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1 EXECUTIVE SUMMARY

1.1 Description of the deliverable content and purpose

The objective of the H2020 EU research project HyGrid is the design, scale-up and
validation of a novel membrane-based hybrid technology for the direct separation of
hydrogen from natural gas grids. This novel technology separates hydrogen through a
combination of membranes, electrochemical separation (EHP) and temperature swing
adsorption (TSA). The target is to achieve high hydrogen purity at low energy
consumption and hence decreased cost of hydrogen separation compared to existing
technologies. Moreover, the environmental impacts of hydrogen separation via the
HyGrid technology should not be higher than via conventional technologies. A small-
scale pilot system with a capacity of 12.6kg hydrogen separated per day was designed,
built and tested during the project.

This deliverable presents the announcements, the presentations and some of the

moments of the workshop are presented.

1.2 Brief description of the state of the art and the innovation

Since the system under study is currently being developed within the HyGrid project,
no LCA results or literature on this specific topic exist. The results of the LCA of the
hydrogen recovery systems developed within HyGrid will therefore shed new light on
the contributions which these devices can bring in the shift towards more sustainable
energy distribution systems.

1.3 Deviation from objectives
No deviation from the objectives.



Proj. Ref.: HYGRID-700355
Doc. Ref.: HYGRID-WP10-

FCH D10.17 D1017-DLR-HyGear-27102021-
Final conference / workshop v01.docx
Date: 27/10/2021

Page N°: 4 of 98

2 INTRODUCTION

HYGRID Workshop 2021; On Flexible Hybrid Separation System for H2 Recovery from

Natural-Gas Grids

HyGear hosted the final HYGRID Workshop on flexible hybrid separation for H2
recovery from NG grids online due to the Covid pandemic on June 24, 2021. While in
previous 2018 workshop the focus was on, a.o., challenges of distributing hydrogen
into the NG networks and the purity requirements, this time important results on EHP
and membrane development were presented. Also the full HyGrid prototype was
discussed in details, a prelude to a commercial system was shown and the results of
the life cycle assessment were presented. The workshop was the final transfer of
knowledge event of the HyGrid project, contributing to the increase of knowledge, and

competitiveness of the hydrogen economy in the EU community.

The successful online workshop was held with 38 attendees (and over 70 registrations)
enjoying contributions of the HyGrid partners and Engie, France, entitled “GRHYD: a
successful demonstration for the new gas H2NG”. The audience interacted strongly

with the presenters during the Q&A moments.

Regarding the registrations a split between two groups: IND-SME and research-
University was made. The split between two groups IND-SME and research-University
is shown in next figure. Also policy makers could be identified among the group of
registrations and, finally, a small group of registrations who did not indicate their

affiliation.
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Registrations acc. to affiliation

= Unknown = IND-SME Research-University = Policy maker

Figure 1: The split between three groups (IND-SME, Research-University, policy makers) and

unknown as by registration.

In the following section the announcements and the presentations are presented.
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3 Online pre-announcement of the webinar on the website of HyGrid

£
N Wi

After the successful HyGrid workshop of 2018, HyGrid proudly presents its second workshop
to be held in June 2021.

Increasing demand on highly efficient hydrogen transport is foreseen within the EU to make
its large energy transition to hydrogen as a clean energy source become viable. Hydrogen
transport in existing natural gas infrastructure has been recognised as a possible means to
facilitate this. It is recognised by the EU that this will impose severe challenges to existing
users of natural gas. Additionally, the hydrogen requires a certain purity to be used as
chemical feedstock / fuel.

Within the European funded project HyGrid, new technology consisting of novel Pd-
membranes, hydrogen purification by electrochemical and temperature swing adsorption is
developed for the cost-effective removal and purification of hydrogen from natural gas.

Project partners HyET, HyGear, NorteGas, Quantis, Technical University of Eindhoven and
Tecnalia will take you through the recent developments in gas distribution, hydrogen
membrane separation and electrochemical purification development etc. Efficiency and purity
results and life cycle assessment of the combined HyGrid prototype are also discussed.

The 2" HyGrid workshop is taking place virtually in June this year and all sessions will be
accessed online from your computer, tablet or mobile, giving you the flexibility at your
chosen location and device. The exact date and agenda will be announced in due time.
Registration for this online venue will soon start. Stay focussed on the announcements on our
website.

The research leading to these results has received funding from the European Union’s
Horizon 2020 research and innovation programme under grant agreement No 679933
(HyGrid project).

FCH
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4  Final announcement of the workshop on the website of HyGrid
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HyGrid Final Workshop

After the successful HyGrid workshop of 2018, HyGrid proudly presents its second workshop to
be held on June 24,2021. Mark this date in your agenda.

Flexible Hybrid separation system for H2 recovery from NG Grids
Hy.Grid 2nd workshop (online)
June 24,2021; 11.15h - 14.45h CEST

Registration is now open. Follow below link for registration.
Register

Or copy below address into the navigation bar of your webbrowser.
https://www.eventbrite.nl/e/hygrid-final-workshop-2021-tickets-14542396 8003

AGENDA

e 11h15: Opening by TU Eindhoven. Prof. Dr. Eng. F. Gallucci

e 11h30: Development of membranes for hydrogen separation. PhD, MSc, QF A. Pacheco
(Tecnalia)

e 12h00: Development of separation systems for hydrogen separation. Prof. Dr. Eng. F.
Gallucci (TU Eindhoven)

e 12h30: Electrochemical Hydrogen Separation and Compression from Natural Gas - Scaling
up the technology. Mr. L. Raymakers (HyET)

e 13h00: HyGrid prototype experiences. Dr. M. Rep (HyGear)

® 13n30: 5 minutes coffee break

e 13h35: Environmental Life Cycle Assessment and Life Cycle Costing of the HyGrid system.
Ms. F. Brunner (Quantis)

® 14h05: GRHYD: a successful demonstration for the new gas H2NG. Ms. | Alliat (Engie)

® 14h35: Closing remarks. Prof. Dr. Eng. F. Gallucci
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Flexible Hybrid separation system for
H2 recoveryfrom NG Grid s

Project Duration: 5 years and 2 months Starting date: 01-May-2016
Project Coordinator: Fausto Gallucci, TUE, The Metherlands
Grant agreement n®.: 700355
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
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In the following sections the presentations held on June 1 are presented.
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5 Opening speech workshop by Prof. Dr. Eng. F.Galucci, TU/e
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PROJECT HYGRID

Flexible Hybrid separation system

for H2 recovery from NG Grids
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Fausto Gallucci

Eindhoven University of Technology
https://www.hygrid-h2.eu/
F.Gallucci@tue.nl
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.\ Project Overview

= Call year: 2015

= Call topic: H2020-JTI-FCH-2015-1 - Development of technology to separate hydrogen from low-concentration
hydrogen streams

= Project dates: 01 May 2016

= % stage of implementation 24/06/2021: 98%

= Total project budget: €3,167,710.00

= FCH JU max. contribution: €2,527,710.00

= Other financial contribution: €300,000 from Switzerland

= Partners: Eindhoven University of Technology, Tecnalia, SAES (T), Hygear, HYET, Quantis, Naturgas

Workshop @ European
Hygrid 2021 - Commission l
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Project Summary
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direct separation of hydrogen from natural gas networks.
The system will be based on:

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

Design, construction and testing of an novel membrane based hybrid technology for pure hydrogen
production (ISO 14687) combining three technologies for hydrogen purification integrated in a way that
enhances the strengths of each of them: membrane separation technology is employed for removing H2
from the “low H2 content” (e.g. 2-10 %) followed by electrochemical hydrogen separation (EHP )
optimal for the “very low H2 content” (e.g. <2 %) and finally temperature swing adsorption (TSA)
technology to purify from humidity produced in both systems upstream.

The project targets a pure hydrogen separation system with power and cost of < 5 kWh/kgH2 and < 1.5
€/kgH2. A pilot designed for >25 kg/day of hydrogen will be built and tested at industrially relevant

conditions (TRL 5).

Hygrid 2021
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Project Progress/Actions - Aspects
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Achievement to-date TRL3

Full-size EHP package stack tested

Electrochemical hydrogen purification

KPIs are confirmed:

o Recovery rate of 60% for H,

e Energy demand of 4 kWh/kg H,

e Pressure drop of 100 mbar

Final full-size EHP stacks assembled

=t 7
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Membrane code ~ Membrane H, permeance Pressure H,/CH,
type mol/s/m?/Pa] exponent [-] selectivity [-
Pd1 Pd-Ag 1.1810°¢ 0.66 24300
Pd2DS Pd-Ag 13510 0.63 65200
Pd3 Pd-Ag 43610 0.58 4280
CMSM1 cMsM 7.02:10°¢ 1 527
cMsM2 CMSM 5.23.10°¢ 1 1020
100% [ ¥ 3 ] 3 . » " &
% E 2 3 = o No concentration polarization
o effect for CMSM
T 98%
E e o : x
gg’% 5 % . o Pd-Ag and CMSM can have similar
oot [—pm . e H2 purity at different temperatures
#Pd20S
95% XPd3 ° . .
b . o CMSM economically convenient at
s [ 10 20 30 40 50 higher pressure
Total pressure difference [bar]
10% H, - 90% CH,
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The impacts of PSA are to 95%-99% due to the electricity use of the
PSA system, which is around 10 times the HyGrid system.

