harbor Tug and NH3-fueled Ocean-going Vessel

Liquid Organic Hydrogen Carrier (LOHC) Power-to-X

Catalyst and Reactor Demonstration for LOHC Technology, PSA Flue Gas Electrolysis

Ammonia as Energy/Hydrogen Carrier Wet Air Electrolysis

Catalytic Methane Cracking for Turquoise Hydrogen Production Complete Hydrogen Value Chain in REIDS, Semakau Island

D D N N N N N N N
D N N N N N Y R N

Polymer Electrolyte Membrane Fuel Cells New Research Areas

SGUK AR
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Initiatives on Sustainable Aviation Fuel (SAF) and Low-Carbon
Hydrogen

Dr Wong Roong Jien

Institute of Sustainability

\ for Chemicals, Energy
and Environment
ISCE?




A*STAR and ISCE? a

A*STAR: 1
The Agency for Science, Technology

and Research (A*STAR) is a statutory
board under the Ministry of Trade
and Industry of Singapore

Balanced Portfolio of
technologies

Platforms and
infrastructure as critical

ISCE2:
M ISCE2is one of 17 Research Institutes enablers to accelerate
#  (RI) under A*STAR. We develop nnovation
% innovative sustainable technologies 3
3 and partner with the ecosystem to Bridge the valley-of-death
W catalyse the transformation and with partners towards
% growth in green energy and industrial scale-up

chemicals

ARES Public



Jurong Island contributes to 54%" of Singapore’s total carbon a
emissions

Non-renewable o Swe ’. i
raw materials , FFE
& Merlimau Cogen . . wﬂ «“ .

(petroleum) ) S
Jurgng Islana . .

® o) A@ Naphtha,

() y. ) Ex¢onMobil ° @) aviation,

@ .
Carbon- ® @ . A 4 automotive
intensive fossil So® & ® fuels, etc.
fuels (natural ® _Og
g gas, petroleum) LIE e 3
g as energy Petrochemical
2 source h Legends and specialty
I Shape .
. Single business Multiple business(es Chemlcal
d AlEN E2] .2 10 o ® o . products )\
£ MNCs; 3rd party @ NG Colour
o HHH SR Refining Cracking
2 utilities, waste _
(U] .Upstream Petrochemicals .Spec Chem
[} treatment, v . .
Z .Suppomng companies (e.g. utilities/ logistics/ engineering etc)
E storage &
3 terminalling The government invested S$7 billion to reclaim Jurong Island to develop

an integrated refining, petrochemical and specialty chemical hub 1Hon, C.L, et al. Energies, 2021, 14(20):6455



Greening Jurong Island - the future direction of E&C is to reduce a
dependency on fossil fuels

Alternative
raw materials
(e.g. CO,,
biomass,  <umi —— Y ghemica Methanol,

Biofuels,
Sustainable
Aviation Fuel
(SAF), Hydrogen .

WY

waste)

New energy mix
to support the
clean energy
transition (e.g.
H./NH;, green
electricity)

Technolo
Fuels And Translating
Chemicals estbed

- % o ;Iare Gas . 0
g : ecove
i‘ k - !g(% Y Cold Energy ‘;’”
ﬁ R .‘Eg‘afj‘ ‘ Recycling ;‘_&:‘-'e

New circular

Emergence of materials C’;

climate-tech

companies
with Jurong Island is envisioned to transform into a sustainable energy and
chemicals park

*Concept map for illustrative purposes only.
Not to scale or geographically accurate.

sustainable
technologies
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ARES Public Image source: Sustainable Jurong Island Report, 2021
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ISCE? Technology Development

CO,to X

(X = fuels, chemicals,
materials)

Develop carbon-neutral/carbon-
negative processes (at lab scale up
to TRL ~4; with further scale-up (up
to TRL ~8) to demonstrate the
technology)

- CO, methanation technology
developed and commercialised with
IHI

« CO, to SAF: Active collaboration with
industry to establish larger scale
demonstration unit

