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‘Generation Storage Transportation Into the Aircraft Safety Readiness Levels
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FOSSIL RESOURCES BIOMASS/WASTE HZO SPLITTING
» Low-cost, large-scale hydrogen » Options include biogas reforming and » Electrolyzers can be grid-tied, or directly
production with CCUS fermentation of waste streams coupled with renewables
» New options include byproduct * Byproduct benefits include clean water, |« New direct water-splitting technologies
production, such as solid carbon electricity, and chemicals offer longer-term options
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Types of Hydrogen Production

* Gray Hydrogen
*95% of all hydrogen produced today
* Industrial processes (fossil fuels)
* Carbon and Greenhouse gas emissions

Green Hydrogen: Fukushima [2]
= Blue H)’d rogen Hydrogen Energy Research Field

* Similar industrial processes

* Carbon Capture and Storage (Artificial and Biological)
* Carbon gases stored in underground cavities

* Ex. Biomass Gasification

* Green Hydrogen

* Powered by renewable energy
*No carbon or greenhouse emissions
* Ex. Hydrogen Electrolysis

Blue Hydrogen:Vassa [3]
Biomass Gasification Plant
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Seawater for Electrolysis

= Avoid putting a strain on world's purified water reserves v

= Key to making Electrolysis possible on a large scale

Sulfuration

* | DH (Layered Double Hydroxide) technology
* Coating made of layered metal alloys /
* Slows breakdown of electrolyzer components

3 ‘-v._..
,(’;t":(: bR \ Surface
L

* Applied to the electrodes G

* Mitigates surface area lost to oxidation/mineral deposits Leaziasis \E.ectrodeposn
A o _\_-,,w NiFe

* Functions as an electrocatalyst

* Promotes oxygen evolution not chlorine evolution




Proposition for
Hydrogen
Production
based on

Geographical
Constraints

" Coastal Regions

* Receive Green hydrogen
from seawater electrolysis
plants along coast

* Plants will operate using
PEM electrolyzers with
LDH coated components

* Plants will use hydro, solar,
and wind power

&\" Great Lakes

East
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Puerto Rico 8
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U.S. Map with Highlighted Coastal Regions
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" L andlocked Regions

* Receive Blue hydrogen
from Biomass
Gasification of local crop
waste

* Combination of
biological and artificial
carbon capture

* Carbon dioxide
byproduct to be used for
photosynthesis of
subsequent crop growth

* Partially phased out as
transportation
technology advances



Liquefaction of Hydrogen Fuel

" Gaseous Hydrogen Fuel for short-range
flights (<2 hrs)

" Liquid Hydrogen Fuel for long-range
flights (>2 hrs)

* Completed via refrigeration cycle

Leuna Hydrogen Liquefaction
Plant in Germany

" Storage and Liquefaction make use of
cryogenic tanks

" Process includes heat exchangers and B
specialized valves -

" Liquefaction reduces the energy content
of the hydrogen fuel by about 30%

:anlc Tn f |
Hydrogen Liquefaction
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Gaseous Hydrogen

" | ow volumetric energy density
(8 MJ/L) as compared to that of
gasoline (32 MJ/L)

" High-pressure tanks

* Achieve a higher storage density
* Expensive process
* Odorless- difficult to detect any leakage

* Im? LOHC

* Store 57 kg of hydrogen at ambient
temperature and atmospheric pressure

10



Gaseous Hydrogen
Liquid Organic Hydrogen Carriers (LOHCs)

Oil medium - stored & transported as a
regular fuel like gasoline

Reversible hydrogenation and dehydrogenation
cycles

Reused multiple times



Gaseous Hydrogen
LOHC (Cont.)

Hydrogenation

* Hydrogen chemically bound to the
LOHC at high temperatures and high
pressures

" Exothermic process
* Generates around 10 kWh/kg of H2

" Transported & used through the
existing infrastructures

Dehydrogenation

* Hydrogen loaded LOHC+ is
dehydrogenated through a catalytic
reaction

* Endothermic
* Requires around | | kWh/kg of H2

= Unloaded LOHC- can be reused



Gaseous R ||
Hydrogen T

LOHC Hydrogenation Hyd rogen
Facility Manufacturing to

utilization cycle

- The Hydrogen
Manufacturing to
Utilization Cycle

Figure 13 13




Ways to Use Generated
Energy from Hydrogenation

" |[mmediate Usage

* Electrolysis process (Coastal facilities) AR

- Production of l1kg of hydrogen from water - 39 kWh of
electricity

- Thermoelectric generators - convert thermal energy into
electrical energy

* Domestic uses in the facility

" Same-Day Usage
* Thermal stores

- Insulated water tanks that store heat as hot water for
several hours
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Ways to Use Generated Energy
from Hydrogenation (Cont.)