European l
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Contribution analysis

Europeaﬁ -
H yd rogen + Contribution Analysis HyGrid

WEHP WTSA WPdAgmembranes ®Welded module MUse phase

Week oo
90%
B0%
To%
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50%
40%
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20%
10%
0%

Climate change (IPCC Human health Ecosystem quality Resources Freshwater withcrawal
2013, 100a) (excl. turbined)

The contribution analysis shows that the use phase (energy use) is main contributor to the impacts.

In the next phase, scenarios will be caculated to better understand the importance of different
parameters of the HyGrid scenarios, concentrating on the most important contributors.

‘Workshop @ - European |
Commission

Hygrid 2021

-\ HyGrid system optimization
European [ Q’
Hydrogen -
Week
Configuration | Membrane | Membrane | Hydrogen | Purity from | % Ha Total Electricity Heat
area1[m? | area2[m?] | separated | membrane | from | purity [%] | consumption | consumption
[kg/day] [%] EHC [KWh/kgs] [KWh/kgei]
A 1.62 - 25 99.92 34.92 99.93 5.19 -
A1 2.92 - 25 99.9876 34.92 99.99 5.05 -
A2 2.80 - 25 99.92 23.13 99.94 4.29 -
A3 1.07 - 25 99.41 34.92 99.42 5.09 -
A4 627 - 25 99.00 34.92 99.00 4.36 -
B 2.53 - 25 99.90 34.92 99.91 6.23 11.23
B1 4.22 - 25 99.96 34.92 99.97 6.29 11.23
Cc 3.85 - 25 99.92 0 99.92 3.94 -
D 242 0.5 25 98.75 34.92 | 99.9997 7.95 -
E 6.32 0.5 25 91.61 34.92 99.99 5.62 -
E1 297 0.5 25 96.28 34.92 99.99 6.38 -
E2 2.51 0.62 25 96.11 34.92 99.99 6.30 -
E3 2.23 0.78 25 96.02 34.92 99.99 6.22 -
E4 5.85 0.62 25 91.53 34.92 99.99 5.48 -
ES 5.33 0.78 25 91.40 34.92 99.99 5.40 -
F - - 25 - 100 100.00 12.64 -
G 3.67 0.5 25 99.94 32.92 99.95 8.02 11.23
‘Workshop European
I | o
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Flexible Hybrid separation system for
H2 recovery from NG Grids

HyGrid

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
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6 Partner Tecnalia - Development of membranes for hydrogen separation
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Flexible Hybrid separation system for
H2 recovery from NG Grids

Development of membranes for
hydrogen separation

Online Workshop
June 24,2021

tecnalia ) %, TU/e

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: 5 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
are not liable for any use that may be made of the information contained therein.
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Ultra-thin PdAg membranes ( = 1 um) on porous alumina support

Long term permeation pum thick PdAg membrane
H, permeance 400 °C 1bar
Journal of Membrane Science 528 (2017) 12-23 \
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1E-5 |- ooe -ses Bk & SWBES © coe 08 00m o0
£ I - 3500
Fg 1E6  ga - 3000 >
o A o
E ~ 12500 8
< r'y 2
w 1ET B ].—. -
E A anga,l 4 %, AdAA, L4 T 2000 g
Q.
§ 1E8 - N 41500 3
E ...2 —— esd © °UmeD © cee cccem oo §”
E b +1000
o 1E9 | =
R - 500
1E-10 1 1 1 1 1 1

0 200 400 600 800 1000

0
- FCH L Time (hours) Page 6



H ‘I@]‘ii d

** %
* *
* *
* *
* 4 x

FCH

Proj. Ref.: HYGRID-700355
Doc. Ref.: HYGRID-WP10-

D10.17 D1017-DLR-HyGear-27102021-
Final conference / workshop v01.docx
Date: 27/10/2021

Page N°: 23 of 98

H, permeance and H,/N, selectivity
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Ultra-thin PdAg membranes

Tubular alumina Support 10/7
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y
0.8

1
t
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Thickness (um)

1.2

1.3 um PdAg at 400 °C 1 bar :
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J. Melendez... J. Membr. Sci 528 (2017) 12-23
]HI N @ i d Workshop June 2021 Page 7
tecnalia ) H%es:...
Thin supported Pd Membranes < 5 um on porous metallic support
Metallic support
No Leak No Leak

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

iong term permeation test at 400 °C

1.4E-06

1.2E-06

1.0E-06

8.0E-07

6.0E-07

4.0E-07

2.0E-07 =

1000000
@D @ @ @O @O @O a0 100000
\ zﬂ
10000 “~x
P o =
T
@
100 2
@ H2 permeance (mol m-2 s-1 Pa-1) T.‘}
O Ideal selectivity H2/N2 10 =
T T T T 1
[ 250 500 750 1000 1250

Time (h)
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Metallic supported Pd-Ag membranes /

Long term permeation test at more than 500 °C

2.4E-06 I

525 550 575 600
°C °C | °C

, , 3 1000000
1 1

1
g .
T 20606 3 ) 1 100000

1
= ' L =
S 16606 ¢ | 10000 S,
E 0 O%see Geoseg £
T 12606  + :, "’“( :) 1000 £
8 / : f:
S 8.0E-07 - ' + 100 2
£ : @
S 40607 ¢ | + 10
a i

0.0E+00 - : 1
0 200 400 600 800

Time (h)

* At >500 °C and after >800 h, H,/N, ideal selectivity
dropped from 223,000 to 2,650

Page 9

]H] y @ rid Double sking Pd membranes FCH

Double skin |, o ysz Fluidized bed
/ 5nm ﬂ H:

Pd layer —

a- Al,0,
Porous support
200 nm

Protection layer
Attrition resistant
Higher selectivity

Alba Arratibel et.al. J. Membr. Sci. 563 (2018)419
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R4 BIONICO

125 membranes

SITE

Technische Universiteit
e Eindhoven
University of Technology

Where innovation starts

tecnalia ) sz

MODEL H2-INTENSE-5  H2-INTENSE-20  H2-INTENSE-50
Nominal hydrogen
flow (Nm3/h) 2=3 20 20
Hydrogen purity g4 05 _99,99 98,00 - 99,99 98,00 - 99,99
range (%)
H2 from NG
conversion 50 - 65,0 50 - 65,0 50 - 65,0
Yield (%)
size (ft) 20 40 40

B o

]H] :/@I'iill

TU/e tecnalia

Fluidized Pd membrane reactor.
500 °C 12 bar max
Nobel metal on fluidizable support.

Hydrogen production capacity 100 kg/day.
Calculated efficiency < 70 %
Hydrogen purity > 99.9
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Carbon molecular sieves membranes CMSM

Al-CMSM

Carbon molecular sieves
membranes(CMSM)

B o

Permeability

Page 13

Viscous . « o Pore size
flow ¢ 0 >50 nm
. . °
>
=
; 2
Knudsen o e & @ Pore size s
diffusion g o - 2-50 nm %
0
. ’
Surface o o0e 0 e% 0 oc’oceed * Pore size
diffusion e Mi 0.7 - 2nm micropores
.
sieving . . 05-07nm Ultra-micropores
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Carbon Molecular sieves membranes

Carbonization of a polymer precursor under inert atmosphere or vacuu

o
e ___§

micropores (adsorption diffusion)
ultramicropores (molecular sieving)

M

Kinetic diamter [ nm]

JH N/ Griia

Water gas permeation membranes

0,5

‘c-) 0.38 nm

R TU/e tecnalia’- e

Page |5

0,4
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( | womenor
Polymeric precursors for CMSM TU/ € tecnalia Y FEtfm..

