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WP3 Overview
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* Objectives

Investigate the sustainability and reliability of FC, whose performance is affected by
impurities in hydrogen and air

Quantify their impact on PEMFC performances and durability at PEMFC single cell
and stack levels

Provide data for recommendations for air quality sensors needed for monitoring FC
systems;

Demonstrate the methodology of contaminant measurements on a whole hydrogen
chain / Identify contaminants on Hydrogen platforms

* WP3is dividedinto 4 tasks

Task 3.1 : General literature review, definition and preparation of gas reference mixtures
Task 3.2: Evaluation and quantification of the impact of relevant contaminants in H,
supplies for PEM FC for short-term and long-term operation.

Task 3.3: Evaluation and quantification of the impact of relevant contaminants in Air
supplies for PEM FC for short-term and long-term operation.

Task 3.4: Validation of a metrological chain for gas analysis using a complete
demonstration H, platform.

WP 3 Hydrogen-
to-Power

« Impact of Impurities on
Fuel Cells

= Reference Materals for
Hydrogen Back
Conversion

= Air Quality Effects

name — short title
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Development of Relevant H, and Air Gas Reference Mixtures MerH)/SfGJ

Hydrogen Storage Solutions

 Definition of the H, mixtures for PEMFC
« Gas compositions based on:

Impurity

ISO 14687:2019

Grade D Limits

mol mol!

— 1SO 14687-2 compoundsin H, such as NH;, H,S, CO, new Total T drocarBons :z
impurities and possible combinations betweenthese e

. Methane <100
contaminants. Oxvaen Py
— Other species may be considered based on Mefhysto :ﬁ'r'gn :288
WP1/WP4/WP5, literature, and related projects HYCORA, Argon <300
HYDRAITE, MetroHyve 1 and 2, Hydrogen. Carbon Dioxide <2
Carbon Monoxide <0.2

—“1SO 14687 — like H,” : Prepared at NPL with relevant otaliSulphiin =0.004
contaminants Formaldehyde <02

— Mixtures ready to be used at CEAand NPL for PEMFC testing =il Ae <02
Ammonia <0.1

Halogenated Compounds <0.05

3 name — short title www.mefhysto.eu 14.07.2023



Development of Relevant H, and Air Gas Reference Mixtures Me )’Si’(b‘
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* Definition of the Air mixtures for PEMFC

Min conc. Criieal Valle | Values consideredin At CEA : 6 gas bottles available to be

Contaminants . . . .
tested litterature (ppb) | Ve TYSTO (PRB) diluted in the synthetic air supply

Low concentration in N, matrix High concentrationin N,
10030 150 o [
Mixture SO, 5 ppm + 100 ppm NO S0, 50 ppm + 100 ppm NO
0 . Toluene 5 ppm 0.5 ppm
100-300 150 (NoNO + NO, mixture NH R 100 ppm
available) .
NH; 200-1000 200 100 Possibility to check also
Toluene 50-100 30 5 periodic peak effects with x10
so, 10100 - 10 high concentrations

- Misz et al., Sensitivity analyses on the Impact Of Air Contaminants On Automotive Fuel Cells, FUEL CELLS 16 (2016), No. 4, 444 — 462.

- Talke, A. et al., Influence of Urban Air on Proton Exchange Membrane Fuel Cell Vehicles - Long Term Effects of Air Contaminants in an Authentic
Driving Cycle. J. Power Sources 2018, 400, 556-565.

- Schmid et al., Effects of Impurities in the Cathode Airflow on PEM Fuel Cell stacks, Ext. Abstract A0205, EFCF2021

- Misz, Effects, Damage Characteristics and Recovery Potential of Traffic-induced Nitric Oxide Emissions in PEM Fuel Cells under Variable Operating
Conditions, FuelCells, 18 (2018), N°5, 594-601

name — short title www. mefhysto.eu
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 Work on the methodology for air sampling and air analysis

Key considerations

+ Stability of analytes during sampling, storage and desorption ‘

» Hydrophobicity (moisture can affect adsoption and analysis for some sorbents) VOCs analysis 3 Hydrogen-to-
+ Artifacts/blank peaks Power
+ Breakthrough wlume (limits flow rate and wlume that can be sampled)

» Boiling point determines the sorbent strength needed Pre-concentration

« Strong enough to retain the analytes and l
weak enough to efficiently release them

TD-GC-MS is widely used

[l

- Sustainability of
Fuel Cells

- RM for Hydrogen
Back Conversion

- Air Quality Effects

« For mixtures with different wolatilities a
multi-bed sorbents tube can be used

* Weakest sorbent must be first in sampling

(to avoid irreversible adsoption of less wolatile Use of sorbents for VOCs sampling/enrichment
analytes on the stronger sorbents) and

last in desorption

45 halogenated VOCs + qualitative screening for identification of
other ones to identify/quantify relevant air contaminants for PEMFC

name — short title www.mefhysto.eu



Impact of contaminants in H, and air supplies for PEMFC for Me )’Sf(’b
short-term and long-term operation

Hydrogen Storage Solutions

Current density ratio (%)

o B SNy 3 = s B E

Strategy used in the WP for both H, and Air:
» Impact of contaminants studied at 2 main levels :
— Small single cell under realistic operating conditions : durability study (500-1000h)
— Short-stack (1 kW) under realistic operating conditions : protocols and short-term performances

Fuel Cell Dynamic Load Cycle - FC-DLC

Urban Driving Cycle - UDC (4 Elementary Urban Cycles) Extra Urban Driving Cycle - EUDC

25 cm2 Single Cell voltage evolution during
reference durability tests for 500 h using FC-
DLC in 25 cmzsingle cell

Reference performance and durability data
using “pure” reference gases

H, 6.0 and Synthetic Air

o el o 0 100 200 300 400 500
Operating time / h Tests with contaminants planned Q3/Q4

2023 at CEA and NPL

name — short title www.mefhysto.eu



Impact of contaminants in H, supplies for PEMFC for short-

term and long-term operation

Me yS’r@
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« Study at short-stack level (~1 kW)

* Impactof contaminants on the real-sizecell
operation with special attention paid to the
combination of pollutants and possible
decontamination processes

» Evaluation of the efficiency of existing testing
protocols available or existing specific operating
conditions for depollution based on the current
density distribution as well as the cell voltage
evolution monitoring.

