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Drive Cycle Development. e
Boundaries. 8\ W

Degradation caused by

/\

Unavoidable stressors:

<,
4
0 g S

Avoidable stressors:

[ e Operation at various (load) conditions Modular (o ‘I‘-Izlair fronts ” |
Loadcycle 4 e Transitions between (load) conditions stress long shut dQWHS — anode under air
e Idle times (involve operation strategy) tests | ®  Fuelstarvation (local and gross)
[ e Controlled on/off | Flooding
“short shut downs” (H, still present)
Modular e Cold/freeze starts
stress tests - (involve operation strategy)
° ical str .
xﬁggﬁ? v?gr:ttioens,setc.) L Not considered
e Climatic stress here
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Drive Cycle Development. e
Boundaries. 8\ W
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Degradation caused by

/\

Unavoidable stressors: Avoidable stressors:
[ e Operation at various (load) conditions e H,/air fronts
Loadcycle 4 e Transitions between (load) conditions Modular ‘long shut downs” — anode under air
ycle stress < .
e Idle times (involve operation strategy) tests | ®  Fuelstarvation (local and gross)
e Controlled on/off | Flooding
“short shut downs” (H, still present)
Modular e Cold/freeze starts
stress tests - (involve operation strategy)

& For load cycle development: focus on load-triggered stress
&y Other stressors: modular ex-situ ASTs
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%,

ETASES Modular Specific Stress Tests. @

Ol
In-Spec stressors: Off-Spec stressors:
e Controlled on/off e H,/air fronts
“short shut downs” (H, still present) “long shut downs” — anode under air
e Cold/freeze starts e Fuel starvation
(involve operation strategy) e Flooding
Short shut-down Cold/freeze start Cell reversal
Frequency: 1x/0.5h 1x/5h 1x /250 h 1x /1000 h
Data source: BMW internal BMW internal requirement From customer From BMW
requirement data, stop time >7 d Demo fleet
Conditions / H, in Anode, <100 mV,,, @ load Room temp., <0.5 s Always
details: shut cathode, apply TMC's rapid warm-up residence time Uyn>-0.2V
current
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Modular Specific Stress Tests.

FCH
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In-Spec stressors:

e Controlled on/off

“short shut downs” (H, still present)

e Cold/freeze starts

(involve operation strategy)

Per h operation | Short shut-down Cold/freeze start H,/air front Cell reversal

Frequency: 1x/0.5h
Data source: BMW internal
requirement
Conditions / H, in Anode,
details: shut cathode, apply
current
M. & <o- Bernd Miiller

1X/5h

BMW internal requirement

<100 mV,, @ load
TMC's rapid warm-up

s
1x /1200 h

1x /600 h
1x/120 h
1x/60h
1x/15h
1x/10h

<-25°C
-25 --20°C
-20 --15°C

-15--10°C
-10--5°C
-5-0°C

ID-FAST Final Workshop 16th December

Off-Spec stressors:

e H/airfronts

“long shut downs” — anode under air

Cell reversal

1x /250 h

From customer
data, stop time >7 d

Room temp., <0.5 s
residence time

— Total: 1x/5h

2021 Online in the framework of the EFC21

1x /1000 h

From BMW
Demo fleet

Always
Uy, >-02V



Proprietary 99% customer profile:

Operation States.

T T
100 |-

80 |-
60 -
40 -

20

Relative FCS net power [%__]

0

100

200 300
Time [h]

400 500

From analysis of 1000’s h real drive data

e Relevant car-class (ICE) utilized

e |Implicitly includes FCEV hybridization

BMW &% —mo
Ghop O =@

Bernd Muller

ID-FAST Final Workshop 16th December 2021 Online in the framework of the EFC21




A Operation States. FCH
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Proprietary 99% customer profile: Operating map (Turndown):
3 " ' T ' Max. ? ? ’ ! ! ]
< 100 _— — permanent | 1 Time |
= ® fraction |-
s or | = 1 0,005}
(@) B ) © ]
S 60 . ] 0015[
c - 1 Evaluatetime & 0025 |
» 40 - . = 0,035] |
e - . N /0 A 00451
o 20 - - fractions B /S . . BN 1B 00ss| -
g B . 0,085
i 0 T Mini i 77777777777777 77777777777777 7777777 | 0075