A it O CH,
CH;—CH H
T lan { OO
n ©° o H
Polyacrylonitrile L
P84 co-polyimide
< OH e om
o VAR T 9 o e j
. o © N i e
thermosetting : B%@of/ Oo@o <
Polyfurfuryl alcohol Polyetherimide -

H H Hs .
CH,OH OH
F—Q iy oH
-0 0} o OH OH oH >
oH oH
Hy Hs n My e, o -
OH CH,OH OH | cHOon

Polyphenylene oxide
Cellulose

Phenolic resins

™ Resol : basic media and Formaldehyde /Phenol > 1
@ + cH,=0

Novolac : acidic media and Formaldehyde /Phenol = 0.75-0.85
Formaldehyde

Phenol

- @ Hy@l'iicl Page 17

. — TU/e tecnolia J 5555
SEM and TEM of the AI-CMSM

Boehmite

]H] :I@I'iill Page 18
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Gas permeance as a function of temperature
Al-CMSM carbonized at 500 °C

7 149 He H2 co2 N2 CH4
21204 o F
@ 1 80°C : I
r‘-‘E 100 4 ! : 1
£ I 60 °C I
<] 1 ' |
E 801 | | 1
[+2] ° I
9-‘ 60 - 40°C : :
° 1

s 1 I :
o 204 ! 1 1

I I
g ' : i ' !
I - =

25 2.75 3 3.25 3.5 3.75 4
Kinetic diameter [A]
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Permeation studies at various tempertures

Mix gas 10% H, 90% CH,
99.4 %
H, purity

100 —+

(=] (=}
o wn
! 1
T 1

H2 Purity [% ]
[+
(%]

I 1 I
T 1 T T

20 30 40 50 60 70 80 90
Temperature [°C]
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] TU/e tecnaliaf

H, flow from H,/CH, mixtures =

Pd-Ag double skin
400 °C
12000 1
— 100 % H,
10000 1
E
£ 8000 §
s 70% H
Z o000 1 /__,,_,.——o—” 2
2 4000 1 ../_/.X-"/' 50 % H,
o
o
2 2000 1
w10 % H,
0 : : . : . i
o 5 10 15 20 25 30

H, partial pressure difference [ bar ]

MermeR oF
BASGUE RESEARCH
£ TECHNOLOGY ALLIANCE

31 CMSM
E T flux aap .
o 8 Y
E s Pd
5, ‘ﬂux o AP%S
o 2
T B
0 20 40 60 80 100
- Carbon membrane
A 10% H;-90%CH,
300 #50% H;-50%CH,
W5% H;-95%CH,
T 10% H;-90%N,
% 250 (| #50% H,-50%N;
- X100% H 100 % H,
8
g
5 150
0,
- 50 % H,
b o4
50
/—xﬁ
10 15 20 25 30 35
Hydrogen partial pressure difference [bar]

Single gas permeation Pd1and3 Pd2DS tecnalia) FEtes...
Thickness | H2 permeance H,/CH, | S
um Mol m2s?pat \deal g —
X107 selectivity ! !
Pd- Ag membranes 400 °C
Pd1 4-5 11.8 24300
Pd2 DS | 4-5 43i5; 65200
Pd3 2-3 43.6 4280 ;
[ ] H, Purity 10 % H, 90% CH,
100,0
2 . / PdDS
Effect of H2 % on H, purity 99,5 pd1 > ~
100 T .., 70%H, 2 990 —_—
99'9 -+ >
S 50 % H, § 98,5 CMSM
2 981 2 980
5 o
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R TU/e tecnalia Py

CO, valorization

CO, + 4H,«— CH,+ 2H,0

CO, + 3 H,«— CH,OH+ H,0
nCH,0H + H, <— CH,(CH,) ,CH,

nCH,OH + H, <— CH,=CH(CH,) ,CH, + nH,0

2C0, + 6H, —— CH, 0 CH,+ 3H,0

CO

2

+ nH,0  Gasoline

Light olefines

HgC/O\CHg, Dimethyl ether
0

2€0, + 6H, «— CH,;0CO O CH,+ 3H,0 oy, CHs

Bl e CO,+ 3H, «—» CH;OH+ H,0

2CH;OH <—> CH;OCH,;+ H,0

Dimethyl carbonate DMC
Page 23

——— ] TU/e tecnalia J 55w,

Synthesis of dimethyl ether (DME) using membrane reactors

MeOH synthesis

MeOH dehydration

2CO,+ 6H, «=—> CH30CH; + 3H,0 Direct DME synthesis

Carbon molecular sieve Water gas membrane

2€0,+ 6H,

L CHOCH,+ 3H,0 (1

IIIIIIIL'I!II’

Page 24
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Water permeance at various permeation

temperaturas in function of the carbonization
— temperature
BT H,0 x 107
750°C
sl 600°C

Monolayer Monolayer
water water

1000 °C
12 +

850°C

H,0 permeance [ mol m2 s Pa'l]

6 + \
650°C
3
0 } 1 1 1 1
100 150 200 250 300 350
Permeation temperature [ °C ]
Page 25
B )
Conclusions
PdAg Membranes
[

v" Very high H2 permeation and selectivity —
¥ Double skin membranes are resistant against attrition

v Working temperature 300 — 450 °C

v" Pd membrane reactor for H, production

tecnalia ) sz TU/e

Al- CMSM

v High H2 permeation and selectivity

v" Working temperature: room temperature — 200 -250°C

dense Al-CVSM

v H2 recovery from Natural Gas Grids

v CMSM membrane reactors for synthesis of fuels from CO, and H,

R6
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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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Hy@riid FCH

Flexible Hybrid separation system for
H2 recovery from NG Grids

HyGrid

Development of separation systems for hydrogen separation

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

Contacts: EGallucci@tue.nl

The present publication reflects only the author’s views and the FCH JU and the Union
27/10/2021  Page | are not liable for any use that may be made of the information contained therein.

H y @ rid Summary FCH

o Study of the individual elements
o Type of confgurations

o Techno-economic analysis

o Conclusions

27/10/2021  Page 2 (Disclosure or reproduction without prior permission of HyGrid is prohibited).
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H jf@l'ii d Research themes - SIR FCH

Novel intensified reactor concepts via:

» Integration reaction and separation
(membrane reactors, chemical looping)

> Integration reaction and heat/energy management
(endo/exothermic, plasma systems)

Air recator

We design and develop new processes by controlling the interaction between electrons, molecules, catalysts and membranes

27/10/2021  Page 3 (Disclosure or reproduction without prior permission of HyGrid is prohibited). * ok

H y@]'ii d Research themes - SIR FCH

Integration reaction + separation

— Packed bed and fluidized bed membrane reactors
(H,, syngas, oxidative dehydrogenations, partial oxidations)

" Use membranes to improve fluidization and fluidization to improve
membrane flux

= Liquid supported membranes

27/10/2021  Page 4 (Disclosure or reproduction without prior permission of HyGrid is prohibited).
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H ‘]@]-ﬁ d Study of the individual elements FCH

Optimization hydrogen recovery system

An Aspen simulation has been carried out for the optmization of the HyGrid system:

= Membrane module ‘ 1-D membrane model

= Electrochemical hydrogen compressor — 1-D matlab model

= Temperature swing adsorption — Visual basic model from Hygear

i e e \
: l Sweep gas EHP TSA | CH,
" | Back to grid
From grid | Membrane "
CHy +H, module :
1 ~—+——— Pure H,
I I
A NN .. S - :
27/10/2021  Page 5 (Disclosure or reproduction without prior permission of HyGrid is prohibited). :. * .:
, . e . . . 7
]H[ :,@] id Pd Membranes — any limitation? FCH

Layers ¥ 1op layer

VAR o

Intermediate layers

Support (dsg= 3pm)

| Support (dsg=8m)

27/10/2021  Page 6 (Disclosure or reproduction without prior permission of HyGrid is prohibited).

Top kayer (pore size: 100 nm)
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Pd Membranes — any limitation?

FCH
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Pd Membranes — any limitation?

Model predictions
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Carbon membranes

FCH

27/10/2021  Page 9 (Disclosure or reproduction without prior permission of HyGrid is prohibited).
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|H| v @ rid Carbon membranes FCH
.
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Comparison Carbon vs Pd

FCH
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Comparison Carbon vs Pd

Pd
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v rid Comparison Carbon vs Pd FCH
100%
p
x x : x * * *
99% A A ]
*x
398% %
% e o X
e 97%
% 96% | AMembrane 1 b
# Membrane 2
95% XMembrane 3 °
®Membrane 4 L4
Membrane 5
94%
0 10 20 30 40 50

27/10/2021

Y

Membrane code | Membrane
pe

Total pressure difference [bar]

H, permeance
mol/s/m?/Pa

T PdAg 1.18:106 0.66
[ pd2Ds | Pd-Ag 1.35-106 0.63
[ P3| Pd-Ag 4.36:10° 0.58
CMSM 7.02:108 1
CMSM 523108 1
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06 038 1
Voltage [V]
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0
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]H] ‘f@l'ii (| Possible configurations for H2 separation FCH

Configuration | Membrane Membrane Membrane | Membrane | Membrane | Retentate | Permeate
type permeance ideal- 2 2 ideal pressure pressure
[mol/s/m?/Pa | selectivity | permeance | selectivity [bar] [bar]

1

Y cPdDs 2-10% 65000 - 8 0.15 -
m-Pd 10 200000 - 8 0.15
BN c-PdDS 2:10 65000 - 8 0.15 -
I c-PdDS 10°¢ 200000 - 40 0.15
[ A4 EVHY] 2:10° 65000 - 40 0.15 -
[ B LY 2:10© 65000 = 8 1 1000
m-Pd 106 200000 - 8 1 1000
c-PdDS 2.10 65000 - - 8 0.15 -
[ b | c-Pd 4-10 5000 2.10°¢ 20000 8 0.15 -
| E | c-Pd 4.10° 5000 2.10°¢ 20000 40 3
P cvsm 5.10® 550 210 20000 40 3 =
[ B2 410° 5000 210 20000 40 25
[ B [T 4.10 5000 2.10°% 20000 40 2 -
BT cvsm 7.10¢ 5000 210 20000 40 25
B cvsm 7-10® 5000 2.10°¢ 20000 40 2 -
[ F B = = = = 8 8 =
BT rd 4-10 5000 210 20000 8 1 1000
27/10/2021 Page |7 (Disclosure or reproduction without prior permission of HyGrid is prohibited).