» Determination of the reversible/irreversible
pollution mechanisms and their respective impact
on both FC performances and degradations.

Stack Test Bench coupled with H, gas analysis

€02 (ppm)
28 %

0

€O, (pGC) ~250ppm

ds
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Eé 04 Stack average cell voltage

& o2
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Tests planned Q3/Q4 2023

available during the WS

Poster about HYDRAITE results

»
>

ShAdeLLlll
(o)

name — short title

www. mefhysto.eu



. Me yS 'I'@ = UNIVERSIDADE DA CORUNA

; B A M Metrology for Advanced N PL

Hydrogen Storage Solutions National Physical Laboratory

Thank you for your attention !

EMPIR H -~

The EMPIR initiative is co-funded by the European Union's Horizon 2020
research and innovation programme and the EMPIR Parlicipating States



MerHySte

Metrology for Advanced
Hydrogen Storage Solutions

New metrology for Hydrogen Quality from Power-to-
Hydrogen and from Electrical Energy Storage (HEES) by
Hydrogen Back Conversion (Gas-to-Power)
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Session Overview
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Metrology for Advanced
Hydrogen Storage Solutions

16:00-16:10

New metrology for Hydrogen Quality from Power-to-
Hydrogen and from Electrical Energy Storage
(HEES) by Hydrogen Back Conversion (Gas-to-
Power)

Paul Carroll (National Physical Laboratory,
London, UK)

16:10-16:20

Assuring Safety and Quality of Hydrogen
production

Stephan Zuijdendorp, Global Sales, Process
Sensing Technologies, Ely, United Kingdom

16:20-16:30

Metrology for Hydrogen Vehicles2 — Overview of
project achievements

Thomas Baquart, (National Physical
Laboratory, London, UK)

16:30-17:30

Workshop (Quality from Water Electrolysis, Online Gas
Analysis, Reference Analytics, Impact of Impurities on
Fuel Cells, Reference Materials, Air Quality Effects)

Experts from the MefHySto consortium

16:30

Introduction to workshop

Paul Carroll, (National Physical Laboratory,

London, UK)

16:30-16:50

Topic 1: Electrolysers / effects of impurities on fuel cells. 10
minute presentation followed by panel discussion.

Jonathan Goh, (National Physical

Laboratory, London, UK) and Fabrice Micoud

(Commissariat a I'Energie Atomique et aux
Energies Alternatives, Grenoble, France)

16:50-17:10

Topic 2: Online Gas Analysis for quality measurement
/ reference analytics. 10 minute presentation followed by
panel discussion.

Paul Carroll, (National Physical Laboratory,

London, UK)

17:10-17:30

Topic 3: Reference material production / reference
analytics. 10 minute presentation followed by panel
discussion.

Ziyin Chen, Thomas Baquart, (National
Physical Laboratory, London, UK), Michael
Maiwald, Dirk Tuma, BAM, Berlin, Germany

www.mefhysto.eu
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Hydrogen Storage Solutions

WP1: New Metrology for Hydrogen Quality from Power-to-Hydrogen

- Storage Providers
and Manufacturers
- Electrolyser and Fuel Cell Manufacturers
- CEN/TC 234, ISO/TC 197, CEN/CLCIJTC 6
and CEN/CLC SFEM WG Energy Storage End users
- Hydrogen industry, energy sector, gas suppliers for distribution
and transport; EMN on Energy Gases, Energy research communities
-and others

2 Properties 3 Hydrogen-to-
S o Power
- Hydrogen enriched
\ Natural Gas

* Internal funded partners

BB

1stalt

National Physical Laboratory  Jeiaisenecnniscte

« External funded partners

- Sustainability of
Fuel Cells

- RM for Hydrogen
Back Conversion

- Air Quality Effects

Re e e

| 7 Management and Coordination |

www.mefhysto.eu
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 Better understanding of the parameters influencing water electrolysis under process
conditions.

 Detailed investigations on energy processes and load conditions are still lacking, including
short-term peak energy loads of up to 200 %. These must be handled safely in order to
prevent quality problems or damage to fuel cells (FC) and peripheral equipment.

* Go beyond the state of the art by investigating the quality of hydrogen produced from PEM
water electrolysis during rapidly imposed transient use periods.

 This will be done with online gas analysers used for measuring key impurities such as water
vapour and oxygen calibrated against standards developed by project partners.

www.mefhysto.eu
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WP1: New Metrology for Hydrogen Quality from Power-to- Hydrogen

Hydrogen Storage Solutlons

Task 1.1: New metrology for realisation and measurement of key impurities in hydrogen, with fast
response times

develop new metrology for the measurement of key impurities in hydrogen (including water vapour
and oxygen) produced from PEM water electrolysers with fast response times of a few or tens of
seconds (i.e. the timescale of surges in electricity demand and supply).

Task 1.2 Testing and validation of instruments for measuring key impurities in hydrogen

validate the performance of instruments for measuring key impurities (principally water vapour and
oxygen) in hydrogen including the spectroscopic method developed and validated in Task 1.1 and
existing online gas analyser instruments with suitably fast response times.

