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| UH4=2(Liquid Hydrogen)

(Lh2 in bubble chamber)

Clear transparent liquid
Boiling point : 20.27K at 1 atm, e-H2
Melting point : 14K

Triple point : 13.8K, 7kPa

Density = 70 g/L at 20K, latm

Gas/liquid volume ratio = 850

Latent heat of vaporization = 446kJ/kg (e-H2), 454 kJ/kg (n-H2)

Latent heat of fusion = 58.1 kJ/kg @ triple point
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1670 — Boyle produced hydrogen

1898 — Dewar liquefied hydrogen

1909 — Linde process for LH2 production

1943 — Test of LH2 for rocket fuel at Ohio State Univ.

1952 — First non-refrigerated transport tank (Johnston) for thermonuclear research by AEC
1954 — First test of LH2 rocket engine by NACA

1955 — Large scale LH2 production at NBS-Boulder

1956 — First LH2 tanker trailer (U-1)

1957 — Extensive cryogenic engineering and materials R&D produced by NBS-Boulder, MIT, and OSU
1957 — Mama Bear on-line at West Palm Beach (4,500 kg/day)

1959 — Papa Bear on-line at West Palm Beach (27,200 kg/day)

1959 — New space program: LH2 work accelerates through the 1960s
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Air-transportable dewar for 750 liters of liquid hydrogen

developed by H.L. Johnston. ca. 1952. _ *The U-1 semi-trailer (top) first used to haul liquid
*First LN2 shielded vessel (77 K radiation shield). hydrogen (1956).

*Built by the Cambridge Corporation, it had a capacity of
26,500 liters, with a loss rate of ~ 2 % per day.

*Mobile hydrogen liquefier developed for the Air Force by H. L. Johnston, Inc. in 1953.
*Mounted on three semi-trailers and capable of producing 100 liters per hour of 45 % liquid
parahydrogen.

*Gross weight was 25 metric tons; required 105 kW of electric power for operation.

=X: NASA-KSC
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Purification and liquefaction of H 300 m' storage tank for
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Enabling Technology of Insulation

March 12, 1946. L I. DANA 2,396,459
INSULATED CONTAINER FOR LIQUEFIED GASES AND THE LIKE June 23, 1953 W. D. CORNELL 2,643,022
Original Filed Dec. 7, 1939 2 Sheets-Sheet 1 RADIATION SHIELD SUPPORTS IN VACUUM INSULATED CONTAINERS

Filed Aug. 15, 1947 2 Sheets-Sheet 2

Key Ingredients:
*Welding & metallurgy for
high vacuum
*Multilayer Insulation (MLI)
*Getters & adsorbents
*Seals (Teflon)

Nov. 7, 1961 L. C. MATSCH 3,007,596
THERMAL TNSULATION
Filed July 16. 1956 L z =

Radiation Barriers

fg‘,% 2 Fibrous Separating i)
\ 2

Material

INVENTOR

WILLIAM D. CORNELL
BY

ATTORNEY

<— Reflected Radiation

~<—-Incoming Radiation HZ o g

ATTORNEY
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(Source : Linde, NASA, Cryofab)
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3500 kg LH,/
trailer: 3
times aweek

\LH2

Source: BMW
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+ H2 flames have low radiant heat A= QEEO AIRE 02 FAE QA=
- No carbon + water vapor J1= SEA O %10| 7+ o1 O

- Very light, high diffusivity (2x of helium, 6 x of NG) : £ FRAZLL A X0|7F G2,
- 20m/s, 72 km/hr in air %3' o-"l*‘"-f—_ﬁ_o_l %l é;OI- X'IQOIEE J_I_OI'

» Difficult combustible situation

- High buoyancy and diffusivity
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I Liquid Hydrogen footprints
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https://youtu.be/savNYJXJnN8

I Liquid Hydrogen footprints
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METAVISTA INC. 12:07:05
HOUR(S):MINUTE(S):SECOND(S)
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KOREA, REPUBLIC OF (DAEJEON) 03 APRIL 2019

The longest duration RC muiticopter flight is 12 hr 7 min 5 sec and was achieved by
Metavista Inc. (South Korea) in Yuseong-gu, Daejeon, South Korea, on 3 April 2019

Metavista Inc. (South Korea} is a liquid hydrogen specialist.

http://www.guinnessworldrecords.com/world-records/longest-

rc-model-multicopter-flight-(duration)

CERTIFICATE

The longest duration RC
multicopter flight is 12 hr 7 min 5
sec and was achieved by Metavista
Inc. (South Korea) in Yuseong-gu,
Daejeon, South Korea, on 3 April
2019.

OFFICIALLY = l
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http://www.guinnessworldrecords.com/world-records/longest-rc-model-multicopter-flight-(duration)
http://www.guinnessworldrecords.com/world-records/longest-rc-model-multicopter-flight-(duration)
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Canada
Capacity: 81 TPD Germany

Netherlands Capacity: 5TPD
Capacity: 5TPD .

