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HYGRID Workshop 2018- on Flexible Hybrid Separation System for H, Recovery from Natural-Gas
Grids

SAES hosted the HYGRID Exploitable Workshop on flexible hybrid separation for H, recovery from NG
grids. The focus was on hydrogen generation, distribution and transportation, challenges of distributing
hydrogen into the NG networks and the purity requirements.

The workshop was part of the first transfer of knowledge event of the HyGrid project, contributing to the
increase of knowledge, and competitiveness of the hydrogen economy in the EU community.

In the following section the announcements, the presentations and some of the moments of the workshop
are presented.
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Summary

Opiecives Exploitation Workshop on Flexible Hybrid separation
Partnership for H2 recovery from NG Grids

Dissemination Lainate, Italy, May 17, 2018

Communication

We are pleased to invite you to the 1st Exploitation Workshop of the HyGrid Project.

Presentations

HyGrid aims at developing an advanced high performance separation system for hydrogen
recovery from NG grids. One of the main problems for the implementation of the hydrogen
2 e based economy is the transportation from production centres to the end user both industries
and population. To solve this problem, besides the in-situ production of hydrogen, the use of

Publications

BV the existing Natural Gas network has been proposed for storing and distributing hydrogen.
Links However, cost effective separation technologies for direct separation of hydrogen from the

natural network should be developed for separating and purifying the hydrogen to match the
Contact s end user requirements.

HyGrid system combines three different technologies (electrochemical separation, membrane
separation and temperature swing adsorption) to develop a cost effective H2 separation pilot
from low (2-10%) and very low (< 2%) H; blends in natural gas grids.

This project has recaived funding from tha
Fust Celis and Hydrogan 2 loint Undartaking
undar grant agraemant No 70035, This loint
E:i:'::liizlffof“ pe Ry The project targets a pure hydrogen separation system with power of < 5 kWh/kgy, and cost of
innovatian programma and Hydrogen Europs <15 €/kgH2. The pilot will be designed for the separation and purification of >25 kg/day of

ReCHAR hydrogen (ISO 14687).

@ - Programme

Presentations will be given by both Academia and Industry. The complete programme can be
downloaded at the following link: Agenda HyGrid Workshop 2018.

Important dates
Date Event
11" May 2018 Deadline for registration
17" May 2018 Workshop
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Registration

Attendants should register filling in the attached file: HyGrid_Workshop_Registration_Form and
sending it at the following email: HyGridWorkshop2018 @tecnalia.com.

Participation to the workshop is free of charge.

Venue

The Conference will take place at SAES Getters SpA, Viale Italia 77, 20020 Lainate, Milan, Italy,
WWW.Saesgetters.com.

SAES is located about 36 Km from Malpensa Airport and about 22 Km from Milane city.

Taxi is recommended when landing at Malpensa airport.

Alternatively, every 30 minutes a train can be taken to Saronno station and then a taxi (about 8
km).

Accommodation

Hotel Litta Palace, Lainate, http///www.hotellittapalace.comy/en/home/

Contact the hotel directly for the reservation and ask for the special fare guaranteed for SAES
guests. Please make the reservation within April 15th

To reach the hotel, look at its web page: http//www.hotellittapalace.com/en/contacts,

Star Hotel Gran Milan, Saronno, httpsy//wwwistarhotels.com/it/i-nostri-hotel/grand-milan-
saronnoy/

Contact the hotel directly for the reservation and ask for the special fare guaranteed for SAES
guests. Please make the reservation within April 15th

The hotel is at walking distance from Saronno train station and there is a direct train Line from
Malpensa.
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FLEXIBELE HYBRID SEPARATION SYSTEM FOR H2 RECOVERY FROM NG GRIDS

FCH-2 GRANT AGREEMENT NUMBER: 700355

10:30 - 11:00

11:00-11:15

11:15-11:30

Agenda

Registration/Coffee

Introduction to SAES Group and SAES Ha purifiers
Marco Succi (SAES).

HyGrid Project: objective and scope
Fausto Gallucci (TWE).

11:30 — Session 1 — Industrial presentations

11:30-11:50

11:50-12:10

12:10-12:30

12:30 - 13:30

Hz generation by steam reforming
Emma Palo (KT Kinetics Technology Spa).

Pressurized Alkaline and PEM electrolyzers for Power To Gas applications
Guy Verkoeyen (Hydrogenics).

The challenge of distributing Hydrogen into the natural gas network
Angel Gutierrez (NORTEGAS).

Lunch

13:30 — Session 2 — HyGrid presentations

13:30 - 14:00

14:00 - 14:30

14:30 - 15:00

15:00 — 15:30

15:30 - 15:50

16:00-17:30

Hydrogen separation using membranes
Alfredo Pacheco (TECMNALIA) & Giorgio Macchi (SAES).

Electrochemical hydrogen compression and purification
Leonard Raymakers (HYET).

Design of the HyGrid prototype
Leonardo Roses (HYGEAR).

Coffee Break

Purity requirements for hydrogen applications: the latest on the 15014687
Arul Murugan (MNPL).

Visit to SAES Pure Gas Handling and other SAES Laboratories (SAES).

17:30 — End of the meeting
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Core Business

SAES® is an advanced functional materials Group, focusing its business on the
development and production of proprietary and specifically engineered solution
(components and systems) for many industrial and scientific applications.

The wide technological portfolio and the full vertically integrated production processes make
SAES a world leader supplier of hi-tech, high quality solutions like:

B Getters components and systems
to guarantee the proper vacuum conditions,
modified atmosphere or gas purity in a variety of
applications spanning from consumer electronics
up to scientific research areas

B Nitinol based components
for the healthcare market (minimal invasive
surgery: e.g. stents)

B Shape memory components and systems
like actuators and valves for consumer electronics,
automotive and white goods industries

B Functional composites and coated films
to protect goods for the packaging industry

7/6/2018 2 OSAES Group making innovation happen, together



Global Presence
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SAES Group is present in the world with eleven manufacturing facilities,
distributed across Europe and United States, and has an active sales and
technical service network on a global scale.

7/6/2018 3 ©SAES Group
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SAES Group Sales - 2017

M€

250,000 -

1443] 7553

200,000 -
——
-148.6
u =

150,000 - :
100,000 -
50,000 -
1386
0,000 = . . .

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Consolidated Net Sales = Total Sales of the Group*

* Achieved by incorporating the 50% joint venture Actuator Solutions, the 49% joint venture SAES RIAL Vacuum
S.r.l. and the 33.79% joint venture Flexterra with the proportional method instead of the equity method
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Consolidated Net Sales
by Geographic Area

Other Asian
countries  QOther Italy
South Korea 8,5% 0.9% 2,1% European

countries
17.7%

5,2%

China
21,7%

I

Japan
2,5% North
America
41.4%
7/6/2018 5 ©OSAES Group

SAES Group Sales - 2017

Total Revenues of the Group
by Geographic Area
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. Business Organization

7 | INDUSTRIAL APPLICATIONS

i ™ Getters & Dispensers

o ® Solutions for Vacuum Systems

TN ¥ sintered Components for Electronic Dev. & Lasers
& " Systems for Gas Purification & Handling

SHAPE MEMORY ALLOYS

u Nitinol for Medical Devices

. SMA for Thermal & Electro Mechanical Devices

ADVANCED PACKAGING

" solutions for advanced packaging

BUSINESS DEVELOPMENT

" Organic Solutions for Electronic Devices

7/6/2018 6 OSAES Group making innovation happen, together



SHAPE MEMORY ALLOYS BU

® Nitinol for Medical Devices - about 28,7%

This Business Area follows all SMA medical applications. NiTinol is used in a wide
range of medical devices, particularly in the cardiovascular field. Its superelastic
properties are ideal for the manufacture of devices used in non-invasive surgery
such as catheters for navigating within the cardiovascular system and self-
expanding devices (aortic and peripheral stents or cardiac valves).

® 5MA for Thermal & Electro Mechanical Devices - about 4,1%

A The shape memory alloy property is used in the production of various devices
Jﬂ (valves, proportional valves, actuators, release systems, mini-actuators). This

I Y Business Area follows the use of SMA devices in the industry that is transversal to
many application areas, including consumer electronics, automotive, home
automation, and white industry.

Cardiac Valves Guidewires & Catheters Wires & Springs SmartFlex’ Actuators

7/6/2018 7 OSAES Group making innovation happen, together



ADVANCED PACKAGING BU

® Solutions for Advanced Packaging
The SAES Group has recently expanded its business offer adding flexible
packaging materials, focusing on the development of high performance
polymer coatings for plastic films, with a particular focus on biocompatibility
and low environmental impact. Unique expertise in this field is the result of
SAES investment in the field of innovation and research of "hybrid"
technologies that integrate getter materials into polymer matrices.

SAES developed an innovative packaging that can be used when its contents
i | are environmentally sensitive. In fact, thanks to the active coatings, the
’l | packaging incorporates, in addition to the traditional protective functions,
" ; the ability to increase the life of the product or improve its features.

/'f-

Fields of application include food such as fruit
and vegetables, but also non-fresh products
that require controlled storage, both in food
and in food-related areas such as home &
personal care, nutraceuticals and the
pharmaceutical industry

7/6/2018 8 OSAES Group making innovation happen, together



BUSINESS DEVELOPMENT

About 0,7% of Consolidated Revenues 2017

" Organic Solutions for Electronic Devices
This area allows SAES to deploy its unmatched experience in the field of
innovation in “hybrid” technologies (integrating getter materials into polymer
matrices).

This unit deals with developments mainly related to applications in
electronics and photonics, including display and photovoltaic sectors.

A special focus is dedicated to the OLED (Organic Light Emitting Diodes)
industry, the ultimate innovation frontier in information display and lighting.
SAES products based on functional chemicals also enable implantable
medical devices such as pacemakers and cochlear implants.

a Son, o @ ey
€t s m
; Dispensable Getter Hot Melt
Active Barrier Sealants Active Fillers Composites Getters
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INDUSTRIAL APPLICATIONS BU

B Getters , Metal Dispensers , Cathodes and NEG Pumps -
about 24,6%

These areas deal with sales of components and systems for:
®  electronic and photonic devices,

®  sensors for various market sectors: consumer electronics, security & defense,
healthcare diagnostic, aerospace, industrial

¢ lamps,
solutions for vacuum insulation (for cryogenic applications, for both domestic
and high-temperature solar collectors, for thermos and for vacuum insulating
panels for the white industry)

°

solutions for vacuum systems utilized both in industrial and scientific
applications like: analytical instruments, vacuum systems for research and
particle accelerators

4/'\‘\““\ i T T

\\ \ °®
.
Alkali Metal

Hg Dispensers

Dispensers Sintered Porous Getters Smart Combo Total Quality Shield TQS® Non Evaporable Getter Pumps
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INDUSTRIAL APPLICATIONS BU

" Systems for Gas Purification & Handling - about 36,5%

In the microelectronics market, SAES Group is active in the
development and sale of advanced gas purification systems for the
semiconductor industry and other industries using ultra-pure gas in

their processes (Lithography, Display LCD & OLED, Fuel Cells, Fiber
Optics).

Through our Company SAES Pure Gas, Inc., the group offers a complete
- range of purifiers for both process gases and special gases.

— -
_._l MEGA X TORR —N
PALLADIUM HYDROGEN PURIFIER 3 E )
QJ Q CoLLecT R Torr

SAMPLING SYSTEM

Esl‘gs" ¢ Gag =
r = &= ESAES Pure Gas, Inc
“ R -
B, N
MegaTorr® MicroTorr* MonoTorr° CollecTorr®

7/6/2018 11 ©SAES Group
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SAES Core Purification Technologies

Customized and shaped around end user requirements SAES
develops Purification Solutions using:

B Ambient Temperature Adsorbent materials (Rare Gases,
Nitrogen, CDA, Hydrogen, Specialty Gases)

B Heated Getter materials (Rare Gases, Nitrogen, Hydrogen)
B Heated Catalytic materials (Oxygen, CDA)

B Cryogenic Purification (Hydrogen)

B Palladium Membranes (Hydrogen)

7/6/2018 12 ©SAES Group making innovation happen, together



Technologies for Hydrogen Purification

The most common technologies for H, purification:

B PSA (Pressure Swing Absorption)
B Membrane (non precious metal)
WM Electrochemical purification and compression

B Adsorber Purifiers

B Regenerable Adsorber Purifiers
B Getter Based Purifiers

W Palladium Purifiers

B Cryogenic Separation

13 ©SAES Group making innovation happen, together



SAES Technologies for H, Purification

|! MecA R Torn

(I

B Adsorber M Regenerable B Getter and B Palladium
Adsorber Cryogenic Membrane
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saes
group

1 ﬂl 1

Total flexibility in size and
configuration

Flow rates up to 2,000 slpm
Pressure ratings up to 200 bar
Low pressure drop

Minimal cost of ownership
Regenerable offline

7/6/2018 15
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Adsorber Technology

Automated Microprocessor Controller
Continuous purification

Compact

Low power consumption

System Alarms

H, Leak Detection Sensor

Vented Cabinet Purge

making innovation happen, together



Heated Getter Purification

MonoTorr Purifiers (PS series)

Key Features (not on all models)
[1H20, 02, CO, CO2, H2, CH4, N2 removed to < 1 ppb
[ILife status sensor

[JAlarms for loss of power and pneumatics
[JAuto Bypass

[IPneumatic in/out valves

Llintegral 0.003 um metal filter

Maximum Flow: 200 sccm 5 slpm 75 slpm 150 slpm

7/6/2018 16 OSAES Group making innovation happen, together



Pd Hydrogen Purifiers Product Range

B PS7-PDO5-XX <50 slpm

Small table-top unit for Laboratory/Research
B PS/-PD1-XX <660 slpm

One Cell POU or Bulk Gas Purification o
B PS7-PD2-XX <1,320 slpm MEGA R Tomn

Two Cells POU or Bulk Gas Purification e

= g |
e &
MEGA FlanE -

L4
E SAES Pure Gas
PALLADIUM HYDROGEN PURIFIER

.o e .

LLLELLLLLLY

{LLLELEELE
l {LLLLLELEL
(s

99 SAES Pure Gas
LR The Technology of Pure Gas

SAES Pure Gas
Tochnowogy of Pure 695

e

'l\\ll\lllll
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PS7-CR Benefits

Lower cost of operation when compared to traditional heated
getter purifiers.

Higher flow capabilities when compared to heated getter or
palladium membrane purifiers.

Lower pressure drop when compared to heated getter purifiers.
Lower inlet pressures needed when compared to palladium
membrane purifiers.

No consumable purification column.