Task 1.3: Trials of rapid response analysis of key contaminants of hydrogen from electrolysis

demonstrate measurements of contaminants in-situ in hydrogen generated from electrolysis. This will
be done by trialling the PEM water electrolyser test system developed in Task 1.1 and the other
instruments for in-process measurement of contaminants in hydrogen characterised in Task 1.2, as
well as a micro GC. Results presented in workshop later today.

www.mefhysto.eu



NPL Dew-point hygrometer calibration standard
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Primary dew point
standard (single-pressure) | [
Monitoring
Hygrometer
Pre-saturated I
or dry gas
Air/N, T“e“mggﬁ; Ik
/| ¢
—_— e |
QO
Pressure Qq Q3 gb
control ooy Q}D
Q] < be
Q&3 Qb
l & g Qg
Q
O:;QDD
Traceable to the Sl through

calibration of thermometers (and
supporting measurements)

1 O
Test
Hygrometer

H : I Y

I

Temperature-
controlled fluid

(NN N (N

www.mefhysto.eu



NPL Multi-gas, Multi-pressure primary standard humidity Me )/St@-
generator

Hydrogen Storage Solutions

Moderately inert gases (e.g hydrogen, methane, argon)

Pressures up to 3 MPa (30 bar)

Dewf/frost point range -60 °C to +15 °C (k = 2 expanded unc. =0.12 °C)
Hybrid generator: calibration in single pressure dew-point mode

Ability to mix wet & dry gases using array of mass flow controllers

www.mefhysto.eu



NPL humidity response time testing facility Me )/Sf(f)

Metrology for Advanced
Hydrogen Storage Solutions

 4-way valve used to make fast step changes in water vapour in
conjunction with NPL Multi-gas, Multi-pressure Primary Standard
Humidity Generator. Volume of path lengths between valve and test
instruments kept as small as possible.

Hl » Dilution of “wet” gas with “dry” gas using MFC flow-mixing approach

means two dynamic sources of different humidities can be

Source: Swagelok simultaneously generated with a range of water content values
accessible.

“DRY" GAS SUPPLY P Mass flow
1to 30 bar controller
I I Gas purifier || NPLAIO, DP ﬂ
probe D
P Upstream
pressure

controller
Gas supply with
regulator
Downstream I:L‘

pressure
controller P

Mass flow

“WET"” GAS controller
SUPPLY TEST GAS SUPPLY
1t0 30 bar =% 10 ppm, H;0
-60°Cto +15°C o/ >
g Test
instrument 1

dew point Needle

valve

/

TEST GAS SUPPLY
= NPL High 100 ppm, H,0
Gas supply with Pressure
regulator
Test
instrument 2

Monitoring CMH
www.mefhysto.eu



NPL humidity response time testing analysis Me )’St@'
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-35 -

40+

-45 -

-50

FP (deg)

-85

-65

Measured Frost-point Temperature against Elapsed Time

800

1000 1200 1400 1600 1800
Elapsed time since start of experiment (s)

~ Measured Frost-point Temperature against Elapsed Time

500 600 700 800 900 1000 1100
Elapsed time since start of experiment (s)

Functions written by NPL Data Science group in MATLAB perform fitting to
measured data and estimate tq, rising and falling values.

Sigmoid function fit analysis for rising series,
Exponential decay function for falling series.

Uncertainty estimate in calculated response time estimate due to scatter
and curve fitting is also evaluated.

Eight instruments loaned from collaborators tested for pressure and
background gas measurement error dependency as well as response time
analysis. Some example results and their implications to quality

measurements discussed in workshop later.

Sensing principles include: chilled-mirror hygrometer, metal-oxide dew
point probe, water vapour spectrometer, surface acoustic wave, fibre optic
method sensing principle, electrolytic P,0s.

www.mefhysto.eu



Task 1.2: Testing and validation of instruments for measuring  Me )/Sf@-
key impurities in hydrogen Metrology for Advanced

Hydrogen Storage Solutions

« NPL Humidity and NPL Gas Metrology: Using input from (A1.2.1), (A1.2.2) and the NPL primary (dynamic) humidity
generation facilities, NPL will assess the response time (performance) of online gas analysers and sensors of water vapour and
oxygen. NPL will use the step change test facility developed in A1.1.2 for the assessment. (A1.2.4)

100

-35 ¥ 100

——INSTRUMENT B

+ 90

N

60

——INSTRUMENT C
——INSTRUMENT E
——INSTRUMENT F
—INSTRUMENT G
—INSTRUMENT H
——INSTRUMENT A / ppmv
INSTRUMENT D / ppmv

-40
-40

70

-45 -45

-50 50

50
——INSTRUMENT B

~
=}

——INSTRUMENT C 40

1
\
—— INSTRUMENT F | 30
L
——INSTRUMENT G & |

! 20
-60 — INSTRUMENT H !

-55

Frost-point Temperature / °C

w @
o o
Water Vapour Amount Fraction / ppm,

w
=}

Frost-point Temperature / °C

Water Vapour Amount Fraction / ppm,

o
(=}

-60

I I S m—
10 ——INSTRUMENT A / ppmv H ¥ b
INSTRUMENT D / ppmv i
1 1
-65 ! 4] -65 1 o
00:02:24 00:09:36 00:16:48 00:24:00 00:31:12 00:38:24 00:45:36 00:52:48 01:00:00 00:02:24 00:09:36 00:16:48 00:24:00 00:31:12 00:38:24 00:45:36 00:52:48 01:00:00
Time Time
m ty, response time / s | Manufacturer specification ty, response time / s |

INSTRUMENT A 19.30 TepeRse thie /s INSTRUMENT A 28.32
INSTRUMENT A Met

INSTRUMENT B . INSTRUMENT B
INSTRUMENT B Met

INSTRUMENT C 26.83 INSTRUMENT C 117.9
INSTRUMENT C Not given

INSTRUMENT D 164.84 ) INSTRUMENT D 417.8

R s INSTRUMENT D Not given N 5

: INSTRUMENT E Not given [STREMENTE 4.

ItBERUMENTS sgidac INSTRUMENT F Not given ISTRUMENTIE

INSTRUMENT G 786.62 INSTRUMENT G Notmat INSTRUMENT G 3452

INSTRUMENT H 402.72 INSTRUMENT H Not met INSTRUMENT H 2580

1ty for INSTRUMENT F = 115 minutes 1y, for INSTRUMENT F = 280 minutes

www.mefhysto.eu



Task 1.1 — (A1.1.2) NPL O, sensor response time testing set up Me )/St@'

