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National Physical Laboratory

Hydrogen vehicles NPLE

Hyundai ix35

Fuel cell
Vehicles

Exhaust Only water
Emissions (CO,, NOXx, Zero

SO,, particulates)

Range 500 km
Top speed 160 km/hr

UK H2 Mobility report (2013)




Hydrogen refuelling stations NPLE
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Supplied at 700 bar (or 350 bar)
= 5 kg per fill (full tank)

= 3 minutes to fill

= ~£50 for full tank

= Hydrogen produced by
electrolysis or steam methane
reforming



UK’s hydrogen economy 2030 NPLE
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A report by UK H2Mobility (2013)
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1.6 million fuel cell vehicles on 1,100 hydrogen refuelling 254,000 tonnes of hydrogen
the road in the UK stations in operation produced a year
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Four Metrology Challenges for the
Hydrogen Industry
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Challenge 1 — Flow Metering NPLE

National Physical Laboratory

Refuelling stations
cannot cost their
customers with
required accuracies

Flow meters in the
refuelling station
must be accurate to
1% (OIML R 139-1)

Hydrogen supplied can vary up to 700
bar in pressure and between -40 to
85°C during refuelling

Unknown mass of
hydrogen is lost
during venting



Challenge 2 — Quality Assurance NPL
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Usually platinum — can degrade in the presence of impurities
(such as hydrogen sulphide or carbon monoxide)

Reactive gases

:ﬂdmm .nnk Exhaust
*Water (5 umol/mol)
*Oxygen (5 pmol/mol)
*Carbon dioxide (2 umol/mol)
*Total hydrocarbon compounds (2 pmol/mol)
*Formic acid (0.2 pmol/mol)
eCarbon monoxide (0.1 pumol/mol)
sAmmonia (0.1 pmol/mol)
*Total halogenated compounds (0.05 pmol/mol)
*Formaldehyde (0.01 pumol/mol)
*Total sulphur compounds (0.004 pmol/mol)

eHelium (300 umol/mol)
*Nitrogen (200 pumol/mol)
DIRECTIVE 2014/94/EU OF THE EUROPEAN *Argon (100 pmol/maol)

PARLIAMENT AND OF THE COUNCIL of 22 October
2014 on the deployment of alternative fuels

“The hydrogen purity dispensed by hydrogen Particulates (1 mg/kg)

refuelling points shall comply with the technical _—%
specifications included in the ISO 14687-2 standard.”




Challenge 3 - Quality Control NPLE
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ISO 19880-8 recommends adding quality control

measures in order to:

« Continuously monitor key impurities (rather that
waiting for annual purity checks)

* Monitor levels of reactive species that could
degrade the fuel cell

o Switch off pump as soon as any impurities are
detected

Quantum cascade analyser by Cascade Technologies ProCeas by AP2E

Online analysers are available but have not been tested for hydrogen quality control



Challenge 4 - Sampling NPLE
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Hydrogen refuelling station Hydrogen purity laboratory

There are no official guidelines for sampling hydrogen and therefore stations
may be using:

* |naccurate technique for sampling (contamination issues)

* Inappropriate sampling device (e.g. stainless steel opposed to sulfinert)
 Wrong sampling vessels/cylinders



EMPIR Metrology for Hydrogen NPLE
Ve h | C I ES National Physical Laboratory

Supported by 43 stakeholders including:
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NPL’s Hydrogen Impuriy
Enrichment Device
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Problems for commercial laboratories NPLE
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v

% Number of /

P instruments

@ Capital _____» ~€500k total
expenditure

Cannot use low
“ Small volumes . pressure in small

A commercial hydrogen
purity laboratory

of sample vessels
"\ Limits of Not feasible with
: routine instruments
ul detection such as GC-MS
=+ Time for
analysis
~~, Too long (several

instruments)



Hydrogen impurity enrichment NPL

VFS
National Physical Laboratory

Vessel containing high Palladium based hydrogen

Empty (turbo
pressure hydrogen sample membrane

vacuumed) vessel
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v' Allows measurement of lower
amount fractions