0 100 200 300 400 500 permanent | |, steady-state operating range (Turndown) || -

Time [h] N I T I N a
0 20 40 60 80 100
Relative stack power [%gmss]

e From analysis of 1000’s h real drive data e Includes FCS operation strategy
e Relevant car-class (ICE) utilized (each point is fully defined with operation parameters)

e |Implicitly includes FCEV hybridization
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{8 Operation States. FCH
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Proprietary 99% customer profile: Operating map (Turndown):
3 T ' T ' Max. | o 1 ’ ? ? -
Q I | RAarstack A )

< 100 i 1 permanent | cathiode-outlet - :’,mﬁ N
. @ ; : =4 fraction
g 80 - 5 [ Celplage 1 000/ 4
o i I © S -
2 60 - - | 3 [e5. ﬁ/ il
Z - 1 Evaluatetime & [25 | o/ 0025
0 40 — A / 77777 0035| |
O i _ . S [ [/~ 0,045
v 20 - fractions 72 J R V(R 0,055
£ - . ' 0,065
& 0 _I ! | ! | ! | ! | ! I_ Min. N ; ; A 0075] -

0 100 200 300 400 500 permanent - mgwsteady-:statel oper:ating rang:e (Turndov:vn)m 7777777 777777777777 .

Time [h] A IS IS S I S B i
0 20 40 60 80 100
Relative stack power [%gmss]

e From analysis of 1000’s h real drive data e Includes FCS operation strategy
o Relevant car-class (ICE) utilized (each point is fully defined with operation parameters)
e Implicitly includes FCEV hybridization o Classify operation states according to

* Cell voltage
* Cathode outlet relative humidity (RH)

& Next: Evaluate time fractions and transitions on cell voltage base
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Load Cycle from Customer Data. =
Load Classification. NP’
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Voltage domains; b 3 | J_ | |

L . . ik — RH at stack 7 _ ‘ ,
° S|.m'p||fy equi-voltage lines by vertlcallllnes - cathode outlet /0 g i Time |
e Divide in load classes of ~50 mV equivalent - ' - | =4 fraction [—

[
-

Cell voltage L - 0,7
- g /0163\-‘-_-’_,1—'—0’7 . 0,005}

e
-
2
o=

0,015
0,025|
0,035|
0,045
0,055/ -

‘ r i i :
- F...-... steady-state operating range (Turndown)--{------- —— .
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Load Cycle from Customer Data.

e FCH),
Load Classification. R
Voltage domains: IRH { t k ; 3 3 a
o  Simplify equi-voltage lines by vertical lines | cath? di?;tlet /0/ 6_,.,---”"—" ,,,,,,, U Time |
ivide | ~ ' - et i A i
e Divide in load classes of ~50 mV equivalent | Cell jolage 08 % |07 1] frac’gc())g5 ]
o | — A0t 0,015/
S 0025 ]
0,035| |
L 0,045
s 0,095}-—
q 0,065
K 0,075] |
~q | 1 3 — : —
_lus| . | pperating|range (Tu|rndown) 7777777 777777777777 .
Power
class: <6.5 | <19 <42 <81 281 %gross
Weighted 0
center: o0 gt 31 67 92 /°gross
Tme —gp g 1 8 13 %
share:
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Load Cycle from Customer Data.