Can be fitted to operate in Class 1 Div.2 / Zone 2 environments.
IC Ex certification available

7/6/2018 18 ©SAES Group making innovation happen, together



Thank you for your attention

WWW.saesgroup.com
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Flexible Hybrid separation system for
H, recovery from NG Grids

HyGrid

Exploitation Workshop- 17-05-2018

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking under grant
agreement No 700355.This Joint Undertaking receives support from the European Union’s Horizon 2020
research and innovation programme and Hydrogen Europe and N.ERGHY

Duration: 3 years. Starting date: 01-May-2016
Contacts: EGallucci@tue.nl

The present publication reflects only the author’s views and the FCH JU and the Union
06/07/2018  Page | are not liable for any use that may be made of the information contained therein.
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]H] virid Outline

o General Concept

o Target

o Layout

o Expected impact

o Participants

o Work package structure
o Time-line
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” ” > General concept
g :f@]‘iicl P

HyGrid aims at developing of an advanced high performance, cost effective

separation technology for direct separation of hydrogen from natural gas
networks.

The system will be based on:

» Design, construction and testing of a novel membrane based hybrid

technology for pure hydrogen production (ISO 14687) combining three
technologies for hydrogen purification:

» Membrane separation technology: is employed for removing H2
from the “low H, content” (e.g. 2-10 %)

» Electrochemical hydrogen separation (EHP ): optimal for the “very
low H, content” (e.g. <2 %)

» Temperature swing adsorption (TSA): to purify humidity produced in
both systems upstream.

06/07/2018 Page 3 (Disclosure or reproduction without prior permission of HyGrid is prohibited).



H.G Targe
g :f@m‘i«l arge ECH

» The project targets a pure hydrogen separation system with power and cost
of <5 kWh/kg,, and < 1.5 €/kg,,, respectively.

» A pilot designed for >25 kgl/day of hydrogen will be built and tested at
industrially relevant conditions (TRL 5).

T [°C] H, production | H, cost Power consumption Payback time | Lifetime
[kg/dav] [€/kgHz] [kWh/kg,;,] [years] [years]

HyGrid 0.03-80 T<400 >2
system

06/07/2018 Page 4 (Disclosure or reproduction without prior permission of HyGrid is prohibited).



]HI Y @l‘ii d Layout of the HyGrid system FCH

Membrane module

I
I
I

CH
: EHP — Togrid >
I

99.99% H, purity
(I1SO14687)
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Participant No *

1 (Coordinator)
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N O
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List of participants

. . . .. Organization
Participant organisation name

type

Eindhoven University of RES
Technology

TECNALIA RES

HyGear SME

SAES IND

Hydrogen Efficiency SME
Technologies

Quantis SME

EDP Naturgas IND

(Disclosure or reproduction without prior permission of HyGrid is prohibited).

-

Country

Netherlands

Spain
Netherlands
Italy
Netherlands

Switzerland
Spain
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H Y @ i Work-packages FCH

(TecnaUA | SAS ] TUE

WP3-Membrane
Development

WP2 - WP4- ; WP7 -Prototype
Industrial lectrochemical ale Integration
specifications separation sti & Validation

WP5 - TSA
Development

WP1 - Coordination

WP8 - System Design and Modelling

S D G

WP9 - Environmental LCA and economic assessment

T EDP

WP10 - Dissemination and Exploitation

06/07/2018 Page 8 (Disclosure or reproduction without prior permission of HyGrid is prohibited).



]H] Y @ rid Participants role

Participant Main Role in HyGrid

Project Coordinator, lab scale testing & modelling, system modelling,
energy analysis

Leader of WP on membrane development, Dissemination Manager,
membranes developer

HYG Leader of WPs on prototype reactor, prototype developer

TUE

TECNALIA

HYET Leader of WP on electrochemical separation, Exploitation Manager
QUANTIS Leader of WP on sustainability assessment (LCA and LCC)

Working on membrane testing and improved sealing technology for
membranes
Leader on WP on industrial specification

06/07/2018 Page 9 (Disclosure or reproduction without prior permission of HyGrid is prohibited).
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Flexible Hybrid separation system for
H2 recovery from NG Grids

HyGrid

Thank you for your attention

Contacts: EGallucci@tue.nl
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H, GENERATION
BY STEAM
REFORMING

E. Palo, L. Mosca, M. Colozzi

M
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SUMMARY

. H, production and use
. H, in refinery

. H, production via steam
reforming

. Economics
. H, recovery

. Conclusions
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KT-KINETICS TECHNOLOGY AT A GLANCE

More than

40

years’ experience

as a Process Engineering
Contractor and in the
development of new
technologies for Oil & Gas
industry

A leading expertise to
implement

oil refining projects

.y

=T +120

Hydrogen and Sulphur
Recovery Unit Projects

completed in the last 10 years

WELL RECOGNIZED
INTERNATIONAL
PLAYER

in Licensing hydrogen
technology and in licensing
Sulphur Recovery and Tail
Gas Treatment Technology

.I WORLD CLASS
TRACK RECORD

in Large Gas Treatment
Plants and Refinery Process
Units

Development of innovative
technologies and
realization of pilot plants



H, PRODUCTION AND USE

O Current hydrogen production is about 65 metric tons/year’

O The hydrogen market (merchant and captive) is currently of $115.25 billion USD
and expected to grow to $154.74 billion USD in 20222

Production technologies? Applications’

NG STEAM REFORMING, 50%

Other |

Food Industry I

OIL/NAPHTA REFORMING
FROM OFF GASES, 30% Electronics 1

Metal Production & Fabrication [

COAL GASIFICATION, 18% Methanol production Il

Ammonia production I
WATER ELECTROLYSIS, 3.9% Petroleum recovery & Refining [ INNENEGIGINGNGEGEGEGEGEGEEGEN
OTHER SOURCES, 0.1% 0% 10% 20% 30% 40% 50%
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1S. Satyapal, Hydrogen and Fuel Cells Overview, 2017
2M.-R. de Valladares, Global Trends and Outlook for Hydrogen, 2017
3C.M. Kalamaras, A.M. Efstathiou, Hydrogen Production Technologies: Current State and Future Developments, 2013




H, IN REFINERY 1/4

Demand and consumption

* Residue conversion
* Hydrodesulphurization

Yield improvement (lack of gasoil) ‘ Zﬁ;ggreiﬂ;;gnifurization

“Bottom of barrel” conversion (heavy)

Meeting clean fuel spec’s B - Hydrodesulphurization
(environmental)

Typical consumption per unit type (Nm3 of H, / tons of feed)

i” 0 Hydrodesulphurization -> 10> H,cons > 150
% 0 Hydrocracking > 200 > H,cons > 400
. 0 Isomerization - 30> H,cons > 50

E 0 Delayed coking >  None

: 0 Visbreacking > None

g 2 Vacuum Residue HCK > 200 > H,cons > 250
g 0 FCC -  None
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Network

H, rich gas

(70 %vol to 90

Reforms Naphtha to 3]s PRe(e] a1 (=101 48
Reformate for
Gasoline Blending

High purity H,

> 99.5% vol

Continous H, uses
Catalytic > PSA y Y -RIsomerization
. *Hydrotreaters
Reforming (CCR) -Hydrocracker
H, PLANT (HPU) >
Primary H, Producer
High P Steam 30% to 70% of total H,
Byproduct demand

High Purity H,>99.99%
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H, IN REFINERY 4/4

Refinery Projects

REFINERY PROJECTS ADDED ADDITIONAL
Planning/construction UNIT HPU
(2016-2021) N° CAPACITY RANGE
Nm3/hr

UPGRADING PROJECTS in EXISTING REFINERIES

HDK 11 13,000 + 115,000
HDS / HDT 24 5,000 + 85,000
DCU + HDT 14 8,000 + 65,000

PROJECTS for NEW REFINERIES

LOW CONVERSION 15 10,000 + 90,000

DEEP CONVERSION 23 30,000 + 250,000

KT’s FORECAST BASED on WORLDWIDE CONSTRUCTION UPDATE O&GJ Nov. 2, 2015
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Typical feed-stocks to SMR

Natural Gas

Naphtha up to 220 °C FBP

Refinery Off Gas (40%-60% max H2 content)

Butane or LPG (typically in excess during summer months)

Steam system possible configurations

0 “Segregated” or “dual steam segneration system” to achieve the highest
steam export quality. Two separate circuits, one for process steam and one
for export steam generation: export steam quality is fully independent from
process side but only dependent on the quality of supplied water from BL.

O Single steam generation system with High pressure stripper for

condensate treatment, to further improve the quality of recovered
condensate and export steam.

0 Single steam generation system with condensate treatment in a degasifier

by means of LP stripping steam.
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T=400°C
P=42 Bar
| | N

S/C=3

Exp.Steam

P=1.3 Bar

Purge Gas

| T+1020fc ||

v T=320°C

TOP FIRED SMR

Comb. Air J

XCH,=82%

cw

T=870°C

MAIN PROCESS REACTIONS

CH, + H,0 & CO + 3H,
CO + H,0 & CO, + H,

AHO, ¢ = + 206 kJ/mol
AH0298K = - 41 kJ/mOl

P= 24 Bar
' Demi Water

= Excess heat available for recovery

= Export steam credit increases the
overall efficiency

» Typical energy efficiency: 80-85%
(LHV Basis)

= Purge gas from PSA recovered and
recycled at low P
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Flue Gas

T=460-480°C
S/C=2

Steam >

L -

Purge Gas

)y —

HDS

Q‘i'

TOP FIRED SMR |
PN

Combustion Air \d

| T=490-a50°C |

Heavier hydrocarbons:

C,Hm + nH,0 = nCO + (n+m/2)H,
CO + 3H, =CH, + H,0

CO + H,0 =CO, + H,

With Methane feedstock

CH, + H,0 =CO + 3H,

CO +H,0=C0O, +H,

DH0298K = +1 109 kJ/mOI (n'C7H16)
DH0298K = '206 kJ/mOI
DH0298K = '41 kJ/mOI

DHO,45¢ = +206 kJ/mol
DH0298K = '41 kJ/mOI

A\ 4
o
w
>

HTS

LP vent % [

_8 Demi Water

= Minimum Export steam credit

= Typical energy efficiency: 75-
80% (LHV Basis)

» Feed flexibility

= Reformer duty decrease

» Increase of capacity
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IES/GREENGAS
Hydrogen plant (17,000 Nm3/h)
Mantua, Italia
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MIDOR/MIDTAP
Hydrogen plant (64,000 Nm3/h)
Alessandria, Egitto




ECONOMICS 1/2

MAIN COMPONENTS

Cost CAPEX (Plant ' t
- ES(S; basis) (Plant equipments on The weight of each component

depends on plant capacity, plant
0 Cost OPEX (feed, fuel, demi water,

electric power, cooling water, LP
steam import) cost, labour cost

location, local energy and feed

0 Plant operation & maintenance

OPEX & CAPEX - HPU (SMR)

S
=
2
i coas BASIC ASSUMPTIONS
= @ COST OPEX
E €042 B COST CAPEX :
2 0 Plant life of 20 years
o €0.10
= N
2 T oo 0 Amortization with interest rate of
2 0
g < €0.06 10%

W
5 €0.04 .
5 c00s 0 NG  price  32Euro/MMkcal -
= ' 0.27Euro/Nm?3
o €0.00
= 1200 25000 80000 *http://ec.europa.eu/eurostat/statistics-

PLANT CAPACITY, H2 Nm3/hr explained/index.php?title=File:Development_of_natural_gas_prices_for_non-

household_consumers,_EU-28,_2008-2017_(EUR_per_kWh).png



ECONOMICS 2/2

CAPEX PSA
1-3%

0 Cost CAPEX HPU (on EPC
basis)

0 Cost CAPEX PSA (share)

0 Cost OPEX (feed + fuel)

COST SPLITTING in SMR HPU

4

3

Z . €350.00

g £ €300.00 > Cost estimate +/- 20%

- (9]

2 £ €250.00

g suoo'oo \()'004'5/"'“3 0 In a conventional HPU, hydrogen
W ¢ €150.00 0.001E/Nm3 ) . > 1Y g

2 W ¢100.00 N separation cost via PSA is mainly
7 < 5000 S — CAPEX share

= O . 0.002E/Nm3

5 g €0.00

3 o 0 20000 40000 60000 80000

& Plant capacity, (H2) Nm3/hr

=




H, RECOVERY
From OFF-GAS

Main available technologies (*)

TECHNOLOGY CRYOGENIC | MEMBRANE PSA
Minimum H2 in feed [%] 15 15 50
Feed Pressure [Bar] 15-80 15-140
Hydrogen Recovery [%] up to 98 up to 97 up to 90
Hydrogen Purity [%] Max. 97 Max. 98 99-99,999
CO + CO2 removal NO NO YES
Hydrogen product pressure Close to Much lower Close to
Feed than feed Feed

= Gas flow 3000 Nm3/hr
= H,=81-85% vol

Cost Estimate: 2280 k€ (CAPEX) +/-20%
Ammortization fee (20 years, 10% interest rate):

Membrane Hydrogen separation cost: 0,01 +/-
20% €/Nm3

= P =62Barg

= T =40°C

= recovery=89-91%
= purity = 98 %vol
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(*) Z.Rabiei, Hydrogen management in refineries, 2012



H, RECOVERY
From TOWN GRID

H, to end-users
Same P of feed

10%H,-90%CH,
/ I CH, Low P

Compression stage

, CH, recycled to town grid
optionally necessary

0 To be evaluated performance (purity and recovery) of PSA with very low
hydrogen concentration in the feed of PSA

0 CAPEX of PSA might be very different from CAPEX calculated with HPU

0 OPEX share should at least consider also the recompression of recycled CH,
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0 Is PSA the most proper technology for hydrogen recovery from town grid?
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CONCLUSIONS

O Hydrogen production currently mostly addresses refinery demand

O Hydrogen in refinery mostly produced by steam reforming from
hydrocarbons

O Different schemes are available for Hydrogen Production Unit, with
Hydrogen Separation typically performed with Pressure Swing Adsorption
(PSA)

O Hydrogen production cost greatly affected by feed+fuel price and plant
capacity

Q In refinery HPU, hydrogen separation with PSA mainly CAPEX based and
affected by plant capacity

O Hydrogen recovery from town grid with PSA would require at least

additional steps of recompression and relevant costs



Maire Tecnimont Group’s
Headquarters

Via Gaetano De Castillia, 6A
20124 Milan

P. +3902 6313.1

F. +39 02 6313.9052
info@mairetecnimont.it

KT - Kinetics Technology

Viale Castello della Magliana, 27
00148 Rome

P. +39 06 60216.1

F. +39 06 6579.3002
info@kt-met.it

www.kt-met.com




Fuel Gas

Refimery Fuel

Other Gases Claus Sulfur

Plant
Gas Gas Processing Meraow Treaters LFG Ha% from
Butanes z

Sour Wigter Stripper

= Sulfur

¥

Gas Hz Gas Hs
|zomerization| |sornerate _
Haphtha Plant
Gaz Hy Gas Hy
=
.% Hezwy o Hydrotraater Catalytic Reformate _
= Haphitha ™ Reforrner >
: 3
Jat Fuel Jet Fuel Gas Hg o
Crude - and/or o
o | £ | terosene Herosene by =
e o Hydrocracked Gasoline 2
E Gas Hy x o T
I i @
o o
i i £ =
Diesal Oi Diesel il B = Diesel 0il z
= Gas ﬁ
P.tmnspheric - Bidane et
Gas 0il N Alkylation wate
Sy ket :::uum Pertemes
%’ Gas 0il Gas Gias Ha
o) ¥ Evacuzted +
= o | nencondenzibles Gas Hz Maphtha FCC Gasoline
=~ 'E- E FCC Feed o
@) =] 1 w
b4 E g Hydrotreater [ BB 5
o] Z % | FCC Gas 0il
o T S E = Fusl 0l -
a Ga= 0il el
(&) E S Gas
Z LR 1
E g = -,_,.a:ua:% _ Coker Maphtha _
E = Gas Oil % (after hydrotreatng and reforming)
O
Lu =
Ha5 to Sulfur Flant
o 2 | Coker Gas 0i !
E Wacuurn Reziduum - E Saur -
= Nigters 5o
; l"‘—h- Petroleun Coke g E
] - fzphalt =
- Alr— | Blowing | sPhalt g E
o) Stearn —w T &2
= I Stripped
é = Finished products are shawn in blue coy Wiater
% = Sour waters are derved from warous distillation tower 'T' H;
[TT] reflux drums in the refinery
(&) N " . . . Hatural Gas —e{ Hydrogen
= The "other gases" entering the gas processing unit Symithesis
; includes all the gas streams from the warious Steam =
process units
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Refinery Projects

