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Existing Hydrogen infrastructure Dynaris

1= Pipelines (~2000 km)
Specifications : Chemical Industry

- Large Plants (NG based SMR)
i Specifications : Refineries

LH2
| Specifications : >99.9999%

1 Cylinders
Various grade: Case-by-case basis
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=>Driven by largest & most demanding consumer
Transport & PEM Fuel Cell

Large H2 production plants (20 to >100,000 m3/h) able to
produce H2 at low cost with CO2 mitigation, distributed by

Pipeline network

Cylinders HYPOGEN
Liquid H2

Small delocalized production units

I
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Hydrogen Fuel Quality Specification gl

The fuel specification must

I
I
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Be compatible with automotive FC system performance &
total life cycle costs

Be developed via a consensus process using input from key
stakeholders

Be practical, sustainable & cost effective to implement &
operate at H2 stations

Be feasible for H2 production & purification

Use applicable standardized methods for measurement &
monitoring

Be based on experimental data, analysis & verification

Be compatible with durability & performance requirement of
the FC

Synergies between HYPOGEN and the Hydrogen Economy
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ISO specifications issued (ISO TS14687-2)
SAE : harmonized with ISO’s
ASTM

Dynamis
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ISO main specifications

HZ purity
Impurities
co
co2
Sulphur Compounds
THC
Cxvygen
Ammaoania
Inert Gases (N2, Ar, He)
Water

Halogens

MMax Particulate
Concentrations

Max Particulate Size

= HY Q859

max level
armoalefmaole

0.2

0.ao04

0.1

100

5

0.05

20 ugfmuole

10 urm

ASTRA
Detection limits
armoalefmaole

0.2

0.1

0.ao04

0.1

0.1

B0

0.5

0.01

1 um
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= A moving target

FC requirements are changing with the development of new
materials (lower precious metal loading)

Lack of experimental data

; Effect of various impurities
i Long term effect
Numerous configurations

| = Non mature technology
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' Publications of test work at various labs for a decade Dyﬁamﬁ

2 Public & private Labs

| JARI

Los Alamos NL

NERL

| GTI

i Technical University of Denmark

; OMG dmc2
i Air Liquide & Axane
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1.2
=O—pure H2
1.0 [ =4 1ppm CO
—0—5Sppm CO
=J=10ppm CO

Examples of 1st step evaluation test (CO)
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Electrolyte: GORE-SELECT
Electrode catalyst (Anode/Cathode): Pt-Ru/Pt

Electrolyte: GORE-SELECT
Electrode catalyst (Anode/Cathode): Pt/Pt

- If 10ppm CO is contained, the voltage drop ratio is more than 2%.
- Pt-Ru catalyst has the tendency of preventing CO poisoning.

JARI Source 14
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Examples of 2nd step evaluation test (CO)

1.0 1.0
COM, | H, CO/H, H,
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=) 2ppm CO [
=) Sppm CO m—2ppm CO
0.2 Tppm CO || S5ppm CO
w—5ppm CO =1 ppm CO

m—ppm CO

Cell voltage [V]
Cell voltage [V]

=]
(8]

O.DIIIIIIIIII
o 1 2 3 4 656 6 7 8 9 10 11 0 1 2 3 4 5 6 7 8 9 10 11

Time [h] Time [h]

o
o

Electrolyte: GORE-SELECT Electrolyte: GORE-SELECT
Electrode catalyst (Anode/Cathode): Pt/Pt Electrode catalyst (Anode/Cathode): Pt-Ru/Pt

- Compared with 1st evaluation test, lower impurity concentration
have influence on the fuel cell performance.

-After 10 hours test, the cell voltage is recovered by supplying
pure hydrogen.

¥

JARI Source CO poisoning is reversible 18
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H2 Im pu rities (from Air Liquide’s Labs) Wﬂamf

Carbon Monoxide (CO)

Mechanism — Adsorption of CO onto Pt sites, oxidation of CO to
CO,, desorption of CO,

Equilibrium is established
Fully recoverable

Carbon Monoxide
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Results

0.5 ppm — Small observable loss beginning at 70 hours
1.0 ppm —Time to reach equilibrium 32 hours, 20 % voltage loss
4.5 ppm — Time to reach equilibrium 10.7 hours, 42 % voltage loss
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H, Impurities (from Air Liquide’s Labs) Dynaris

Hydrogen sulfide (H,S)
Mechanism — Adsorption of H,S onto Pt sites followed by
oxidation to sulfur
Cumulative in nature
Not easily recoverable

Concentrations tested - 0.25, 0.5, 1.0, 2.0

H25 Testing
0.0, 0,25 and 0.5 ppm

H25 Testing
1.0 and 2.0 ppm

-
-
2

D25 e Cylinde

Call Voltags (volts)
*
Call Valmage (vols)
"