H ‘f@l'ii (| Possible configurations for H2 separation FCH

membrane ]
module
: _ :
—— CHj#H, H :
. TSA
i —PureH, H
— HO :
E - H1+ HZO E
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H ‘f@]'ﬂ (| Possible configurations fo

to grid

X

r H2 separation

FCH

membrane
module-1
from grid

Vacuum
pump

=

i— CH+H, E
i~ PureH,
I— H,0

:—Not pure H,
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H ‘f@]'ﬂ (| Possible configurations for H2 separation
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compressor
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Vacuum
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L

—e
from grid Q——b —
. membrane
- —CH,+H, module
P Pure H, K |
i — H,0
H membrane

: — Not pure H, module
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to grid
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H ‘/@1'1’[ (| Possible configurations for H2 separation FCH

12000
10000
£
o) 8000
-
8
o 6000
c
o
g
T 4000
=
- l
0
Pd-Ag ceramic Pd-Ag metallic Double-skin Ultra-thin Pd-Ag  Carbon molecular
supported supported ceramic supported ceramic supported sieve membrane
membrane membrane membrane membrane

mSupport m Selective membrane layer  mproduction
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H @]-ﬁ (| Possible configurations for H2 separation FCH

Configuration | Membrane | Membrane Hydrogen | Purity from Total Electricity Heat
areal[m?] | area2[m?] | separated membrane from purlty consumption | consumption
kg/da EHP kWh/kg., kWh/ke,

162 - 25 99 92 34.92 99 93 5.19 -
_ 2.92 = 25 99.9876 3492  99.99 5.05 =
| A2 ] 2.80 - 25 99.92 2313 99.94 429 -
[ A3 | 1.07 - 25 99.41 3492  99.42 5.09 -
[ A ] 5.27 - 25 99.00 3492  99.00 4.36 -
| B | 253 - 25 99.90 3492  99.91 6.23 11.23
4.22 = 25 99.96 3492  99.97 6.29 11.23
3.85 - 25 99.92 0 99.92 3.94 -
[ b ] 242 0.5 25 98.75 3492  99.99 7.95 -
| e ] 6.32 0.5 25 91.61 3492  99.99 5.62 -
2.97 0.5 25 96.28 3492  99.99 6.38 -
[ 022 [ 0.62 25 96.11 3492  99.99 6.30 =
2.23 0.78 25 96.02 3492 99.99 6.22 -
[ B2 R 0.62 25 91.53 3492 99.99 5.48 -
[ 65 ] 5.33 0.78 25 91.40 3492  99.99 5.40 -
| F ] - - 25 - 100  100.00 12.64 -
P 367 0.5 25 99.94 3292 99.95 8.02 11.23
r' * ’a
b ot
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H ‘f@l'ﬁ (| Possible configurations for H2 separation FCH
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]H] .,@]-ﬂ (| Possible configurations for H2 separation FCH

14

12 |

10

Final hydrogen separation cost [€/kgHz]
(]

A A1 A2 B B1 Cc D F G
mnvestment = O&M fixed mVariable
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]H] v @ rid Conclusions FCH

* Individual steps studied in details and models validated

* Several configurations studied and found the ones within
targets

* Costs decrease with scale, recycle of materials (membranes)
and life time of components

* Costs decrease sharply with concentration in the feed
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Flexible Hybrid separation system for
H2 recovery from NG Grids

FCH

HyGrid

Thank you for your attention

Contacts: EGallucci@tue.nl
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H v @ rid  HYET Hydiggeii™ o~

Electrochemical Hydrogen Separation
and Compression from Natural Gas
- Scaling up the technology
Final Workshop

Leonard Raymakers
L
HyGrid
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

Contacts: leonard.raymakers@hyethydrogen.com

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,Gria Huer Hycrazeir— ©

Working principle Electrochemical Hydrogen
Purification

low pressure i

Membrane

Hy i
Cathode:2H*+2e —H, O ,, C? Q;')%CQ pumprate: 2 e ~H,
(b @ % @ Hy
*do. &
high pressure

¢ EHP entails extraction + purification + compression of H,
*  Water management critical for proton conductivity
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H v @rﬁ d HYET Hydrgeim ™
Previous projects EHP CH,/H,

Scale: single cell, small cell area

Flow: 10 NI/h to 250 NI/h, CH,/H, mixture
Current density: < 0.1 A/cm?

Energy demand: 8 - 13 kWh/kg

Field test in Rozenburg, The Netherlands

FCH

24-06-2021 Page 3 (Disclosure or reproduction without prior permission of HyGrid is prohibited).

H N @ rid  HYET Hydfageii™
Prevnous projects EHP CH,/H,

Scale: single cell, small cell area

Flow: 10 NI/h to 250 NlI/h, CH,/H, mixture
Current density: < 0.1 A/cm?

Energy demand: 8 - 13 kWh/kg

Field test in Rozenburg, The Netherlands

Project targets HyGrid
fovrviomae i T e

Energy demand EHP at atmospheric pressure kWh/kg

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

24-06-2021  Page 4 (Disclosure or reproduction without prior permission of HyGrid is prohibited).
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H Y @ rid  HYET Hydiggeii™ o~
EHP sub-system specification and goals

Membrane E H,/NG
module .
i —— HO
|_ - | E ——— Pure H,
I ——— HyH,0

()

*  EHP takes in retentate from Pd(alloy) membrane module (P=8 bar, T=30-65 C )
* H, concentrations: feed gas: ~6% (60% recovery expected)
*  EHP output: 1.5 Nm3 / hour (= max 65 mol/hour);

24-06-2021  Page 5 (Disclosure or reproduction without prior permission of HyGrid is prohibited).

H v @ rid  HYET Hydiggeri ™ -
Summary of R&D performed

Modelling
* Cell optimization

— Pressure drop reduction
* Membrane screening, catalyst development
* Engineering stack platforms
* Lab testing

— Water management
— Stable performance meeting KPls

* Demo EHP sub-system

24-06-2021  Page 6 (Disclosure or reproduction without prior permission of HyGrid is prohibited).
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H 7 @1‘ id HYET Hydfgeii -
Modelling

* Purpose: gain knowledge on best
— EHP cell configuration: Comsol
— System configuration: Matlab/Aspen

CURRRIDHINY RSN F——

e Retec = —iran = fluz 10% H2, membrane #1
o - / 100% £
T P I — 90% &
B80%
Land Land x
. T0%
£
g 60%
Land GDL GDL ] o g . 4 200cells
3 H |
= 1 i 2 1000cells
Anode |__—] _,Cam 0% = —&
Channel Channel 20% P—
T = Tinie x a
PG anode PE caihode 10% x
5 PG.anode < PG cathode % & A | ) ) )
Ha +2H™ 4 2e™ 0 1 2 3 a 5 6 7 8 9
. ) MEA N 2HT 42+ H, Energy consumption (kWh/kg]
Left to Right: aCL - PEM - cCL
** %
- *
* *
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H yBria  HUET HydragsiT -
EHP cell configuration

* Compression -> Purification/compression
* Gas distribution, balance between
— Sufficient support to the membrane/MEA

— Low pressure drop from feed to retentate
— HOld up time gases Separator plate with

gas distribution flow field

MEA

Low pressure
mixture of H,

High pressure/purity H,

Anode: H, > 2H*+ 2 e Cathode:2 H*+2e 2> H,
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EHP stacks design developed and tested

K 100 cm? \ * 500 cm?

* Round design * Square design

o - d

24-06-2021 Page 9 (Disclosure or reproduction without prior permission of HyGrid is prohibited).