France
Capacity: 10 TPD

USA
Capacity: 214TPD

French Guyana ~
Capacity: STPD

Brazil

= Air Products

china
Capacity. 1TPD

C.:

India
Capacity: 2 TPD

31%

= Air Liquide Praxair = Linde/BOG = lwatani = Others

Japan
Capacity: 26 TPD

Australia
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Air Products plans to build liquid hydrogen Air Products to Build Second Liquid
o Hydrogen Production Facility in California
plant in Texas, US

By NS Energy staff writer 13 Sep 2018 Additional Liquid Hydrogen Capacity Needed to Meet Increasing
Market Demand

OIL & GAS DOWNSTREAM REFINING & PROCESSING

January 07, 2019 Lehigh Valley, Pa.

Air Products has announced plans to construct a new liquid hydrogen plant at its La Porte, Texas Air Products (NYSE: APD), the leading global hydrogen

industrial gas facility. provider, today announced plans to build a second liquid
hydrogen production facility in California to meet increasing
product demand from several customer markets, including the
growing fleet of hydrogen fuel cell vehicles (FCV) in the state.
Project development work is already underway with an
anticipated facility onstream during the first quarter of 2021.

“Current customer demand for liquid hydrogen is driving the
need for this new investment as we are experiencing growth
from many traditional market segments, for which a reliable

. 1 IEEiER= =1 source of this product is vitally important. Additionally, this
Image: Air Products’ La Porte facility in Texas. Photo: courtesy of Air Products and Chemicals, Inc. new capacity will be available for the steadily increasing
With capacity to produce approximately 30 tons per day, the new liquid hydrogen plant of Air demand from hydrogen fuel cell vehicles,” said Marie Ffolkes,
Products is intended to meet increasing product demand from customer markets. president, Americas at Air Products.
. : «c NA = A 2 K=
Air Products : O|=F Texas La Porte0i| Air Products : +2% § 20 O, 0=
-l = ZH Al 1T OHSl=2H E Ad
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Praxair to build new liquid hydrogen plant in La Porte Texas

By Jemima Owen-lones | 7 November 2018

Praxair, Inc., a wholly-owned subsidiary of Linde ple, the leading global producer of liquid hydrogen
{H3), has commenced construction of its fifth liquid H; plant in the US, adding geographic and source

diversification.

The new investment in La Porte, Texas, is in response to growing demand from customers in sectors
such as material handling, aerospace, manufacturing, metals, emergy and electronics.

Praxair's new plant, scheduled to start up in 2021, will produce over 30 tonnes per day of high purity
liguid Hz. It will be integrated with the recently constructed air separation plant in La Porte, resulting
in energy and capital cost savings.

The new plant will complement Praxair’s existing liquid H; plants in California, Alabama, Indiana and

New York and will enhance supply reliability.

Praxair operates over 50 H; generation plants and six pipeline networks globally. The La Porte
H; liguefier will be integrated with Praxair’s 350-mile gulf coast H; pipeline network and storage

cavern.

Praxair(Linde 100% XI2|A}): O|= Texas La
Porte0l| 30ton/day 29| 4l WSISHE
HH, 2021H8E 28

SITHo)| kx| WHE S20| O|F X[ US

Air Liquide to build $150m liquid hydrogen production plant in
western US

By Nick Parkinson | 26 November 2018

Air Liquide will begin building a $150m liquid hydrogen production plant in the western US early in
2019.

It will be the first world scale liquid hydrogen production unit dedicated to the hydrogen energy
markets and have a capacity to produce nearly 30 tonnes of hydrogen per day, which can fuel 35,000
Fuel Cell Electric Vehicles (FCEVs).

Air Liquide has signed a long-term agreement with FirstElement Fuel Inc (FEF), a leader in retail
hydrogen infrastructure in the US, to supply hydrogen to FEF's retail liquid hydrogen fuelling stations
in California.

There are 35 hydrogen fuelling stations operating in California, with 29 others to follow, according to
the California Fuel Cell Partnership.

Air Liquide will be able to provide a reliable supply solution to fuel the 40,000 FCEVs expected to be
deployed in the state of California by 2022 with this investment.

Air Liquide : 2| ZL|O} X[ +=AFSHA AIY
X}l ‘First Element Fuel'®f| 335}7| ¢/%t
30ton/dayti 2 MIIEHE 74H, 20229 2&
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[No. of plants] 3

[Sales of LH2] about 42,000K m3 (FY2013) Osaka
[No. of Customers] 63 (FY2013)

v.»“ Twatani gas Co.(Chiba Plant, from 2009)
W Location
Ichihara city. Chiba pref
W Production Capacity
5 X o
GH2: 600Nm3 #H x Lunit - S

Yamaguchi

- 1 line ‘2 lines

Hydro-Edge Inc. (from 2006)

Production capacity will be
~doubled in Nov. 2017 (Yamaguchi)
*1.5times in Jul. 2019 (Osaka)

W Location <
Sakai city. Osaka pref

W Production Capaci
- LH2:3,000L~H
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First commercial liquid hydrogen plant in China

