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@ AirLiquide AREVA H,Gen

creative oxygen

Outline

Objectives
H, source: PEM Electrolysis

H, source: Steam Methane Reforming
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@Flir Liquide AREVA H,Gen 1 — Objectives

creative oxygen

Purity analysis
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@ aAirLiquide AREVA H,Gen 1 — Objectives
Hydridgen
J og 1- Assessment of the presence of

= Task 1.1: Assessment of probability ) impurities in H, produced with PEM
of impurities existing in real electrolysis and SMR processes based on

samples of hydrogen risk assessment approach

Objectives:

- assessment of the possible impurities that 2- Analytical campaign of PEM electrolysis
could be produced at the different stages of d SMR q : :
the hydrogen production process ; and S production sites

- provide the overall probability of these
impurities being present in the end-product
hydrogen (following purification steps);

- 3 processes: steam methane reforming,
electrolysis and chlor-alkali processes.

J

g
'
= Task 1.2: Assessment of impact of
impurities to fuel cell system

Objectives:

- assess the impact of multiple impurities in
\_ hydrogen on fuel cells.

THIS DOCUMENT IS -Public |

Date 2018-11-08 | Risk assessment of impurities in Hydrogen
Martine Carré (Air Liquide) - Fabien Aupréte (AH2GEN)



PEM Electrolysis
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@ AirLiquide AREVA H,Gen 2 — PEM Electrolysis + TSA

creative oxygen Process
Water and Oxygen
management system
0y
:& Water and Hydragen
mla‘t'ﬂ MOMOGEMent system
. H2 separator T5A

To compressor
and storage

Power electranics system

Design of AH2GEN's PEM Water Electrolyser process with TSA
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2 — PEM Electrolysis + TSA

Impurities

@ AirLiquide AREVA H,Gen

creative oxygen

General classification of impurities for PEM electrolysis + H2 purification

Probability of presence of Impurity
impurity
Frequent O2, H20
Possible N2
Rare
Very Rare CO2
Unlikely He, Ar, CO, CHs, sulfur
compounds, ammonia, THC
(except methane),
formaldehyde, formic acid,
Halogenated compounds
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@ aAirLiquide AREVA H,Gen 2= PEM Electrolysiluie of-li—rfpﬁrities

creative oxygen

Halogenated
Water and Oxygen
management system
[apped j& Water and riroge
manaogemyent system
o @ B
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@ AirLiquide AREVA H,Gen 2 — PEM Electrolysis + TSA

creative oxygen EX|St|ng barrlers

N2 02

Operating conditions (leakage) Deoxo (TSA)
PEM membrane ' Gas analyser + trip
Gas venting after safety shut-down Gas venting after restart

H,O
Reverse osmosis unit - Dryer column (TSA)

CO2 filter - DP analyser + trip
PEM membrane Gas venting after restart

lon exchange resin
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@ aAi

creati
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NT IS -Public_

Date 2018-11-08

Inert gas: N2

2 — PEM Electrolysis + TSA

Table 5: Risk assessment table for PEM WE +T5A

Possible cause fior the source shadled

Alrintake Into pure watertank st
anodic side during normal operation

apalied inanodic
separator tank

Operating conditions

FEM miemaran: {|ow
ross ower through the
e mirane]

N2 use for venting during emergency
shust down and|far maltenance

Gas productian

temporary vented after
restart far certain period
af time (factary sarting)

Leakage of K2 nerting valve (N2 Lsed

a5 Inerting gas|

NZ pressure supply

HE operating pressure >

Leakage of pnesmatic valves (N2 used
5 actionning gas)

Mot expacted to b present.

