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Analytical methods for performing hydrogen purity testing to enable
the full implementation of the revised 1SO 14687-2 standard

A Literature review of impurity analysis methods
A Methods development
A Analytical procedures and multi-components analyser

A Investigation beyond ISO 14687-2
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Comparison of methods based on performance characteristics

Water

Limit ISO 14687 5 pumol/mol
Methods Working range DiEEEEn Selectivity | Repeatability Linearity Robustness Accuracy
(umol/mol)
Dew point 1->250
mol/mol
hygrometer H 1 good
?q/line:rzitzi r<]:?ys,tal 2 - 250
mol/mol
analyzer H 2 good
0.0001 linearity coeff
CRDS pmol/mol at >0.995 over 4
Low range: 0.00044 magnitudes of
0.0008 High pmol/mol concentration
0.0052
ex: 0.006-1750 pmol/mol at
CRDS pmol/mol High range: 0.0015
0.0042 high pmol/mol
GC-MS 0.8
GC-MS with
jet pu|se at least 4 l6at5.1
injection pmol/mol pmol/mol
OFCEAS adaptable / 0-10 l od 3 high <1% linearity coeff high < 0.01 pmol/mol
pmol/mol 60seconds >0.999 linear on
0,001 pmol/mol 4 to 5 decades of]
concentration
adaptable /0- Ex pect e linearity coeff
100 pmol/mol 60seconds >0.999 linear on
OFCEAS 0,01 pmol/mol 4 to 5 decades of
concentration Expected < 0.1
high <1% high pmol/mol
FTIR
0.12-0.3 high
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Comparison of methods based on performance characteristics

Water 5 pmol/mol
Limit ISO 14687
Measurement Other impurities
Methods Precision uncertainties Volume needed Pressure required Sampling Vessels |analysable with this Response time Standards Cost estimations
method
0.5 L/min for 30 min
Dew point minimum adaptable
hygrometer (stabilisation may take close to atm Direct reading but long
longer) Compatible stabilisation time JIS K0225
. . adaptable
V|brtat||ng qluartz close to atm direct reading but long
CHYSIaai ey 0.33 L/min for 20 min Compatible stabilisation time JIS K0225
CRDS .
2-3 minutes D7941/D7941M-14
4 impurities (ex: CO,
CRDS 100 ml/min @ 15 min = CO2, H20, CH4 or 4-species: 50 to 65 Ku,
1.5 liter NH3) 10-15 minutes D7941/D7941M-14 | single species: 40 Ku
GC-MS
- ASTM D7649-10
GC-MS with jet
pulse injection CO2. Ar. N2. 02
OFCEAS 1% relative or 2 LOD 0.005 pmol/mol in standard flow13l/h ; adaptable compatible configuration < 1 minute Information from AP2E| 35K0 but combination
(which is worst). volume needed <1l 2 bara is great dependend (several of gas possible in 1
special solution for fuel laser on the same analyzer
cell exhaust test flow < system can be set)
2l/h
1% relative or 2 LOD in standard flow13l/h ; adaptable compatible 50K0 but combination
(which is worst). volume needed <1I 2 bara is great of gas possible in 1
special solution for fuel analyzer
OFCEAS cell exhaust test flow < HIelRel o,
NH3 ppb level range
2l/h :
to be confirmed on
expected < 0.05 the same laser < 1 minute Information from AP2E
NH3, CO, CO2,
FTIR

formaldehyde, formic
acid, methane

ASTM D7653-10

80 KU for MKS multigas
2031 LN2
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Plan for the further development of analytical methods

Table 2: Identified performance characteristics among LOQ (Limit of Quantification), selectivity, working range, precision, trueness and ruggedness
that requires further evaluation

Methods Compounds LOD Selectivity | Working Precision | Trueness Ruggedness | Standardised Methods In-house
range methods information | methods
in public
domain
OFCEAS H20 Under
o2 evaluation
cO by RISE
co2
CH20
CH202
NH3
H2S To be
validated,
RISE
{(16ENGO1)
CH4
HCI
HEBr
CRDS H20 ASTM D7941-14 NPL in
house
methods
02 ASTM D7941-14
co2 ASTM D7941-14
Cco ASTM D7941-14
co VSLin
house
methods
CH202 VSLin
house
methods
NH3 ASTM D7941-14 VSLin
house
methods
CH4 ASTM D7941-14 VSLin
house
methods
HCI VSLin
house
methods
HEr
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ASTM published standards are validated for precision
and bias by undergoing an inter-laboratory study
program (ILS), in which the standard is tested by |
ndependent laboratories.