By Vickor Lesang | 19 July 2019

MAll=4 SHE iy

5h2 055 M FHSE HE2S
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Z1AIH =2, 20239708 2909 2le| HoEg S
Zhejiang Jishws Enengy Chemical Industry Co Ltd announced it has recently signed two agreements SEE JIAL | nam@gasnews.com
with Zhejiang Energy Group Co Lid for a hydrogen pilot Liquefaction plant.
= =, ore s
S N dHX| 2F: 2019d &S S8 st3o| AL Sz 7|2 N oA
E XX9 JEg UISHE HE T

24p



| Ol BHH Z=Q T2 M E : Hydrogen Energy Supply Chain (HESO) pilot project
DUR TRHE HS S A HH 24 R MH

|

Expected CO2-free H2 Supply chain

= WinRdyHydro, NG H2 N 5?3%‘,:"-'"” J—

a‘ Hydro HZ/&




O| A2} Urban Aeronautics CityHawk

HE{E| 28 ZEEEIY AA
ER N =

1

7

Moz

= —

oK - 2

A

O|= Alaka'l flying car, Skai

Up to 4 hours
200 or 400-liter liquid hydrogen onboard
tank. Refueling takes less than 10 minutes.
4 passengers with an onboard pilot, and 5
passengers with autonomous control or using a ground-
based pilot.

26p



| wniea mze zeme Hg oo 2ua)E

ZeroAvia plans to start supplying its
platform to commercial operators and
aircraft manufacturers in 2022, initially
targeting up to 500-mile regional flights in
10 to 20-seat fixed-wing aircraft

Farther in the future, hydrogen tech could
be used for long-haul flights. From a
technical standpoint, it would be feasible
now with liquid hydrogen storage

ZeroAvia
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CHEETA-the Center for Cryogenic High-Efficiency Electrical Technologies for Aircraft

the development of a fully electric aircraft platform that uses cryogenic liguid hydrogen as an energy storage method

Conventional fuselage promotes ease
of engineering and manufacturing

High-sweep inboard for low
compressibility losses with
thick-wing storage

Hybrid wing-body

Aero-structural-thermal
optimized wing design
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Concept sketch of a fully electric aircraft platform that uses cryogenic liquid hydrogen as an energy storage
method. CREDIT: University of lllinois at Urbana-Champaign Department of Aerospace Engineering

NASAZ} X7| 37t g0 EF HE K&

University of lllinois, the Air Force Research
Laboratory, Boeing Research and Technology,
General Electric Global Research, The Ohio State
University, Massachusetts Institute of Technology, the
University of Arkansas, the University of Dayton
Research Institute, Rensselaer Polytechnic Institute &

&0
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EU ENABLEH2 H2020 Z=ME

LH2-based propulsion technologies for zero mission-level CO2 and ultra-low NOx emissions for safe and sustainable civil aviation

7| Z=2HE 7|7k 20184 9&~2021 8&

£ 7|2t : Cranfield University, Chalmers University
(Chalmers), London South Bank University (LSBU), Heathrow
Airport, GKN Aerospace Safran, the European Hydrogen
Association (EHA), Arttic &
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U.S. Army grant supports development of hydrogen-powered

Unmanned Aerial Vehicle

\"

Jacob Leachman, associate professor in Washington State
University's School of Mechanical and Materials
Engineering, has received a $1.8 million grant from the U.S.

Army to demonstrate a liquid hydrogen-powered UAV and
refueling system.

Phantom Eye's Next Generation

Liquid hydrogen-powered high altitude long
endurance unmanned aircraft

20151 ASREY GuiR) B = Ho| SAXO YEFH
g Ao, AT 2F BY Y 59 Ho= X
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Once the Amazon space station opens, Bezos
expects that the first deliveries will be of liquid
hydrogen and liquid oxygen. “It's going to be a
small selection but a very important one,” he joked.
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ation (group): Kristiansund

e(m3) 61,400 '

Location (group): Alesund
Required LH2 Storage (m3
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Regional storage needs for LH2 Liquefied Hydrogen Bunker Ship
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SF-BREEZE ZERO V : a coastal research vessel
Top Speed: 35 knots

Power Plant: PEM fuel cells

LH, Tanks: 2 Type C tanks, ~5500 kg of LH, each
L. Power: 10 x 180 kW PEM fuel cell racks (Hydrogenics)
Fuel: Liquid Hydrogen Propulsion: 2 x 500 kW PM motors

Passenger Capacity: 150 Endurance: 15 days
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Previous Model:

S S

Current & Future Model:
Liquid Pu

ey, o

Limited Capacity Stations of 400 kg / day or Less

Higher Capacity of 800 kg / day +

Compression and Refrigeration Required -
More components / Lower Reliability

Stations use Liquid Pump Technology -
Fewer Components / Fewer Points of Failure

High Energy Consumption - Greater OpEx Costs

75% Reduction in Energy Use - Lower OpEx Costs

Higher Capex for Station Equipment

Lower Capex & Smaller Footprint for Station Equipment

More Frequent Deliveries and Larger Footprint for Storage

Less Frequent Deliveries and Smaller Footprint for Storage

Inefficiencies of Distribution and Delivery Drive up Cost

Superior Delivery and Distribution Provides Lower Cost of
Delivered Product
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Hydrogen in
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