e o ] FCH £
Load Classification. D 4
. mEEEmme e o e T T T 1
Voltage domains: E . { - ; ‘ ]
o Simplify equi-voltage lines by vertical lines i < | 2 di?;tlet ,,,,,, 0/6‘ T 0 Time | ]
Lo : ; ; i
e Divide inload classes of ~50 mV equivalent | ~ : / .’ | =4 L fraction 1
I O oltage  [0,6 | O I
: _CCU - 5 "’24‘ ””” “‘__—-" R b 0,005 ”=
| @ > 0.8 0,015/ 71
_ 2 & L 0 B SO S 2 N Ml
Temperature / RH domains: I = |S Sf~ttTT N T 0,025 |}
o Simplify equi-RH lines by horizontal lines 1 HEE A el | 0,035 |i
e Divide in two temperature domains !--:-----4"9 SEESE -.--jr'-’-----«\--o 09454 = !
— corresponds to wet / dry region I e ER e VS 0,055 ”i
(e @] [ g \‘O
Lo [ . A 0,085/}
e Moo T 0,075/ 71
1 n /| ' IS ; ; B .y
- N tat B ‘ ‘ 1 :
= Bl R . perating range (Turmdown)---f------- ranananfeanes -
L | N N S R S T | _ !
& Transitions between POWEr 65 <19} <42 <81 >81 %,
class: g
load classes?
Weighted 0
center: .0 31 67 92 A’gross
Tme 5y g 11 g 13 %
share:
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Load Cycle from Customer Data. =
Load Class Transitions. A\ 4
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Excerpt of raw customer drive dataset:

r 1
| |
| |
2P e B 05s| i
3 100 - ——50s| |
& 80 ’ 1
2 ol t 1
5 O § 7
| S ] =1 , 1 !
:8 40 - E ! 0
jrd - ' Vg 1 1
=G>) 20 ,_"s”.“' : E :':' :
g : 1% |
s 0 - o g = !
:m 1 1 1 1 1 | 1 1 1 1 1 :
: 984900 984960 985020;
i Time [s] I

|
i ® Time resolution determines accountable transitions :
i between load classes .
I o  Atsmaller time resolution: more transitions i
L
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Load Class Transitions.

Load Cycle from Customer Data.

FCH).
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o o e e e e e e e e e e e e o o o o o o o o o o o o o R
i Excerpt of raw customer drive dataset: | i Sum over all transitions per hour: i
I I L e I
I— T T T T T | T T T 1y - 0,10 — — 1
"% 4an | e 05s 1 > I .
igmo - ~ ——50s| | 2 i
i ' I L :
g 80 - s 1 i @ 0,05 | 1
- °”e ] o . b |
i §_ 50 I H | i i g :\‘;830 tJ{ransTm;nii EOS S) 1 i
o e i I extrapolated to 0 s) -
= B :_E_ \ 7 :i 50,00 L .(I .pl L1 |) i
1 40 - ; , A = 0 1 2 3 4 5 .
e B v : S Time resolution [s] i
10 20 v, ; 3 ' Extrapolation to 0: ~25% more transitions !
'S - : TR ' than for 0.5 s resolution |
—_ 1 il ' ‘ L . 1
i&’ 0r i | i : Unclear: distribution — from where to where? !
i 1 1 1 1 1 1 1 1 1 1 : 1 ] . I
' 984900 984960 985020} {__~__ Best guess: 0.5 s resolution x 38/30 !
i Time [s] :
|
i ® Time resolution determines accountable transitions :
I between load classes .
1
I o  Atsmaller time resolution: more transitions i
e e e ——— I
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Load Cycle from Customer Data.
Load Class Transitions. & 4

| Excerptof raw customer drive dataset: {1 Sumoverall transitions per hour: |
E'_""' T T T T T I T T T .. 05 s E : ’35\ 0,10 - St — i
) N . i I
E g 100 _ Ei _g E
I I 8_ :
2 80r ' @ 005 1
L 1 -
18 6ol ¥ £ "< 30transitions (05s){ !
D I ¥ S " 38 (extrapolatedto 0s)| |
| € ! = 0,00 1T !
12 40 - ¥ ~ 0 1 2 3 4 5 .
i - ! Time resolution [s] i
ig 20 [ E: e Extrapolation to 0: ~25% more transitions !
15 - ' than for 0.5 s resolution :
A1 ) I
i&’ 0 - T T T i: e Unclear: distribution — from where to where? !
! 984900 984960 985020’ i > Best guess: 0.5 s resolution x 38/30 !
l [ reteiuielelveerepeielelylveeppeipepeieiylylipspeipeielylepssipeilve
i Time [s] i I Stack power transitions per hour !
i @ Time resolution determines accountable transitions :i (0.5 s resolution) x 38/30: :
i between load classes ! t0 [Yogrose] i
' o  Atsmaller time resolution: more transitions ' <6.5 <19 <42 <81 =81 !
b e e e e e e e e e e e e e e v oz <57 1 o0 o !
oL <97 s 0 o0 ;
& Timefractions & transitions known. e <42| 1 o Il 3 o I
Next: load cycle & w10 0 3 HE !
i 21| 0 0o o 2 [HH l
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IFAST Load Cycle from Customer Data. @