REFINERY PROJECTS

. . North S&C
planning/construction

America America

2015-2020

NEW REFINERIES - 10 5
EXPANSION/UPGRADING 10 16 3
TOTAL 10 26 8

ADDED OPERATIONS

HDK 4 1
HDS 9
HDT 1 2
DCU 3 4
Total 8 16
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Data from the WORLDWIDE CONSTRUCTION UPDATE O&GJ Nov. 2, 2015

Africa Europe

14

14

10

Middle
East

10

14

Asia

&

Pacific

12

18

30

TOTAL

38

69

107

11
18

14
49
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Agenda

1. Hydrogenics

2. Water electrolysis

3. Fuelscells

4. Renewable Hydrogen

5. Conclusions
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Introduction video

NrN-=— HYDROG(ENICS

SHIFT POWER | ENERGIZE YOUR WORLD

b/ RENEWABLE HYDROGEN SOLUTIONS
.
o o

>l 0:027/4;17
https://www.youtube.com/watch?v=KKr4nKPrzHg

HYDROGE)NICS 3 HyGRID Workshop — Lainate (IT) | 17.05.2018
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https://www.youtube.com/watch?v=KKr4nKPrzHg
https://www.youtube.com/watch?v=KKr4nKPrzHg
Video_Renewable Hydrogen_Voice only_HD.mp4

Electrolysers: Power = Hydrogen
Fuel cells: Hydrogen = Power (+ heat)

Electrolysis

T *Industrial applications
*Hydrogen refueling stations
‘ *Power-to-X & grid balancing

20 Blecvotysa (gro balancng and hydrogen fuel production) Time

Electrolysi
WATER (H,0) + POWER ey HYDROGEN (H,) + OXYGEN (O,)
(+ HEAT) C— (+ HEAT)
Fuel cell

Fuel cells

*Back-up power
*Stationary power
*Mobile power

SARAIE mAE

<€— HYDROGENICS Technologies —>




Our History: Over 60 Years of Experience

1987

Vandenborre Hydrogen
Systems, a manufacturer
of Pressurized Alkaline
Electrolyzers is founded
in Belgium
”A;dDENEDRRE

- HYOROGEN SYSTEMS mE

2000
Hydrogenics goes public

HYDROGE)NICS

The Electrolyser
Corporation renamed
“Stuart Energy” after going

public g‘stuamr’!g nergy

2003

Stuart Energy
acquires Vandenborre

1948

The Electrolyser
Corporation, a
manufacturer of
Atmospheric Alkaline
Electrolyzers is
incorporated in Toronto,
Canada

%Elecvdyser

HYDROGE)NICS

SHIFT POWER | ENERGIZE YOUR WORLD

1995
Hydrogenics is
founded

HYDROGE)NICS

2002

Hydrogenics acquires
ENKAT GmbH and
begins operations in

2016

Hydrogenics is the
global leader in fuel
cell and hydrogen
technology solutions

HYDROGE)NICS

- 0> 00PH-0—>

2005

Hydrogenics acquires
Stuart Energy to
become the only fuel

Germany cell and electrolyzer
HYDROGE)NICS company in the
industry
HYDROGE)NICS
5 HyGRID Workshop — Lainate (IT) | 17.05.2018



Hydrogenics, a 100% global hydrogen company

Hydrogenics Corgﬁfﬁﬁg&l@:ﬁ' !*’I ) Hydrogenics Europe I I
= Headquarter b{%r = Qevel, Belgium

= Mississauga, Ontario, Canada S = Since 1987

= Since 1948 _,_.x.r’lw‘\, o = +/- 70 employees

_ = Areas of expertise: pressurized alkaline electrolysis,
2,

-~ *1_  hydrogen refueling stations, Power-to-Gas
= Previously: Vandenborre Hydrogen Systems

= +/- 70 employees
" Areas of expertise: Fuel cells, PEM electrolysis, Power-to-Gas
= Previously: The Electrolyser Company, Stuart Energy

= Gladbeck, Germany

= Since 2002

= +/- 15 employees

= Areas of expertise: Fuel cells, mobility projects,
Power-to-Gas

¥,
_—'_’ “i
(/“ AN
® |n total: +170 employees \ \ ® Production facility
= [ncorporated in 2000 [NASDAQ: HYGS; TSX: HYG] :'u—"_‘-‘\ _,f .,
= More than 3,000 products deployed in 100 countries worldwide K df'“' O Sales office
= Total revenues (2017): 48 Mio $
= Over 65 years of electrolysis leadership

HYDROG(E)NICS 6 HyGRID Workshop — Lainate (IT) | 17.05.2018

SHIFT POWER | ENERGIZE YOUR WORLD |



Agenda

1. Hydrogenics

Water electrolysis

2. Water electrolysis

H,O + electricity > H, + % O,

Pressurized ALKALINE vs Proton Exchange Membrane (PEM)

3. Renewable Hydrogen
4. Fuels cells

5. Conclusions

HYDROGE)NICS 7 HyGRID Workshop — Lainate (IT) | 17.05.2018

SHIFT POWER | ENERGIZE YOUR WORLD |



World hydrogen market

Steam Methane Reforming

- a o
Crude oll cracking

Coal gasification

H2 by-product

Water electrolysis

—

—@_

Hydrogen pipeline infrastructure in the EU

NB: 5 % is merchant hydrogen (free market),
onsite production represents 95%

INDUSTRY : protecting atmosphere (H./N,), hardening of metals

Float glass Metallurgy

Semi-conductors

But most of the hydrogen
produced today is not CO,-free
(from gas, oil, coal)

CHEMISTRY & REFINERIES: C, H, O, Amonia

Fertilizers Refineries

If produced from renewable
power via electrolysis, hydrogen
is fully renewable and CO,-free.

Electrical power plants  Food industry FCEV

Renewable hydrogen has the
potential to decarbonize a large
range of applications

Data source: The Hydrogen Economy, M. Ball 2009 & Esprit Associates 2014



Water electrolysis | Fundamentals

* Electrochemical reaction that splits water into
Hydrogen and Oxygen, using electricity.
It is a 100% emission free and carbon-free

process H, 0,
hydrogen oxygen
¢ Cathode :4H,0+4e- ==>2H,+4O0H- ot i
* Anode :40H- ==>0,+2H,0+4e-
*  Overall :4 H,0 ==>4H,+20,
water —> —1+—> hydrogen
electricity =——t—> —t—> OXxygen
| <
l Electrolyte solution

HYDROG(E)N'CS heat 9 HyGRID Workshop — Lainate (IT) | 17.05.2018

SHIFT POWER | ENERGIZE YOUR WORLD |



Hydrogenics HySTAT™ Alkaline Stack

Gas production: H, (cathode)

and O, (anode H, f o,
2 { ) —'—'
\ T

Series of cells (electrodes and
membranes) assembled in a

Structural ring
Pre-electrode

bipolar design o

. / Cathode
Electrodes = Gas production (o, —_—
Membranes = Gas separation we y ==
allowing ionic conductivity (OH-) ‘
Cells are assembled electrically e B B
. . . . turn li
in series, hydraulically in parallel. ®==

Structural ring



HySTAT™ 60 - alkaline electrolyser

—

| Fan Cooler

g Hydrogen
Purifier

Hydrogen
Generator

Safe Zone




Proton Exchange Membrane (PEM) Electrolysis
‘How does it work ?

1] = Fa
!

‘ 1.7-._ ‘-‘!‘:"-: . ‘._: R .~_ P

HYDROG(E) ICS 12 HyGRID Workshop — Lainate (IT) | 17.05.2018
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PEM, 2012 : LET'S GO FORIT

MYDURO '1;,;.(&)4 NTCO 13 HyGRID Workshop — Lainate (IT) | 17.05.2018
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New benchmark in PEM electrolysis HyLYZER®-600

3 MW cell stack from Hydrogenics

Stack Efficiency
Improvements

MW Scale Electrolyzer
Stack

Leading industry performance

Fast Response and
Dynamic Operation

1.5MW industry benchmark

Reduction of Plant
Capital Costs

Achieved target system cost Key IPR established

Power Input: 1.5 MW
Hydrogen Output: 310 Nm3/h
Design Pressure: 40 bar

Power Input: 3.0 MW
Hydrogen Output: 620 Nm3/h
Design Pressure: 40 bar

HYDROG(E)NICS 15 HyGRID Workshop — Lainate (IT) | 17.05.2018

SHIFT POWER | ENERGIZE YOUR D |




..Compact

HYDROG(E)NICS 16 HyGRID Workshop — Lainate (IT) | 17.05.2018
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Alkaline & PEM electrolysis | Product’s line

OUDULDIOSSUID s
Number Of COLSIACKS ..o

_Nominalinput power .

Nominal hydrogenflow ...

AC power consumption
(utilities included, at nominal capacity)

Hydrogenflowrange .

Hydrogen purity

Footprint

HYDROG(ENICS

SHIFT POWER | ENERGIZE YOUR WORLD

Alkaline PEM (Proton Exchange Membrane)

HySTAT®-15-10/30 HySTAT®-60-10 HySTAT®-100-10
L JODAG 2T AG

5.0-5.4 KWh/Nm?2

0, <2 ppm, N, < 12 ppm (higher purities optional)

20 ft container i

HyLYZER® -100-30 HyLYZER® -400-30 HyLYZER® -3,000-30

30 barg

2 10

JOONMIN ] e
500 KW

100 Nm#h : 400 Nm#/h 3,000 Nm&h

2 MW 15 MW

5.0-5.4 KWh/Nm3
L4 S
99.998%
O, < 2 ppm, N, < 12 ppm (higher purities optional)

LSiAlers/NmIH,

40 ft container 40 ft container 740&1—20f7tqontainerér ~ 600 m?(indoor)

HyGRID Workshop — Lainate (IT) | 17.05.2018



Rendering of a 20 MW PEM electrolysis plant
The smallest footprint on the market !

DRYCOOLER SETUP

MAIN PLANT AREA: 740m?
ORYCOOLER SETUP AREA: 360m?

TOTAL PLANT AREA: 1100m?

HYDROGE)NICS

18
SHIFT POWER | ENERGIZE YOUR WORLD

| HyGRID Workshop — Lainate (IT) | 17.05.2018




Rendering of a 60 MW PEM electrolysis plant
‘The smallest footprint on the market !

THYRISTOR CABINETS

TRANSFORMER MV - LV

TRANSFORMER FOR UTILITIES

each PEM stack)

HYDROGEN PURIFICAT
CONTROL P

HYDROGEN VALVE ASSEMBLY & GA

DEMIN WATER CATCHMENT TANK (HYDROGEN SIDE - 6m’)

DEMIN WATER BREAK TANK (20m”

HYDROG(E)NICS 19 HyGRID Workshop — Lainate (IT) | 17.05.2018
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For more information on the economics,

PtG . B u S| ness Ca se D rive rs consult the Power-to-Gas Roadmap for Flanders:

www.power-to-gas.be/roadmap-study

Renewable
Credit:
Investor Bonus
Technology Push
N &
For good economics: low power price, high operating Market Pull

time and high value for end product are key ! IMEASUFES

~xx%

Service Income
(balancing)

Hydrogen Cost ~xx%

Feedstock
Income
(H,, O,, Heat)
Capex
~20%
\\ 2
HYDROG(E)N'CS 20 HyGRID Workshop — Lainate (IT) | 17.05.2018
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http://www.power-to-gas.be/roadmap-study
http://www.power-to-gas.be/roadmap-study
http://www.power-to-gas.be/roadmap-study
http://www.power-to-gas.be/roadmap-study
http://www.power-to-gas.be/roadmap-study
http://www.power-to-gas.be/roadmap-study
http://www.power-to-gas.be/roadmap-study

Electrolysers | Fast reacting devices

* A matter of power electronics

*  ‘Power’ operated rather than
‘Pressure’ operated

* Balance renewables (wind and
solar) and provide Grid Balancing
Services

Alkaline PEM

.F%e..sp.dns.e.sigha.[{%rdhﬂ. -
pressurized stand-by to 100%)

Response signal (Operating
system = HOT)

< 3 sec

<1 sec <1 sec

HYDROGE)NIC

SHIFT POWER | ENERGIZE YOUR WORLD

Power input [kW]

w
450.00 r-‘__l_ 1 30
300.00 J—rJ |-‘ 20
150.00 -r_., L} 10
0.00 0
6000 6500 7000 7500 8000 8500 9000 9500 10000 10500

Zeit [Sekunden]

Example: 1.5 MW PEM Electrolyser. WindGas Reitbrook-
Hamburg

21 HyGRID Workshop — Lainate (IT) | 17.05.2018

Stack efficiency (HHV) [%]
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\ PEM water electrolysis — ‘only circulating water’

DC Power
Supply
:
H,Oin

- s PEM Electrolyzer

Seperator He

i
H, Bottle

HYDROG(E)NICS 23 HyGRID Workshop — Lainate (IT) | 17.05.2018
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M2 Purge
FEM Stack
L) -1
"
L1 c -4

VY

H2 Gas/Liquid
Separation

N/

Feed water pump

02 GasiLiguid
Separation

Hydrogen
Fressure
Zontrol

I_._I
Hydrogen

Drying

Hydrogen

Dygen
Fressure
Zantrol :

@ Oygen

»

Buffer Vessel
02 Separatar

Went

Dl wWater

Feed water
Priffor Voee ol



PEM versus alkaline

Alkaline (HySTAT®) PEM (HyLYZER®)
Maximum H2 flow out of one stack 15 Nm3/h 2 or 30 or 600 Nm3/h
(one cell stack size) (3 cell stack sizes)
Cell surface to reach 1 Nm3/h H2 0,6 m? 0,125 m?
Operating range 40-100% (opt. 10-100%) 5-120%
Specific consumption Containerized solution @ Nominal 5,3 kWh/Nm3 5,3 kWh/Nm3
output (100%) OpEx
H2 Gas purity after purification 99,998%, option 99,9995% 99,998%, option 99,9995%
Pressure 10 bar - option 27 bar 30 bar
Investment cost 100Nm3/h (0,5 MW) 0.9 M€ (1x40ft) 1.2 M€ (1x 40ft, 1x20ft)
Investment cost 200Nm3/h (1 MW) 1.75 M€ (2x 40ft) 1.75 M€ (1x40ft, 1x 20ft)
Investment cost 400Nm3/h (2 MW) 3.2 M€ (4x 40ft) 2.5 M€ (2x 40ft)
Investment cost 600Nm3/h (3 MW) 4.5 M€ (6x 40ft) 3.3 M€ (2x 40ft)
Operational cost Service/Maintenance Low Very Low
Lifetime of stack 60.000 h in field Estimated 80.000 h
(lab test)
Required water quality <5uS/cm <1uS/cm
References Hydrogenics +500 15
Type of application TRL9 TRL8
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Conclusion: PEM vs. Alkaline

Why PEM ?