H L] @ rid  HYET Hydfgtgeii -

* Single cell (2016 - 2021) - screening of new iterations
* 5-cell stacks (2017 - 2020) - cell to cell performance

* 24-cell stacks (package, 2020), 12 cells

« 2 full-scale stacks, 144 cells each (2021)

Performance per cell

* 60 min
* Pressure: 15 bar
* 3.58 kWh/kg

10:30 10:40 10:50 11:00 11:10 11:20
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H ‘] @]']‘i ‘I HyET Hydiﬂﬁﬁ"é"ﬁmmnm
Pressure drop reduction

24-06-2021

H

LA
Reference
—s

Comparison

+ Open structure _:_ Better support

Test are performed with a piston pressufe of 200 bar
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Etficient puritication & compressian

y Gria  HuET HydrogEr

Water management study

Pressure [bar] / R [mOhm]

24-06-2021

Needed for proton conductivity

High pressure on cathode helps water management

No water injection

_____________

Water injection

=

16:00 16:30 17:00

Page 12

_____________

17:30

FCH

FCH

- Current density potentiostat [A/cm2] (right-y)

1.00
== Stack Potential [V] (right-y)
v
0.80 5 == Anode inlet pressure [bar]
g == Cathode pressure [bar]
L] R @ 1Khz
0.60 2 =R @ 1Hz
s
[a)
g
040 B
=3
113
a,
<
020 [
&
8
3
N
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FAT - Duration test

* 50 hin straight run

u
2
o

5.0

&
=1
=)
=
=]

w
=}
o
w
=

n
2
=]
N
=3

s
(-]
E
4
1
4
s
Stack potential [V] - Anode pressure [bar(g)]

Current [A] - Cathode pressure [bar(g)] - Dew point Anode [* C]

o
»
o

11/6 11/7 1177 11/7 117 11/7 11/7 11/8 11/8 11/8 11/8 11/8 11/8
20:00 00:00 04:00 08:00 12:00 16:00 20:00 00:00 04:00 08:00 12:00 16:00 20:00
== Current [A] == Cathode pressure [bar] == Dew point Anode [°C] == Bubbler temperature [°C] == Pressure anode [bar] == Stack potential [V]
* X
* *
* *
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H \ @r id HYET Hydiogeim -
FAT - Variation of concentrations

* Concentrations of 2% and 10% tested

- —

2%H, 10% H,

o
%

&
S
=

w
e
o

w

=}

=}
A
o

~)
e
=)

w

=]

N
=]
-]

~
=]
Stack potential [V] - Anode pressure [bar(g)]

=
o
)

-
e
=]

=]

v
o

Current [A] - Cathode pressure [bar(g)] - Dew point Anode [° C]

8 N

i - — 0
12:00 12:30 13:00 13:30 14:00 14:30 15:00 15:30 16:00 16:30 17:00
== Current [A] == Cathode pressure [bar] ==Dew point Anode [°C] == Bubbler temperature [°C] == Pressure anode [bar] == Stack potential [V]
** o
* *
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H J @ rid  HYET HydfFggei™
System engineering

24-06-2021

Specifications
— Flow rate feed: 85 Nm3/h, 2 -6 - 10% H,
— Flow rate permeate: 65 mol H,/h ~ 3 kg H,/day, pure H,

— Stacks: 2 in parallel, 144 cells each
— Power consumption of the EHP stacks: 4 kWh/kg H,

Specificities

— Fully automated operation

— Placed inside shipping container

— Cooling power from HyGear

— Additional

humidification of feed gas

— Utilities: N,

Page 15
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H ] @ rid  HYET HydfBgsii

FCH

System engineering
Retentate .
Feed - CH,/H, IEN
Additional H,0 ™™
Permeate - pure H, —
— —
—
Cooling Cooling
o
—
** o
+ *
* *
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System engineering
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H v @ rid HYyET Hydragsii™™ -
Complete EHP sub-system
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EHP sub-system at HyGear
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H 7 @ rid  HYET Hydrggeii ™ -
Outside / after HyGrid project

* Scaling up to 100 kg H,/day extracted
* Study on implementation of systems in the NG grid
* US Gas Network operator

* Dutch DSO
Hy X
H,>99.99%  H,>09.00% Fipsispeal
Baffle plate | glgas /
| [Vao aa7a /o CH,
o D o
CH,— H, fmrmr gy CH,

Inert gas — H
z Hydrogen Separation
Stacks
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ANY QUESTIONS?

H y @ rid HHET HHC’FEIgeﬁ”’

Flexible Hybrid separation system for
H2 recovery from NG Grids

HyGrid

Thank you for your attention

Contacts:
leonard.raymakers@hyethydrogen.com
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FCH

Flexible Hybrid separation system for
H2 recovery from NG Grids

HyGrid prototype experiences

Online Workshop

June 24,2021

HyGear Technology & Services
HYGEAR

mber of the Xeb@C group

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: 5 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
26/10/2021  Page | are not liable for any use that may be made of the information contained therein.

H y @ i d Contents

o Who is HyGear?

o Demands HyGrid system
o HyGrid prototype

o TSA development

o Commercial Design HyGrid and beyond HyGrid
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H v @ rid Facts and Figures

| Established in 2002 82

With the mission to develop Highly motivated employees with an > €23m

cost-effective gas supply entrepreneurial and innovative spirit

14 Gross revenue

patents securing a Industries that we are active in
sustainable competitive
edge
Flat/float glass manufacturing

Metal sintering
Food
Electronics
Semiconductor

20 countries Fuelling station for vehicles

Active in

o With own offices in Europe, Asi and US su‘pport

FCH

48

Installations operational worldwide

> 85,000 kg

CO, reduction per customer per year
with breakthrough technologies

et

o Since Jan. 1, 2021, member of the Xebec group

26/10/2021 Page 3 (Disclosure or reproduction without prior permission of HyGrid is prohibited).

]H] Y@l'ii d Products & Services

FCH

o Delivering gases through on-site technology

» Small-scale gas processing experts

0y L) ¥
14
Hydrogen Hydrogen Gas Recycling

Cost-effective Electrolysis Economical recovery of gases
Steam Methane Reforming used as protective atmospheres

HY.GEN HY.GEN-E Y.REC

ON-SITE HYDROGEN ON-SITE HYDROGEN ROCES:!

GENERATION SYSTEM GENERATION SYSTEM
= v SYTS——
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S GAS
COVERY SYSTEM

o,
oy
°

On-site Purification
Improving gas quality to application
required specifications

GAS.PURE |
ON-SITE INDUSTRIAL
GAS PURIFICATION |
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]H[ v @]-ﬁ d Demands HyGrid system FCH

o Remove hydrogen from NG to protect downstream users

* Max 1vol% H, in NG
o Transition period

o Extract clean hydrogen for energy use from natural gas
« |SO 14687:2012

o Target at commercial scale
e <5kWh/kgH,and <15€/kgH,

Consumers
State-of-the-Art Impurities (a.o.) 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,0

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

26/10/2021 Page 5 (Disclosure or reproduction without prior permission of HyGrid is prohibited). Y g

H[ v @ rid HyGrid prototype layout ECH

o Prototype consists of:
¢« Membrane separator (Tecnalia / TUe)
¢ Electrochemical Hydrogen Purifier (HyET Hydrogen)
« Temperature Swing Adsorber (HyGear)
» Separation System BoP (HyGear - integration)

* *
* pe
26/10/2021  Page 6 (Disclosure or reproduction without prior permission of HyGrid is prohibited). i g2
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]H[ v @]_ﬁ d Design specifications demo FCH

o HyGrid prototype
» Prototype design, incl. membrane separator and EHP
o Feed stock: 90 Nm3 (NG + 10vol% H,) / h
o Operating pressure NG blend: 8 bar(g)
Pressure drop NG < 100 mbar(g)

o Overall Hydrogen Recovery Factor: 65% (membrane dev. will increase this)
- NG spec. current users (industrial / automotive) not yet met

o H, product ambient pressure
Product flow approx. 5.6 Nm3H, /h
Dew point (controlled) : < - 56°C (after TSA)
Temperature H,: 12 - 15°C
« System is self operating (controlled by PLC : 24/7 operation)

« NG recycling (recompression needed) and buffering
o Reduction of green house gas emissions from plant during testing

26/10/2021  Page 7 (Disclosure or reproduction without prior permission of HyGrid is prohibited).

[H[ v @],ﬁ d Design HyGrid prototype ECH

o 2 containers:

e Operating pressure zones separated
o H, separation system; PED Cat. IV
o H, TSA at low pressure
Zone 2NE container design
o Only secondary gas release expected
o High dilution flammable gas ensured
System controls fully integrated

Systems CE certified

26/10/2021  Page 8 (Disclosure or reproduction without prior permission of HyGrid is prohibited).



