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Overview

The challenge

Introduction to the risk assessment model developed in HyCoRA project

Development of the risk assessment model in HYDRAITE project

Result example from HyCoRA project
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Modelling challenge - the cost of automotive
grade hydrogen is too high

For large scale commercialisation of FC vehicles (inc.
trains, ships) hydrogen delivered to retail station
should be under 5 €/ kg in the long term

In most of the current HRS, expensive hydrogen is
delivered from sources with very low risk in order to
fulfil requirements of ISO standard

In the commercialisation phase of FCEV low cost
hydrogen sources should be utilised.

A cost optimisation model is needed

Point of
lowest

Cost

Gas analysis sampling frequency
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Introduction
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HYDRAITE/HyCoRA strategy — quantitative risk model

= The HyCoRA quantitative risk model is based on analytic approach of probabilistic risk. The model defines the
probabilistic coupling between the harmful effects on PEMFCs and FCEVs that impurities in hydrogen fuel introduced at
refuelling may induce.

= Risk assessment provides information for the required frequency and accuracy for the gas analysis at the nozzle and/or
in production

= Risk assessment gives the right focus for development of the new analytical methodology for the gas analysis

Risk assessment requires information from:

a) the real susceptibility for various poisonous species specifically for automotive applications — automotive type FC
system data needed

b) probabilities for quality assurance QA failure in hydrogen production site and/or at HRS — data for gas analysis
methods needed

c) probabilities for introducing contaminant during delivery and dispensing of hydrogen at HRS

d) concentration correlations between contaminant species in fuel - impurity concentrations at production sites and
HRS nozzle needed




Model and assumptions
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HYDRAITE/HyCoRA concept for fuel quality risk & cost
simulation — CO adsorption is the key parameter

. Model outputs
External inputs HyCoRA P
simulation model
(FC hidl lati ) Fuel quality costs | (vehicle
v_e icle popu- a- lons type, QC measure, delivered
- VEh'de_ characterlst[c _ Electrochemically active fuel purity)
- operating characteristics ) Shon e Esiha e
. Risk of vehicle incidents|
- - ~ CO adsorption @run — :
Fuel impurity CO oxidation @run & rest (Vegli!e tyr::leff Q(I: mef':lsure,
concentrations at T elivered fuel purity)
HRSs CO adsorption > - Minor & Major incidents
\ J Pt catalyst CO limit for
50mV voltage drop per cell Frequency of station incidents|
2 ™ (vehicle type, QC measure,
Fuel quality delivered fuel purity)
ctrl measures (QCs) Internal inputs : :
- Performance & cost — Risk and cost comparisons
characteristics (preprogrammed model between the QCs
variable & parameter values)

\ Incl.’Baseline’ (i.e. no QC) )

" Monte Carlo simulation applied to deal with and process the various sources of uncertainty involved

" Population of HRSs used by a population of FCEVs
" Every FCEV refilling poses arisk situation (i.e. possibility for contamination by fuel impurities)
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Relevant fuel impurities anc

Carbon dioxide (CO7)

Carbon monoxide (CO)

= The formation of CO on the surface

= The formation of CO on the surface

= The loss of available area due to almost
irreversible adsorption of S

Total sulfur compounds¢
(H>S basis)

Formaldehyde (HCHO)
Formic acid (HCOOH)
—Ammmonta (i —

Total halogenated compoundsd

(Halogenate ion basis)

= The formation of CO on the surface*

= The formation of CO on the surface*
= No effect on the anode, but on the cathode

= Accelerates the particle growth and Pt area
loss — how much on the anode?

Exposure history for
- chlorine (CI)
- sulphur (S)

the impact mechanisms

defining initial condition

Remaining active Pt surface area (%)

Two impurity impact mechanisms of different time
scales separated:

1.

Impurity concentrations
in fuel tank after refilling
_CO E:>
- CO,

- HCHO/HCOOH

degradation of electrochemically active anode
Pt surface area (FC age; S and CI- species).
Time scale years.

active Pt surface area contamination by CO
in vehicle use (fully recoverable). Time scale
hours (HyCoRA) or days (HYDRAITE)

-

-

N
CO coverage on the active Pt surface area

\

Vehicle type
- drive profile
- stoppage prof.