Results
0.25 ppm H,S — No observable voltage loss (for 100 hours)
Higher concentrations — “Linear” voltage drop over time
Recoverability — Limited recoverability after impurity removal
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Ammonia (NH,)

Mechanism — Long term exposure results in loss of proton
conductivity

Concentrations tested = 0, 0.5, 1.0, 9.0, 44 ppm NH;

Ammonia
£ . e e e Results
& ; —— o S 13 % drop of 44 ppm
E e
© Impurity shut off / : Recovery
93 % recovery after 20
hours for 44 ppm

0 10 20 a0 40 S0 G0 o a0 an 100 0 120

Run Time (hours)
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H2 purity

Impurities

o

s

Sulphur
Compounds

THC

Dxygen

Armimonia

Inert Gases (N2,

A, He)l

Wilater

Halogens

MMax Particulate
Concentrations

MMax Particulate

Size

ISO
> 09 S99 %

max level
urmolefmole

0.2

0.004

0.1
100
5
0.05
20 ugdmuole

10 urm

Dynamis
= 99 99%

max level
urmolefmole

1
2
.01

1.5

10
SO0
10
0.1
20 ugdmole

10 urm
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A naﬂanuuf:lbm tory oﬂ.he: l:l‘.S. Department af Energy
@ @ == ’ Office of Energy Efficiency & Renewable Energy
‘fﬂ, a;’ M®=L National Renewable Energy Laboratory
v

Innovation for Our Energy Future

2006 DOE Hydrogen, Fuel Cells & Infrastructure Technologies
Program Review

Controlled Hydrogen Fleet and
Infrastructure Analysis

Keith Wipke, Senior Engineer Il
NREL
May 19, 2006

Project |ID# TV-12

This presentation does not contain any proprietary or confidential information

]
NREL is operated by Midwest Research Institute . Battelle ﬁ
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Hydrogen Purity Sampled from Stations
Meets Target Majority of the Time

Hydrogen Purity Sampled from stations'"

100.000

Bl Range of Reported Data

99.998

99.996

99.994

99.992

9599{) L s I I I I B BB BN EEE

Hydrogen Purity (%)

99.988

99.986

99.984

) {1) Includes sampling from both electrolysis and reforming
Crested: 21-Feb-2008
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L
-""‘"EL National Renewable Energy Laboratory 2?
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Hydrogen Impurities Sampled from All Stations - Includes
On-Site Reformation, Electrolysis, and Delivered H,

H, Impurities

-Range of Reported Data 0 ISO FDTS 14687-2 Max =—=Reported Detection Limit

Particulates

(N2 + He + Ar)

0

NH3 ¢

Total S Compounds*{}

co ’ Improved sampling technologies are necessary
v to improve low-concentration sensitivities

co2

02

Total HC
H20

Pkt bt b et [ St R R

[+ J) S P
m___

0

mole/mole
Created: 23-Feb-2005 ‘Includes 802, COS, and H2S. K

2,

&
"*"E'_ Mational Renewable Energy Laboratory
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'Key Impurities o

= CO
S compounds
= NH3

1@ Inerts (N2, Ar, He)
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H2 Purification e

NG SMR

NG ATR/O2 or Air
Coal Gasification
Lignite Gasification

=>» Pressure Swing Adsorption (PSA)
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PureH, T T
=="= Molecular Sieve
- ..o:: Ar, N,, CO
®*ove || —— = - - - e—a=
8 :o..:
T | et Activated Carbon
3| === CO,, CH,
El ===
S Moo
+ e Silica Gel
S C.H..H,S, BTX
Feed gas T T Alumina H,0O, NH;

I
I
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Gas / adsorbents affinity (2) Dynarls

CHOICE OF ADSORBENTS
Molecular |Activated | Silica Gel Alumina
Sieve Carbon
N2 Ar CnHm HZO
CO C02 HZS NH3
02 BTX*
CH,

* benzen, toluen, xylen

I
|
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‘Gas / adsorbents affinity (1) S

Relative strength of adsorption

T T
Ar
O,
N,

The relative strength depends on the affinity between the
adsorbent and the molecule you want to trap.