H

:I@l‘ﬁll @

D10.17

Final conference / workshop

Proj. Ref.: HYGRID-700355
Doc. Ref.: HYGRID-WP10-
D1017-DLR-HyGear-27102021-
v01.docx

Date: 27/10/2021

Page N°: 66 of 98

H y@l'il d

Separation system design

Design HyGrid prototype (Cont'd) FCH

26/10/2021

H

EHP located

26/10/2021

.,@

Gas recycling and buffering =

Page 9

1rid

Page 10
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Separation system :A photo shoot FCH

Gas preparation

Gas polishin

Heat exchangers

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

Membrane module inteqrated
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]H[ N @1'1’1 (d

TSA development

o TSA development within HyGrid

« TSA designed and assembled for 25 kg H, /h

Sorbent variation

FCH

« Testing with water saturated air and hydrogen

o Influence of carrier gas

e Water adsorption capacity H, > N,
o Smaller MTZ, faster adsorption kinetics

Test

Description

Adsorption capacity variation
compared to base case

#1
#H2
#3
#4
#5
#6

H7
#8

Basecase (air)

Lower feed temperature

Lower regenerationtemperature
Higherregeneration temperature

Lower feed flowrate

Increased feed flowrate, and higher regeneration
temperature

Lowfeed water content

Influence of gas species

-+

+

: resultsin loweradsorption capacity compared to base case

: no significantdeterioration orimprovementcompared to base case

: resultsin higher (+) or much higher (++) adsorption capacity compared to base case

26/10/2021  Page I1

H N @1'1’1 d

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

TSA Model validation

o Existing in-house models extended for hydrogen drying
» Saturated conditions incorporated

« Sorbent variation incorporated successfully

26/10/2021  Page 12

o Applicability Dubinin-Ashtakov (zeolite) isotherm validated
* Model prediction in line with experimental results
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[H] v @]_ﬁ d Commercial Design HyGrid o

o Envisioned capacity: 200 kg H, / day
o Improved HRF:

» Membrane separation module: > 80%

e EHP module: > 50%
o Commercial design will be extended with:

e DeS system to remove THT and/or mercapthanes
Odorisation of NG prior to feeding into NG grid
Wobbe index meter

NG fired heaters (replacing electrical heaters)
(NG recirculation system not required)

26/10/2021 Page I3 (Disclosure or reproduction without prior permission of HyGrid is prohibited).

[H] :]@],ﬁ.[ Commercial Design HyGrid (Cont'd) FCH

o HyGrid located at pressure 8 bar(g) transition stations
» Near residential areas (100 mbarg network)
« No need for recompression of hydrogen depleted natural gas
o Design specs commercial system similar as for demo
« Ease of system scaling (8 barg network)
o Electrical consumption estimated:
* 1.3 kWh per kg H, (at a HRF of 90%)
o Integration in high pressure (80 — 16 bar(g)) network
« Similar layout

« Higher product pressure H,
o Smaller TSA and less cooling duty
o System energy eff. increased

26/10/2021  Page 14 (Disclosure or reproduction without prior permission of HyGrid is prohibited).
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]H] y @ rid Beyand FiyGrid FCH

o Growing interest in > 1000 kg H, / day refueling stations
e Esp. for heavy duty trucks and buses (30 - 50 kg H, storage
capacity)
e Large roll-out expected of refueling stations in US and Europa till
2030

us

China  Targel 3,000 by 2020
1,000,000 by 2030

Current 0004+ =

Europe 7,500 3,700,000 by 2030

Japan ESL 40000by2020 100 by 2020 500 by 2020 160 by 2020
1,200by 2030 0,000 by 2030 900 by 2030 *

Bron: Fueling the Future of Mobility, Volume 1,
Deloitte China, 2020

26/10/2021  Page 15 (Disclosure or reproduction without prior permission of HyGrid is prohibited).

]HI j/@]'iltl Conclusions HyGrid demonstration ECH

o Requirement H, in NG currently not met
¢ Membrane development will increase HRF > 90%

o Existing drying models extended with hydrogen drying
o A prelude to a commercial system is presented

26/10/2021 Page 16 (Disclosure or reproduction without prior permission of HyGrid is prohibited).
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Hy@rilcl FCH

Flexible Hybrid separation system for
H2 recovery from NG Grids

HyGrid

Thank you for your attention

Contacts: EGallucci@tue.nl
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10 Partner Quantis — Environmental LCA & Economic Assessment
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FCH

Flexible Hybrid separation system for H, recovery from NG Grids

]H] :f@l'iicl

Environmental LCA & Economic Assessment
Final Workshop 2021-06-24

Florentine Brunner, Sustainability Consultant
Mireille Faist , Senior Senior Sustainability Consultant

Quants

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 Eurepean Union’s Horizon 2020
research and innovation programme and Hydrogen Europe and N.ERGHY
Duration: 62 Months. 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
are not liable for any use that may be made of the information contained therein.
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Ol

METHODOLOGY
OVERVIEW
H:Gria Life Cycle Assessment (LCA) o
RAW MATERIAL PRODUCTION EERE 4 - Jﬂl /_© CARBON FOOTPRINT

- LCA quantifies the

\ MANUFACTURING . 0 WATER FOOTPRINT whole value chain of a
O product or a service

“ on a broad variety of
T /@ N
! @ indicators.
1 EERRE 3 ECOSYSTEM QUALITY
I
1

RECVCLING

HyGRID SYSTEM

- Standardized in ISO

14040-44.
‘ ! EERN 3 NATURAL RESOURCES

END OF LIFE \ r PACKAGING 9 LCIA Method:

. ' + DISTRIBUTION — IM PACT 2002+
e HUMAN HEALTH
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Hi vBria Life Cycle Costing (LCC) FCH

* Assessment of costs associated with the life cycle of a product
that are directly covered by one or more of the actors in the
product life cycle

* LCC is done in parallel with LCA
* Framework is based on the physical product life cycle
* Same functional unit, same system boundaries as LCA
» Considers non-physical flows and externalities (carbon cost)

27/10/2021 Page 7 (Di or without prior of HyGrid is prohibited)

02
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HyGria System boundaries & inventory data FCH
« Considered life cycle stages HyGrid PSA
Infrastructure construction
Type + amounts of raw material inputs primary data primary data
Processing of raw materials, e.g. welding of steel ecoinvent data  ecoinvent data
Production of manufacturing consumables ecoinvent data  ecoinvent data
Energy consumption for manufacturing primary data ecoinvent data
Transport of component to HyGrid assembly site average based on primary data
Manufacturing waste & wastewater ecoinvent data  ecoinvent data

System Operation

Energy consumption (electric & thermal) primary data modelled data

Consumables (water, glycol, equipment with shorter lifetime) primary data primary data
System End of Life (EOL)

EOL recycling processes ecoinvent data  ecoinvent data

* Not considered are upstream processes which are equal for HyGrid & PSA (hydrogen
production, natural gas grid operation)

27/10/2021 Page 10 (Disclosure or reps without prior of HyGrid is prohibited) Sl e

H vGria HyGrid System Specification FCH
* Primary data obtained from Tecnalia, HYET, HyGear

* LCA:represents HyGrid prototype
+ Small Scale system: 12,6 kg H, recovered/day
+ Pressure output flow: 8 bar
+ H, feed concentration:5 - 15%
+ H, Recovery Factor (HRF): 60% - 71%
+ H, purity: 99.76% - 99.86%
+  Electricity consumption: 3 — 7.5 kWh/kg H, (scenarios)

* LCC:represents expected commercial size system

+ Scaled up to large (commercial) scale of 200 kg H, recovered/day

27/10/2021 Page I (Disclosure or reproduction without prior permission of HyGrid is prohibited) Lol
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LIFE CYCLE
ASSESSMENT
- RESULTS
H Ng Gria LCA — Results & Scenarios FCH

fI© Global Warming Potential
~©@:  HyGrid Prototype: 12.6 kg H,/day, electricity consumption 7.5 kWh/kg H,

These emissions are i

©0—0

comparable to a trip by carof /'

EU electricity mix 6 kg CO,e/kg H, 18 km*
i 3 kg COse *
Wind g LU,
ind power keH, 9 km

B Infrastructure
B Operation

*Assuming emissions of an average European car fleet of 0.33, source: ecoinvent v3.6
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H v @ riid LCA — Results & Scenarios FCH

i ﬂl:@ Global Warming Potential

)0
EU electricity mix 6 kg COe/kg H, |
Electricity,

*  Hot-Spots
Electricity consumption 52%
Heat consumption 29%

_ ’ B Infrastructure
BOP = Balance of Plant B Operation

27/10/2021  Page |4 (D or without prior of HyGrid is pi

H N @ rid LCA Results & Scenarios @

) Jﬂ_‘@ Global Warming Potential

Wind power s /kk§ Ezoze 3

* Hot-Spots
+ Heat consumption: 58%
Infrastructure: System Balance of Plant
(BOP), EHP, TSA

—> with lower energy impacts,
infrastructure’s relevance in environmental B Infrastructure
impacts increases B Operation
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H N4 @ rid LCA — Results & Scenarios FCH

Infrastructure :Which material inputs contribute the most to the environmental impacts of the HyGrid System?