- Compactness — smaller footprint than Alkaline (for >1IMW installations) — Up to 3MW in 2x 40ft container
- High Direct Output Pressure (30barg)

- Absence of caustic media
Less wear on Process Components
Low Maintenance costs
Opportunity to lower costs of Process

- High Gas Quality (5.0 after HPS)

- Lower investment cost for larger systems (>2MW)
- Wide operating range

- Higher efficiency at low load

- Overload allowed — up to 20% extra.
CapEx for OpEXx

Why Pressurized Alkaline ?

Mature technology and well established
- Many industrial references over the past century
- Small Footprint (compared to Alkaline Atmospheric Electrolyzers)
- Proven high cell stack lifetime and high reliability — availabilities of 99% and beyond measured
- Well established with many (industrial) field references
- Lower investment cost for smaller systems
- Smaller building blocks for large systems => Inherent Redundancy, but higher OpEx.
- High Gas Quality (5.0 after HPS)
Direct Output Pressure (10 bar or 27bar )
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Agenda

1. Hydrogenics

2. Water electrolysis

3. Renewable Hydrogen
4. Fuel Cells

5. Conclusions
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Power-to-Power

Power-to-Power | For Electrical Energy Storage

* Conversion of excess power in hydrogen via
an electrolyser

ONSHORE WIND b ‘

4\ * Storage of hydrogen in gas bottles, tanks or
“ |- underground
s O .
0 * Repowering of the hydrogen through a fuel
o cell

* ldeal for long-term energy storage (remote
s @ locations, telecom, off-grid systems)

'"Wind-Hydrogen, Glencore Raglan Mine, Canada: 350 kW
electrolyser + 120 kW fuel cell

2 WIND-projekt, Mecklenburg-Vorpommern, Germany: T MW
electrolyser + 150 kW hydrogen combustion engine

HYDROGE)NICS 29
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Power-to-Gas

* Direct injection of hydrogen in gas
grid (2%-10%, ./

* Injection of Synthetic Natural Gas
(SNG) after a methanation step :
H, +CO, 2 CH, + H,0

TUNIPER's power-to-gas facility, Falkenhagen, Germany: 2 MW electrolyser
2 BioCat project, Avedere, Denmark: 1 MW electrolyser
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,
WindGas Falkenhagen, Germany (2013) : :

Direct injection of hydrogen in natural gas grid (transportation)

*  OBIJECTIVES

— 1tdemo project worldwide to inject hydrogen in the high-pressure
transmission natural gas pipeline at 55bar (ONTRAS) with a max ‘
concentration of 2%vol

—  Optimize operational concept (fluctuating power from wind vs. changing 7.
gas feed). %

—  Gain experience in technology, cost and business aspects.

* SOLUTION

— 6 x HySTAT®-60-10 with all peripherals in 20Ft. housings to produce 360
Nm3¥h hydrogen (power: 2 MW)

— A 40 Ft container including 2 compressors to compress the hydrogen to
55barg.

. PARTNERS:
—  UNIPER Energy Storage GmbH (ex-EON)

. More information: www.uniper.energy

Photo credits: Uniper Energy Storage GmbH
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WindGas Reitbrook (Hamburg), Germany (2015)
Direct injection of hydrogen in natural gas grid (distribution)

1;5 MW
° OBIJECTIVES /njectl-on
— Development of 1,5 MW PEM Electrolysis Stack and System 'DE/W

— Validate PEM technology in operational environment
—  Gain experience in technology and cost.

—  Feed hydrogen into the medium-pressure distribution natural gas
pipeline at 30 bar without compression.

SOLUTION
—  1x HyLYZER®-285-30 PEM electrolyser with all peripherals in 40ft.

housings for max 285 Nm¥h H, at 30 bar (Power: 1.5 MW)

PARTNERS:
H B e | INOW Qip
u nl So IV iCore digitale Infrastruktur fe S
]
HYDROG(ENICS 7 Fraunhofer '
HIFT POWER | ENERGIZE YOUR WORLD DLR ISE

More information: www.windgas-hamburg.com
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-
BioCat, Avedgre, Denmark (2016) S

Biological methanation and SNG injection in distribution gas grid

e
BioCatProject

° POWER-TO-GAS VIA BIOLOGICAL CATALYSIS

www.biocat-project.com

0 Electrolyzer

9 Pre-Processing
e BioCat Reactor
O Post-Processing

K‘

P

Outlet Gas

BIOF rici _140 Nm?#/h
6 Elec trOChaea m . o OS EIeQ—' —F i Biomethane
b ]

= .
Audi $ 52
Vorsprung durch Technik ' i A gl Y J" \\—~
FORSK/EL _ v /—»47 . , W
= HYDROGENICS HMN Water

';‘r‘ﬁ INSERO SASHANBEL /_'%7 Inlet Gas

BUSINESS SERVICES

Water

Raw Biogas from Anaerobic Digester

NEASA/ENERGY [ 50 Nm¥h CO2 90 Nm¥h CH, J
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Power-to-Mobility

* Hydrogen refueling stations with onsite
hydrogen production

* For cars (700 bar), a refueling takes 3-5
- min for a driving range of 400-500 km

For buses (350 bar), a refueling takes 10

ACHES 350/700 bar hydrogen refueling station, Aberdeen (UK)
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Power-to-Mobility

Hydrogen refueling stations
> 50 references with onsite hydrogen production

Aberdeen Hydrogen Bus Project, Scotland,
UK, 2015

i N — ——— N ,-’ —1
Oslo, Norway, 2012 Vattenfall, Hamburg, Germany, 2012 Barcelona, Spain, 2005
-
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\‘\ ACHES HRS
'\_(Aberdeen City Hydrogen Energy Storage hydrogen refueling station)

T
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\ ACHES — general overview
\_350 bar / 700 bar

COMPRESSOR STATION
Compressor : reciprocating piston
Drive train : hydraulic
450 bar : 3 stages
900 bar : 2 stages
Housing : 40 FT HC ISO container

HYDROGEN STORAGE

For 350 bar refueling
Capacity: 100 kg
Storage pressure : 450 bar
Maximum pressure : 500 bar
Cascade : 3-bank

For 700 bar refueling
Capacity : 50 kg Storage
pressure : 900 bar
Maximum pressure : 1.050 bar
Cascade : 4-bank

HYDROGEN COOLING
350 bar H2: -20°C
700 bar H2: -40°C
Housing : 20 FT HC ISO container

WATER ELECTROLYSER
Model : HySTAT®-60-10
H, Capacity : 130 kg/day
H, Pressure : 10 barg
H, Quality : > 99,999%
Operating range : 40-100%
Efficiency : < 5,2 kWh,/Nm?
Housing : 40 FT HC ISO container

DUAL HOSE HYDROGEN DISPENSER
Manufacturer : Hydrogenics
Fueling protocol : SAE J2601 — IR communication
Nozzle : WHE TK17 fast fill
Card reader : Tokheim SlimDialog (RFID)
350 bar H2: for bus and utility vehicles Refueling time : <10 min
700 bar H2: for cars Refueling time : <3 min
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Power-to-Mobility

Don Quichote, Halle, Belgium (2015-2018)
Hydrogen from wind to power fuel cell forklifts

OBIJECTIVES

—  Located at one of the warehouse of Colruyt, one of
the biggest Belgian retail company

—  Hydrogen is used to fill fork lift trucks

SOLUTION
— 30 Nm¥h alkaline + 30 Nm¥h PEM electrolysers
— 50 kg 350 bar storage + dispenser
— 100 kW Fuel Cell

A
SUPPORT '.";, H ﬂnu

‘LA‘{ colruytgroup'

— 1% part funded by InterReg project (Waterstofregio
Vlaanderen Zuid-Nederland)

— 2" part funded FCH-JU

/A TOVRheinland”  HYET
Figar

Precisely Right. gen Difkciency Technalogies

% FENTERNATONAL - HYDROG(E)NICS

e — ® 4
T SEVENTH FRANERORK O
Comroiie PROGRAMME ovmm—r’
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Power-to-Industry

Power-to-Industry

* Hydrogen is used massively in the

.,
. industry : ammonia (fertilizers),
i " refineries, steel, float glass, semi-
conductors, oil and fat, power
plants.

* 1 ton of renewable hydrogen avoids
the emission of +/- 10 tons of CO,

Main industries consuming hydrogen
*  50%: chemical industry (ammonia, methanol)
*  43%: oil refineries
*  6%: float glass, steel and semi-conductors
* 1%: power plants, oil hydrogenation and mobility

Total consumption 2014 = 571 bcm H,

Data source: The Hydrogen Economy, M. Ball 2009 & Esprit Associates 2014
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Power-to-Industry

HyBalance, Hobro, Denmark (construction in 2017)
Industrial hydrogen and delivery to hydrogen refueling stations

° OBIJECTIVES
— Validate the highly dynamic PEM electrolysis technology in a real
industrial environment and provide grid balancing services on the
Danish power market
— Validate innovative hydrogen delivery processes for fueling stations
at high pressure

B

* SOLUTION

—  1x HyLYZER®-230-30 (PEM, dual cell stack design) with all
peripherals to produce 230 Nm%h H, (power: 1,2 MW)

e PARTNERS:

—  This project receives financial support FCH-JU (GA No 671384) and
ForskEL program, administered by Energinet.dk.

AIR LIQUIDE HYDROGE)NICS HYDROGEN@VALLEY“

SHIFT POWER | ENERGIZE YOUR WORLD

71 ludwig bolkow - FORSK/EL
NEASNENERGY (b systemtechnik b Energinet /

i

. More information: www.hybalance.eu /.

A7
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Huge decarbonisation potential via Renewable H, in EU industry:
chemistry, refineries, steel....

Max: CO, emission reduction chemicals

Industry across Europe is responsible for more than half of

250 all carbon dioxide, particulate matter and other key
E DECHEMA ) pollutants emitted into the air, according to updated
ottt e = WMeOH, bio-based [mill.£] industrial pollution country profiles published today by the
% 200 (— M MeOH via H2, chem. [mill. ] European Environment Agency (EEA).
E SUMMARY REPQ M Urea via H2 to NH3 [mill. t]
g 150 — MNH3 via H2 [mill. t] 6 Dec 2017 Q”
H W BTX, via H2 to MeOH [mil. t] European Environment Agency z’-‘)}
£100 - W Olefins, bio-based; [mill.t]
E W Olefins via H2 to MeOH [mill. t]
TECHNOLOGY STUDY g 50 5 W Efficiency measures [mill t]
o
CLH\A\ATE &w W Steam recompression [mill t]

Low carbon energy and ' PARTNERS
feedstock for the European

5 2050 W Electricity based steam [mill t]

, chemical industry Finance for innovation: g\ cvion fuels
Towards the ETs
350 Innovation Fund
300
250 Published: 12th june 2017 m Bioethanol, fuel [mill. t] . . . .
200 —— . CO2-emission free iron making

W MeOH, fuel [mill. ]

W Syndiesel [mill. t]

€O, emission reduction [mill. t]

4..?.4“@ -8 o

Iron ore pellets Hydrogen Sponge iron Water

2015 2020 2025 2030 2035 2040 2045 2050

p://www.cefic.org/Documents/RESOURCES/Reports-and-Brochure/DECHEMA-Report-
Low-carbon-energy-and-feedstock-for-the-chemical-industry.pdf
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Power-to-Fuels

Power-to-Fuel

* Renewable hydrogen for
refineries for the desulfurization

sssssss

e of the fuels (massive CO, savings)
0 0~ * Synthesis of renewable
Y methanol: H, + CO, = CH,0OH +

H,O
* Possible introduction in EU
Renewable Energy and Fuel

Quality Directives (Upstream
Emmission Reductions)
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[Renewable] hydrogen

Selection of recent demonstration projects

Country  Project l:Lech::\?)IIZ) sgeyr %’
a
Norway Haeols S5MW 2019 PEM o
Germany  WindGas Brunsbuttel 2.4 MW 2017 PEM 3
Thailand  EGAT 1.2 MW +500 kW FC 2017 PEM .
Canada Embridge P2G 2 MW 2017 PEM .
Germany MefCO2 1MW 2017 PEM
Denmark HyBalance 1.2 MW 2017 PEM
UK Levenmouth 370kW + 100 kW FC 2016 Alkaline + PEM |«
Denmark  BioCat 1MW 2016 Alkaline .
Italy Ingrid 1MW 2016 Alkaline o .
UK Aberdeen 1MW 2016 Alkaline
Germany  WindGas Reitbrook 1.5 MW 2015 PEM .
Belgium DonQuichote 150 kw 2015 Alkaline + PEM | »
Germany WindGas Falkenhagen 2 MW 2014 Alkaline .
Main conclusions from these projects:
Hydrogen technologies work fine and deliver according to expectations.
2. Thereis still room for further technical improvement but no technology breakthrough is expected.
3.  Thereis aimportant potential for further cost reduction: going from project manufacturing to product manufacturing
4.