02 normal iy generated at the anodic
side of col| stadk and

Do of T5A

Temperature cwershoot

If 02 cnmtent too high. | Analysis + trin 3t s ppm

1Gas productian
temponary vented after

Cuygen 02 crnss over thraugh the PEM Temeratie ot T5A cutint1x cappen | TEStERE forcartain
memibrane period of time (facony
TS matfunction massunemant + tp T satting)
» ST 8
Fverse Osmosis lan exchange resinin FERSmammbrares (o
from tap water at anodic sice anodic se parator tank ® Croms ower through the
purtficati on unit dased water loop
Carbon dioxdde g rubrares)

froim air into PWT at anodic side

COZ filter on pure water

tank air intake

ancdic separatr tank

lon exchange resinin
clased water lcop

PEM memibrane (low
crozs over through the
me mibrane |

Carbon monoxide

Mot expected to be present.

Miethane (CHa|

Mot expected to be present.

reactant -« permeation throwugh FEM
mambrane due to &lectro-osmoss +
¥ water saturated at S0°C
TsA matfunction

TSA dryer

P Analysis + trip ato
apm at TSA cutlet
00 <5 pam

a5 productian
temponary vented after
restart for certain
perod of time (factory
setting)

Total sulphur compounds

Materials gaskets, valve seats
redeasing pab level of sulfur
oompound

Material specifictions

drom tap waterat anodic side

Rverse csmosis
prification wnit

PEM memiarane (o
transter through the
e mbrane]

Mat expected to be present.

Farmalgehyde Mot expeched o be present.

Farmic acid Mot expacted to b present.

Helium Mot expeched o be present.
Habogenated compounds from tap waterat anodic side Fverss csmesls

paurificati on wnit
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@aAirLiquide AREVA H,Gen 2 — PEM Electrolysis + TSA

creative oxygen Impurities occurrence class

Occurrence class for each impurities

- Occurrence class 4 (highest probabillity) :
- Occurrence class 3 :

- Occurrence class 2: N2, 02, H20

- Occurrence class 1: CO2

- Occurrence class 0 (never observed): Ar, CO, CH4,
He, halogenated products, formaldehyde, formic
acid, THC, ammonia, sulfur compounds
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@ AirLiquide AREVA H,Gen 2 — PEM Electrolysis + TSA

creative oxygen Analytical Campaign

ELYTE E12-15 PEM electrolyzer

* H2flow rate: 12 Nm3h
® Operating pressure:
— H,: 15 bar
— 0O, 14 bar
® Operating temperature: 60°C

=
=
=
=
=
=

* TSA purification unit
— H,:99,998%
— 0,<10 ppm
— H,0<10ppm
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2 — PEM Electrolysis + TSA

H, analysis before purification

@ AirLiquide AREVA H,Gen

creative oxygen

Samples 1 to 3 : before H2 purification unit

- Results with expanded uncertainty
k=2

Compounds Unit Sample 4-1 Sample 4-2 NMIs
pmolfmal <001 » Water saturated samples (DP=7°C
e e / 15 bar)
CH, pmol/mol 0.091+0.007 0.086+ 0.008 NPL
Non methane hydrocarbons pmol/mol <0.01 <0.01 NPL
H,0 pmol/mol >100 >100 NPL ]
CTTCTT i <ooos <omss > Low O, content (stability?)
CEM
pmol/mol <25 <30 SP
pmol/mol 20.9%3.0 233£38 NPL
pmol/mol <80 <130 SP
pmol/mol Not analysed Not analysed CEM
pmol/mol <1.2 <1.2 NPL
umol/mol Not analysed Not analysed CEM
pmol/mol <0.5 <0.5 NPL
pmol/mol VSL
pmol/mol VSL
pumol/mol VSL
pmol/mol VSL
umol/mol <DL <DL CEM
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2 — PEM Electrolysis + TSA

H, analysis after purification

@ AirLiquide AREVA H,Gen

creative oxygen

Samples 7 to 9 : after TSA purification unit

» Samples 4 to 6: 02 content in accordance with
specification but high water content

Results with expanded
uncertainty (k=2

Date 2018-11-08
Martine Carré (Air Liquide) - Fabien Aupréte (AH2GEN)