Pt surface CO
coverage at refill

simulation of operation

J

Fuel impurity incident ?
(critical stack outputvoltage drop in use)
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Model variables and currently applied values: 'CO only’ v1.0

PDF for CO based on NG-SMR-PSA
process simulation
(errors in process controls N(0;02);

User specified
cut-off target level and

prob of o
detection@target . user specified std. dev value)
Product gas
QC measure co | evgl Random
set point Random FCEV: U(0;5000)
B(HRS CO level) FCB: U(0;20 000)

User selected:

3 Regular FCEV
QC measure ?_llgso fé%y HRS CO lR:'{"do;‘) FC(;:]aﬁ!:Sa)ge H Vehicle type Tafi FCEV
nN(p,o
accuracy/error measure level FC Bus

Random
N(0;02) - X - .
user specified QC activated HRS dispensed Pt catalyst Pt catalyst Pt catalyst loading User spgcmed or defalzllt.
: . particle N FCEV: 0.05 mgPt/cm
td. d I station fuel CO level degradation (initial area)
sld. dev.value growth rate FCB: 0.3 mgPticm?

incident @vehicle refill

\,- Fixed
Random FCEV: 0.01% /
N(49.59;20.42) \ R WA ot FCB: 0.0035%

- new MEA active area
Vehicle refill Vehicle refill level
amount (kg) (% tank volume)

S

('Start area’) )
— Fixed

0.5%/min (0.05mgPt/cm?; new MEA; 1
ppm CO; at full power (1 Alem?))

User specified -~ =\ CO adsorption

or default [ —— ’ Count of vehicle Catalyst CO speed reference Constant efficiency, i.e. current follows
FCEV: S kg ; adsorption value the power 1-to-1
FCB: 25 kg volume (kg) L refills considered speed
Fixed Oxidation . Fixed
n=5 CO oxidation factor CO oxidation 0.1%/min 1st hr &
Load level speed (@run) - speed (@rest) 0.2%/min following hrs
Random - ~ - (% stack max) Fixed _
(selected options Drive cycle Drive cycle : 0.005 1/min ‘L Random
equally likely) type power profile Catalvet CO 0-1h: Exp(14.1:1) min
User selected: Load duration A Pt catalyst Catalyst CO Stop duration | 1-4h: Uni (61,240)
eingie o mix (min) poisoning surface CO recovery at rest (min) 4-6h: Uni(241,360)
coverage 6-24h:Uni(360-1140)

% Taxi ) >24h: Fixed 1141 min
EGEY Fixed Catalyst surface

NEDC ~ NEDC  SORTI 0% CO coverage

UDDS  UDDS  SORTZ @ refill
US06 USO6  SORT3 'Start area’

HWFEET  HWFEET

NYCC NYCC Fixed
FCEV: 40% Pt factor
FCB: 60%

Daily operating
time

SIS profile NREL/TP-5600-
54860:2012

Random
Reg FCEV: Exp(70); min 10 min (drive time<9
Taxi FCEV & FCB: N(12;9) between 1-23 hrs

CO induced
performance
incident

Pt catalyst
CO tolerance

s i Incident severity Fuel CO level
Fixed Severity class @tank at
0.7 ppm CO criterion ('Minor' / "Major’) incident

@tank
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HYDRAITE / HyCoRA fuel quality risk & cost

simulation model

=  Select vehicle type & use

=  Specify initial Pt loading

=  Select fuel source

= Specify QC measure(s)

= Define calc. parameter values

Generate probability distributions
for impurity concentrations in fuel
delivered to HRSs

Identify QC measures for continuous

online monitoring of fuel impurities

Expose population of vehicles

to driving with fuel conditioned

by specific QC measure

- random vehicle

- refill at random HRS

- daily operation according to
selected drive cycle type
(single or mix), random
stoppage times and random
daily operating time

Specification of the
simulation case

Cost parameters

Y

Generation of of fuel
impurity concentrations
for HRSs

ore fuel QA
measures?