2016, only one of the H2 standards has undergone

an ILS (unfinished ): ASTM D7653-10 (FTIR)
(NH3, CO2, CO, CH20, CH202, H20)
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Plan for the further development of analytical methods

Table 2: ldentified performance characteristics among LOQ (Limit of Quantification), selectivity, working range, precision, trueness and ruggedness

that requires further evaluation

Methods

Compounds

FTIR

H20

co2

Cco

CH20

CH202

MH3

CH4

GC-TCD

Q2

He

Selectivity | Working

Frecision

Trueness

Ruggedness

Standardised
methods

Methods
information
in public
domain

In-house
methods

ASTM D7653-10

ASTM D7653-10

ASTM D7653-10

ASTM D7653-10

WSL in
house
methods

ASTM D7653-10

NPL in
house
methods

ASTM D7653-10

MNPL in
house
methods

ASTM D7653-10

NPL in
house
methods

N2

NPL in
house
methods

Ar

NPL in
house
methods

GC-FID

CH4

Validated
by RISE,
activity

A223[2]

ASTM published standards are validated for precision and bias by undergoing an inter-laboratory study program (ILS), in which the
standard is tested by independent laboratories.
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Plan for the further development of analytical methods

Table 2: Identified performance characteristics among LOQ (Limit of Quantification), selectivity, working range, precision, trueness and ruggedness
that requires further evaluation

Methods Compounds Selectivity | Working Precision | Trueness Ruggedness | Standardised Methods In-house
range methods information | methods
in public
domain
GC-M3 ASTM D7649-10
ASTM D7649-10
JISK 0123
ASTM D7649-10
ASTM D7649-10
ASTM D7649-10
ASTM D7892-15
Hydrocarbons ASTM D7892-15
Organic sulfur
Organic ASTM D7892-15 To be
halides validated
(16ENGO1)
Dew point H2O JIS K0225 NPL in
hygrometer house
methods
Vibrating quartz JIS K0225 NPL in
crystal analyzer house
methods
Electrochemical ASTM D7607-11
sensor
GC-PDHID Rapport NPL in
NPL [3] house
methods
NPL in
house
methods
NPL in
house
methods
Galvanic cell 02 JIS K0225
meter
Methanizer GC- VSL and
FID NPL in
house

ISO TC158 JWGT7 i 08/10/2018 1 AFNOR (Paris, FRANCE)

Hydrdgen B



Analytical methods for performing hydrogen purity testing to enable
the full implementation of the revised 1SO 14687-2 standard

A Literature review of impurity analysis methods
A Methods development
A Analytical procedures and multi-components analyser

A Investigation beyond ISO 14687-2
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Validated analytical methods\o
fulfill ISO 14682 impurity
specifications

A Development of analytical and speciation methods for challenging impurities

V Total species determination is a real analytical challenge for metrology consideration

A keeping high level of sensitivity, measuring ranges and measurement uncertainty
V Can cover a large number of species for halogenated, hydrocarbons and sulphur compounds
V The identification of all species is almost impossible in routine analysis

A Performance assessment of metdtmponent analysers

V Not turnkey solutions commercially available
VbSSR (42 0S RS&A3IYSR o0FaSR 2y GKS OftASydaQ aLISOAFAOI (A
V Specifications and performances in terms of sensitivity, selectivity, reproducibility need to be assessed

|

|dentify the challenges in implementing revised ISO 1458V routine laboratory/analysi

Groundwork for potential revision of the standard
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Analytical methods for performing hydrogen purity testing to enable
the full implementation of the revised I1SO 14687-2 standard

[ Development of analytical and speciation methods for total sulphur compour]ds

NPLdeveloped and validated a speciation method basedyo-focussed NPLE
GC coupled with SCfor the measurement oulphurspecies National Physicl Laboratory

Compounds (for hydrogen ISO 146872 threshold
minimum 99.97%mol mol/ mol

e 0.004 Exceeding this limit could cause degradation of Pt in

FC system 25000 K
A Cryo-focussing system concentrates sample prior to separation i : R
increased sensitivity £ —
A Distinguish different sulphur-containing compounds below 4 nmol/mol # 1000 ——<0nmai/ml
A Individual compounds can be identified and quantified. Effects on fuel o
cell assessed - l h
o —du A