100% —
90%
M Zeolite
80%
M Electricity, low voltage
70%
m Copper
60%
H Polyethylene terephtalate
50%
M Palladium
40%
B Platinum
30%
M Electronics
20%
B Metal working
10%
M Steel

0%
GWP Water consumption Human Health Ecosystem Quality Resources

* Steel + the related steel working (e.g.machining, cutting, welding of steel), electronics

+ for these main contributors it is expected that economies of scale apply

- Conclusion: for a large scale system, it can be expected that infrastructure impacts per kg H, will be significantly lower
than currently shown for the prototype

27/10/2021  Page |6 (D or di without prior ission of HyGrid is p! ited). gk

]H] v @ rid LCA — Results & Scenarios FCH

Comprehensive environmental assessment
> The relative contribution shows different proportions for different indicators
- Not all indicators follow the pattern of Global Warming Potential

Global Warming Potential Water consumption Resources Ecosystem Quality Human health

B Infrastructure
l Operation

27/10/2021  Page |7 (Di or reproduction without prior ission of HyGrid is p)
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HyGria LCA — Comparison HyGrid vs. PSA FCH

Reference case
Pressure Swing Adsorption (PSA)

+ Mature technology for large scale applications with high H, feed concentrations
+ Not developped for
+ Low H, feed concentrations as required for HyGrid

- High H, purity as required for HyGrid

> Limitation:applicability of PSA as a reference technology is limited

> chosen as reference case for a lack of more appropriate alternatives

27/10/2021 Page 18 (Disclosure or reps without prior of HyGrid is prohibited) Sl e

H vGria PSA System Specification FCH

Reference case

Pressure Swing Adsorption (PSA)

- Data used for LCA
+ Obtained from WP2 (D2.2) - theoretical model by TUE
+ Flowrate: 520 mol/h - approx. 0,5 kg H,/h = 12 kg H,/day
+ H, feed concentration: 10%
- Pressure of output flow: 16 bar
« Electricity consumption: 19.41 kWh/kg H,

- Data used for LCC
+ no LCC performed

+ for comparison to HyGrid, recovery cost from literature are used
(Source: NREL, 2010, Blending Hydrogen into Natural Gas Pipeline Networks:A Review of Key Issues)

27/10/2021 Page 19 (Disclosure or reproduction without prior permission of HyGrid is prohibited) ]
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HI v Gria LCA — Comparison HyGrid vs. PSA FCH

EU average electricity Mix

120%

B HyGrid, prototype PSA

100% = = = - -
80%
60%
40%
20%
0%

Global Warming Potential Water consumption Human health Ecosystem quality Resources

*  Using the average electricity grid mix, HyGrid performs better than the PSA reference case for all indicators
* HyGrid’s impacts show large variability (error bars) depending on the chosen scenario parameters:
+ Amount of electricity & heat consumption (depends on T [°C] and H,%)
Lifetime of components
Number of EHP membranes
End of Life (EOL) recycling or not

27/10/2021 Page 20 (Disclosure or reps without prior of HyGrid is prohibited) el

H vBria LCA — Comparison HyGrid vs. PSA FCH

Wind Power

600%
M Hygrid, prototype PSA
500%
400%
300%
200%
0%
Global Warming Potential Water consumption Human health Ecosystem quality Resources

* When using a low-impact electricity source (wind power), HyGrid does not perform better than PSA for any
indicator.

* Reason is the fossil heat source (natural gas) used in the HyGrid prototype

*  HyGrid's impacts show large variability (error bars) depending on the chosen scenario parameters.

27/10/2021 Page 21 (Disclosure or reproduction without prior permission of HyGrid is prohibited) o
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H ¥ Gria Carbon Reduction Pathway FCH
W infrastructure M operation
10.0 :
90 HyGrid PSA
8.0
7.0
T
¥ 60 Scale-up prototype to
g 5.0 commercial scale:
fa 40 35% reduction Switch from grid mix to
b4 wind power: ops.
3.0 emissions from fossil switching from AgPd to
20 heat remain CMSM Membranes: Switching from grid mix
) eliminates fossil heat to wind power: >85%
1.0 demand reduction
- L _
Prototype + EU Scale-up (rough large-scale + wind large-scale + wind PSA + EU electricity PSA large-scale + wind
electricity mix estimate) power power + CMSM power
membranes
» Carbon intensity of current prototype high, but significant reduction potential with
+  Scale-up
+  Low-impact electricity sources
» Reduction of (fossil) energy demand by choice of membrane
* No major trade-offs expected regarding other indicators e,
27/10/2021  Page 22 (D or without prior of HyGrid is prohibited) -". * .:
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H vGria System boundaries & LCC data FCH

27/10/2021

Life cycle cost data used

+  Electricity price, EU average: 0.125 €/kWh (Eurostat, everage 2015-2020)

+  Premium renewable el., GoO 2020: + 0.001 €/kWh (GoO 2020 of 1€/MWh)
Premium renewable el., GoO 2030: + 0.0025 €/kWh (GoO 2030 of 2.5€/MWh)
Natural gas price: 0.04 €/kWh (Eurostat, everage 2015-2020)
Carbon Price 2020 45€/tonne (EU ETS May 2020)

Carbon Price 2030, estimate 100€/tonne (estimate, reuters: >55€/MWh)

Other pirces not provided by Tecnalia, HyET, HyGear : taken from ecoinvent v3.6
database

GoO = Guarantees of Origin

Page 26 (D or without prior of HyGrid is prohibited) T,

H N @ rid LCC - Results & Scenarios FCH

27/10/2021

HyGrid System at large-scale (200kg H,/day)

Expected default scenario Lower estimate Upper estimate
€/kg H, % €/kg H, % €/kg H, %
CAPEX 057 € 36% 0.57 € 48% 057 € 23%
OPEX| 103 € 64% 0.62 € 52% 1.87 € 77%
Total 1.60 € 1.19 €

Average heat, electricity & CO, price *  Renewable electricity, average heat «  Average heat, electricity price

Operation scenario: expected scale-up * 2020 CO, price - Upper estimate of 2030 CO, price
Operation scenario: low heat & electricity «  Operation scenario: high heat & electricity
demand demand

Page 28 (Disclosure or reproduction without prior permission of HyGrid is prohibited)
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HI N Gria LCC - Results & Scenarios FCH

HyGrid System at large-scale (200kg H./day)

* Hot-Spots: OPEX (52% - 77%)
+  Electricity cost
+ Heat/natural gas cost

+ Carbon cost (CO, emissions)
Carbon emissions mostly stem from heat and electricity and heat generation. Hence using low-carbon energy sources
will reduce this cost factor. The higher price for low-carbon energy sources (e.g. renewable electricity) is lower than
and thus does not outweigh the higher energy price.

* Variability of OPEX
+ Natural gas, electricity & carbon prices
> High temporal volatility
- Location dependent

- Variability of life cycle costs is high!

27/10/2021  Page 29 (D or without prior of HyGrid is prohibited) * oK

H v Gria LCC — Comparison to PSA & H, production FCH

HyGrid System at large-scale (200 kg H,/day)
Life cycle costs: put in perspective

Min [€/kg H,] Max[€/kg H,]
HyGrid 1.2 24
PSA at natural gas distribution pipleline, 10% H2
conc., 80% recov. rate, 100-1000kg H2 /day, USA [ 1.7 6.3
H2 Production (Min = from natural gas via steam
reforming, USA; Max = green Hz) PPl 1.06 6.0
Sources: [I] NREL, 2010, https:/www.nrel. 1305ti/5 1995 pdf; [2] https://ww: de/pi 128120361000020; [3]

https:/fen.wikipedia.org/wikiHydrogen_cconomy#Costs
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CONCLUSIONS &
RECOMMENDATIONS

H N @ rid Conclusions & Recommendations FCH

Environmental hot-spots = improvement potential

Recommendations to improve environmental expected impact on
performance life cycle costs

Reduce energy consumption: largest improvement potential

Reduce heat demand: Investigate CMSM membrane option ﬂ ?

Material efficiency of infrastructure: scale-up & recycling

System operation: low=impact electricity sources
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H:/@l'ﬁd FCH

Flexible Hybrid separation system for H, recovery from NG Grids

]]‘""’]] :f@]'iill

Environmental LCA & Economic Assessment

Thank you for your attention

Contacts:
florentine.brunner@quantis-intl.com
mireille.faist@quantis-intl.com

Quantés
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11 Engie - GRHYD : a successful demonstration for the new gas H2NG




Proj. Ref.: HYGRID-700355
Doc. Ref.: HYGRID-WP10-
H . @ rid QA D10.17 D1017-DLR-HyGear-27102021-
: Final conference / workshop v01.docx
S Date: 27/10/2021
Page N°: 87 of 98

GRHYD : a successfull demonstration

for the new gas H2NG

Isabelle ALLIAT (ENGIE Lab CRIGEN)

HyGrid workshop, June 24, 2021

(>GRHYD

Let's renew our energies

The GRHYD project

Grid management by
Hydrogen injection for
Decarbonizing the energies

Context and aim

©GRHYD
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The aim: store and valorize renewable energies in
existing gas networks thanks to hydrogen vector

= Power-to-gas is a solution of flexibility and arbitration for the coupling between power grid and gas
grid thanks to the hydrogen energy vector
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Natural gas grid

French Investment for the Future Program:
The GRHYD ‘Power-to-Gas-to Grid’ project Ex

MINISTERE

DE LA TRANSITION
ECOLOGIQUE

s

= Selected mid-2011 by the French Government,
as part of the ‘Investment for the
Future’ pilot and technology platform for
renewable and low carbon energy: hydrogen
and fuel cells