Metrology for Advanced
Hydrogen Storage Solutions

> e i e e e bl s e -~
/ External control \
I I
| Reference 1
* NPL developed a bespoke step | Toflammable vent el 1
e 1 calibrated(PDHID) I
change facility for sensors ' '
validation % / o A 0, i -
——————————————————— - - -~
i | '_g / Calibrated mass flow b Y
* Rapid change of amount g AR S s — -2 controler — A
fraction; ! — o] | wrczymn § &
| @t | "
. - 5 . To flammable vent 0—-—N N A | |
Traceability to NPL's PRM; : Fow reguibtor . |
l controller /i - |
* Flexible flow rate; I - N A -
’ I - : I :,;L A 1
N | Sensor testing | 1
* External validation of amount | 24V I I teki ety 1}
fraction via a parallel line to \ b ' I . hydrogen |
. 0 7 Step change facility
NPL calibrated gas analyser. o O — - . e )
| NPLUs primary |
\ reference /
\ - materials Vi
-

Achievements: compatible with most contaminants in H2 (i.e., O, from 0.5 to 20 pmol/mol); fast response (< 20 seconds)

www.mefhysto.eu



Task 1.1 — (A1.1.2) NPL O, sensor response time testing set up Me )/St@'

Metrology for Advanced
Hydrogen Storage Solutions

Example of experimental results

Response time Response time experiment
15 \

Gserimental conditions: \ 5

*  Oxygen sensor A

L bias
* Amount fraction 0, 5, 10 pmol/mol
oxygen in hydrogen

* Response time: < 5 sec from NPL
Step change facility

Oxygen amount fraction (umol/mol)

*  Pressure: 1.04 bar

*  Flow rate: 0.44 L/min

. . ° 0
\remperatu re: 20°C / 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000
Time (seconds)

—&— Sensor reading —&— Step change facility delivering value

» The sensor A responded rapidly to the change of oxygen amount faction in hydrogen gas

» Significant bias observed (nearly 25 to 30%) between actual reading from sensor and theoretical value
» Impact: (+) fast response from sensor achieved / (-) inaccurate information to end users

» Further modifications/improvements for sensors: improve trueness.

www.mefhysto.eu



Task 1.1 — (A1.1.2) NPL O, sensor response time testing results Me )’St@'

Metrology for Advanced
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0O, conc./ ppm

O, Concentration Analyser A

15
13
11

9

7

i :

) —&8— measured 02 conc. ppm

" ﬁ —8— reference 02 conc / ppm

Step change O,/ pmol mol-

‘ 0 — 10 rising 73
5 — 10 rising 29
B 10 — 0 falling

10 — 5 falling

76
35

14:39:00 14:53.24 15:07:48 15:22:12 15:36:36 15:51:00 16:05:24 16:19:48 16:34:12

Time
15 K 2 '
H
{
|
10 ‘.
5 H
]
I
0 \ . . . )
0 500 1000 1500 2000 2500 3000

Elapsed time since start of experiment (s)

0 — 10 ymol mol-’

15 N
14 14 WM?’!MW?H
L e o ¥
13 12t |
12 10 |
" 1 8
1 10
0 6
9r 1 9 |
| gl
Bf M‘s,.;. L ¢
ﬁégW%&w Ea. 2ds AR sl
= L g el L ?ﬂ'ﬁ.fe'.‘ T iz
& ) ) . y g ; ’ 0 . . . y : ;
6 . . . . : . ) 500 1000 1500 2000 2500 3000
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500

Elapsed time since start of experiment (s)

Elapsed time since start of experiment (s) Elapsed time since start of experiment (s)

10 — 5 ymol mol-! 5 —10 ymol mol-’ 10 — 0 pymol mol-!
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Task 1.1 - A1.1.1 Progress month 22 Me )/Sf@'*

Metrology for Advanced
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PTB will develop a metrologically
compatible laser-spectrometric

measurement method for fast H,O
impurity measurements in H,.
(A1.1.1)

7E

=i

Braunschweig und Berlin

- PTB:

 Tiger Optics Halo HALO-RP has been selected as a suitable instrument to adapt for the application
specificities.

« The measurement principle for this instrument is Cavity Ring-Down Spectroscopy (CRDS).
Maximum measurement range 10 ppm H,O.

» Trial measurements to be made at PTB with nitrogen background gas prior to arrival of water
vapour reference cylinders in Hydrogen from NPL Gas Metrology.

« Reference cylinders prepared by NPL Gas Metrology with 2 ymol mol' , 5 umol mol' and
10 umol mol-! water vapour in hydrogen amount fractions and sent to PTB.

* Mixtures validated against NPL gravimetric standards and NPL humidity standards.

www.mefhysto.eu 27.10.2020
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PTB Progress Task 1.2 — (A1.2.6) eftySte M

Hydrogen Storage Solutions

#PB

Cavity Ringdown spectroscopy (CRDS)

N,y (Purge, source gas)
NZ' /NZ

To
fumehood

exhaust “6{; L
v, g
CRDS spectrometer Absorption

Humidity
generation

system Ringdown time |

H, Generator

E 251
+ Measurements have been performed with the mixtures Sy}  cbeutZumolimolf,OM, measurements

from A1.2.2 (provided by NPL: 2, 5 10 umol/mol in 515_

Hy). =
l L
S
T 5f

Preliminary data: to be further checked
— Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin National Metrology Institute™

WWW.MEli1yoww.wu



PTB Progress Task 1.2 — (A1.2.6) Me yStGJ

Hydrogen Storage Solutions

« Measurements are done employing a laser spectrometric T L '
. . o @ H,0 amount fraction results
method based on cavity ring down spectroscopy —CRDS for £ 1o} eiiari e TGS I
H20O impurity measurements in H2. £
o
o Slope = (0.995% 0.016), k = 1
8 sl |
* Measurements with H,O in H, mixtures provide by NPL &
; ) ) .
demonstrates a good linearity of the method/instrument. R e il Riaabiosiiond
s H R
220 P l Residuals L
™ ]
« Atthe ISO14687 limit value (5 pmol/mol H,O in H,), the 5 TS B

reproducibility of the measurements is 0,008 pmol/mol (0.2 %, 1o (NPL) / prmolimol

. [
10, over 9 minutes). g _ -
S 6.0 ——H,0 amount fraction in H, (@Limit value)
S g . Mean value: 5.894 ymol/mol
o
i g = £ ——r, Py |
Contaminant in H2 H20 lelt In H2 % g Reproducibility (15): 0.009 pmol/mol Repeatability: 0.0004 pmol/mol
(ISO14687) o, \15.8 L : 8 ppb (0.2 %) : 0.4 ppb (0.007 %)
T
(8 t.= 9 mlir{
S