Energy regulatory framework is no suited for these applications and business operation of these projects remains very challenging

HYDROG(E)NICS
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Agenda

1. Hydrogenics
2. Water electrolysis

3. Renewable Hydrogen

Fuel Cell

4. Fuels cells H, + % 0, 2 H,0 + electricity

5. Conclusions

HYDROGE)NICS a4 HyGRID Workshop — Lainate (IT) | 17.05.2018

SHIFT POWER | ENERGIZE YOUR WORLD |



Fuel cells solutions: from power modules for turnkey systems

Integrators, OEMs OEMs, Fleet Owners
PEM Single Cell ‘ Fuel Cell Power Module ‘ Fuel Cell System

Cell stack Balance-of-Plant

* MEA - Membrane * Multiple cells layered * Fuel management * Power conditioning
Electrolyte Assembly * End plates * Air management * Hybrid energy storage

* Bipolar plates * Tie rods * Water management * Hybrid control hardware and software
* Gas Diffusion layer * Spring washers * Coolant pump and control * Cooling or heat exchanger (or CHP)
* Gaskets * Bus bar interfaces * Control hardware and * H2 storage

* Fuel cell voltage software

monitor
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KOLON Water & Energy, South Korea (2015)
Repowering of by-product hydrogen from chemical industry

e OBIJECTIVES
—  Process Plant with by-product hydrogen

—  Korean government provides incentives (feed-in) for power
produced from hydrogen

° SOLUTION
—  >1 MW HyPM-R based on HyPM-R120 fuel cell racks
—  Grid feed inverters, outdoor containers

— Joint venture power purchase agreement (PPA)
— 20 vyear Service agreement

— Commissioned October 2015

—  2x40ft containers

. More information: http://www.hydrogenics.com/about-the-
company/news-updates/2014/06/23/hydrogenics-signs-
agreement-to-create-kolon-hydrogenics-joint-venture-for-power-
generation-in-south-korea
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Fuel cells for mobility applications
\_Many references

Canary.lslands;Spain

Los Angeles, CA, USA
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Alstom Transport | Zero-emission (hydrogen) train | Coradia iLint

*  ~50% of rail network in Germany is not
electrified (operated with diesel)
% *  More stringent regulation (exhaust
emission, noise) and expected price
g increase for diesel
®|zezr o LOI from 4 German States to buy min 40
zero emission passenger trains (2014)

= e 1sttrain (2016) with hydrogen fuel cell
CHE

ALSTOM

Commercial service expected by 2020

-~ Fuel-cell composition Hydrogen fuel tank
—_
||||| ----m[ll. I

Traction motor  Traction inverter & Auxiliary converter Eattery compositon
DC/DC-converter

7800, it ;150&7

@~ [ 300
' Source: Alstom
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Agenda

1. Hydrogenics

2. Water electrolysis

3. Renewable Hydrogen
4. Fuel Cells

5. Conclusions
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Key messages

* Hydrogen and Fuel Cell technologies are mature and ready

* Massive cost reduction potential : from project to product manufacturing &

product up scaling

* Massive CO, reduction potential: power, gas, transport and industry

e But markets are not ready ! _
*  We need: - *\‘)\Q
1. Green hydrogen certification mechanism o - gg/\ oy
2. Premium value for end product / application 2 T :‘f’> é’i\e >
3. Access to renewable electricity at low cost o
4. Grid connection to deliver balancing services

HYDROGE)NICS 50
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Thank you for your attention

F

We’'re Ready

Guy Verkoeyen | Area Sales manager
Hydrogenics Europe NV — OnSite Generation
Mobile: +32 477 411 411 | Email: gverkoeyen@hydrogenics.com
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ﬂﬁﬂ @ p HyGrid: Flexible Hybrid separation system for
verid H2 recovery from NG Grids FCH

nortegas

The challenge of distributing Hydrogen
into the natural gas network

Dr Angel M Gutierrez
angel.gutierrez@nortegas.es

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking under grant
agreement No 700355.This Joint Undertaking receives support from the European Union’s Horizon 2020
research and innovation programme and Hydrogen Europe and N.ERGHY

The present publication reflects only the author’s views and the FCH JU and the Union
are not liable for any use that may be made of the information contained therein.
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]H] JBrid Summary C

* Introduction

* Hydrogen in natural gas infrastructure

* H2NG

* Renewable hydrogen value chain

* Metrology

 Origin and Certification for H, — Monitoring
* System Safety Aspects

* Hydrogen Compatibility of Materials

e Grid operators

* @Gas infrastructure equipment and devices
* Grid integrity and operation

O nortegas
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* Inthe current annual EU Work Programme, the following was stated:

“Assuring interoperability between grids for the increase of renewable
energies in the power mix in order to enhance the capacity of the existing
infrastructures to absorb green energy resources while not increasing the
cost for users.”

The CEN and CENELEC committees, especially the CEN-CENELEC/TC 6
'Hydrogen in energy systems', CEN/TC 234 'Gas infrastructure' and CEN
and CENELEC TCs related to the H, end use, were established to face the
challenge as identified by the Commission as priority for Standarisation.

There is a need to create a new market for the product ‘Green Hydrogen'.

O nortegas
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Supply Grids Storage

' Power-to-Power '
N <

C )
'5’-’ /.<::>
/

(Power-to-Heat )

®
<o

{} {} Demand {} {}

Residential | Mobility | Industry | Agriculture

Source: EC STAFF WORKING DOCUMENT Energy Storage — the role of electricity. Brussels, 01 Feb 2017
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The Highest
Energy Den:sity!----

1VYear

1 Month

Discharge Time
[y
)= o
2

1 Minute

l1kwh  10kwh 100kWwh 1Mwh 10MWh 100MWh 1GWh 10GWh 100GWh 1Twh  10TWh 100TWh

Storage Capacity

Source: EC STAFF WORKING DOCUMENT Energy Storage — the role of electricity. Brussels, 01 Feb 2017
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* There are two ways to distribute H, in the natural gas grids:

— Processing of hydrogen and conversion in methane (methanation,
SNG)

— Admixture of molecular hydrogen to natural gas up to an admissible
concentration (H2NG)

* For this aim, the following is needed to be taken into account :

— Interconnection standards to allow physical connection and
communication between electrolysers and the control of the gas grid

— Operational conditions for Hydrogen injection in the gas grid (pre-mix,
pressure, temperature and quality among others)

O nortegas
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Current status of knowledge on the hydrogen
compatibility of elements in gas transport, stor-
age, metering and pressure regulating systems

2) 3) 4) 5) 6) 7) 10)
10
]
N, Y P
e S F i
ER 6 2 e
o : : g .
- - A a
7] §, 8 8 o S g 2
£ 2 § g g B 2 2&
: 4 5
x ] £ E 8 3 S 2F
transport and distribution Storage Metering and pressure regulation
I No reservations ' Fundamental action required, H, addition
against H, addition not excluded for technical reasons
technically ~ Information on H, Project in the course

O feasible following review  tolerance not adequate of planning or in process
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* Injecting hydrogen into the natural gas network can contribute
significantly to solving the problem of transporting and storing surplus
electricity generated from renewable resources.

* The following is required as a first proposal:

— An H, concentration accepted by all stakeholders, allowing higher H2
concentrations in regional grids and

— Developing the infrastructure with the objective to accept higher
concentrations in future steps

* Depending on the location of the Power-to-Gas plant, hydrogen could be
injected either into the transmission or distribution grid which have very
different gas flow rates.

* Pre-mixing stations may be required in order to not exceed the
concentration limits.

O nortegas
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<

* Regarding hydrogen, it is not possible at present to specify a limiting
value which would generally be valid in_all areas of the European gas
infrastructure.

* One reason for this situation is that for the time being there is no common
understanding for an admissible hydrogen concentration due to a lack of
knowledge. Therefore, the EN16726 Gas infrastructure —Quality of Gas—
Group H does not yet offer requirements on hydrogen.

* The distribution grid also uses a greater variety of materials such as plastic
pipelines and thus a differentiation was made between the grids where
necessary. An assessment was performed to identify the key issues
related to different hydrogen concentration limits of 2% vol., 5% vol. and
10% vol., taking into account the results of prior research.

O nortegas
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FCH

Cross cutting Aspects
1. Terms and 3. Guarantee a. 6. Public 7. Education 8. Research
definitions 2- Matrology ‘ of Ovigin Menitaring | 5. Safuty ‘ ‘ acoptance | & training & knowladge
9. Primary
production s 156. End usar
15. Hydrogen ag.
syshbem Mability
:—;.::::::?um - Electricity 14 Electralyser | | =g | Industry
renewable resouree | grid connection Power te Hydrogen | - Transport & | Stationary power
distribartion
- Svorage
9b. Rencwakl
hfdrmrbw:n.: - 13.5MR 17. Methanatisn
| Injection in = 13, Matural gas
gasgrid / 4
ad :fi syitem
E.
= Transport &
Distributiomn
18. H2NG - Storage
"+ Injection in the gas
grid J/ admixture
Production
Industrial by-product 20. End uzer
a2.g.
heating // power
Mability
Industry B fuels
Process with use of

renewable energy

o nortegas

14/05/2018 Page 10

(Disclosure or reproduction without prior permission of HyGrid is prohibited).




9

-y

]H‘ vWrid  Renewable hydrogen value chain (FeH

* With regard to the points 9, 10, 11, 12, 13 and 16 of the
hydrogen value chain, no standardisation related actions are
foreseen

* Consequently, early attention to the following points is
required:
— Development of an unambiguous terminology
— System Safety Aspects need continued focus
— Clarification of the legal status of Power to Gas
— Guarantee of origin and Certification for H,
— Implementation of FQD* at national level
— Clarification of IED* with respect to electrolysers
— Training and education frameworks

*FQD: Fuel Quality Directive
*|ED: Industrial Emissions Directive

O nortegas
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* Metrology is mainly used in relation to Hydrogen quality and
purity or to H2ZNG measurement.

* It is of high relevance regarding the safe use of the end-use
applications.

* It is also required to know what the impact of pressures and
flows is to ensure a continuous supply of gas to the end users
and for billing purposes.

* Research actions:
— Modelling the mixing behaviour
— Development of measurement devices or software

O nortegas
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Monitoring

* In order to develop the Green Hydrogen market, a tracking
system ensuring the quality of hydrogen is necessary.

e Standardisation action:

— EN standard(s) supporting the deployment of a Guarantees of Origin
scheme for Green Hydrogen

* Concerning monitoring, the development of sensors are
needed to enable the detection of potential leaks specifically
of H2NG and for measurements of gross calorific value or
Wobbe index of the blending as well as the hydrogen
concentration.

O nortegas
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* Further research is required into the gas properties of H2NG
in order to determine appropriate safety measures.

* Research actions:

— More details are needed on safety relevant properties: the upper and
lower explosion limit (LEL, UEL), the ignition energy and auto-ignition
temperature for hydrogen/methane mixtures in the range 0 to 20%
vol. H, as function of temperature and pressure.

— Research into ignition of hydrogen and H2NG by mechanically
generated sources, electrostatic and corona discharge at different
concentrations.

O nortegas

14/05/2018 Page 14 (Disclosure or reproduction without prior permission of HyGrid is prohibited).




)

]H‘ v Wi Hydrogen Compatibility of Materials FCH

* To ensure safety and reliability of H2NG installations, the
interaction of hydrogen with many types of materials should
be known across a wide range of hydrogen concentrations,
temperatures and pressures.

* Pre-normative actions:
— List of materials compatible with H2NG systems

— Testing procedures such as the fatigue life test and also a permeability
test

— Accelerated fatigue testing and investigation of welds

O nortegas
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* Gas grid operators, when receiving a request to connect a PtG
plant should analyse the current status and any potential
effect in their grid to determine the maximum volume of
hydrogen the network is capable of accommodating.

* The effect of hydrogen on all components of the gas grid
infrastructure and the gas system including underground
storage needs to be assessed.

O nortegas
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* In mid-term attention is required to the following topics:

— Adaptation of gas analysis instruments and methods: the addition of H,
influences to the properties of the gas, such as compressibility, viscosity,
density and heat capacity.

— The effect on volume measurement, gas composition analysis, metering
and measurement of calorific value, especially for billing purposes should
be assessed.

— In order to quantify the delivered amount of energy, the calorific value
and other properties of the gas have to be measured.

— The presence of two combustible gases (methane and hydrogen) and a
lack of oxygen precludes the use of common sensor types.

— The first devices that are able to measure up to 5% vol H, in natural gas
are available and subject to national certification processes in some
countries.

O nortegas

14/05/2018 Page 17 (Disclosure or reproduction without prior permission of HyGrid is prohibited).




"ﬂu N u;":]‘ii (  Gas infrastructure equipment & devices FCH

* Mid-term attention is required to the following topics:

Pressure regulators and valves, seals and connections:

— At present the available knowledge does not indicate difficulties for
low hydrogen concentration (below 10% vol) and further research is
needed.

— The soft sealing used in pressure regulators, valves and slam-shut
valves (SSV) should be considered. These devices have a major
influence on safety and therefore the effect of hydrogen, also at
concentrations above 10% vol., has to be determined.

Compressor stations:

— For low concentrations of hydrogen (below 5% vol) the effects are
expected to be minor but further investigations should be performed.

O nortegas

14/05/2018 Page 18 (Disclosure or reproduction without prior permission of HyGrid is prohibited).




)

i Grid integrity and operation FCH

H y |

Crext

 Hydrogen concentrations up to 10% vol:

— Experimental proof is needed to show that embrittlement and fatigue
effects do not occur below 10% vol. hydrogen in natural gas for all
materials used in the grid especially if further imperfections are
present.

 Flow behaviour

— Improved modelling of the mixing behaviour is needed to better
understand the flow behaviour of gas mixtures and to identify areas
where due to imperfect mixing of higher H,-concentrations can occur.

— Additional development of hydraulic software for modelling gas
flows/pressures is needed, in order to meet billing requirements.

O nortegas
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Flexible Hybrid separation system for
H2 recovery from NG Grids

HyGrid

Thank you for your kind attention

Dr Angel M? Gutierrez
angel.gutierrez(@nortegas.es

o nortegas
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Flexible Hybrid separation system for
H2 recovery from NG Grids
HyGrid

Exploitation Workshop
Hydrogen separation using membranes

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking under grant
agreement No 700355.This Joint Undertaking receives support from the European Union’s Horizon 2020
research and innovation programme and Hydrogen Europe and N.ERGHY

Duration: 3 years. Starting date: 01-May-2016
Contacts: EGallucci@tue.nl

tecnalia ) sz group

The present publication reflects only the author’s views and the FCH JU and the Union
25/05/2018 Page | are not liable for any use that may be made of the information contained therein.
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]]:1” . @ Obijectives

Development of cost effective tubular supported membranes for the
recovery of hydrogen from low concentration streams (2% -10%) in the
whole range of pressures of the Natural Gas Network. Two different types
of membranes will be developed as well as the final membrane module:

» Pd-based membranes for the medium to the lowest Natural Gas
Grid pressures with improved flux and selectivity.

» Carbon Molecular Sieve membranes for the high pressure range.

» Membrane module for the prototype.

25/05/2018 Page 2 (Disclosure or reproduction without prior permission of HyGrid is prohibited).
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SAES G.Macchi

Selection of ceramic supports (in coordination with Tecnalia)

Saes

Development of membrane sealing technology
group

Characterization of membranes and sealing

Tecnalia D.A. Pacheco Tanaka

Preparation of Pd-Ag membranes
Preparation of carbon membranes teCﬂa“a)‘ Business

Characterization of membranes and sealing
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H Y @ i Selection of ceramic supports 0

H
Symmetric support Asymmetric support
B main body and surface: 0.2 um pore size B surface: 0.1 um pore size
B thicker near the brazing area B main body: 2-3 um pore size
B advantage: easier manufacturing B advantages: low pressure drop

B lenght: 10 cm, 42 cm high permeation

1\
|
|
|

h__

data obtained in SAES laboratories
t: provided by Tecnalia ; #: provided by TU/e

B 10/9 symmetric supports have permeance figures suitable to match HyGrid needs Saes
and thus a reliable option to 10/7 asymmetric samples 2R

B choice of support also depending on sealing/connection technology requirements
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B several symmetric and asymmetric porous tubes were sealed

B the best results were obtained by brazing a metal cylinder with
the same outside diameter of the symmetric alumina tube

M trials with asymmetric tubes have not been succesfull:
leaking in the brazing region
detachment between the dense metal tube and porous alumina

25/05/2018 Page 5 (Disclosure or reproduction without prior permission of HyGrid is prohibited).
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Critical issues in brazing supports on metal:

B alumina is porous and thus mechanically more fragile than dense alumina

M the brazing process must not modify the porosity of alumina so it cannot exceed
temperatures in the range of 1000° C

M the surface of alumina must remain perfectly clean and without defects at the end of the
brazing process

B the alumina and the area of transition to other materials must be perfectly smooth to
allow the deposition of a thin Pd film without cracks.

