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Global hydrogen strategy

Hydrogen momentum keeps strong but investment decisions are
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Global hydrogen strategy

The formation of hydrogen valleys is a global phenomenon as an
important step towards technology incubation and a locally

integrated hydrogen ecosystem.

=== Netherlands I8 EU IPCEI B Germany Bl China
> HEAVENN > Blue Danube > Green Crane > H2Rivers/ > Norddeutsches > Pearl River Delta (Foshan)
> Hydrogen Delta > Black Horse > New Green Flamingo HZ2Rhein-  Reallabor > Beijing-Zhangjiakou
S¥= United Kingdom > Green Oclopus § Hea:a; , zI?IFaTsA > Rugao
> HyNet MNorth West England yeay fuﬂeﬁf
> BIG HIT Orkney Island | ® | Japan .
B Chile i’ > FH2R Fukushima
> Hydrogen
Facility 3 B B France
Initiative i > Zero emission valley
Auvergne-Rhone-Alpes
=
= USA 3 > Normandy Hydrogen
> ACES, Utah .\
Deployment Plan
> Port of LA, Shore to Store > Hydrogen Teritory
Project, California Bourgogne Franche
== Spain Comté
> Green Hysland > CEOQG, French Guiana
Mallorca _ p
=== Denmark === Thailand BN italy —— Austria BB Australia
> HyBalance > Phi Suea House > South Tyrolean = WIVA > Neoen Crystal Brook
hydrogen valley P&G Energy Park
> Eyre Peninsula
B Counries with hydrogen valleys on the initial platform Gateway

Additional countries with major hydrogen valley activity where outreach is ongoing
Source: FCH JU, Inycom, Roland Berger

Source: Mission Innovation Hydrogen Valley Platform www.h2v.eu
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Challenges in testing in hydrogen industry

Hydrogen industry customers have to cope with a variety of
challenges in testing. ZwickRoell offers comprehensive solutions.

Sophisticated testing
set-ups and ‘
infrastructure for all
relevant kinds of
materials

Static, dynamic, and
creep testing

Coupling of complex
loads and
environmental
conditions

Several physical
parameters
(e.g. electrical/
mechanical/
permeability)

Ensure safe
handling taking
into account the
high reactivity of
hydrogen with
oxygen

Create safe
infrastructure
concepts

Safety audits of
labs

Understanding
the standards
available today

Follow the
standards that are
emerging

Flexibility to
adapt to new
regulations
(HW/SW)

Learning the
OEMs/endusers
quality
requirements and
guidelines

Determine the
necessary
complexity of
your testing
device to meet
your objectives

Need for high-
skilled, experienced
personnel

Continuous training
towards
advancements

Analysis/
interpretation of test
results

Fruitful exchange of
findings with other
experts
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Machine and
applicances need to
be HIC resistant

Condition
monitoring

Specific maintenance
and service

Upgradeability
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ZwickRoell - Your reliable partner for materials testing

ZwickRoell offers a wide range of material testing solutions
covering the whole hydrogen value chain.

Intelligent Testing

Testing Solutions in the Hydrogen Technology Industry

Generation Transport Enduse 8
and storage

l
H, LH, .

T(:LZL — )|

|
Electricity generation Hydrogen production Gaseous & Liquid hydrogen Mobility (fuel cell, hydrogen engine, etc.)
(wind, solar, nuclear, etc.) (electrolyser, steam reformation (hydrogen tank and pipeline) Heat & Energy (fuel cell, heat pump,
and cracking, etc.) gas and steam turbine, etc.) : I
Feedstock Zwick / Roell
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Influences on material characterization

External influences parameters are defining the material

and component properties characterization.

Loading
time

(ms...year)

Deformation

(nm...m)

Mechanical Materlall
load « cCcomponent
(mN...MN) property

Media

Temperature

(-250°C...+2000°C) Nitrogen, Water,
Electrolyte, etc.)