1 N 1 N 1 N
100 200 300 400 500
Measurement number
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Task 1.1 — Establishment of PEM water electrolyser test systems Me )’Sf@

Metrology for Advanced
Hydrogen Storage Solutions

will establish a PEM water electrolyser will perform single cell testing to study the
N PL ‘Q}f test system (single cell) with online impact of operating conditions and

National Physical Laboratery jmpyrity measurement at the cathode. transient profiles on the cell performances
(A1.1.3) and on the quality of produced hydrogen

with online sensor. (A1.1.3)

CEA: PEMWE testing at single cell level test bench specifications

« 25 cm?single setup, Circular active area, Titanium monopolar plates

» Titanium foam as porous layer at the anode

» Gas Pressure : up to 10 bar abs.

» Cell temperature: up to ca. 80°C (external heating) + water supply (0-1000 mL/h) heating.
+ Current supply: 0-100 A, Gas flow rates: 41 NlI/h for H, and 20 NlI/h for O,

Commercial electrolyser Hogen S20 specifications

» 10 cell-stack, Stack current can be controlled by the CEA control-command software

* No internal H, purifier, Drying by 2 zeolite units (regenerated with dry H, bypass by alternative operation)
» Asymmetrical operation: atmospheric pressure at the anode / 15 bar at the cathode

» Gas analysis for %H, in O, by catharometer equipment but not really precise (drifts in time due to “wet gas”)
+ PGC available for more precise measurement H, in O, and O, in H, but only periodic sampling. :
« Gas mixtures were obtained to calibrate sensor in the electrolyser at CEA after it was re-started. 2 o [ 4

www.mefhysto.eu
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Thank you! Questions?

Paul Carroll, (National Physical Laboratory —NPL, London, UK)
paul.carroll@npl.co.uk

EMPIR

The EMPIR initiative is co-funded by the European Union's Horizon 2020
research and innovation programme and the EMPIR Participating States
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Online Gas Analysis for hydrogen quality measurement
and reference analytics

Paul Carroll EM PI R - e

(N atl On al P hyS I Cal La bO ratOry = N P L y LOn d O n y U K) The EMPIR initiative is co-funded by the European Union's Horizon 2020

research and innovation programme and the EMPIR Participating States



Task 1.2: Testing and validation of instruments for measuring  Me )/Sf@-
key impurities in hydrogen Metrology for Advanced

Hydrogen Storage Solutions

« NPL Humidity and NPL Gas Metrology: Using input from (A1.2.1), (A1.2.2) and the NPL primary (dynamic) humidity
generation facilities, NPL will assess the response time (performance) of online gas analysers and sensors of water vapour and
oxygen. NPL will use the step change test facility developed in A1.1.2 for the assessment. (A1.2.4)
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-55
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w
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1 1
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Time Time
m ty, response time / s | Manufacturer specification ty, response time / s |

INSTRUMENT A 19.30 TepeRse thie /s INSTRUMENT A 28.32
INSTRUMENT A Met

INSTRUMENT B . INSTRUMENT B
INSTRUMENT B Met

INSTRUMENT C 26.83 INSTRUMENT C 117.9
INSTRUMENT C Not given

INSTRUMENT D 164.84 ) INSTRUMENT D 417.8

R s INSTRUMENT D Not given N 5

: INSTRUMENT E Not given [STREMENTE 4.

ItBERUMENTS sgidac INSTRUMENT F Not given ISTRUMENTIE

INSTRUMENT G 786.62 INSTRUMENT G Notmat INSTRUMENT G 3452
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1ty for INSTRUMENT F = 115 minutes 1y, for INSTRUMENT F = 280 minutes
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Response time results implications and good practice

ySte

‘ Metrology for Advanced
Hydrogen Storage Solutions

» A slow response to a humidity change from an online monitoring sensor would result in

delays to measurements of the true moisture value.

* Process monitoring would be slow to react resulting in potential gas quality implications or

wasted energy on needless over-drying.
Sensor response:

Rising or falling step change — tg, significantly faster for rising changes for all instruments

tested
Sensing principle

Measurement interval of instrument / logging software (ranged from 0.3 s to 10 s)
Ambient temperature (NPL can vary this using environmental chambers)

System related:
Volume of connecting pipework / housing of sensor
Flow-rate of gas to sensor

www.mefhysto.eu
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Task 1.2: Testing and validation of instruments for measuring  Me )/St@-
key impurities in hydrogen Metrology for Advanced

Hydrogen Storage Solutions

NPL Humidity: will assess at least four commercially available instruments for measuring water
vapour, to evaluate influence of pressure and of hydrogen as background gas using the gas
mixtures and the NPL Multi-gas, Multi-pressure Humidity Generator (A1.2.3)

Instrument B Instrument E1

10 10

o &

~ 2

e 1 ~ .

: —8—Air - —8— Air

= 5 —a&— Nitrogen = 5 —a— Nitrogen
—— Hydrogen

Hydrogen
-10 ydrog

. -15
-70 -60 -50 -40 30 20 -10 0 - 5 e 45 55 56 6 "

Saturator Temperature /°C Saturator Temperature / °C

Note: Instruments shown only recommended for use at atmospheric pressure
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Task 1.2: Testing and validation of instruments for measuring  Me )/Sf@-
key impurities in hydrogen Metrology for Advanced

Hydrogen Storage Solutions

NPL Humidity: will assess at least four commercially available instruments for measuring water vapour,
to evaluate influence of pressure and of hydrogen as background gas using the gas mixtures and the
NPL Multi-gas, Multi-pressure Humidity Generator (A1.2.3)