" Hot Pressure Swing Reactor

* Uses heat generated from ST

hydrogenation directly for the
dehydrogenation process

* Both processes occur in the
same reactor

N e




Y

StO Il ng the Heat stored in batteries using Phase

change materials (PCM)
Energy:
Heat Batteries

Heat is stored

- PCM changes from solid to liquid

Heat is released

- PCM changes back into a solid

16



Liquid Hydrogen

Cryogenic Tanks

Reducing Boil-off

* Low boiling point of -253°C (-423°F) = = |nsulated cryogenic containers
* Double wall construction and

* Cryogenic tanks
: evacuation of the space between the
* Extensive amount of energy s
w
Maintain the low temperatures . Reduce heat transfer from
" 0.3% — 3% hydrogen lost: boil-off convection and conduction

= Saves energy when compared to the
30% energy loss during liquefaction

process



Generation

a Storage

Transportation

Into the Aircraft

@

Transportation

Gaseous Hydrogen &
Liquid Hydrogen



TN 57

2

(8 =% @ j Transporting Hydrogen

loading LOHC Q releasing H,

with H, from LOHC

®* Liquid Organic Hydrogen Carriers
* Hydrogenation: Hydrogen is absorbed by LOHC
* Dehydrogenation: Hydrogen is released by LOHC

" Insulated Cryogenic Pipelines

* Liquid hydrogen can be transported using insulated cryogenic
pipelines or special cryogenic tanks. However, this imposes a safety
concern because liquid hydrogen is highly explosive.

* High-pressurized Tanks and Existing Pipeline
Infrastructure

* Gaseous hydrogen can be transported in pressurized tanks, or it can
be transported through existing pipeline infrastructure by mixing
hydrogen and natural gas.




Costal Regions

Generation
Electrolysis
LOHC Hydrogenation Transportation Storage Into the Aircraft
Dehvd i Combustion
e P  Dehydrogenation Fuel Cell
Autonomous/Electric High-Pressurized Tanks

Trucks
Hyperloop =
—( ‘ma\

Transporting
Hydrogen Non- 1 Regions
. Transportation Storage Into the Aircraft
Generation VTOLS Dehydrogenation Combustion
Biomass Gasification Autonf)mous/Electric High-Pressurized Tanks susL el
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Electric Vertical Take-Off and Landing Vehicles (eVTOLYS)

= EVTOLs carry up to six passengers or a total cargo weight of 1,500lbs with
a range of around 289 miles

Fully Autonomous and Electric Trucks

" Provide transportation to the dehydrogenation facility located near the
airport

* Transportation of heat batteries used to store energy during the
hydrogenation process

Hyperloop

* Hyperloop is a proposed concept of a capsule inside vacuum-sealed tubes
powered by magnetic tracks and a small electric current
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Gaseous Hydrogen Into the Aircraft @

* Hydrogen has three times higher specific energy than traditional aviation fuel
* The volumetric energy is four times lower

* More space needs to be assigned to hydrogen tanks in an aircraft

[24]
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Liquid Hydrogen @
into the Aircraft

" Liquid Hydrogen reduces the
required fuel tank space by 80%

* The volume ratio of liquid to gas
is approximately about 1:848

* The liquid hydrogen has to be
stored at a low temperature for
twelve hours or more

* The onboard cryogenic systems
have to serve 10000-hour
working lifetimes

24



Gaseous Hydrogen vs. Liquid Hydrogen

Pros

Cons

Gaseous Hydrogen

* Doesn't incur energy losses of 30%
* Storage requirments are simple and less
expensive

* More space is needed for the fuel tank
* Less fuel can be stored in the fuel tank

Liquid Hydrogen

* Less space is needed for the fuel tank
* More fuel can be stored in the fuel tank

* About 30% of the energy is lost during the
process of liquefaction

* Storage requirements are complicated and
more expensive
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Final Thoughts: Gaseous Hydrogen vs. Liquid Hydrogen

Fuel Density(kg/L) Energy Price(S/kg)
Density(MJ/L)

Gaseous Hydrogen 0.0012 0.144 1.70

Liquid Hydrogen 0.0700 8.000 5.00

* Gaseous Hydrogen is a viable option for short range flight due
to the limited space in the aircraft for the large tank

= Liquid Hydrogen is better for long range flight due to its higher

energy density and significantly reduced fuel tank space
requirements
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HEAT & WATER

Hydrogen fuel cell

Aerodynamic
structures

lul"""'
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Electrical System

Hydrogen
fuel systems

and tanks
Hydrogen gas turbine
and thrust generation

Power Fuel Cell
Into the Aircraft

= Using a power fuel cell produces no
emissions except water vapor and heat
as by-products.

" Power fuel cell can convert hydrogen
into electricity at an efficiency rate up to
60%.

" |t has superior durability.