(Hydrogen, Helium,
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Influences on material characterization

External influences parameters are defining the material
and component properties characterization.
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« fatigue * strain rate * creep * impact * torsion * impact (hit)
(drop-
weight)
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Electrolyzer and Fuel Cell
- Material

« Component

- Stack




Hydrogen production and electricity generation

An electrolyzer produces hydrogen and oxygen from water and
electricity. A fuel cell generates electricity by reaction of hydrogen

with oxygen.

RENEWABLE ENERGY SOURCES ENERGETICAPPLICATIONS
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l lectricity E Iectricityt

Q

E
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FUEL CELL

ELECTROLYSER STORAGE TANK

Source: Mancera etc. Electronics 2020, 9(5)

zwick [ Roell
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Fuel cells and electrolyzers

Testing is necessary for all key components of a fuel cell or
electrolyzer.

Proton Exchange Membrane
(Polymer)

Gas Diffusion Layer
(Carbon paper/cloth/felt)

Gas diffusion layer on the
anode side of Electrolysis
isTi

Bipolarplates
Gaskets
(Metal/Graphite
composite/Polymer)

‘ layer
Biopolar plate Proton-exchange Gas-diffusion layer
(flow field) membrane (microporous layer)
Assemblies and Cell stacks
Set up of a PEM fuel cell (Material combinations)

Source: Jiao etc. sNature 595, 361-369 (2021)
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Challenges for material testings of Hydrogen electrolyzer/fuel cell

Material testing is crucial for better performance and
properties of components in electrolyzers and fuel cells.

Research & Development/Quality Control

i i A bly the Stack
Evaluate raw material property Evaluate the mechanical/functional property ssembly the Stacks
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Testing requirements for PEM electrolyzers and fuel cells

ZwickRoell provides many crucial testing solutions for PEM
electrolyzer/fuel cell - without hydrogen.

Tensile strength
Elongation

Peel test

Creep test

Components
for fuel cells

Flexure and Puncture tests

Thickness,
Electrical resistance,
Assembled Air permeability
cell measurement under
compression

=g
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Testing requirements for PEM electrolyzers and fuel cells

Mechanical loading during assembly/working changes material
properties and this impacts the performance of the product.

Thickness under Compression (TUC)

Uncompressed: Thickness 5,
Lan o
Channel £
Sys
y tem vle
. Compression Load (MPa)
Uncompressed; - Resistance under Compression (RUC)
T
g
Conductivity :
Uncompressed
\\
Compressed -

Permeability \\ :

ompression Load (MPa)

Source: Song etc. Renewable and Sustainable Energy Reviews 153 (2022)
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Solutions for PEM electrolyzers and fuel cells

ZwickRoell offers a combined testing solution that measures
thickness change, electrical conductivity and permeability at
different loading types.

Typical GDL samples Sample fixture

/
Function: Compressibility

Function: Electrical resistance

‘\'

/ Z)

S—"
-
- ~

I{‘

J’

permeability

Square-shape sample

Round-shape sample

Ring-shape sample: air permeability
measurement

1)
H
H Function: Air
4

Function:
Temperature

zwick [ Roell
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Pipeline and Tank

* Ex-situ solutions

* High Pressure
Cryogenic temperature




Hydrogen transport and storage

Hydrogen is usually transported or stored at high pressure or
under cyrogenic temperatures.

100
LH, Liquid Hydrogen
Eatl | [Gio conpmmsnidtheuacs For vessels, tanks, tubes, and pipes,

predominantly used:

Compressed Gaseous Hydrogen

- Testing under compressed hydrogen
conditions

\ . .
CGH,-700bar/288K [T For aerospace, space, and special materials
A . SR S S w— o — = o S

- Testing under cryo-liquid conditions

CGH, - 350 bar / 288 K
: w—

20 A1
28> CcH
101 %/ 20 bar 2 ’
ara o
0 / 5 L) Ll T Ll T l T T T
20 ‘40 60 80 100 120 140 160 180 200 220 ' 240 260 280 300
33K Temperature [K] -40°C

Source: Barthélémy, H. etc, Int. J. Hydrogen Energy 2017, 42, 7254-7262.
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Challenges for our customers — material compatibility

Mechanical testing is able to identify materials compatibility in
the suitable application area.