Instrument F Instrument H
6.00 10
+‘N";ROGEN —&— AIR 1.05 bar
5.00 = — OROGEN —&— NITROGEN 1.05 bar
’ 5 —&— HYDROGEN 1.05 bar
AIR 3 MPa
4.00 AIR 3 MPa
—&— NITROGEN 3 MPa e -
o —e— HYDROGEN 3 MPa s 0 )
£ 3.00 . —e— HYDROGEN 3 MPa
— (=]
o =
= 5
= 2.00 -
1.00 -10
0.00
-70 -60 -50 -40 -30 -20 10 0 -15
L0 70 60 50 -40 -30 20 -10 0
Saturator temperature / °C Saturator Temperature /°C
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Example results of instrument long-term drift

Instrument G2 Instrument E1
10 —8— Air 0.105 MPa Dec 2021 25
—— Nitrogen 0.105 MPa Dec 2021
5
20 - —@— Air 0.105 MPa Dec 2021
— — Hydrogen 0.105 MPa Dec 2021
0 | \ o —&— Nitrogen 0.105 MPa Dec 2021
44— Air 3 MPa Dec 2021 -~
O 5 2 b Hydrogen 0.105 MPa Dec 2021
- —&— Nitrogen 3 MPa Dec 2021 =
S —e— Air 0.105 MPa Nov 2022
wi -10 —&— Hydrogen 3 MPa Dec 2021 10
#— Nitrogen 0.105 MPa Nov 2022
-15 | Air 3 MPa Nov 2022
Hydrogen 0.105 MPa 2022
5
20 | Nitrogen 3 Mpa Nov 2022
Hydrogen 3 MPa Nov 2022
-25 - - - : 0 3 1 il il il il
-70 -60 -50 -40 -30 -20 -10 0 -70 -60 -50 -10 0

-40 -30 20
Saturator Temperature /°C
Saturator Temperature /°C

Error drift towards under reading Error drift towards over reading
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Recommendations when requesting hygrometer calibrations: MefH)/St@'

etrology for Advanced
Hydrogen Storage Solutions

» Use a laboratory with ISO 17025 accreditation for humidity calibration in the relevant range

» Request that the calibration is in the working units of the hygrometer e.g. dewpoint
temperature (°C) or volume fraction (ppm,)

* Request at least three points covering minimum and maximum expected humidity values of
the process being monitored

* If possible, request that calibration is performed in the background gas and the pressure the
hygrometer would experience during service

* Request an “as-found” calibration of the hygrometer at the end of service to assess long-term
drift.

» Good Practice Guide: Calibration and use of humidity sensors for hydrogen
refuelling station applications:

o www.sintef.no/globalassets/projectweb/metrohyve-2/d5-a3.2.2-qgood-practice-quide-on-
calibrating-commercial-humidity-sensors.pdf

www.mefhysto.eu
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Task 1.2: Testing and validation of instruments for measuring  Me )/St@-
key impurities in hydrogen Metrology for Advanced

Hydrogen Storage Solutions

NPL Gas Metrology: will assess at least two commercially available instruments for measuring oxygen,
to evaluate influence of pressure, linearity, (A1.2.3)

NPL experimental setup

02 sensor Flowmeter A "‘_‘, x
wdd X
To flammable vent «——{>k1 W YA ¥
-
Neade

st Pressure

Pressure Neodie i an
gauge variatio
Data
logger
24v
Power NPL's primary
supply reference

materials

O Current capability: 0 — 20 barg depending on sensor specification

O Experiment test realised from 0-1.6 barg at 5 umol/mol oxygen in hydrogen on 2 different sensor types

www.mefhysto.eu



Task 1.2: Testing and validation of instruments for measuring  Me )/Sf@-
key impurities in hydrogen Metrology for Advanced

Hydrogen Storage Solutions

NPL Gas Metroloay: (A1.2.3)

Experimental results of pressure test which was conducted with a primary reference
material (5 ppm O, in H,).

Pressure test
v The system pressure was increasm " E i E E 1.6 barg
from atmospheric pressure to 2.6 5 : : | : Note:
war I : : : ! Manufacturer’
= 1 1 1 1 anU aC Ul'er S
v Between each experiment under g i 1 ! ! f t
different pressure, the system was £ ! : : ' SpeC| ICation
reduced to atmospheric pressure E \ : : : states Only to
and purged with pure hydrogen to § i : : :
prevent any interference. H \ : \ i be used at
v The flowrate was adjusted to a atmOSpheriC
constant (0.4 L/min) / . ‘ . ‘ 9 L pressure Only |

—&— Sensor reading —&— True value from PRM

Highlights:
* impact on sensor accuracy observed due to small pressure changes
* Response x 2 from atmospheric pressure to 2.2 bar
* Other sensors under evaluation — looking for new sensor manufacturer feedback or joint activity

www.mefhysto.eu



Task 1.3: Trials of rapid response analysis of key contaminants

of hydrogen from electrolysis

MerHySte

Metrology for Advanced
Hydrogen Storage Solutions

* (A1.3.1) NPL, CEA, PTB and DBI will develop protocols for laboratory and field trials of the spectroscopic method (A1.1.1) and
validated in A1.2.6, together with the online gas analyser instruments characterised in A1.2.3, A1.2.4 and A1.2.5.

NPL
Production
Equipment
Max Rate
Max Pressure
Purity

Hogen S Series 2 Hydrogen Generator 540
1.05 Nm3/h
14 barg
99.9995 %
< 5 ppm water (-65 deg C dew point atmospheric pressure)
<2 ppm N2
<1ppmO2

120 |
100 |
<<
o
3 =
|
©
-
[:7]
=
[V
40 |
20 A " N .
o AD A0 85 o0 AD A0 N o0
(% N N N i : £ ! o
@t " @ @’ o o 0"-‘\5 09"6 o s 0‘5\6
Date Time
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Task 1.3: Trials of rapid response analysis of key contaminants \Ae )/Sf(b‘
of hydrogen from electrolysis Metralogy for Advanced

Hydrogen Storage Solutions

Application of sensor in real life situation: electrolyser

Fuel cell stack testing (load value change test programme A)

) * Lack of rapid response analyser for oxygen at low
pumol/mol amount fraction
* Sensor are good option to monitor such changes for oxygen
or water amount fraction
* Sensor response vary with electrolyser load change

* Real change or Change related to operation parameters of
the electrolyser (pressure, temperature, flow rate)?