‘_____________

Risk and cost calculation
and comparisons

v

Simulation of of fuel
impurity impacts on

FCEV population
given a QA measure
|

Y
{ Stop |

= Likelihood of vehicle incidents
given the QC measure

= Cost impact of QC measure

= QC measure minimizing the
fuel quality cost

Total cost (€/kg) | QC; =

capital & operating costs of QC,;
+ cost of vehicle incidents|QC;
+ costs of HRS incidents|QC;




HYDRAITE/HyCoRA Matlab

model, - flowchart

Specification of the
simulation case

Generation of of fuel
impurity concentrations
for HRSs

ore fuel Q
measures?

il

v

Simulation of of fuel
impurity impacts on
FCEV population
given a QA measure

I

Cost parameters

Risk and cost calculation
and comparisons

Stop

One day simulations now

Return to
main program,

—

Go to new simulation

Max operating
time exceeded

nput: opera_ting time,
max daily time

Value_update
Input: operating time, stop time
Output: Updated operating time
L)
Value_update
Input: CO adsorption, oxidation
during stop
Output: Updated CO adsorption
level
Ly
Stop_time
Output: Stop time, oxidation
during stop
tim
remai

nput:

Go to new cycle

main program:
updated refuel
volume,vehicle
incident table,

Model returns to

station incidents

Operating

time

remaining

NO STOP

Stop decision
Input: stop
probability

e
ning

Check_limit
operating time, ma
daily time

Max operating
time exceeded

Go to new simulation

NO CO

incident

Start fuel
impurity impact
simulation

Operating_time
Input: vehicle type
Output: operating time for day

\ 4

Vehicle_age
Input: vehicle type
Output: vehicle age

v
Calculate_start_area
Input: vehicle age, vehicle type (later
S, Cl)
Output: start area
v

Calculate_threshold
Input: start area, vehicle type
Output: threshold

v

tank_CO
Input: Station CO distribution, QC
parameters (CO cut target, measure
uncertainty), vehicle refil level, tank size
Output: CO concentration (tank), updated
refuel volume

v
Choose_drive_cycle
Input: vehicle type, drive cycles
Output: chosen drive cycle

A A
CO_adsorption
Input: drive cycle, CO concentration,
start area, Pt loading, CO adsorption,
threshold

Output: updated CO adsorption and
operating time, CO incident = NO/
YES

nput: opera_ting time,
max daily time

Max operating

time exceeded

before incident,
incident not
registered

occurred

Save CO concentration in
tank and incident

v

Go to new simulation
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g||||I. - Risk and cost
= — calculations

Specification of the
simulation case
Cost parameters

Generation of of fuel
impurity concentrations
for HRSs

—— ———— - — —

Risk and cost calculation
and comparisons

Y
( Stop )

forevery QC
measure ——»

Simulation of of fuel
impurity impacts on
FCEV population
givena QA measure

I

Vechile stop = 1500 €/incident P limited = 250 €/incident

Station incident likelihood =
Station incidents /
Simulation rounds

Cost of major vehicle incidents €/kg =
(Number of major incidents * Cost of major incidents) €/
Total amount of refuelling (kg)

Cost of minor vehicle incidents €/kg =
(Number of minor incidents * Cost of minor incident) € /
Total amount of refuelling kg

QC measuring cost €/kg

Cost of vehicle incidents
€/kg

Cost of station incidents €/kg

Minor incident likelihood =
Minor incidents /
Simulation rounds

Major incident likelihood =
Major incidents /
Simulation rounds

kS

<

QC control cost €/kg

Vehicle incident likelihood
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Limitations & uncertainties in versions 1.0
- > and improvements for model 2.0

Only age related degradation of the active Pt surface area accounted; - > S will be included, maybe CI-
CO only reversible fuel impurity considered - > CO2 will be included
SMR-PSA only hydrogen production method considered (data simulated) -> real SMR-PSA data and other production methods

Vehicle operating profiles based on NREL data — relevance to real operation? -> improved NREL data, data from EU demos (ZSW)
* model outputs sensitive for changes in drive cycles, stoppage time distribution, operating time distribution

CO adsorption reference value based on 0.05 mgPtcm-2 Pt loading and maximum current density 1 Acm-2 -> more choices will be added
System efficiency assumed to be constant, i.e. current follows the power 1-to-1 —> will remain until reliable data available

50 mV voltage drop per cell applied as the limit for failure —> will remain, if not new input from OEM

CO oxidation rates at stop based on semi-open cathode —> more data about H2 soak stop, from one day to much longer simulation time
CO oxidation rates at run and at stop assumed to remain constant over system life —> more data from FC measurements

Lack of accurate cost data —> better estimates for all cost and damage values
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Results from model 1.0 simulations
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Estimated vehicle user profiles for
regular FCEVs and taxis