Hydrogen at Hydrogen at Hydrogen at phase
dislocations precipitates and their boundaries
interfaces

Hydrogen at surfaces
and surface oxides

44444
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Hydrogen at surface

‘\ prwpnutrs
2000000900+ :
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e textur
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Hydrogen at Hydrogen at grain Hydrogen at grain
voids bondaries bondary triple lines

Hvd *0000 g m‘b
ogen at BESIERNY 0D lattice defects
solutes 0000 $
2000 000090355 Hydrogen at crack tips
20000 0 N and internal interfaces

. © CEphoto, Uwe Aranas, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=34188855
© source: Koyama etc. Matera Sci Technol, 2017, 33(13): 1481-96

zwick [ Roell
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Testing requirements for Transport and Storage

ZR already provides many crucial testing methods for H, testing

for tubes, pipelines and tanks.

Tests at ambient
pressure and RT

Tests under
compressed
hydrogen

Conventional tests with samples ,loaded
and aged’ with hydrogen

Tensile test, e.g. SSRT
Fatigue test
Fracture mechanics, crack growth

Hardness test

20K with or w/o hydrogen environment

Tensile test, compression test, shear test,

Fracture mechanics, crack growth
Pendulum impact test at 15K .. 20K

A
Metals
Tests under
comPOSite cryogenic flexure test
sPlastics temperatures Fatigue test
(down to 20K)
22 26.10.2023 Ulm/Dr. Chen Cao
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Standards in hydrogen testing

Already, there exist a number of internationally recognized
standards for testing in context of hydrogen. Experts of
ZwickRoell are involved in the standard committees to support
future testing regulations.

BRNRRRNRRNNNNN [

H

: L P S B N V2 P o Tl W
reep S t t 1 1 2 1 . T s T : t t . 2 g
| | aa | | a [ aaila] |
Creep SSRT Creep fatigue / quasi-static / fracture mechanics LCF / HCF

TESTING SPEED

Servo-hydraulic
Nanoindentation 1 5 . inen H, charged
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Standards in hydrogen testing

There exist already standards relating to the material
compatibility in hydrogen environment.

— GB/T 34524-2 (storage and transportation system for gaseous N rix ANS1/CSA CHMC 1-2014
hydrogen, part 2: test methods for evaluating metallic material @' Group

compatibility in hydrogen atmosphere)
— ANSI-CSA CHMC1 (testing methods for evaluating material

compatibility in compressed hydrogen environment) G
Test met \ S |
— 1SO 11114-4 (Compatibility of cylinder and valve materials with compati - ) L
gas contents ) applicat v|v 42 A B Ik i [FE [FE 3¢ b dE
/T 34542.2—2018
— Method mentioned in the standards: @Ndsdm Lt 190 111142017
* ISO 11114-4 targeted for gas cylinder: method B in-situ fracture
mechanics test with autoclave to measure KIH; method C: constant Tf‘a}”zpoftag‘e g|35 cyl itﬂd,ef‘S - C_fhmgpatibi“ty of a4y
1 H Cylinder and valve materials wi das A :
dlsplacement measurement in autoclave. contents - Part 4: Test methods for selecting IS R
* ANSI-CSA CHMCT1 targeted in general material compatibility with steels resistant to hydrogen embrittiement )
compressed hydrogen applications and serves to provide a basic (150 11114-4:2017) i

comparison of materials performance.