Better signal-to-noise

Can be used with any analyser

ANERN



Problems for commercial laboratories NPLE
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expenditure
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A commercial hydrogen
purity laboratory
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ul detection such as GC-MS
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Problems for commercial laboratories NPLE
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2-3

% Number of /

P instruments

@ Capital _____» ~€500k total
expenditure

Cannot use low
“ Small volumes . pressure in small

A commercial hydrogen
purity laboratory

of sample vessels
"\ Limits of Not feasible with
: routine instruments
ul detection such as GC-MS
=+ Time for
analysis
~~, Too long (several

instruments)



Problems for commercial laboratories NPLE
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2-3

% Number of /

~ J) instruments
<€200k total

@ Capital ——— (using routine
expenditure GC-MS)

Cannot use low
“ Small volumes . pressure in small

A commercial hydrogen
purity laboratory

of sample vessels
"\ Limits of Not feasible with
: routine instruments
ul detection such as GC-MS
=+ Time for
analysis
~~, Too long (several

instruments)



Problems for commercial laboratories NPLE
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2-3

% Number of /

~ J) instruments
<€200k total

@ Capital ——— (using routine
expenditure GC-MS)

No problems
“ Small volumes _» \ith low volume

A commercial hydrogen
purity laboratory

of sample samples
"\ Limits of Not feasible with
: routine instruments
ul detection such as GC-MS
=+ Time for
analysis
~~, Too long (several

instruments)



Problems for commercial laboratories NPL

National Physical Laboratory

2-3

% Number of "

 J instruments

@ _ <€200Kk total
. Capital — > (using routine

expenditure GC-MS)

No problems
Small volumes _ » ith low volume
of sample samples

N

o GC-MS can be
Limits of —— | used for most

A commercial hydrogen
purity laboratory

- detection impurities
Time for
analysis
—~, Too long (several
instruments)



Problems for commercial laboratories NPLE
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2-3

% Number of /

~ J) instruments

expenditure GC-MS)

@ _ <€200Kk total
. Capital — > (using routine

No problems
“ Small volumes _» \ith low volume

A commercial hydrogen
purity laboratory

of sample samples
P e . . )
Limits of Sscc:adlv:‘ircmagstie
- detection impurities
Time for
analysis
~~, Lesstime needed
to use all
instruments



Hydrogen Impurity Enrichment Device (HIED) NPL

NPL,S tracel‘ en“Chment methOd National Physical Laboratory
Hydrogen
Impurity
Hydrogen sample / /
/
© ./ o © Measure
.. ® o ° krypton
A e o % o
o © o (o)
© o o
Krypton
(Tracer) Krypton
Enrichment Hydrogen Enrichment
factor removal factor

Measure
impurities




Calculating enrichment factors

Two methods can be used:
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Hydrogen Hydrogen
Impurity / Impurity /
° ¢ o ° ¢ -
o © o ©
© ® o [5) o © o o
© o © o
e ©o o o o o
% 4o o ©% 4o o
o =) (5) ° P o
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( P1aV1 >+( P4V ) P pV1 ) Krypton -
Zy,RT Zo> RT: ~ \Z . RT Y1 Kr (enriched)
CEF = Y21 _ \M1at1a ;,a Vz'a b7 1b CEF = — = 1 YKr (standard)
Vi1 ( 2,72 ) Y11  YVikr 8Kr (standard)
Z2pRTp

Rel. u/c = ~10% (k=2)

|deal gas law method

Rel. u/c = ~2.5% (k=2)

Krypton tracer method



Results — Test 1

CO is lower
CH, is slightly higher

Reaction taking place?