Oxygen amount fraction {umol/mol)

SR i e -+l ettt * Importance to understand the rapid changes of
electrolyser parameters in term of hydrogen quality
- Load Value / A . .
Flow Rate Electrolyser / 2LPM? * Is the change related to metrological issue or to hydrogen
125 . : ‘ ' . . : quality change from the system?
100
33 ™ r * Further works:
§ 50 * monitoring all electrolyser gas parameters (pressure, flow
- variation)
m « correlate the results of the study (i.e., pressure impact
0 accuracy) with real life measurement and conditions
s
"5\& ,5\65 ,’\é, QKQQ ,,\.0’ ,b\\ '5\\% '5\'1:\ \§
& & & & il & & & &
Time
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Task 1.3: Trials of rapid response analysis of key contaminants

of hydrogen from electrolysis

MerHySte

Metrology for Advanced
Hydrogen Storage Solutions

* Dew-point temperature measurements
made of Hogen electrolyser H, at
1.35 MPa.

 Measurements corrected for error found
during NPL calibration.

* Equivalent water vapour amount fraction
values < 1 pmol mol-!

 Fluctuations barely noticeable in slow
responding Instrument F results

125

compared to other instruments. T
@ 75
« Demonstrates the gas measured from the =
electrolyser met the specified purity of ®
< 1 ymol mol-’
&

Dew Point @ 13.5 bar 31st August 2022

-55

-65

-70

WM-—-—

-80

04:48:00 07:12:00 09:36:00 12:00:00 14:24:00 16:48:00 19:12:00 21:36:00 00:00:00

Load Value / A
= Flow Rate Electrolyser / 7LPM?

) a2 ) ) N
,5\0 Q\é: ,5\& '5\\ ,5\\ ,5\\ ,;\q’ 9\@
& & & & & & & &
Time
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Task 1.3: Trials of rapid response analysis of key contaminants \Ae )/St@-
of hydrogen from electrolysis

Hydrogen Storage Solutions

¢ Add|t|0na| NPL eIeCtrO|yser 15th February HRS measurements
measurements made as part of a3 5
Metrology for Hydrogen Vehicles 2
EMPIR project running in parallel to

MefHySto with instruments calibrated in i i
MefHySto. '
3.5
* Measurements made at a Hydrogen 5" | ’
refuelling station of hydrogen in the buffer = 25 £
tank at nominally 2 MPa. -
* 10 2

* Instrument response time difference

7
demonstrated during surge after 13:00. . ]J 7 \

=

0.5

* Reasonable agreement in measured
value when errors found during NPL 0 i 0

15/02/2023 09:36 15/02/2023 10:48 15/02/2023 12:00 15/02/2023 13:12 15/02/2023 14:24

calibration corrected for and reference Date /-time
stable.

—@—System Pressure —@— INSTRUMENT A ppmV —@— INSTRUMENT F Calc ppmV from FP —@— INSTRUMENT G Calc ppmV from FP INSTRUMENT H Calc ppmV from FP
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Work to be completed by project end Me )/Sf@'

Metrology for Advanced
Hydrogen Storage Solutions

« CEA to perform testing of hydrogen quality produced by electrolysers using water vapour spectrometer
validated by PTB and an oxygen analyser loaned by collaborator.

» Testing of loan hygrometers in hydrogen / methane blends (80 % / 20 % , 50 % and 50 % WP5)

 WP1 Reports to be published:

» D1: ‘Report on the development of new metrology for the measurement of key impurities in hydrogen
(including water vapour and oxygen) produced from PEM water electrolysers, with fast response times of a
few or tens of seconds’.

» D2: ‘Report on the testing of online gas analyser instruments for measuring key impurities (including water

vapour and oxygen) in hydrogen from electrolysis in situ and during rapidly imposed transient use periods
(0—100 %, 200 % peak)'.
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Thank you! Questions?

Paul Carroll, (National Physical Laboratory —NPL, London, UK)
paul.carroll@npl.co.uk

EMPIR

The EMPIR initiative is co-funded by the European Union's Horizon 2020
research and innovation programme and the EMPIR Participating States

TN
EURAMET
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Single cell PEMFC testing with impure gases

MefHySto workshop, Berlin, 3 — 5 Jul 2023

EMPIR H -~

\J On ath an G O h y G rah am S m Ith (N P L) The EMPIR initiative is co-fundied by the Eurcpean Linken's Horizon 2020

resagnch and innovakon programime and the EMPIR Partcipating Srates
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General components with a single cell PEMFC Me )’S’f@'

Metrology for Advanced
Hydrogen Storage Solutions

Catalyst Coated Membrane
& Sub-gaskets

/

| Anode Gas Diffusion Layer ~ Current Collector

Current Collector Cathode Gas Diffusion Layer / & Microporous Layer

& Microporous Layer /
\ |
End Plate ’

m)

End Plate

HYDROGEN

HEAT & WATER

\ |
/ \ . J \
\/
Cathode Gasket | Anode Gasket

Flow Field Plate Membrane Electrode Flow Field Plate
Assembly

4 J Goh — PEMFC testing with impurities www.mefhysto.eu 14.07.2023



Polymer electrolyte membrane fuel cell (PEMFC) Me )’Sf@'

Metrology for Advanced
Hydrogen Storage Solutions

® ovgen Electron (-ve)
Anode Cathode
Hydrogen — L |
In — ol ( Air In
H, - 2H* + 2e” 0, +4e” +4H* - 2H,0
E°=0V E°=1.23V
Hydrogen — — Air & Water
Out | r Vapour Out
Gas Diffusion Layer Catalyst Catalyst Gas Diffusion Layer

Proton Exchange Membrane

Image adapted fromhttps://www.intelligent-energy.con/product-support/fags-your-guide-fo-fuel-cells/
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Impurity Definitions & Impact

Standards, Scope & Impact
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Hydrogen & Air quality

MetHySte

Metrology for Advanced
Hydrogen Storage Solutions

Hydrogen & Air quality

Composition Unit =IO 14(6|§7:2019

* 1SO14687:2019(D) - hydrogen quality for SRR - —
vehicular applications Water Tl =
« Contaminant origins from hydrocarbon NMHC umolmo"i 2

: e : Methane pmolmol 100
crackl_ng/gasmcatlon Ew— T .