» GB/T 34524-2 targeted in general material compatibility with
compressed hydrogen applications.
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Standards in hydrogen testing- Pipeline

ASME B31.12 plays a central role in materials testing
here as the leading standard for tests on hydrogen-

carrying pipes and pipelines. e

y g p p p p ME B31.12-2019
* Material compatibility testing is needed in pipeline design. '
« ASME standard defines two methods of design, one is based Hydrogen P|p|ng

on the testing and the other is one performance.

and Pipelines
— The performance design is preferred due to a lower P
design factor, which requires testing based on ASME ASME Code for Pressure Piping, B31
BVCP Section VIl article KD-10 and ASTM E1820.

— ASTM E1820 gives the general introduction of the facture
mechanics testing but missing the detailed requirements
on the testing chambers and hydrogen conditions.

%ﬁ Thn h-ﬂel Souhlr of
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Solutions for Transport and Storage (pre-charged specimen)

Nowadays the majority of tests are performed with externally
charged samples.

Hardness test: Typical application is pipeline, tubes

'.I'errglcl)e()tggs; Creep test: quality control due to and tanks. Materials (mostly metal) need to be
< ISO 527 possible hydrogen embrittlement measured with pre-charged samples.

Micro hardness test on welded joints (ISO 22826)

ic:lsl::gsby plating/coating processes Mapping function on welded joints (ISO 9015)
« ASTM F519-13 * IS0 2639: CHD to check the success of the heat
« ASTM 1624 treatment
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Solutions for Transport and Storage (pre-charged specimen)

K1H testing according based on ASME B31.12 offers a

way of qualifying hlgh-strength line-pipes for H2
transport.

KIH testing system:

> Constant displacement:
No machine & manual loading
ClipOn extensometer

> Constant force: Creep testing machine = i s s I

Apply Expose in HP

l
|
Machine CT- Fatigue pre- | displacement Move to test H2 for I Evaluate in
sample cracking [ in glove box position 1000hrs : SEM/optical
l
l dyn. mcs. adhedied  dh il 'I' e
B — l necessary — 5
T ___. = I H, i 1 §6 = constant
e i —
I _._.' H, | |

Source: Tazedakis et al.; Qualification of High-Strength Linepipes for Hydrogen Transportation based on ASME B31.12 Code; Pipeline Technology Journal; Issue 1/2021
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Solutions for Transport and Storage (In-situ)

In-situ testing is significant to characterize the material under
high H, pressure influence.

1000bar system-together with MPA Stuttgart

Testing system to perform

* Tensile tests (@ 3- 8 mm)

« Fatigue tests (@ 3- 8 mm)

* Fracture mechanics tests (max. CT25)

Testing in

*  Media: H, and reference medium
« Temperature range: -85 °Cto +150 °C
« Max. hydrogen pressure: 1000 bar

*  Fmax: 100 kN

« Max. testing frequence: 70 Hz

*  Max. amplitude: Tmm

* Min. testing speed: < 0.01 mm/min
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Solutions for Transport and Storage (In-situ)

In-situ testing is significant to characterize the material under
high H, pressure influence.

E(SDSS E@s % BSH571 DlN@us Dm@izs ® BSEET
CT:frobe CT:Probe CT-brobe SENT-Probe (mit Pin, W/BS1) Form B Form B ASTM 14216129 SENT-Probe (WIB=1)
i i i Fmax. 30N M16 Probe M12 Probe Mi12c1,5 Fmax. 30N Z i c kR el I oo a r S Ste
is s is ‘ n , o 4 b m
Fmax. 12N Fmax 20N Fmax. 30N y
Ky, 087030 056293 056293
723 BPSGROI07508  BPSGROI07S05  BPSGROINO7S05
e <, 058

oy R T Testing system to perform
‘ | ’ : * Tensile tests

« Fatigue tests

« Bending tests

* Fracture mechanics tests

ZEANANANNNNARRRRNNNS
1]

Testing in

* Temperature range: RT

*  Optional: -60°/+100°C.

« Max. hydrogen pressure: 400 bar

*  Fmax: 100 kN

*  Min. testing speed: 0.01 mm/min
« Actuator stroke: 100mm

« Hydrogen pressure vessel with mechanical pressure
compensation and internal load measurement to
compensate friction
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Solutions for Transport and Storage (In-situ) - Metals

In-situ testing is significant to characterize the material under H,
pressure influence.