+ CO, to methanol: Preparing
proposal for government funding

Accelerated Catalyst

Development Platform
(ACDP)

Accelerated discovery and
develop heterogeneous catalytic
processes by 5x, to TRL ~4

» 16 parallel catalyst syntheses;
Flexible 16 reactor system

» Mimics industrial temperatures,

pressures & reaction feeds;

leverages automation, ML and

high-performance computing

/.- ASEAN Outstanding
iy Engineering
¢ Achievement Award
2023

IES Sustainability
Awards 2023 -
Innovative Solutions
for Sustainability

ARES Public

Low Carbon Technology
Translation Testbed (LCT3)

Bridging the translational gap by
rapidly piloting and scaling-up
new CCU techto TRL4 - 8

* Reduce test-bedding time by 2x
(from 2 years to <12 months)

» Future state Modularisation +
Digital Twin for CCU

» Expected to be ready by 2026

In partnership with >20 ecosystem partners
including E&C companies, technology

adopters, solution providers, IHLs and A*STAR
Rls



ISCE? Technology Portfolio a

Low Carbon Future Circular Economy

Low-Carbon H, Waste to Chemicals/Fuels/Materials
Automotive
* Energy Storage
1. Methane - High-Value Eunﬁtcatlsn 7 co, Methane/Methanol/Others
Existing Feedstock |, Catalysis - ' Ccarbon onstruc Ilon ) ‘
2. Plastic Pyrolysis . i/tlmctlor;s Composites " H, rich syngas “
Waste Recycling - any others
3.F ic Acid
ormic Acid / — Q . o
Methanol e
Solid C +H, 0
Existing Commodity [ Dehydrogenation =% H, — =y NG
4. Ammonia _ ﬁ
Existing Commodity
. . Q
5. Biomass '&ﬁ Light Olefins b". 2‘.
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\_  Fuels Gasoline  gAf

TOWARDS
ZERO WASTE

GREEN PLAN

0
w
>
—!
Y}
z
1S}
Z
<
3t
z
w
a0
=
3
o
@
O
(V]
r4
=
<
w
2
(6]

ARES Public



ISCE? Technology Portfolio a

Low Carbon Future Circular Economy

CO, to X Waste to Chemicals/Fuels/Materials
G <§O 0 4
N methane é methanol @ 7\ GOy r—. Methane/Methanol/Others
_ /" H, rich syngas “
/". ) co, C2-Ca . Olefins (precursors for plastics)
+ -, "
l L H < ? ( Solid C +H, %”@
zm C5-C20 --h - ﬂ-@ ——
< frenewable J [\) Gasoline Jet fuel Diesel
- ﬁ C5-C11 C8-C16  C10-C20 Light Olefins ¢
2 ' % (C2ca) @ ¢
C18-C36 Wax
g <
> -
% \_  Fuels Gasoline  gAf
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Science, Technology
and Research
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Lunch Break

» Please join the conversation about today's event on social media:
#UKSGEF
#UKSingaporeJetZero
@HyDEXMidlands
@CranfieldUniversity
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Roundtable Discussion
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Q1:
Will Hydrogen be a dominant fuel for the aviation
sector?
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Q2:

Which of the
following Hydrogen
types is more suited
for sustainable
aviation and why?

 Green
 Turquoise
 Blue

« LH2
 Pink

 Grey...

&
SR 8, &Ry,

Britis
High Commission
Singapore

Colours of Hydrogen

BLACK/BROWN
Production from coal

Cranfield

Environment
and Agrifood

YELLOW
Electrolysis using solar

WHITE

Methane pyrolysis with solid carbon
byproduct, or naturally occurring hydrogen
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Q3: Where are the opportunities for feedstocks for
Hydrogen production to supply the aviation sector?
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Q4:
How can we support the airports (UK and Singapore) to
develop the Hydrogen infrastructure?
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Q5:
What are the opportunities for research collaboration in
the Hydrogen supply chain?
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Coffee Break — 15 mins!
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Workshop Feedback