Unit sampled-1  Sampled2  Sample3 NMIs
“ pmolimol <002 <002 <002 NPL
AREVA vessel (water contaminated ~ 1bar remaining) umolimol =oo1 =00 <001 NPL
5 .f_ “ pmol/mol <001 <0.01 <0.01 NPL
-
Non methane
pmol/mol 0156+0030 0.126+0026 0.111+0024 NPL
hvdrocarbons
“ 200 e pmol/mol <08 <12 <3 NPL
(_>v- L J
& H ! Total sulphur pmolimol <0.0030 <0.0030 <0.0030 NPL
2 £ 1st filling compounds
l ZE pmol/mol <5 n.m. <h CEM
== )
% - pmolimol <25 na <25 RISE
100 L ]
- 2n filling mol/mo 0 <05 159045
l S, N pmol/mol <100 na <100 RISE
50 « 3% filling
[ ] 4th fil%g pmol/mol <80 n.m. n.m. CEM
a - Sth —
—D% i pmolimol 15102 <10 186+0.2 NPL
) P < 2 6 filling
17:16:48 17:31:12 17:45:36 18:00:00 18:14:24 18:28:48 1843:12 18:57:36 19:12:00 I.ITIdJ'ITId <80 nm. nm. CEM
Time
pmol/mol <05 <05 <05 NPL
.
> Samples7to9: mamel  na coms  coms el
H B £ . CH20 olimol 0.005 0.005 0.005 VSL
€ H,0 content in accordance with specification < 2 ppm I roimo < < <
€ 0O, content in accordance with specification < 5 ppm T oo na na na —
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N CEINRVEGERE
Reforming + PSA
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@aAirLiquide AREVA H,Gen 3 — Steam Methane Reforming

creative oxygen

Reforming ~ 700-900°C
CH,+ H,0 —3H, + CO
Catalysts

H,0

Prereforming ~ 500°C
C.H,+ xH,0—>yH,+ zCO
catalysts

3

>
&
— *—"l\lnv

——\

.| H,

Water gas shift ~ 200-450 °C Pur|f|cat|oon
CO +H,0 - H,+ CO, PSA ~20°C
catalysts adsorbents

Natural |

gas : .
= Desulphuration ~ 350-400°C
Purification
Flue gas
NOx removal ~ 200°C
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3 — Steam Methane Reforming

@ AirLiquide AREVA H,Gen

creative oxygen

PSA technology: RELATIVE STRENGTH OF ADSORPTION
+ ++ Lo +HH+
Based on adsorbent technology:
He Ar co Calts
Multiple adsorbents: silica, alumina, H, 0, CH, CoHy
molecular sieves, activated
carbons. N2 CO: Cot
Adsorb different kind of gases g — Aluming Cals Ha2S
o Carbon Prefilter CalH g NH»
= ]
. . Activated Carbon Cal H;O
Better quality of H2 is produced = ) e z
e .- + W Molecular Sieve
compared to other purifications
process
(between 99% t0 99.9%)
THIS DOCUMENT IS -Public L e,
Date 2018-11-08 | Risk assessment of impurities in Hydrogen '
Martine Carré (Air Liquide) - Fabien Aupréte (AH2GEN)



@Flir Liquide

creative oxygen

THIS DOCUMENT

Inert gases : N2

Inert Gas Ar

Oxygen

Carbon dioxide

Carbon monoxide

Methane (CH4)

Water

Total sulphured components

Ammonia

Total hydrocarbons

Formaldehyde

Formic acid

Halogenated compounds

. Helium
S <Public
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AREVA H,Gen