I
I
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H,-PSA — a large range of plants Dynaris

Belgium,
100 000 Nm?3/h

Spain,
49 000 Nmd/h

Holland,
13 000 Nmd/h
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Impurities in HZ product

PSA Efficiency mis

Influence of impurity level on HZ PSA
90% CO2 capture - Hard Coal case

10000 ppmy 130%
9000 pprmy 120%
8000 ppormy 110%

£
F000 pprmy 100% 3
S
e
G000 ppmy 90% 5
£
@
5000 ppmy B0% 2
——Ar in product ﬁ
4000 ppmyv ——Nl2 in product 0% c
LInit “ads +
3000 pprmy B0% 3
E
2000 pprmy 80%
1000 pprmy 40%
0 pprmy 30%
-5,0% -4,0% -3.0% -2.0% -1,0% 0,0% 1.0% 2,0%
% point on H2 Yield
i
AIR LIQUIDE
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Effect of impurities on H2 Storage & Distribution Dynamis

Pipelines

ALLEMAGNE

FRANCE

Oxyygen —
Nitrogen JE—
Hydrogen —

Carbon monoxide

Oxygen and nitrogen plant
Cogeneration plant
Hydrogen ander carbon menoxide plant

Cylinders  Metal to Polymers (Type V)

Cryogenic Tank
LH2 20°K <99.9999% (TSA Purification)
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Technical Accomplishments/Progress:
Fuel Quality — 5-year R&D/Testing Plan Defined

Topic of Investigation

l. Consensus Testing Strategy

& Fuel cell-OEMeafual providers salect n
critical species from Table 1 based an key
Jechoicalieconomic drivers f—
8. Develop REDest plan with WG12 J——
. Coordinate activities, revise plan annusly
L. Derive optimal balance bet fuel call

Lost

Il. Fuel Cell Tests ('standard” MEA)
A Conduct failure mechanism teats wire Idenify regencrtion Adenats
concn at conat load, RH, T & P with critical PRI Tl it mienaibies 1 materiats
constituents (S0, H2S, ete )

B. Conduct long-term tests (const physical Agingoons]
conditions) and const. & vanable loads with Tl
criical constituents [CO, H2S, et}

O Conduct teste with selected combinatons lacrnly reganralio TRemallie malenals Uss Mow
of eritieal constituents (GO, H2S, stc ) and Distamrdne mechan: adlemaiives cal.loading, oo I Cormrmencial Maforkals

concentrations
o P

audiong

Agingivanabbs lnad

Aging
waTenen

D, Conduct "Simulated Drive Cycle” tests with
H : + critical constituents as fuel

E Investigate perfarmancelcost rade offs re
Lritical constityents.

lll. H2 Fuel Provider Integration

A Define H 2 fuel gualty variations based on
current cleanup procedures [relatve to cntical
constituent limits)

B. Define contzminant species! concentration
warigtions gz a function of planned H - sources
C. Investigate H ; clesnup alternatives
rate with fuel cell tests
0. Condust cost trade-offs re: critcal
constituents
IV. Analytical Protocolilnstrumentation
A Ewvaluate sdequacy of Table 1 info., sat
priorities based on LA

DCelanmine varniaions o InwEstigate and noorponae seuned

—— .
B. Modify ASTM standards to measure cribcal oument praclica aBernalkes to SOP

constituents a3 needed

Bl g o Finakz: 4
C. Validats test methodclogy and o ooy FpCim M i

[EeLEemen 108 C) CorE R AT S
0. Aszsess cost rade-offs, esp. indine
measurement

V. OEM Engine/Vehicle Tests

Comnle small soain Toelcell . [Pesnl o Tt ard durmcmabals
A, H2 Fusl with Priority Constituents ks 2SR Goeralicny i atic langing e b

VI. Advance Storage Materials I
A Track Development of Adv. M

ey Hx_._......u..a.ummgy TOOTITCTY
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Timeline for Hydrogen Quality Standardization

Dwnamis

H

2006

2007

2008 2000 2010

ASTM Analytical Techniques

Sub Team 1 - Mechanisms

* Contamination lesting / Primary Effect (Single Cel

Possable refinement

« Empirical / Kinetic Model Ganeration
« Contamination festing / Secondary Effect (Single Cell)
+ Singhe C=ll Modeling Confirmation

—— —

Sub Team 1 - Verification

* Define/Devealop Phase 2 design of Expernments
= Short Stack Confirmation wiloop effect
+ v Cycle Simulation / Selecled Contaminants SAE J2722

-

« Onboard Storage / BOP Effects / Salected contaminants & Pariculztes

Sub team 2 — Production f Purity / Cost

* |dentify critical supply constiiuents

« Detenmine economic sensitivities o PSA purification

+ Dtermine canary constituent for analytical detection

» Determine appropriate analytical freguency and economics
+, Establish composite rangs of non-H2 constituents for further fuel call testing

Sub Teams 1 & 2 collaboration ‘
Ceoperative evaluation - Costs Vs, Threshold Relatiu’ws hip

SAE J2719 &ISOITC197 WG12 Standardization

1
| BAE J2719 /TS 14687-2

Pevelop SAENSO standard
based on RED and test data

e
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Conclusions Dynamis

Needs

For additional research work on influence of impurities
(including inerts), with more materials & longer test periods

i To better share information of consequences of unrealistic
| specifications (ex: 4 vpm S-compounds) on H2 production
i Costs

For stronger involvement of European actors into
international organizations (ISO)
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