CH, =2.027 ppm (+1.0%)
CO =1.697 ppm (-10.5%)
N, =2.123 ppm (+4.9%)
H, balance

ldeal gas law method
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National Physical Laboratory

CH, =2.008 ppm
CO =12.896 ppm
N, =2.023 ppm
H, balance

X 60

Enrichment

CH, =2.027 ppm (+3.1%)
CO =1.749 ppm (-7.8%)
N, =2.189ppm (+8.2%)
H, balance

Krypton tracer method



Results — Test 2
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CH, =0.106ppm (-94.7%)
CO =0.075ppm (-96.0%)
N, =0.134 ppm (-93.4%)
H, balance

ldeal gas law method
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National Physical Laboratory

CH, =2.008 ppm

CO =12.896 ppm
N, =2.023 ppm
H, balance

X 60

Enrichment

CO =1.458 ppm (-23.1%)
\ S

H, balanc

Krypton tracer method



Results — Test 3 NPLE
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: CH, =2.506 ppm
Alr leak CO =12.422 ppm
N, =2.537ppm
H, balance

Enrichment

x 60
CH, =0.972 ppm (-35.5%)
CO =0.949 ppm (-33.3%)
N, =1.576 ppm (+2.5%)
H, balance H, balanc

ldeal gas law method Krypton tracer method



Conclusions NPLE

z

Use krypton tracer method to
calculate enrichment factor

AND...

Use ideal gas law method to
check for membrane failure

or air leak
\ Air leak




Further readin
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Analytical
Methods
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Advancing the analysis of impurities in hydrogen by
use of a novel tracer enrichment method

Advancing the analysis of impurities in
hydrogen by use of a novel tracer
enrichment method

TRt DOF: 1S90 S21T 50
Anl Murugan® and Andrew 5. Brown

A novel tracer enichiment methad for concentating the impusities in hydrogen has been developed and
walidated . The method caloulates the ennchment Bctor by splong the gas micure with, krynton and
mexcuring the change in amount Fraction before and after enschment. Ths method wes compared
against an existng non-idesl gas law enschment method which caloulstes fie enchment Bcior by
mmsuring the change in presmirs and mpemtums of the hydrogen gas miocture. The comparson was
schimved by perfoming test whers both methods wens succsssfully ussd to caiculme e amount
fractions of nitogen, carbon moncxde and methane i a2 mixtwe of hydrogen with a known
composton. An uncsrtanty budget for both metods wes abo developed showing that fue new traosr
ewchmen method gives a lower uncenainty of meswenent compared © the non-ideal g Law
enrichment method. An additonal bensfit to using e acer ennchment method & fat accurte
messuremants can be perfommed sven dusng an s lesk or membrane falure. it was concluded that 3
comiination of both of the two smrichment techniues would form the idesl massurement tood for

Received 65 Demmber 2005
Aocepied 28m Renasy 2014

A. Murugan & A. S. Brown (2014)

DO Mt 2T performing accurate memwement of Mmpustes whis beng able to delect lesks and monior e

W rSCongmeods e hment factor.

hydrogen is therefore to be used as an enemgy vector for
commemial fuel cell vehides, it & essntial that reliable

1 Introduction

With lm.nsan requirsments o lmit, control and reduce
s is globally meognised as a
suitable energy vector e powering vehicles fand other small
devices). Hydragen can be emploped & power vehickes either by
tesing an internal combustion engine or fuel colly both of these
mutes provide dean energy with no arbon emisions (G
produced froma steuree) by meacting the hydrogen with
emygen Erom the air. Wheneas the intemal combustion engine is
relatvely robust in & s of the proportion of impurites that ean
be present in the fuel, hydngen el cells mgquine very high purity
grrades of hydrogen in onder to prevent deactivation ofthe cag lyst,
which sl lesd to meduscad fusel eoll lifetime.
Varkus sudies'® have been performed that have sp

messurements of the purity of hydmgen are awailable.

Although the gandand does ala inclde paticulates (ot a
maximum level of 1 mg kg%, for the purpose of this paper
Table 1 only lists the gseres impurities specified by the stan-
dard. As some impurities such as the mactive components fe g
sul phisr compounds and formaldehyde) are much more detri-
mental to fisel cells companed to other inert components (4
helium amd nitmgen), thes impurities are specified with a
challengingh low maximum allowable kevels.