27
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Readiness Levels

Generation Storage Transportation @to the Aircraft Safety
@ | J | 2 ; | 2

[33]

Safety

Gaseous Hydrogen &
Liquid Hydrogen
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Safety of hydrogen
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" | ow molecular weight

= More difficult to confine due to
rapid dispersion

* Non-toxic and non-poisonous

29



Additional Considerations
for Liquid Hydrogen

" | ow boiling point

= Conversion of ortho-hydrogen
to para-hydrogen releases heat
» "Burn-off* gas can cause:
 Burns to skin

* Structural failure in materials
such as carbon steel, plastic <
and rubber '

30



Hydrogen Detection

= Colorless, odorless, tasteless;
difficult for humans to detect alone

* Development of hydrogen sensors
allow for hydrogen to
remain purified and useable in fuel
cells

* Mercaptan (contains sulfur)
used for detection of gasoline
and natural gas

e Odorants such as this are
known to contaminate fuel cells

31



Hydrogen Skepticism

* Unwarranted reputation
* 1937 Hindenburg disaster
- Hydrogen blamed for fire

- Later found that outer layer
coated in reactive chemical
resembling rocket fuel, which
was the actual cause

" Easy to be misinformed

= Can be one of the safest and most
effective alternative selections




Potential
Climate Impacts

= Unlikely to completely eliminate
carbon emissions.

= Using carbon as fuel in the
production of consumer goods i.e.
soaps, fabrics and perfumes

* Gas fermentation

" Process in conjunction with use of
hydrogen would further minimize
carbon footprint from the aviation
industry.

T T gy




Generation Storage Transportation Into the Aircraft a Safety Readiness Levels @

) ) " Readiness
Levels
5 + &

Research Develop

[39]
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Our Readiness Timeline
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G Ove rn m e nt I m PaCt Carbon footprint of an airport
* Intergovernmental Panel on Climate Change e
. . . . . energy procurement
states that if rise in carbon emissions don't stop scope 1 4
. o Direct emissions
by 2025, damages may be irreversible fom negyproducer s
. Indirect emissior,ls
* Many governments have stepped in to Eﬂe e
. o o . . M Q. 0
create initiatives towards cutting the use of fossil S A
fuels =G

Source: Munich Airport www.bdl.aero

* The Green Hydrogen Catapult Initiative
(2020) (UN)

* Aerospace Global Forum (2022)(UK) L. ==
 Target True Zero initiative (UK) .. =

Natlonamall %
* The Aerospace Technology Institute s et

formed FlyZero
* The Department of Energy intendeds to A N

fU n d th e B i Pa. I’ti Sa. n I n fl"aStI’U CtU I"e LaW I «g CO2 per passenger per km additional impacts from non-C02 effects
(2 O 2 O) Source: BEIS GHG Reporting Conversion Factors 2019
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Airbus

Joint initiative with Air New Zealand to
research hydrogen-powered aircrafts for the

airline(Sept 2021)

Opened a Zero Emission Development
Centre for hydrogen technologies (May

2022)

Signed an agreement with “Linde,” an
industrial gas company, to work on
developing hydrogen infrastructure at

airports (May 2022)

Have a demonstration flight for the
A380 passenger airplane using hydrogen fuel

cells and burning hydrogen directly in an
engine (2026)

Liquid H, tank @

H2 Systems Cold Box Gas extraction

AIRBUS

Hydrogen Hub at Airports by Airbus

This concept involves collaborating with airpons to develop a stepped approach to

decarbonise airport facilities, ground operations and transportation using hydrogen
;E@ H p rrrrrrr on
® 2020
aaaaaaaaaaaaaaaaa ry
studiesintoaiport = " Airtransport ;
d energy

udies into airport
infrastructure and ener
production needs
A| rport
2023 Hyd rogen
Start of concept %
deployment at airports { &
worldwide ) \
® 2030
Ramp up of hydrogen
frast
: |

eeeeeeeeeeeeeeeeeeee

AIRBUS
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Start Ups @

| = Universal Hydrogen and ZeroAvia both have tested aircrafts
HYDROGEN . . 1
TANK " Liquid-hydrogen tanks onboard causes airliners to only travel
about half of gas-fueled plane’s range

|
O Universal — N
H Hydrogen v

—=ROANVIA

* Universal Hydrogen used a
modified ATR-
/2 regional airliner to turn a
turboprop-powered plane
into a hydrogen one

» ZeroAvia used al9-
seat aircraft

»  ZeroAvia has raised
over $140 million
in funding from

* Universal Hydrogen is :
investors

developing a jet engine that
can burn hydrogen for

longer-haul aircraft .




Research

A Dutch association is
retrofitting passenger propeller planes

Honeywell International Inc

announced new technology to produce
lower-carbon aviation fuel

Hydrogen

Aircraft Powertrain and Storage System
(HAPPS) was stared to build hydrogen
systems that retrofit existing regional
aircrafts

H2FLY is preparing fuel cell aircrafts
to integrate liquid hydrogen tanks

39
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