* Very little reported aboutthe effect of complex Helium umol mol 300
mixtureson fuel cells Nitrogen umol mol™ 300

. . . . Argon pmol mol™ 300
 Challenging to define standard for air quality — Carbon dioxide umol mol™® 5
type and concentration of contaminant dependent Carbon monoxide umol mol™ 0.2

on area Sulfur compounds pmolmol™ 0.004

. Formaldehyde pmol mol™ 0.2

* Urban - SO,, NO,, particulate matter Formic acid umol mol™ o5

e Farm— NH Ammonia pmolmol™ 0.1

. . 3 ; Halogenated compounds umol mol™ 0.05
« High altitude — low O, concentration Particulates e 1

7 J Goh — PEMFC testing with impurities www.mefhysto.eu 14.07.2023



Impact of Impurities on a Fuel Cell Me )/Si'(‘b’

Metrology for Advanced
Hydrogen Storage Solutions

Gas diffusion Gas diffusion
N . SO 14687:2019 Flow field layer layer Flow field
Composition Unit O plates \ / plates
Water pmol mol™ 5
NMHC (C1 eq.) pmol mol™ 2
Methane umolmol™ 100
Oxygen pmol mol™ 5
Helium pmol mol™ 300
Nitrogen pmolmol™ 300
Argon pmol mol™ 300
Carbon dioxide umolmol™ 2
Carbon monoxide pmolmol™ 0.2
Sulfur compounds (S1 basis) umol mol™* 0.004
Formaldehyde pmol mol™ 0.2
Form|c§C|d umol mol_i 0.2 Catalyst layer Catalyst layer
Ammonia pmol mol 0.1
Halogenated compounds umol mol™* 0.05
Particulates mg/kg 1 Proton exchange
membrane

8 J Goh — PEMFC testing with impurities www. mefhysto.eu 14.07.2023



Membrane poisons
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NH; contaminates membrane/ionomer,
even at 1 ppm

Halogens cause membrane dissolution

* NaCl reduces membrane ionic conductivity
Fe3* contamination at 1 ppm occupies ion
exchange sites on membrane (and active
sites on catalyst layer)

* Fe3* > H,0, - freeradicals

* Membrane deterioration

Schonwvogel, D., Bisselmann, J., Schmies, H., Langnickel, H., Wagner, P., & Dyck, A. (2021).
High temperature polymer electrolyte membrane fuel cell degradation provoked by ammonia as
ambient air contaminant. Journal of Power Sources, 502(May), 229993.
https://doi.org/10.1016/j.jpowsour.2021.229993

J Goh — PEMFC testing with impurities
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Catalyst poisons Me )’Sf@'

Metrology for Advanced
Hydrogen Storage Solutions

« CO binds with Pt active sites, reversibly

* H,S severely poisons catalyst, irreversibly
« CO, could potentially convert to CO — not
widely documented

» CH,0O, can cross PEM and contaminate
cathode; at 100 ppm may cause coarsening
or dissolution of Pt

1. St-Pierre, J. (2010). PEMFC contaminant tolerance limit—CO in H2. Electrochimica Acta,
55(13), 4208-4211. hitps://doi.org/10.1016/J.ELECTACTA.2010.02.061

2. Lopes, T., Paganin, V. A., & Gonzalez, E. R. (2011). The effects of hydrogen sulfide on the
polymer electrolyte membrane fuel cell anode catalyst: H2S-Pt/C interaction products. Journal of
Power Sources, 196(15), 6256—6263. hitps://doi.org/10.1016/1.jpowsour.2011.04.017
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Hydrogen diluents Me )’Sf(’b

Metrology for Advanced
Hydrogen Storage Solutions

« CH,, CO,, He, Ar, N, etc. dilute hydrogen
 Effectis more severe with a recirculation loop

* CO, crossoverfrom cathode to anode can lead
to high concentrations at the anode

11 J Goh — PEMFC testing with impurities www. mefhysto.eu 14.07.2023



Other effects Me )’Sf(b’
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« Tetrachloroethylene and hydrogen chloride cause rapid cell degradation even at 0.05 umol mol?
» Chloride compounds may precipitate and block mass flow
 Particulate matter can clog filters and affect valves
» Deposition of particles on catalyst layer can cause membrane rupture - short circuits
» Fe containing particles can cause catalystmembrane degradation
» Hydrocarbons (except methane) cause varied effects
» Shorter HCs may act only as diluents
» Longer HCs may alter wettability of components, poison catalyst or block mass flow
« Oxygen degrades fuel cell
* Explosion hazard within flammability limit 4 — 94 % concentration (hydrogen in oxygen)
* May mitigate catalyst poisoning
« Water has no direct impact on fuel cell performance, but
* May facilitate poisoning by ionic species
* May alter thermodynamic properties of gases
* May reduce hydrogen storage capacity a damage storage tanks

12 J Goh — PEMFC testing with impurities www. mefhysto.eu 14.07.2023
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Electrochemical Characterisation

In situ & In operando methods
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Characterisation methods Me )’Sf@'
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1.4 0.012 - - T - -
Pt oxide
Nernst potential i i H. . des -
. 0.010 upd formation
0.008 _
2 G
S >
= & 0.006 i
= S Double layer
% . ' 0.1 2 0.3 .%4 0.5 0.6 0.7 0.8
O 0.004 i capacitance
0.6 Polarisationcurve 0.002 4 i
- f - Pt oxide
04 T T T T T T T T 0.000 + T — ' T — reduction
0 200 400 600 800 1000 1200 1400 1600 1800 0000 0002 0004 0006 0008 0010 0012 Hypq ads
Current density / mA cm™ Zreal | Q
Voltage / V
L EIS Cyclic
Polarisation curve :
(Nyquist plot) voltammogram
14 J Goh — PEMFC testing with impurities
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Thank you!

jonathan.goh@npl.co.uk

EMPIR H -~

The EMPIR initiative is co-funded by the European Union's Horizon 2020
research and innovation programme and the EMPIR Parlicipating States
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