Qualification of the instrument for selectivity, limit of

Concentration Signal Limit of detection
(nmol/mol) Height (LV) (pmol/ mol)
Hydrogen sulphide 4.2 245.0 514

detection, linearity, precision and robustness has Compound

validated the method

Carbonyl sulphide 4.3 519.9 248
Carbon disulphide 4.1 301.7 408
2-methyk2-propanethiol 3.8 94.1 1211
Tetrahydrothiophene 3.6 199.7 541

Hydrdgen
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Analytical methods for performing hydrogen purity testing to enable
the full implementation of the revised 1ISO 14687-2 standard

[ Development of analytical and speciation methods for total halogenated compour}ds

VSLldeveloped and validated a speciation method basedanity Ring Down
Spectrometryoperating in the mieinfrared for the measurement of halogenated specis

ISO 14682
threshold
[umol/ mol]

Compounds (for hydrogen

minimum 99.97%mol)

Dutch

. . . . . . Metrolo:
IE R el 0.05 === [ xceeding this limit could cause irreversible damage of PENMFEC

HCImeasurement

10

A Operating rang&c=2.3-5.1 um \f
A Sampling system: coated materials to &1
reduce surface interaction - (H7CI Y
A Instrument can also detect Fe H¥Cl
formaldehyde, formic acid & ammonia *§ ) N
§ —Hzc:l
A Measurement of the main isotopes 27 61 nmolimol HCI
A LoDdown to subnmol/mol using 19 nmolimol H'CI
strongestHClabsorption line 0 oo : >oma ; om ; oo

Frequency (cm™)

Hydrdgen RBL
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Analytical methods for performing hydrogen purity testing to enable
the full implementation of the revised ISO 14687-2 standard

[ Development of analytical and speciation methods for total hydrocarbo}13

RISHKleveloped and validated a speciation method based onctirabination of two
analytical techniques: GC/FID and-GOB/FIBMSfor the measurement of separate

hydrocarbons in hydrogen

ISO 14687 S

threshold
[Lmol/ mol]

Compounds (for hydroge

minimum 99.97%mol)

Exceeding this limit for alkenes and aromatics

= —
Non CH, hydrocarbons 2 could degrade the FC system

Method Hydrocarbons Limit of Detection

CH, and other hydrocarbons _
including oxygenated organ HC with BP 0.55nmol mol for total
ol 5 LISOA Sa | a | {comprised hydrocarbons to be measure:

with relatively low boiling ~ P€tween 4650°C \yith GC/FID method
point (BP < 7@C) and 100C can be

SRS Other compounds with ?nneailr)]/sgg by bott 1 rmel@mol for
BP > 70C hydrocarbons to be measurel

Hydrdgen Bl
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Analytical methods for performing hydrogen purity testing to enable
the full implementation of the revised 1SO 14687-2 standard

A Literature review of impurity analysis methods
A Methods development
A Analytical procedures and multi-components analyser

A Investigation beyond ISO 14687-2
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Analytical procedures and multi-components analyser

[ Performance assessment of multomponent analyser%

A Not turnkey solutions commercially available

AbSSR (2 0S RSaA3IYSR o0laSR 2y GKS Of ASyd.
A Specifications and performances need to be assessed as sensitivity,

selectivity, reproducibility

Methods are being compared in terms of:
V Nature and number of analysed compounds
V Limit of Detection
V Uncertainty measurement

Method under study

OFCEAS
FTIR
BTL

CRDS

V Number of instruments required

V Connection

V Volume/flow and pressure of gas needed
V Costs

Hydrdgen BL
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List of instrument specifications for the development of

multi-component analysers

Fixed Mirror

3 Mirror
3

Infrared Light Sample

Beamsplitter
Interferogram

* Detector

0
Moving mirror speed ->

CRDS FTIR
Tiger Optics MKS

OFCEAS
AP2E

Signal {6 250 cm - 7 050 cmY)

Idler (2350 cm™® -3 150 cm'Y)

BTL
Blue Industry and Science

Hydrdgen Bl
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List of instrument specifications for the development of multi-component analysers using input
fromAl1.3.1

In table 5, the criteria and requirements discussed in the section above are summarized.