A few samples has been prepared: they have successfully passed the bubble test

A I

B graphite ferrules (compression type connection) as candidate alternatives

Saes

group
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B H, permeance and leak-rate

self-standing 0.5x 10 4.8x108 <107

H, permeance at 400° C ; He leak-rate under 0.5 barg He ; He leak-rate in static conditions
data obtained in SAES laboratories

B selectivity as pure gas flowrate ratio and N, inlet/outlet ratio

self-standing <lo.d. <lo.d. 300 >30000

Flowrate at 3.0 bar pressure drop. *: calculated from permeance value.
data obtained in SAES laboratories

25/05/2018 Page 7 (Disclosure or reproduction without prior permission of HyGrid is prohibited).

FCH




]H] V@]’ii d Characterization of membranes

ASYMMETRIC SUPPORT W/ GRAPHITE CONNECTIONS

FCH

B flowrate performance vs. p — ageing effect: 8-10% increase and improved n fit

UPH flowrate (sccm)

O before ageing O after 820 h ageing

4000

3500

p out: O psig
bleed flowrate: 1 — 3 %

3000

)

N
Ul
Q
o

2000

1500

1000

500

0.0

0.5

1.0 15 2.0 2.5 3.0 3.5 4.0 4.5

p delta (bar) data obtained in SAES laboratories
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SELF-STANDING PD MEMBRANE

CO outlet concentration (ppb)
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ASYMMETRIC SUPPORT W/ GRAPHITE CONNECTIONS

VS. SELF-STANDING MEMBRANES
120
100 —— © asymmetric porous _F‘
g ceramic w/ graphite -0
= -8 o
P 80 - X Self-standing - }
g = o
§ o O
L 60 o
g A g
T 40 L
o : ) N
v
0
1 2 3 4 5 6 7 8
pin0.69 - pout0.69 (kpaO.GQ)/ pin0.67 - pout0.67 (kpa0.67)
data obtained in SAES laboratories

self-standing: n0.67 17.6cm? 0.23 x 10° mol Pal st m=
ceramic # 1: n0.69 32.3cm? 1.55 x 10°® mol Pa1 s1 m-2
ceramic # 2: n0.69 34.2 cm? 1.81 x 10°® mol Pa1l s1 m-2
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Supported PdAg membranes

P ]

AR AN AR TSR S+ ST TR g

Where innovation starts

P : T U Technische Universiteit
i Eindhoven
te na Ia lnsglrlng e University of Technology
C Business
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' (3-4 pm thick) membrane 10/7 Support

1,00x10° - ' T=400 °C 3 25000
i ! :
o i 4 20000
: ,‘i \'\ 1 E
' m_ L E —
o Sl R 415000 T
' OO\ i I 1 >
o -} ~00 : o =
£ " [ ‘ =
— 1 n -.6
E 1,00x10° - ) [ o
() 4 Ty ! —
: : 3
S Membrane | 2
- - i i N
£ activation m Permeance i =
o ; | 5000 T
= P - o--- H,/N, ideal selectivity 1
: I |
) i
1,00x10” I . . '
0 500 1000

Time (h)
Helmi et al., Molecules 21 (2016) 376
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& e o Long term permeation tes m) ° C
lw,,;m;n 1.4E-06 7 1000000
(5 utick) 1 2E.06 0 @D @ @O @O OO O | 0000

1.0E-06 - 10000

8.0E-07 .mﬂ ------ L__J - 1000

6.06-07 @ . ® - H2 permeance (mol m-2 s-1 Pa-1) - 100

Ideal selectivity H,/N,

---------- O Ideal selectivity H2/N2

4.0E-07 =+ - 10

H, permeance (mol/s/Pa/m?)

2.0E-07 1
0 250 500 750 1000 1250
Time (h)
« H, permeance 400 °C: 0.9 x 10 2¢-1 pgl
» H,/N, ideal selectivity 400QC: >150,000 for >1 h

Medrano et al., Int. J. Hydrogen Energy 41 (2016) 8706-8718
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]H] ‘/@]‘iicl Ultra-thin Pd-Ag membranes =1um FCH

H,/N, selectivity and H, permeance
vs thickness

45 45
[ - /0T o T16 —
40 o 44 ®
0- ’ . ] 3000+ T14 &
& i
35} ’ 435 —_—>
: e ] 2500+ T I,E
30} ’ {30 & 0 o o
E | 7 ! > 20004 Sl T
= 25¢ p 1256 © 400 °C g E
@t o =i " 2 15004+ | AP1bar o
c 20k 12} ! 41420 o — o
S il . h +6 T
CEE . - § " 1° ~ 10004
| ST A b A | - ” ta 8
. 2 it | 500+ ©
1-0 . /./ E 0'2. ’,", | 1.0 --2 g
osf ¥ o it 1 0.5 o+ 9 o
! il g , " Time of :lating (min) : : : : : 0 Q.
5 5 5 § " 1 ~N
50 100 150 200 250 04 L _ o 10 e 4 =
Time of plating (min) Thickness (um)

Melendez et al., Journal of Membr. Sci. 528 (2017) 12-23
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]H] V@]’ii (1 H2flux at various gas mixtures and pressures - @FCH

o
at 400" C
Membrane thickness
1.30um Effect of CO
: At H, /N, 60/40
of dilution H, and N,, Replacing some N,with CO
18 T 1.0 -+
s H, /N, H,/N, /CO
— — ®
q.E 13 —+—100 H2 r;«E 08 + .':;i ® 60 /40
- " —8-90/10 - O:iil . 60/35/5
= —4—80/ 20 B o5 4 e
50.8 —=70/30 5 ii =60/30/10
5 ——60/ 40 3 li 460/25/15
=05 ——50/50 ~03 1 8§
0.3 [ |
0.0 | 0.0 i } |
400 0 100 200 300
P retave 05_p perm 0.5 (pa) 05 P ret ave 05_p perm 0.5 (pa) 05

Melendez et al., Journal of Membr. Sci. 528 (2017) 12-23

25/05/2018 Page 15 (Disclosure or reproduction without prior permission of HyGrid is prohibited).



]H] v @ rid H2 flux at various gas mixtures and pressures FCH
‘ at 400" C

3 bar total pressure, vacuum at the permeate

1.8
el ™ * 100 % H, flux at feed )
= ] —m— H /N, - vacuum at permeate side
€ 14 [ — — H,/CO, - vacuum at permeate side | |
: "o 1.2} k — 4~ H,/CH, - vacuum at permeate side | _
Thickness 5 ! o\ l
1.30 um € 10} S _
i - ~ -
5 o8| e o8 -
= o\_\!\
— i ~
o L .. .\‘ _
£ 0.6 \.\:'§
o~ Ir .\i§: N
T o4} NN .
- ‘\'.\s\ d
0 2 e \~:-‘::\ —
m ~ ‘ -
0.0 - -
| : 1 2 1 " 1 2 1 "
100 80 60 40 20

% vol of H, (feed mixture)

Melendez et al., Journal of Membr. Sci. 528 (2017) 12-23
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H y @ i FCH

Carbon Molecular
Sieves Membranes
(CMSM)

tecnalio ) uss

N
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m .
H vWriq Molecular sieves membranes FCH

. = Difficult to obtain crack-free
Zeolite membranes

= Intercrystallite voids affecting selectivity

Carbon Molecular sieves membranes
Carbonization of a polymer precursor under inert atmosphere or vaculr

@ W1
Lo

Presence of micropores and ultramicropores

25/05/2018 Page 18 (Disclosure or reproduction without prior permission of HyGrid is prohibited).
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Kinetic diameter of various gases
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H V@]']““[ Composite Alumina carbon molecular@
‘ sieves membranes Al-CMSM

Prepared by one dip —carbonization step
Using phenolic resin and bohemite

Composite phenolic resin CMSM, exeira, Campo, Tanaka,
Llosa, Magen, Mendes, Carbon 49 (2011) 4348
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A
H o Grid o FeH
* Effect of carbonization temperature
Fresh After one day

~ %071 membrane = 07 y

E 300 + 02 g' 2

Z o504 / "E ™1 /

2 207t g 100 $

S 150 1 o

o 100 1 R /

& S He

o 50 ¢ £

g g 0 | | .

o O \ ; : 400 500 600 700
400 500 600 700 800 900 100C

Temperature [°C]
Temperature [°C]

O, and N, very low flux
Llosa , Pacheco et.al Int J.hydrogen energy 40 (2015) 5653 40 (2015) 3485
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]HI y@l'ﬁcl N, permeation of c-CMSM-500 in =

function
of the temperature at 400 kpa

5c CMSM-500 after 14 days

20

CMSM 4
1 5 Tube e —

10

N2 Permeation [mimin?]

50 100 150 200 250 300 350 400

Temperature [ °C]
N, permeation of fresh membrane 66.8 ml min-
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]H] 1/@1'11 d Modification on the porous o

. . N, 66 ml/min

HO-

Just after
carbonization

l

Active places OH HO-
react with water ® o N, 20 ml/min
(water chemisorption) OH HO

_OH

1 %%Ho
OH HO
Water =0 @L0= ©
physisorption OHQ%H water
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FCH

H y@m‘i d

Flexible Hybrid separation system for
H2 recovery from NG Grids

HyGrid

Thank you for your attention

Contacts: EGallucci@tue.nl

25/05/2018 Page 24 (Disclosure or reproduction without prior permission of HyGrid is prohibited).
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‘,,6" H, Compression and Purification

Pressure up to 100MPa
Purification > 99.5% H>

- V' Energy efficient
@  Nomoving parts
. Silent operation

v Single-stage
v Scalable

y /&
7~
,“

Electrochemical Hydrogen Compression and Purification
Leonard Raymakers

HYET Hydrogen Pressure

May 17, 2018
leonard.raymakers@hyet.nl www.hyet.nl
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—_— Efficient purification & compression Ta b I e Of C O n t e n t S
HYET Hycroger

* Introduction to the High yield Energy Technologies (HyET) Group
e Electrochemical Hydrogen Compression (EHC) explained

* Applications & Products

* HyGrid project

* Summary

N3

4 i
From'fossil to |

{ pure abundant energy |

H y@l'ﬁ d :
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HYyceT Solar

Flexible light weight solar modules

Esthetic & functional  Poverty alleviation; Remote;
PV solution Humanitarian aid Military

30% cheaper per kWh than conventional PV panels

highest energy production per area available

HyE T Hydi’-”"'a"'ﬁﬁ ﬁmm..,m

THE NEW STANDARD IN H2 COMPRESSION

Large scale Small scale Public hydrogen
industrial home refueling refueling station

No moving parts!
0.1 - 1000 kg/d
1000 bar in one stage

Reliable

MTBF > 20.000 hrs
Cost Effective

Capital cost < 25% of mechanical compression
Operating cost < USD 0.5/ kg H2

Fully Silent
Compact
Proven HyET EHC
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2. EHC:
ELECTROCHEMICAL HYDROGEN COMPRESSION

H Y@l’iicl |




— Efficient purification & compression E ;
HYyeT Hydrogen -

Electro-chemical Hydrogen Compression

low pressure

&G P

@ Electrons move Protons

Q Q& "
a0 4 — O ‘//\_/7,70%,

Membrane w N 1

it ] mmm

Ha H, = Hy
Cathode:2H*+2e —H, O » CE? Q")@CD pump rate: 2 e- ~ H,

Anode: H,— 2 H*+2 e

high pressure
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HyE T Hyd’-a"gen'"" Compression fundamentals

Beyond 35bar/500PSI electrochemical compression is more
energy efficient then mechanical compression

Mechanical compression

Electrochemical compression

Consumption KWh/HKg

Lnergy

0 500 1000 1500 2000
Cathode Pressure psi

EHC can achieve very high pressures with a single stage,
mechanical compressors require multiple

“Modeling and analysis of electrochemical hydrogen compression”
Dale et al (2008)

ﬂy@riicl :




- Efficient purification & compression E H C CO m p Fess | on &
HYyeT Hydragen

Purification

Purification is included

— Membranes that block high pressure
hydrogen also block other gasses from
permeating

— Selective Hydrogen extraction is achieved
from different gas mixtures containing in
various ratios CH, - N,

— Low PPM allowed for CO, - CO - H,S (ppb)

H y@l'inl 7




HyE T Hyd’-a"gen’"" EHC Product Performance

EHC World Compression Record

100

90 A

80 A

70 4
60 o

Pressure [MPa]

40 -

30 + ——Cathode pressure

20 A Anode pressure

10 4

0

0 50 100 150 200 250 300
Time [min]

HyET broke the world record electrochemical compression and
achieved 1000 bar in 2011 with a single stage laboratory cell - until

ﬂﬁﬂ o~ now unchallenged.
vdrid . e




- Efficient purification & compression E H C T h I R d
HYeT HycdiGger R— R

e Current technical development primarily focusses on:
* Further lowering costs

— Raw material usage
— Manufacturing

e Further improving performance:
— Improving current density
— Improving membrane performance
— Increasing surface area per cell*

— Increasing MTBF

(*) forms part of the Joint Technology Development project of HYET and Shell Hydrogen at L. Berkeley National
Laboratory

L

vrid 9
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3. HYET
APPLICATIONS & PRODUCTS

H 17@1']"1 (d lo




HyE T Hydrg"gen'"" Applications

Focus refuelling, purification and storage

Integrated SMR &

SN , Electrochemical purification
Electro-

.6
Iysns%

Electrochemical Compression

Electrochemical
Purification

HyET provides essential pieces of the “Puzzle”

H Y @ i v




Efficient purification & compression

HYyeT Hydragen

Application sweet spot

Market structure hydrogen compression / costs mechanical hydrogen

| EHC Sweet Spot I
I 1 |
I I I
1 e l
1Dt| 2 \ \\ If
I—-——l =il == a — k—-_
_é-; I— Diaphragm compressor Bigian compre!or
g - s e (s e S e .
2 10 CAPEX Ltechanical ompression
s 1.000- 3;000 i)o- 1.000 100-500
g2 1 —Yka/day | $/kg/d
g

$/ka/day

Z

o

Rotary pressure

"

Screw compressor

| @ riid

Capacity [Nm?/hr]

1000000

compressors

Classical compressors need:

Minimum feed pressure
Multi-stage configuration
Interstage cooling

Regular maintenance

High degree of redundancy

2 (FCH




HyET Hyclra"gen""’ EHC: Disruptive Technology

Purification and compression up to 1000bar in one single step
No moving parts — high availability