Daily Distance Driven

w

IS
tn
o
B

-
o
S

Sas 0.07
-3
E o3 >ooeT
Ez,s | dér 0.05 -
k<] g
E 3. L 0.04 F
%- 0.03
@15
- 0.02 1
1
001t
0.5
1]
00 5 10 15 20 25 30 35 40 0 ° 10 , , = 2 ®
Daily Distance [miles] Operating time (hrs)
Daily drive distance distribution for Daily operating time distribution
reqgular FCEVs for FC Buses and taxis
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Assumptions about instrument costs

1. Papadias et al, Int J Hydrogen Energy 2009;34:6021-35
2. Best estimates for instruments in 2017

QC name QC1 QC2 QC3 QC4 No QC
CO cutoff
target (ppm) 0.2 0.5 1.0 2.0 n/a
Measurement 0 0 0 0 n/a
error (ppm)
Probability of
detection at 1 1 1 1 n/a
target
Instrument
cost 1 (€) 100 000 75 000 50000 25000 0
Instrument
cost 2 (€) 50 000 25 000 15 000 5000 0
Instrument 5 5 5 5 )
life (years)
Maintenance 3000 3000 3000 3000 0
(Elyear)

Note: 50 k€ instrument with LoD 30 ppb or even
much lower could be possible in 2017
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Likelthoods of experiencing minor or major incidents in Regular
FCEVs and Taxi FCEVs - for taxis much more incidents

0.02 0.057% 0.25 _
I I 1linor vehicle incident I \tinor vehicle incident
0.018 . o o
[ I Major vehicle incident [ I Major vehicle incident

0.016 [ 0.2

0.014
= 0.012 = 0.15
= =
(=] =]
=]
2 0.01 2 o
£ S
= 0.008 = 01

0.006 |

0.004 0.05 |

0.002

0 .- .|_| A . 0 - ] .
ac 1 acz Qc 3 ac4 Mo QC Qac 1 acz acs ac 4 Mo QC
Quality Control measure Quality Control measure
Regular FCEV Taxi FCEV

(notice different scale)
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Total cost of the different QC options, instrument cost 1 (higher),
HRS daily sales volume 100kg — for taxis better control needed

1571 15
1.4428
I Cuality contral costs I Cusiity control costs
|:|Vehicle incident costs :IVEI'IIdE incident costs
1 I L
g = 1 0.937
-..\x_‘ '
= )
2 7]
& 2
(—g 0.6301 -
(=]
. [
0.2831
ac1 Qc 2 Qc 3 Qc 4 No QC ac 1 o0 2 ac 3 oc 4 .
Quality control measure CQuality control measure
Regular FCEV Taxi FCEV
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Total cost of the different QC options, instrument cost 2 (lower),
HRS daily sales volume 100kg — some control always good idea

167 157 1.4428
I sty control costs I Cuaiity control costs
[ 1vehicle incident costs [ Ivehicle incident costs

— 1} — 1}

g g

2 3, 0.8274
2 "

8 3

= o

o ot

2 =

05 05 |
0.3562
0.2831
. 0.2757
0.2202
0.1744 0.207 0.2209
' 0
ol Qc2 Qc 3 Qc 4 No QC Qac 1 Qac 2 Qac 3 Qc 4 No QC
Quality control measure Quality control measure
Regular FCEV Taxi FCEV
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Total cost of the different QC options, instrument cost
estimates 2 — more H2 dispensed, better control needed

12}
Qc 1 ac 1
8t Qc2 Qc2
Qc 3 Qc 3
Qc 4 Qc 4
No QC No QC
= | o 2T
E ¥
D, | 2,
17 : : ® r
9 : 8 [
= g ] '
E 5 :
01 F
: : 0,1F
5 10 100 500 5 10 100 500
Daily fuel sale [kg] (Station capacity*utilization rate) Daily fuel sale [kg) (Station capacity*utilization rate)
Regular FCEV Taxi FCEV
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Discussion and conclusions

= The risk model developed in HyCoRA project can be used to estimate the
most cost efficient QA measures

= QA measures needed are dependent on the expected quality of fuel as well
as daily delivery of fuel

= On-line monitoring of CO at HRS will become the most cost efficient solution
If Instrument costs can be reduced

= Preliminary result shows that with LoD 0.2 ppm all CO based vehicle
Incidents can be eliminated.
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Available resources

= HyCoRA reports, : http://hycora.eu/deliverables.htm
« D4.3 Final risk assessment of hydrogen fuel quality assurance methods

= Article:

= Tuominen, R., et al (2018) International Journal of Hydrogen Energy, 43 (9), pp.
4143-4159.
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http://hycora.eu/deliverables.htm
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