Critena Requirements / Action / evidences
Simultaneous analysis of
several compounds List of compounds analysed compare to prionty lists
Specifications related to
method performances
Detection limit/quantification
limit LOQ +ulLOQ (k=2) = I1SO 14687 Vernfy detection imit with analysis of PRM
Preferably 10 * ISO 14687 (at least 2*
Working range ISO 14687) Provide linearty plot
Interferences versus 1SO 14687 Literature or expenments
Selectivity (normal) composition If possible use PRM cocktail at 1ISO 14687 level
Interference versus critical situation
Selectivity (extrem) observed in real situation Literature / Technical evidences
Precision < 10 % rel at 150 level use of PRM at ISO threshold
Trueness < 10 % rel at ISO level use of PRM at ISO threshold
< 20 % rel at ISO level Provide calculation and equation including at least uC =
Measurement uncertainties < 50% CH20 and Sulphur Vu(Rw)2+u(bias)2

Hydrdgen BL
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List of instrument specifications for the development of multi-component analysers using input
fromAl1.3.1

In table 5, the criteria and requirements discussed in the section above are summarized.

Criteria Requirements [ Action [ evidences
Costs
Check equipment price versus number of analysis and length life
Capital costs Equipment price =<1 €/ kg HZ2 produced
Estimate operational cost and maintenance / year
Operational costs Number of calibration / year =< 1 €/ kg H2 produced (customer reguirements)

Personal, training and third
party maintenance support Personal time requirement / year / Cost estimation and target < < 1 € / kg H2 produced (customer
costs maintenance requirements)

Other requirements

Response time Stabilisation time at 1SO threshold < 30 min for stabilisation

Calibration using other evidence of equivalence between PRM in hydrogen and other
matrices than hydrogen Which standards can be used matrices

Volume of gas needed flow and time:

HRS 5 L/min and 30 min stabilisation

Buffer 0.5L/min and 60 min stabilisation

low pressure < (.5L/min and 30 min stabilisation Evidence of flow and stabilisation

Demonstrate measurement with PRM at high pressure and no
Use at pressure Effect of pressure on the system if offered | bias

*PRM: Primary reference matenials RI
Hydrdgen R
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Assessment of the performances of instruments enabling the simultaneous analysis of compounds

mentioned in ISO 14687-2

Table 2: Information provided by gas analyzers

pressure of gas
needed

CRDS FTIR OFCEAS X-FLR
‘Water Instrument 1 Instrument 1 Instrument 1
Oxygen Instrument 4 Instrument 2 Meed dev.
Carbon dioxide Instrument 1 Instrument 1 Instrument 2
Carbon monoxide Instrument 1 Instrument 1 Instrument 1 Meed dev.
Formaldehyde Instrument 3 Instrument 1 Instrument 1
Formic acid Instrument 1 Instrument 1
Ammonia Instrument 2 Instrument 1 Instrument 1 Meed dev.
Helium
Total nitrogen and
argon
Total hydrocarbons Methane,
ethane...
Methane Instrument 1 Instrument 1 Instrument 1 yes
Total sulfur
compounds
Hydrogen sulfide D Instrurment 1 Need dev.
Total halogenated
compounds
Hydrogen chloride Instrument & Instrument 2 Yes
Hydrogen bromide yes
Mumber of 4 (5 with HCI) 2 racks 19inch 4U Allin one
instruments required and external ump instrurment
Combined price 170 -185 k€ 80 —100 k£ <160 -180 k€ T0-80 ke
Instruments In parallel Total sample Digital signal
connection consumption 20 I/h at RS 232
atmospheric pressure Gas ports
Swagelock 1/8
Connection Swagelock
Yinch
Analysers should be in
series
Contact Tiger Optics, Florian MKS and a AFZE Blue Industry
Adler Swedish Etienne Smith and Science,
distributor Olivier Le
(ROWACO) Mauguen
Volumefow and 12 1 30-60 1h 201h =100 ml total,

Low pressure
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Analytical methods for performing hydrogen purity testing to enable
the full implementation of the revised 1SO 14687-2 standard

A Literature review of impurity analysis methods
A Methods development
A Analytical procedures and multi-components analyser

A Investigation beyond ISO 14687-2
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Analyze of data produced in WP1 sampling campaigns to assess the presence of potentially harmful
compounds (if any) detected in real hydrogen samples

sampling campaign at hydrogen production point (> 15 samples)
A analyzed with TD-GC-MS after transfer to a Tenax tubes:

A Delivery time sometimes > 3 weeks: risk for adsorption on the walls of the vessel

A Vessel’s material, some sulfinert-treated, some stainless steel:
risk for adsorption on the walls of the vessels

A Difficulty to obtain a real blank: some compounds found in the
first samples now appear to b e background compoundso
(nonanal, siloxanes)

TD-GC-MS

bundance
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