Compact, simple, minimal BOP

Scalable, from very small to very large volumes

Quiet, urban area application possible

Energy efficient

On demand — Instant on/off, 0-100% capacity

Low CAPEX

Low OPEX (Energy & Maintenance)

@1'1‘141 -




— Efficient purification & compression ; he ”
HYET HycdiGger -

e 2016: First commercial delivery of
HCS48

e Shell Technology Center Amsterdam

* Long duration qualification of
purification duty (ongoing)

e 2018: Upgrading to newest EHC stack
platform

H Y @ i ‘




HyET Hyclra”gen"’" Customer: US Naval Research Laboratory

* (Q3 2017) First commercial delivery of multicell stack (32 cells)
» Design specification: 2kg/d; 415 bar (achieved >3kg/d; 700 bar)

\_E.S. NAVAhJ
ESEARC

LABORATORY

——— - |

N |

H y @ i s




HYET HydFGgaeim Wam,

Commercial refuelling station

Arnhem Hydrogen
Refueling Station at
HyGear;

Specification:
« 120 kg/d;
* 400/875 bar;
* 5kWh/kgH,

| @ riid ‘




f— Efficient purification & compressian P d t
HycT Hydragen i

Available per 2018Q2:
* Single stack system
e 10 kg/day

e 700 bar

Next step:

* Multi-stack system
e 200 kg/d

e 850 bar

H N rg i i
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HYeT Hydragern

4. HYGRID PROJECT
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HyE T Hydragen’" HyGrid — prelimanary field test

 Purification of P2G methanation reactor output gas: remove H2 (2.5-4% to 0.5%) to
allow NG grid injection

* Establishing base-line EHP performance with sub-optimal EHP cell hardware

H | @ i ’




HyE T Hydragen’" HyGrid — prelimanary field test

* 90% recovery rate feasible with high surface area

£ 100 -

recovery rate

80 -

I
|
SN

70R:¢ ¢ { : ; : g RRSAY TORE IRt X 3 @ Current[A] 1:3:
T : ; il : . Pressure anode [bar]
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T
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b
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N
o
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o
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HyET Hydra"gen"’" HyGrid - First prototype realized

Current HyET HyGrid design
compressor purifier/compressor stack
stack

* 150 bar reached on single cell at 1.0 A/cm2
* Multicell stacks up to 30 cells at 1.0 A/cm?2

H Y @ i 8




HyeT Hyclr

H. G

Efficient purification & compression

ogen

* Single cell testing

HyGrid testing

Current [A]

8 ——  resssrsrererasases

5 Recovery rates :

s at 150 mV

: - (=targeted energy’

: demand of
4kWh/kg H2)

................

[

——2A; 1 bar(a)
—=—4 A; 1 bar(a)
——4 A; 3.75 bar(a)
- —Max. current 2 A

= =Max. current4 A

’\ higher than max.

because of
backdiffusion
H,

Key Performance Indicator Unit Actual | Target
| Energy congumptlon of electrochemical KWh / kg Ho 6 A
/| _hydrogen purification at ambient pressure

Hydrogen recovery rate of feed gas with 2% H, % 30

9

i




— Efficient purification & compressian H G d — E H P b_ t
HYyeT Hycdrogen Lt it

[ Cooling circuit }

(“home=")

: . Humid-
Cooling gas coming from

ification EHP
membrane module
control

\ E—

H. G
vUrid -
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THANK YOU!

H fﬁ%l I (

(2




H y @ i FCH

Flexible Hybrid separation system for
H2 recovery from NG Grids

HyGrid
Exploitation Workshop - 17-05-2018 Lainate, Italy

TSA Development and Prototype Description

HyGear

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking under grant
agreement No 700355.This Joint Undertaking receives support from the European Union’s Horizon 2020
research and innovation programme and Hydrogen Europe and N.ERGHY
Duration: 3 years. Starting date: 01-May-2016

Contact project coordinator: EGallucci@tue.nl

The present publication reflects only the author’s views and the FCH JU and the Union
17/05/2018 Page | are not liable for any use that may be made of the information contained therein.
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id Outline FCH

o Company introduction

o Quality standards for hydrogen and natural gas
o Commercial Design HyGrid

o Lab scale testing: design and testing

o Prototype development

o Integration

Confidential & Proprietary
17/05/2018 Page 2 (Disclosure or reproduction without prior permission of HyGear is prohibited)




]H] Y @ i HyGear FCH

o SME based in Arnhem, The Netherlands
o Founded in 2002

o Employing 65 people

o Offices in Europe, Asia and US (support)

o Small-scale gas processing experts
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Products

0

@1'11 d
o HyGear sells gases...

Vi

H

HYDROGEN

Confidential & Proprietary
(Disclosure or reproduction without prior permission of HyGear is prohibited)
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]H] ] @ i Technology

o ... by using own developed technology

l l 1‘\ /. ;" :
(el T
i | o
l = O
| e -l -
0.GEN’ N neen
) DRO ON-SITE OXYGEN i ON-SITE NITROGEN

RATIO GENERATION SYSTEM [} GENERATION SYSTEM

\ COST-EFFECTIVE OXYGEN GENERATION COST-EFFECTIVE NITROGEN GENERATION

STEAM LOW LOW
METHANE PRESSURE PRESSURE
REFORMING AIR AIR

SEPARATION SEPARATION
BY (V)PSA

F}Fﬂ
dif
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IN-LINE
RECOVERY OF
SPENT GAS

FCH




v Brid Lowest costs with combination

on-site & trucked-i

Average costs per Nm? hydrogen

E ,
W R—

Trucking - _Combined‘“
0 50 100
Average consumption -

f I Y. (_1 L I‘J

Confidential & Proprietary
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IHI v W rid Demands HyGrid system frc

o Usage HyGrid system
 Remove hydrogen from natural gas to protect downstream
customers
o Max 1 vol% H, in NG

» Extract clean hydrogen for energy use from natural gas
o Use natural gas network for H, transport
o ISO 14687:2012

» Target at commercial scale
o<5kWh/kgH2and <1.5€/kgH2

Consumers
State-of-the-Art Impurities (a.o0.) Cause

CH, Gas turbines 1-5vol% H, Ineff. of rotor blade cooling, NOx abatement etc.
Automotive applications 2vol% H, Embrittlement of storage and leakage of valves
Gas engines 2-5vol% H, Sensitivity systems for increase of flame speed
Household appliances <25vol% H, Potential backdraft burner

H, Internal combustion engines Grade A: 98 vol% H, 100 ppm CH,: NC H,0O

Automotive fuel cells Grade D: 99.99 vol% H, 100 ppm CH,4: 5 ppm H,0O
Stationary fuel cells Grade E: >99.99 vol% H, 100 ppm CH,: NCH,0

Confidential & Proprietary
17/05/2018 Page 7 (Disclosure or reproduction without prior permission of HyGear is prohibited)
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]H‘ Y Wrid Commercial Design HyGrid FCH

o Feed 10%vol in NG, production capacity 200 kg H, /day
o Quality (CH,, H,) applies to end-user spec.

P _
Membrane module

[N

CH,+H,.
From grid >

1
I
I
i
EHP | Tawia >
i
I
1
I

TSA

: 99.99% H, purity
g (15O 14687)
|
|

Confidential & Proprietary
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Hﬁﬂ vdrid Scaled testing

o Labscale module testing

» Temperature Swing Adsorption (TSA) : HyGear

o System Integration and Prototype testing
» HyGrid Prototype : HyGear

Confidential & Proprietary
17/05/2018 Page 9 (Disclosure or reproduction without prior permission of HyGear is prohibited)
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]H] Y Wrid Drivers for testing TSA FCH

o State-of-the-Art TSA

Applicability of dehydration processes

nt, Ib/MMscf

Sieves

1
-80 -60 -40 =20 0 20 40 60 80 100 120 140
/ \ Dry G\Waler Dew-Point, degrees F
7 ) 1}

-62°C -40°C -18°C

o Minimizing operational costs and energy consumption

o Drying H, challenging: Safety

o Saturated conditions: Commercial systems not available
o Model validation for design conditions

Confidential & Proprietary
17/05/2018 Page 10 (Disclosure or reproduction without prior permission of HyGear is prohibited)




]HI N @ i Lab scale testing TSA FCH

o Small scale TSA lab test unit developed
» Single 1L vessel

» Sorbent check
o Type, shapes and sizes

« Air and hydrogen carrier gas operated
» Automated control

» Process variables check

« HyGear model validation

Confidential & Proprietary
17/05/2018 Page || (Disclosure or reproduction without prior permission of HyGear is prohibited)
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]H‘ \ le i« Results from lab scale testing TSA FCH

o Sorbent check

» Material:

o Required dew-point not reached with Silica gel

o Zeolite 4A requires less desorption energy compared to Zeolite 13X
 Influence of bead size:

o Optimum size selected |
o Pellets vs beads:

o Slightly different overall capacities

o Air / H, carrier

 In H, higher adsorption capacity
(MTZ is smaller)

o Model validation
» Applicability Dubinin-Ashtakov (zeolite) and Toth (silica gel)
Isotherms validated

Confidential & Proprietary
17/05/2018 Page 12 (Disclosure or reproduction without prior permission of HyGear is prohibited)
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]H‘ ﬁgl Id Development of TSA pilot plant FCH

o TSA design

e Continuous (2 vessel) operation
o Adsorption / desorption (separated vessels) simultaneous

» Capacity 25 kg H, / day (12 Nm3 H, / h)
* Non-PED (operational pressure < 0.5 barg)
o Low CAPEX, low OPEX
» Standalone design for testing = includes humidifier
» Water saturated feed stock
o ATEX zoning 2NE

Confidential & Proprietary
17/05/2018 Page 13 (Disclosure or reproduction without prior permission of HyGear is prohibited)




[H] Y @l'ii d From design to prototype FCH

L
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”ﬁu \ ﬂm (d Prelude to system integration FCH

o Production (and mixing capacity) 30 kg H, /day (in 126 Nm3
NG/h)

o Flexibility in hydrogen content and sweep gas to membrane

o Module H, separation efficiencies:
» Membrane separation module: 80%
 EHP module: 50%
* Pressure drop modules max. several tens of mbar
» Under evaluation by partners
» Optimization on pressure drop ongoing

o Design towards

e Lowest costs per recovered hydrogen
o CAPEX, OPEX

 Efficiency is important, but not holy
o Systems separately housed

« PED

» ATEX zoning certification challenging

Confidential & Proprietary
17/05/2018 Page I5 (Disclosure or reproduction without prior permission of HyGear is prohibited)




FCH

H y@m‘i d

Flexible Hybrid separation system for
H2 recovery from NG Grids

HyGrid

Thank you for your attention

Contact HyGear: marco.rep@hygear.com

Confidential & Proprietary
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National Physical Laboratory

Purity requirements for hydrogen applications: the latest on ISO 14687

Dr Arul Murugan
Senior Research Scientist — Energy Gases



Overview NPLE

SR

National Physical Laboratory

Standards for Hydrogen Purity Hydrogen Purity Laboratory Future Work



ISO 14687 NPLE

National Physical Laboratory

AN
IS QO 'so T 197 WG 27 — Hydrogen Fuel Quality

2% NP

National Physical Laboratory

NPL sits as a UK expert on WG 27

ISO 14687-1 ISO 14687-2 ISO 14687-3
Non-fuel cells Fuel cell vehicles Stationary fuel cells

Standards for Hydrogen Purity Hydrogen Purity Laboratory Future Work



1ISO 14687-2:2015 NPL

Hydrogen purity for PEM fuel cell vehicles Hetlonal Fhysical baboratory

Reactive gases

Oxygen Usua”y platinum — can
from degrade in the presence of *Water (5 umol/mol)

impurities (such as hydrogen +Oxygen (5 pmol/mol)

sulphide or carbon monoxide) +Carbon dioxide (2 pmol/mol)
*Total hydrocarbon compounds (2 pmol/mol)

from Tank Exhaust «Formic acid (0.2 umol/mol)

«Carbon monoxide (0.2 pmol/mol)
«Ammonia (0.1 pmol/mol)
*Total halogenated compounds (0.05 pmol/mol)
*Formaldehyde (0.01 pmol/mol)
*Total sulphur compounds (0.004 pmol/mol)

*Helium (300 pmol/mol)
*Nitrogen (200 pmol/mol)
DIRECTIVE 2014/94/EU OF THE EUROPEAN «Argon (200 pmol/mol)

PARLIAMENT AND OF THE COUNCIL of 22 October
2014 on the deployment of alternative fuels
infrastructure: Non-gases

“The hydrogen purity dispensed by hydrogen
refuelling points shall comply with the technical _—%
specifications included in the ISO 14687-2 standard.”

«Particulates (1 mg/kg)

Standards for Hydrogen Purity Hydrogen Purity Laboratory Future Work



NPL
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1ISO 14687-3:2014

Hydrogen purity for stationary PEM fuel cells

!
UV /

—
o —
=

Category 1, 2 and 3 assigned by manufacturer

Standards for Hydrogen Purity

Type L grade E

[maximum mole fraction)

Characteristicsd
(assay] Category 1 Category 2 Category 3
Hydrogen fuel 1nu:|e:? (omini- 50 % 50 9§ 99,9 95
mum mole fraction)
Total non-hydrogen gases 50 % 50 U 0,1 %

Mon-condensing at all

Mon-condensing at all

Mon-condensing at all

T b
Water (H20) ambient conditions ambient conditions ambient conditions
Maximum concentration of individual contaminants
Total hydrocarbons
10 pmol /mol 2 pmol/mol 2 umol/mol
(C1 basis)*
Oxygen [07] 200 pmol fmol 200 pmol'mol 50 pmol/mol
Mitrogen [N2),
Argon (Ar), Helium [He) 50 % 50 % 0,1 %

[mole fraction)

Carbon dioxide (CO2)

Included in total non-

Included in total non-

2 umol/maol

hydrogen gases hydrogen gases
Carbon monoxide (CO) 10 pmeol/mol 10 pmol/mol 0,2 pmol/maol
| Total sulfur compoundsd 0,004 pmol/mol 0,004 pmol /mol 0,004 pmol/mol

Formaldehyde (HCHO)

3,0 pmol/maol

0,01 pmolmol

0,01 pmol/mol

Formic acid (HCOOH)]

10 pmaol/mel

0,2 umol/mol

0.2 pmol/mol

0,1 pmaol/mol

0,1 ponol /ool

Ammonia [NH3) 0,1 ponol /ool
Total halogenated com-
poundse 0,05 pmol/mol 0,05 pmol/mol 0,05 pmol/mol
Maximum particulates con- - - -
centration 1mg/kg L mg/kg 1mg/kg
Maximum particle diameter 75 num 75 pm 75 num