100

0,2

100

0,004

0,1

0,01

0,2

0,05

300

Present in Nat gas and
Syngas

PSA

3 — Steam Methane Reforming

Double analysis + trip at xx
ppm at PSA outlet

PSA malfunction xx<100 ppm
Only ATR and POx Present| PSA. Not sized to remowve
in 02 Argon.
typical 0,6% in Syngas Argon content may be
Not present in Syngaz PSA cannot be used with
Oxygen is unstable in the | significant O2 content for
condition of reforming and safety reasons
PSA
Present in Syngas (%) Adsorption strength of MS,
Activated carbon, Silicagel
Normal operation below |Double analysis + trip at xx
threshold. Occasional ppm at PSA outlet
peaks at ppm level (xx<10)
. In most cases CO is sizing
Present in Syngas at % the PSA, therefore
level CO<10ppm ==> CH4 < xx
PSA
Syn gas saturated in H20 | Adsorbed in Alumina and
MS Adsorption strngth
Desulfuration upstream Prereformer Reformer Shift PSA H2S Adsorption
Sulfur from Nat Gas reformer (typical values) [Catalyst poisoning by sulfur [ Catalyst poisoning by sulfur| Catalyst poisoning by Adsorption of in pipe and
Normal < 10 ppb ireversible ireversible sulfur ireversible H2S before CO, vessels
PSA.
Traces present in Syngas. Adsorption strength of
Alumina, MS Higher than
PSA
Traces of C2+ after | 5 o3 cq, C5+ adsorbed
reforming reaction by Activated Carbon layer
. . PSA.
Idem Acide Formique... Adsorption strength of
Arreté par PSA Alumina, MS Higher than
. PSA.
May be pre§ent n S_yngas Formic Adsorption strength
essentially liquid of Alumina, MS Higher than
R Prereformer Reformer Shift PSA
Present in Nat Gas? Any Cl present in Nat gas Catalyst poisoning by ClI Catalyst poisoning by CI Catalyst poisoning by | Adsorption of CI
would be stopped by HDS irreversible irreversible Cl irreversible before CO, CO2,

Not present in Nat Gas in N
Europe (<10 ppm)




@airLiquide AREVA H,Gen 3 —Steam Methane Reforming

creative oxygen

4 Cco

3 N,

p) Ar, CH4

1 Formaldehyde

0 CO2, He, H20, halogenated

products, formic acid, THC,
ammonia, sulfur compounds
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@ AirLiquide AREVA H,Gen

creative oxygen

Compounds

Results with expanded uncertainty

(number of different samples: 3 and

3 — Steam Methane Reforming

co umol/mol

co, pmol/mol

CH, umol/mol

Non methane hydrocarbons umol/mol
umol/mol

Total sulphur compounds umol/mol
umol/mol

umol/mol

umol/mol

Total halogenated (HCI) umol/mol
CH20 umol/mol

CH202 umol/mol
umol/mol

umol/mol

Compounds

C2 hydrocarbons umol/mol
C3-hydrocarbons umol/mol
C4-hydrocarbons umol/mol
C5-hydrocarbons umol/mol
C6 — C18 hydrocarbons umol/mol
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k=2)
<0.01

<0.01
<0.01
<0.01
<0.5
< 0.0036
<0.5
<12
<0.5
< 0.005
< 0.005
<0.1
<0.1
<50

Results with expanded uncertainty

(number of different samples: 3

<0.5
<1
<1
<1

<0.05

For all the samples taken at SMR +
PSA process:

- all impurities are below the
detection limit of analytical methods
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@ AirLiquide AREVA H,Gen 4 — Conclusion

creative oxygen

(J The main impurities are identified for both PEM
electrolysis and SMR processes

(The analysis of samples from PEM electrolyzer and SMR
confirmed the risk assessment

(JAppropriate actions and barriers can be added to reduce
the risk if necessary

R Lt P
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@ AirLiquide AREVA H,Gen 4 - Conclusion

creative oxygen

For more details, see the publication:

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (2018) 1—12

Available online at www.sciencedirect.com | intemational fournal of
HYDROGEN

ScienceDirect EN ERGY

journal homepage: www.elsevier.com/locate/he

Probability of occurrence of ISO 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 Carré ", Bruno Gozlan ",
Fabien Aupretre ©, Frédérique Haloua ¢, Thor A. Aarhaug °
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@ AirLiquide AREVA H,Gen

creative oxygen

Thank you for your attention
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