Table 1 Madmum mpurity leveis tat shoull not be exoseded for
PEM fuel ol hydmegen s smec fied by 150 14607 -2:2002

investigaied the efbcts of hydmgen impurities on fuel cell lie

Maxdimum amount

time, and mome moently the imbemotional T80 14647 Impurity fraction (umal mal™")
22012 has been published, which providesa list ofthe madmum -
PR ’ E
levels of impurities that can be present in hydogen for proton TR L N
exchange membrane (PEM) fuel cell vehicls (Table 1) The :
proposed BC Directive on the depliyment of an akernative feels  Heliom N
infrastrcture® s out that “hydmogen refuelling points shall  Nitrogen 100
comply with the rleant BN standard, to be adopied by 2014, :I:m R "':
and, pending publication of this standard, with the technical 5T PR oa
specifieations included in the 150 146872:2012 standard.” I roeg] cylphur snmpounds 004
Farmakypde anl
Farmic acid az
Natiowal My deal Lalvuiny, Hampan Road, Teddingon, Midilses TW2 @W, Ammonia ol
K Emal aradmarspainpl canky Tel (-4 BOKS-O 6302 Taeal halogenated compounds e

This jpumal s € The Aoyl Sockety of Che misr,

A, Methods

ROYAL SOCIETY
OF cHEMISTRY HOT ARTICLE



Next steps...

coated with Pd-Cu

4 year Industrial Case PhD between

NPL and Imperial College London to:

- Develop improved membranes

- Other types rather than palladium
(possibly graphene)

- Investigate optimal enrichment
conditions (to prevent reactions)

NPLE

National Physical Laboratory

Imperial College
London

Marc Plunkett Prof. Kang Li Dr. Arul Murugan
(PhD student) (Academic) (Industrial)
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Aims of the laboratory NPLE
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To provide validation of
online hydrogen purity
analysers for quality control

Provision of stable primary
reference gas mixtures for
laboratories and gas
producers

,%1% To provide direct hydrogen

NPLE] | primary reference .,% purity analysis for hydrogen
s s R refuelling stations

=
%
%
Calibration gas standard %
for hydrogen purity
— ]
NPLHE %“-g,?‘
"
Hydrogen purity NPL’s hydrogen

laboratory purity laboratory



NPL’s capabilities NPL
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[

]] :

= =

Quartz crystal
microbalance

Gas chromatography
with mass spectrometer

detector cavity ringdown

spectroscopy

Gas chromatography with thermal
conductivity detector

Helium

Hydrocarbons

Carbon dioxide

Thermo-desorption - Gas  Organo-halogenated e
chromatography with mass compounds _ _ —
spectrometer dete Meth s
ethane
Formaldehyde Formic acid Carbon  Gas chromatography with

monoxide methaniser and flame

; Sulphur ionisation detector
[ compounds .
: ’ Gas chromatography with
Gas chromatography with helium sulphur chemiluminescence

) A detector
discharge ionisation detector
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Missing capabilities

NPL

National Physical Laboratory

Our limits of detection are not low

enough to reach these specifications \

1) Use alternative spectroscopic
methods (even though more sample is
needed per analysis...)

2) Develop a method for concentrating
impurities in hydrogen...

Particulates in hydrogen methods have
not been developed yet

We will develop this method next year

T~

/
/I

Reactive gases

*Water (5 umol/mol)
*Oxygen (5 umol/mol)
*Carbon dioxide (2 pmol/mol)
e Total hydrocarbon compounds (2 pmol/mol)
\ *Formic acid (0.2 pmol/mol)
eCarbon monoxide (0.1 pmol/mol)
sAmmonia (0.1 pmol/maol)
*Total halogenated compounds (0.05 pmol/mol)
eFormaldehyde (0.01 pmol/mol)

*Total sulphur compounds (0.004 pmol/mol)

Inert gases

eHelium (300 umol/mol)
*Nitrogen (200 pmol/mol)
*Argon (200 umol/mol)

Non-gases

«Particulates (1 mg/kg)
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