NPL

National Physical Laboratory

1SO 14687-1:1999

Hydrogen purity for all applications except PEM fuel cell

Constituents Typel
(assay) Grade A Grade B Grade C
Hydrogen fuel index # 98,0 % 99,90 % 99,995 %
(minimum mole
fraction, %)
Para-hydrogen NS NS NS
(minimum mole
fraction, %)
Impurities
(maximum content)
= Total gases 20.000 pmol/mel| 1.000 pmeol/mol | 50 pmol/mol
4 ol Water Non-condensing | Non-condensing
- (mole fraction, %) at all ambient at all ambient ¢
conditions P conditions
Grade A: Boilers, cookers Grade B: Heat and power Grade C: Aircraft and space vehicles Total hydrocarbon | 100 umol/mol on fl"“dﬁ‘_““:g
atall ambien
conditions
Osy. b 100 pmol d
ygen pmol/mol
Argon b d
a The hydrogen fuel index is determined by subtracting the "total non-hydrogen gases" expressed in mole 5
percent, from 100 mole percent. Nitrogen 400 pmol/mol ¢
. . . . i 9
b combined water, oxygen, nitrogen and argon: maximum mole fraction of 1,9 %. Helium 39 pmol/mol
e
€ Combined nitrogen, water and hydrocarbon: max. 9 jumol/mol. €02
e
d combined oxygen and argon: max. 1 pmol/mol. o 1 pmol/mol
€ Total C0, and CO: max. 1 pmol/mol. Mercury 0,004 pmol /mol
f Tobe agreed between supplier and customer. Sulfur 2,0 ymol/mol 10 pmol/mol
€ The hydrogen shall not contain dust, sand, dirt, gums, oils, or other substances in an amount sufficient to Permanent particulates g f f
damage the fuelling station equipment or the vehicle (engine) being fuelled. Density

Standards for Hydrogen Purity




ISO 14687:2018 NPLE

Hydrogen fuel quality — product specification eeral e sberster

Reactive gases

Revision is happening now: -Methane (100 pmol/mol)
*Water (5 pumol/mol)
+Oxygen (5 pmol/mol)

NI «Carbon dioxid (2 I/mol)

1) Comblnlng a” three parts -NiL r%ltr:(a)l)r(lleer}lydrocarbons (2 Emgllmgl)
*Formic acid (0.2 pmol/mol)

. . . *Carbon monoxide (0.2 pmol/mol)

2) Change to venhicle purity requirements: -Ammornia (0.1 pmol/mol)

. . *Key halogenated compounds (0.05 pmol/mol)
- Total formaldehyde, formic acid and -Formaldehyde (0.2 pmolimol)
Carbon monoxide — 02 HmOI/mO| *Total sulphur compounds (0.004 pmol/mol)
halogenated *Helium (300 pmol/mol)
- Methane added «Nitrogen (300 pmol/mol)
*Argon (300 pmol/mol)

- Nitrogen and argon increased

Non-gases

*Particulates (1 mg/kg)

Standards for Hydrogen Purity Hydrogen Purity Laboratory Future Work



ISO/DIS 19880-8

Hydrogen fuelling stations — fuel quality control

OCCURANCE

SEVERITY

NPL

National Physical Laboratory

OCCURRENCE CLASS NAME DESCRIPTION OCCURRENCE OR
CLASS FREQUENCY
Very unlikely Contaminant above threshold
0 (Practically never been observed for this Never
impossible) type of source in the industry
Heard in the Industry for the
1 Very rare type of source/ Supply chain 1 per 1 000 000 fuelings
considered
Has happened e the
2 Rare S 'lp]JE'I.lE' fnore than 1 per 100 000 fuelings
once/year in the Industry
Has happened repeatedly for
3 Possible this type of source ata 1 out of 10 000 fuelings
specific location
4 Frequent Happens on a regular basis Often

SEVERITY | FCEV Performance impact or damage Impact categories
CLASS
Performance | Hardware | Hardware
impact impact impact
temporary | permanent
0 e No impact No No No
e Minor impact Yes No No
¢ Temporary loss of power
1 ¢ No impact on hardware
¢ Vehicle still operates
¢ Reversible damage Yes or No Yes No
¢ Requires specific procedure, light
2 maintenance.
¢ Vehicle still operates.
» Reversible damage Yes Yes No
¢ Requires specific procedure and
3 immediate maintenance.
¢ Gradual power loss that does not
compromises safety
¢ Power loss or Vehicle Stop that Yes No
compromises safety
4 e Irreversible damage Yes!
¢ Requires major repair (e.g. stack No Yes

change)

Standards for Hydrogen Purity




ISO/DIS 19880-8 NPLE

Hydrogen fuel quallty — prOduct SpeCIflcatlon National Physical Laboratory

Severity

Probability per one

fueling Occurrence 0

Frequent: Often
Possible: 104
Rare: 10-3

Very Rare: 10-°

Practically Impossible

Further investigations
are needed: existing
barriers or control may
not be enough

Acceptable risk
area Existing
controls sufficient

Key

Standards for Hydrogen Purity
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National Physical Laboratory

Table 7 — Probability of contaminant presence in the three models presented in this article (SMR + PSA, PEM water

electrolysis + TSA and chlor-alkali membrane electrolysis + TSA).

Probability of Steam methane Chlor-alkali process PEM water electrolysis process with TSA
contaminant presence reforming with PSA (membrane cell process)
Frequent CcO oF None identified
Possible N None identified None identified
Rare CH4, H-O and Ar N, and H-O N, O5 and H-O
Very rare CH-0 CO, CO4
Unlikely He, CO, O,, CH,0,, NHj3, He, Ar, CO, CHy, He, Ar, CO, CHy,
sulphur compounds, CH-0, CH,05,, NH;, CH-0, CH,0,, NH3,
hydrocarbons compounds, sulphur compounds, sulphur compounds, hydrocarbons compounds,
halogenated hydrocarbons compounds, halogenated compounds
compounds halogenated
compounds

Probability of occurrence of 1ISO 14687-2 contaminants in hydrogen: Principles and examples from
steam methane reforming and electrolysis (water and chlor-alkali) production processes model

Thomas Bacquart, Arul Murugan, Martine Carre, Bruno Gozlan, Fabien Auretre, Frederique Haloua &
Thor A. Aarhaug

International Journal of Hydrogen Energy (2018)

Standards for Hydrogen Purity


https://www.sciencedirect.com/science/article/pii/S0360319918308450
https://www.sciencedirect.com/science/article/pii/S0360319918308450

EN 17124:2018 NPLE

Hydrogen fuel quality — product specification e Tt isersteny

Reactive gases

1 1 *Methane 100 pmol/mol
Essentially combines 1SO 14687- Wator e o
. +Oxygen (5 pmol/mol)
2 . 2015 and ISO/D I S 19880'8 «Carbon dioxide (2 pmol/mol)
*Non methane hydrocarbons (2 pmol/mol)
*Formic acid (0.2 pmol/mol)
*Carbon monoxide (0.2 pumol/mol)
«Ammonia (0.1 pmol/mol)
*Total halogenated compounds (0.05 pmol/mol)
*Formaldehyde (0.2 pumol/mol)
*Total sulphur compounds (0.004 pmol/mol)

*Nitrogen (300 pmol/mol)
*Argon (300 pmol/mol)

CEN TC 268 WGS Non-gases
Specific hydrogen technologies applications

*Particulates (2 mg/kg)

Standards for Hydrogen Purity Hydrogen Purity Laboratory Future Work



Hydrogen Purity Laboratory NPLE

NPL’s Hydrogen Purity Laboratory etlonal PhysiealEsborstory

Key points:

- Capital costs ~ €500 k

- All measurements performed
against hydrogen gas standards

]] S

== ,_|' [ lup

Quiartz crystal

Gas chromatography with thermal

—_— , .
Spectioscopy microbalance conductivty detector - We can provide gas standards as
Water Helium » well o
DVvisi - Accreditation to ISO 17025
-visible spectroscopy . . .
B Ammonia - Developing sampling capability

Thermo-desorption - Gas chromatography with
mass spectrometer detector
Organo-halogenated compounds

(excluding HCI and Cl,)

Carbon dioxide |==

—

Hydrocarbons

% - Sampling at low pressure and HRS
Formaldehyde Qm -
RVAQ/S

XYY
Carbon monoxide
Dr Thomas Bacquart

Methane

Formic acid
‘ Gas chromatography with
Ioh methaniser and flame
b Oxygen 00‘9':”0 :: s ionisation detector
Nitrogen ” 3
3 Argon 2 .

ak

! Methane Gas chromatography with sulphur

. . Carbon monoxide chemiluminescence detector 3 :
Gas chromatography with helium

discharge ionisation detector Carbon dioxide UKAS

TESTING

Thomas.bacquart@npl.co.uk

(+44)20 8943 6652

Fourier Transform Infra-Red
spectroscopy

0002

Hydrogen Purity Laboratory


http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://tigeroptics.com/app/tigeroptics/cms/?id%3D54&ei=9AglVfDAI8LOaNjIgdgE&bvm=bv.90237346,d.d2s&psig=AFQjCNFK-g42AJKPpRYEtqMBlAvE8QXVKQ&ust=1428576881808723

Hydrogen Purity Laboratory NPLE

Helpful literature for hydrogen purity analysis

ISO/DIS 21087 Gas analysis — analytical methods
for hydrogen fuel

ISO TC 158 IWG 7

Review of purity analysis methods for performing
quality assurance of fuel cell hydrogen

Arul Murugan & Andrew S. Brown
International Journal of Hydrogen Energy (2015)

Provides a list of methods for performing ISO
14687 hydrogen purity analysis and guidance
on validating methods

Provides a list of methods for performing 1SO
14687 hydrogen purity analysis

Hydrogen Purity Laboratory


https://www.sciencedirect.com/science/article/pii/S0360319915000804
https://www.sciencedirect.com/science/article/pii/S0360319915000804
http://pubs.rsc.org/en/content/articlelanding/2014/ay/c3ay42174k/unauth#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2014/ay/c3ay42174k/unauth#!divAbstract

Hydrogen Purity Laboratory NPLE

NPL’s Hydrogen Impurity Enrichment Device Natlonal Physical Laboratory

Hydrogen sample Impurity

/ Measure Key points:
krypton - Capital costs ~€50k
‘ ° J o ° - Used with routine analysers
°s T ° . such as GC-MS

ol e o * o :> Ykra | Further testing required to

Pure tracer gas (krypton) Enriched Enrichment CEF

hydrogen
mixture

- I \ Measure
[ - ‘A \. % " LS o ~. L krypton
Ly Jip
v i > E—

* ° improve membranes
%\ Krypton

yKr,b

Measure
impurities
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http://pubs.rsc.org/en/content/articlelanding/2014/ay/c3ay42174k/unauth#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2014/ay/c3ay42174k/unauth#!divAbstract

Hydrogen Purity Laboratory NPLE

N P L’s Sam pl i ng O National Physical Laboratory

e
H2

4—

Key points:
- Bad sampling can introduce air and
H,O |
water contaminants
- Wrong choice of sampling vessel could
Linde Qualitiser lead to loss of impurities
- Sampling from car will help diagnose
Safety valve 00A205V024 f au It S

Relief valve 00A20HV902

Input pressure gauge 00A20PI018

Reserve connections 00820PG030
+ 00C20PGO30

Output pressure gauge 00A20P1026

Input coupling with check valve
00A20KUO14 + 00A20CV016

Bottle hand connection 00A20KU030

Car sampling

Image: Pressure reducer from Tescom / Linde

Standards for Hydrogen Purity Hydrogen Purity Laboratory Future Work
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NPLE

National Physical Laboratory

EMPIR Metrology for Hydrogen Vehicles
Supported by 50 stakeholders including:

FLOW METERING SAMPLING

In order to correctly charge
the customer, hydrogen

[

AN

DAIMLER

To perform hydrogen purity analysi tati I
must be taken from the refuelling 5I.ahon and transported to the
refuelling stations must laboratory. However, if not handled correctly the sample could
accurately quantify the change composition during transport or become contaminated by
amount of hydrogen air and/or water. False results could lead to either stations being
dispensed into the \.ren'l:lle closed unnecessarily or “dirty” hydrogen being supplied to customers
{guidance on this is provided destroying their fuel cell system.
msor']':f R ‘:fh;"t‘u‘i:'ﬁ":’t'*” The MetroHyVe project will identify (through testing) suitable

pos sampling vessels that allow reactive impurities to remain in the sample

this requirement due to flow during transportation to laboratories and develop good practice guides

meters not being able to cope . N .
with the ical properties for taking samples of hydrogen from a refuelling station.

of hydrogen, high supply
pressures (above 700 bar)
and fluctuating temperatures
(-40-85'C).

The MetroHyVe project will
deliver traceable methods

riversimple

TOYOTA

for calibrating hydrogen flow
meters, recommendations

for suitable accuracy

recty soOMLY 20 project partners:

alternative safer methods v ((0))

M NEN

W

using non-flammable gases.

I Physical Lab

L+ METAS nel

flow measurement measurement

QUALITY ASSURANCE senices

Fuel cell systems in hydrogen vehicles are very sensitive .1 AIR LIQUIDE ‘

=

—
CENTRO ESPANOL
DE METROLOGIA

to degradation; even 4 parts-per-billion of hydrogen
sulphide could severely reduce lifetime. All hydrogen

QUALITY CONTROL

To ensure that harmful impurities do not reach a hydrogen vehicle due to any
temporary fault, such as an air leak or maintenance issue, IS0 19880-8 provides
guidance on introducing online purity analysers for monitoring probable harmful
contaminants. However, commercially available instruments have not yet been
validated against traceable gas standards.

The MetroHyVe project will provide instrument manufacturers the tools to validate their
online hydrogen purity analysers and host proficiency testing sct Low cost gas
sensors and online particulate analysis will also be i

Standards for Hydrogen Purity

provided to fuel cell electric vehicles must comply with
the challenging purity specifications detailed in ISO
14687. H . as the methods and gas standards are
not available for all of these measurements, laboratories
worldwide are not capable of performing the required
measurements.

The MetroHyVe project will develop new analytical
methods, traceable hydrogen purity standards and provide
free schemes to allow laborateries to test their capabilities
against National Metrology Institutes.

Hydrogen Purity Laboratory

Justervesenet

Dutch
Metroloav

LB op

CASCADE

CQOTECHNOLOGIES

% Grne Q IFO () mrower
@ siNTEF EMPAR  (Dghell

Materials Science & Technology

Future Work




Future work

Other relevant NPL projects

oo
47250 %

{111 SGN
Wiss2e

|

e - .. Your gas. Our netwark.

=
See

Hydrogen 100: Hydrogen
Odorants and Leak Detection

Identifying suitable odorants and
leak detection methods for a
100% hydrogen grid

Testing includes fuel cell

degradation, hydrogen boiler,
olfactory, pipeline correction.

Standards for Hydrogen Purity

FCH JU2 Hydraite

Establishing European
Hydrogen Purity Laboratories

Developing fuel cell degradation

testing facility (for both hydrogen
and air side)

Hydrogen Purity Laboratory

NPLE

National Physical Laboratory

Hydrdgen

EMPIR Hydrogen
Risk analysis and impurity

probabilities for hydrogen
production methods

Future Work
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National Physical Laboratory
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Dr Arul Murugan

partment for
Business, Energy
& Industrial Strategy

FUNDED BY BEIS

This work was supported by the UK government’s Department for Business, Energy and
Industrial Strategy (BEIS)
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