ZwickRoell Hollow specimen testing system

@6 +0,02

Testing system to perform
It « Slow strain rate test
« Creep fatigue

<$ «  Compression test
s 2 Testing in
N * Temperature range: RT

200 ¥52'98

« Max. hydrogen pressure: 200 bar

* Hollow specimen testing system providing
an easy handling in-situ compressed
hydrogen environment, suitable for a
standard lab without special safety
measures.

I
@2 HY

Specimen adapter for testing hollow specimens Hollow specimen filled with compressed H,

30 26.10.2023 DivigkBo@herd (e Testing Forum 2023 Dr. D. Beitelschmidt Zwick I Roell



Solutions for Transport and Storage (In-situ)

ZwickRoell offers static/dynamic testing machines with continuous flow

cryostat.

Fracture
mechanics

Dynamic/Static testing machine HB100 with
Cryostat (LN,-LHe-LH,) system

Tensile tests
Fracture tests
Fracture mechanics tests

Testing in

LN,/LHe/LH, stepless temperature adjustment
from room temperature to -258°C/15K.
Elongation measurement/ Bending unit with
measurement of deflection with low temperature
clip-on gauges/deflectometers

pressure: max. 1 bar

Application of load with special load bridge with
alignment unit

Low temperature grips for tensile-, fracture
mechanics and bending tests

Optional: H,-environment

31 26.10.2023 Ulm/Dr. Chen Cao

zwick [ Roell



Solutions for Transport and Storage (In-situ)

ZwickRoell offers static/dynamic testing machines with cryostat and
additional temperature chamber.

Static/Dynamic testing machine
Z100 with Cryostat (LN,) system
* Tensile tests

Bending tests

Fatigue tests

Fracture mechanics tests

For static and dynamic tests at

77K with composite specimen,

plastics and other materials.

Testing in
* LNZ2 immersion cryostat down
to 77K

* Pressure: max. 1 bar
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Solutions for Transport and Storage (In-situ)

Metals can be tested at low temperatures down to 15K
with a pendulum impact tester HIT750 (max. 300J).

* Pendulum impact test according to DIN

EN ISO 148 and ASTM E 23 at low
temperatures at min. 15K

* Instrumented fin according to ISO

14556

* Charpy specimen dimensions

T10xTOXx55mm

* Direct LHe/LN2 cooling system with

specimen mounted in testing position

detail

r~ bid4 V

w

| g
Ak

33
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Examples of customer projects

From idea to realization: our cooperation allows customers to
successfully build advanced hydrogen testing labors.

empowered by technology

o Application: Aerospace . Application: Fuel cell
Application: Transport and storage Cryogenic temperature solution- compressibility-electrical resistance-

400 bar system gal(ogenic temperature solution- 77K, 20K permeability solution
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Your solutions by ZwickRoell

ZwickRoell provides a holistic customer support from first ideas
to successful operation of the hydrogen testing lab.

Training O

Warranty,

Customer o Highest ! &onqun
Consulting - quality om'gorlng
' hardware , Service,
- Cooperation with and Upgrades

®
specialized TIC testXpert
companies software

zwick [ Roell
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ZwickRoell solutions in hydrogen industry

ZwickRoell offers testmg solutions covering the whole hydrogen
value chain.

Intelligent Testing

Testing Solutions in the Hydrogen Technology Industry

Generation Transport Enduse
and storage

) BHEHS
\ ;
(: Li = 7 My
Electricity generation Hydrogen production Gaseous & Liquid hydrogen Mobility (fuel cell, hydrogen engine, etc.)
(wind, solar, nuclear, etc.) (electrolyser, steam reformation (hydrogen tank and pipeline) Heat & Energy (fuel cell, heat pump,
and cracking, etc.) gas and steam turbine, etc.) . I
Feedstock ZWICk Roe"
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