= French first ever “Power-to-Gas-to-Grid”
project in France and a significant step
towards the development of hydrogen at urban
level

= The GRHYD project also addresses the theme
of “Hydrogen for a Sustainable City”
bringing more renewables in urban energy
uses

égi
Hauts-de-France

©GRHY
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An Experts Partnership to build a new supply chain
based on Hydrogen-enriched natural gas

Dunkers ‘ g = Dunkirk municipality
= Local operator of urban buses, DK’'BUS Marine
@'us = Leadlr?g. er.1ergy company ENGIE and Budget: 15.3 M€
3 subsidiaries:
CNGIC — ENGIE Solutions (Ineo Normandie) (energy
management for the H2 production & storage
— f
GDF eNGie station),
= Solutions — with GRDF (GN-H2 mix injection and distribution in Partners
the gas grid),
AREVA H.G
r e;h — and ENGIE Solutions (NG fuels) for the Hythane®
McPhy refueling station for buses.
INERIS = OEMs: AREVA H2Gen for H2 production, and McPhy
o Energy for H2 storage
TIAT = R&D and technical centers: CEA, INERIS, CETIAT

The gas uses
staged and evaluated
by means of operational
demonstration

©GRHYD
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Two pilots based on Hydrogen to assess the relevance of

H2NG chain for sustainable ci

ties

= GRHYD objective : produce H2 from renewable electricity, inject this H2 into the gas distribution
grid and consume the new H2-NG gas locally (heating, cooking, hot water, CHP, and mobility)

INERIS

-~ —
Tty CNGIC

enGie

McPHY AREVAH Gon

A new kind of gas for homes A new fuel for urban buses

A new 100-home district and the boiler
From feasibility

new type of gas H2-NG. I

The H2 content fluctuates but
doesn’t exceed 20% vol.

of the new gas
H2NG
demonstration

Through a pre-commercial

to urban buses will be adapted to
commercialisation Hythane® fuel (5% and 20% H2 vol)

The main results

©GRHYD
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Garuyp 1%t Power-to-Gas H2 demonstror in France :
"""""""""""""" Mission accomplished !

= Successfull operation of the R&D pilot :

H2 injection station H2 solid storage Monitoring station

v Evaluate in actual conditions : the technical, environmental, regulatory and societal aspects of
a sector using new H2NG energy for usual gas uses at home

Pilot operation
and
H2NG delivery

—
CNGic

Solutions

©GRHYD
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A complex technical chain successfully implemented

age » Gas consumption (H2NG blend) (average flow) : ~8 m3(n)/h in
= I : summer and 40 m3(n)/h in winter

» Production capacity: 12 m3(n)/h H,
« Storage capacity: 50 m%(n) H,

i : » H2 production: ~ 13 000 m3(n) H, (consumption of 112 GWh
- i b = renewable electricity and 14,4 m3 pure water)

| N » Production of ~ 6 500 m¥(n) O,, released in the atmosphere

Supplying a new district :
* 103 households (76 collectives, 27 individual
houses): individual condensing boilers (standard),

0 d (from 6% to gas cookers
0% 1 care center (EPSM) (4300 m?2): 3 tertiary boilers

f I [Do0ooooono
i 000000onno

NG Distribution grid 8- G ’

The demonstration lasted 22 months, and applied the
fluctuating H, content in gas during the winter 2019-2020

2018 2019 2020

June to D ber 2019 D ber 2019 to March 2020

February to May 2019

Fixed 20% Variable rates

June 2018 to February 2019 up to 20%

10%

[= I J

s & B £

Checking process: Strategy for driving H2 equipment:

v Grid exploitation & safety procedures REN availability Energy demand
v'H2 electrolysis, storage, injection: exploitation (green electricity) from customers

v'Societal acceptance: habitants enquiries to produce H2 '\ to inject H2NG
v'Domestic boilers, cookers: efficiency, combustion ;I_I I

v'Central heating boilers: efficiency, combustion / H2 hydride storage = buffer \
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H2NG gas quality

%H2 variables 2
2% . = The delivered H2NG fulfilled the DSO
18 § requirements in France (L-gas), except:
e gu : > Content of H2 in NG
13 g
- 2. > Calorific value (PCS): fus
10 % « GCV is out of the legal range §
s b above 12% H2 in L-gas H
E
6 H + Large fluctuations will lead to é
€31 H
s g development of Smart Gas Grid éu.s
2 30 (billing purpose) §
o oy ‘D- -------------- e % $123
Igdeasy A ———— * The Wobbe index shows rapid ]
2agggss 342223332  instantaneous variations which may :
SV NV §5888888¢8 impact some sensitive end-uses, other H
—s— Average of MOY_PCS. . i
= The fluctuating H2 % | ---sesexuns than domestic gas appliances

run during the winter | =~ -slmxarté
times (Dec-March) S

©GRHYD

The distribution gas
infrastructures

©GRHYD
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Confirmed adaptability of equipment, network and
downstream meter facilities (gas appliances) to
hydrogen/natural gas mixtures

Complex technical chain Indoor installations Gas appliances
successfully imple ted

Laboratory testing confirmed by field Laboratory testing confirmed by field Laboratory testing confirmed by field
experimentation: experimentation: experimentation:
- Fragilization of materials + - Fragilization of materials (copper) ¥ * Individual new condensing boilers

(Saunier-Duval) v

= New and existing boilers from the boiler
room of the care center v

- Tightness of equipment v
- Permeation / leaks v

+ Tightness of the equipment v/

= Odorization v
« Meters compatibility v

« Non-stratification (no over-concentration
of H2) v

Laboratory tests only :

= Existing individual boilers and gas
cookers v

= New gas cookers v
Tests of innovative equipment :

= New injection skid with H2/NG mixer
- Gas analyser

The technical feedback makes it possible to validate the
feasibility of the injection of 20% vol. H2 in a new gas
distribution network, supplying new homes

MAIN ELEMENTS OF REX ON THE DISTRIBUTION NETWORK:
¥ No security incident including during the adjustment periods of the demonstrator equipment

¥ No incident recorded during operations to operate the network at increased frequency (systematic search for leaks,
inspection of valves, inspection of interior pipes and risers)

¥ Very good quality of the hydrogen produced: <5 ppm H20 and <5 ppm O2 => compliance with technical
requirements for the gas distributed

v Derogations from regulatory thresholds have been given for H2 content, PCS and Wobbe index

DOWNSTREAM THE GAS METER:

= Campaigns on domestic gas appliances (volunteer residents) and on the tertiary boilers confirm the trends observed in
laboratories:

v Improved useful efficiency of domestic boilers (evaluated at + 4% in the laboratory)
v Reduction of CO2, CO, NOx emissions (in the exhaust fumes)
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Conclusion of the
new gas H2NG
demonstration

A success of the injection demonstration plant that
reinforces the technical feasibility of the new sector

Technical success in setting up a A new gas distribution network and

complex Power-to-Gas chain (hydrogen
production by electrolysis - H2 storage - injection
of H2 in mixture up to 20% (vol.) with variable
rates): 22 months of field demonstration, desi
testing of innovative equipment (PEM electrol
solid H2 storage, injection station, gas analyzg

residential-tertiary natural gas uses that
work well with the H2/natural gas mixture,
under industrial safety conditions equivalent to the
natural gas ones

Constructive

technical dialogue

Good social acceptability among
users, their main concern being the
management of the energy bill

with the French
administration A confirmed environmental benefit of

hydrogen injection: 6% CO2eq vs natural
gas or 20 tons of CO2eq avoided on the
neighborhood per year, reduction in CO

emissions (-63%) and NOx (-42%) at the stack
(exhaust system) of domestic boilers
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A demonstrator that guides future work

Work on European regulations, standardization & certification
with consideration of hydrogen in gas infrastructures and gas
uses to prepare for industrial deployment (network equipment, gas
analyzer and meter, equipment and installations downstream meters,
gas appliances, etc. )

Continue to optimize the Power-to-Gas
chain by relying on improved solutions for
operation and monitoring of the equipment

Develop equipment and operation- o . Continue R&D work on
maintenance procedures adapted Extend the compatibility analysis of protection solutions for

to the new composition of the gas the natural gas chain by carrying out sensitive network

supplied (inspection method and tests on the existing devices installations or customers
frequency, leak detectors adapted to (distribution network, indoor (e.g. membranes separating H2

the mixture, etc.) installations, downstream meter from natural gas)
equipment in the residential, tertiary

and industrial sectors)

As a conclusion

= In France, Territorial Communities have an interest in this new green gas

= The GRHYD project is preparing the ground for the pre-industrialization and deployment of the
new H2NG gas: the next project will increase in size!

OPERATION REALISEE AVEC LE CONCOURS
DES INVESTISSEMENTS D’AVENIR
ET DE LETAT CONFIES A LADEME

En partenariat avec :

.

Ville pilote :
Vite pilos

Cippsis:
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THANKS FOR YOUR
ATTENTION

Isabelle.Alliat@engie.com
elene.Pierre@engie.com
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