((J"""’'5’!'mm|aﬂ\5"“‘lﬁ
[ e ST o Not unique:
| Transitions & steady-state distribution: | ©  hotunique.
l l « Order of transitions
1 | .. .
| | * Distribution of steady-state phases
l l
1 |
1 |
1 |
1 2 :
1
X
1 |
: - _1 3% :
1 |
1 |
1 |
1 |
1 |
1 |
l 3 l
X
1 |
: 4 b 8% :
1 |
1 |
1 |
1 |
1 |
1 |
1 |
1 |
1 |
1 |
L 16 |
i X 0X i
: > - _1 1 % :
1 |
1 |
1 |
1 |
I 4 & 50% F Source: Thomas Mittermeier, Bernd Miller et al. (BMW); text available as part of the public ID-FAST deliverable 17
L _______________________________ | | report “D4.3-Analysis of coupling between mechanisms and definition of combined ASTs” (http://www.id-fast.eu).




Load Cycle from Customer Data. -QFCH

| Transitions & steady-state distribution: } ©  Notunique:

l i « Order of transitions

E : * Distribution of steady-state phases

i E e Temperature/RH domains:

: : considered via thermal cycle at high load

i 2% i » Bestguess:

: 1 —13% ! > Even distribution of steady-state periods

1 |

! : » One thermal cycle

i i & Proposed load cycle ,,ID-FAST DLC*

1 |

| XL gy S e T ek pamarent N 11| 7% of
: ° | 8 8 Hecemmbomomgmmemcteaees ___/-___ UL timein
] : ) % : Mln. perménent . . . \ ] dry state®
I I = L : : : : : : ;

1 | — L

i i 2, 80¢

! : S 60f

| 1X 6X : § 40E

i : — 1% i -§20; | | | L r

1 | O _

| AR TN U 0 W O B B O B S

FT7X : 5 0 10 20 30 40 50 60

I J'[ 18% ! o Time [min]

i < 50% IF Source: Thomas Mittermeier, Bernd Muiller et al. (BMW); text available as part of the public ID-FAST deliverable 18

report “D4.3—Analysis of coupling between mechanisms and definition of combined ASTs” (http://www.id-fast.eu).




lMi? Summary (l) FCH),
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Load cycle (“ID FAST DLC”) defined*

- Load case distribution
- Load transitions
- Temperature / RH variation

“short shut-down” defined
Cold/freeze start requirements
“long shut-down” requirements
Cell reversal requirements

=> Complete ID FAST durability test program is defined

* Actual implementation may be not straightforward,
depending on testbench and stack hardware

Bernd Muller ID-FAST Final Workshop 16th December 2021 Online in the framework of the EFC21
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Implementation and practical application




I Motivation FCH

s
% F

&
%, &
) §
o

- How to implement the ID-FAST DLC (dynamic load cycle) into
a realistic durability test program

e Auxiliary modules
e Incorporation of in-spec and selected off-spec stressors
e Addition of in-situ analysis modules
1 Practical application (example PowerCell S3 short stack)

e Consideration of applicable definition of operating conditions
e Adjustment of gas pressure values

e Temperature & RH control
®

Modifications to obtain stable & reproducible performance data

i T W pamanent [ 1| ~17%of
S s s e e e s [ time in
Min. permanen t | dry state

Stack
temperature
i
(]
1
1

Appropriate implementation is
depending on stack hardware!

D
o
T

=
(=}
T

no
(=}
T

o

0 10 20 30 40 50 60
Time [min]

Relative load current [%]
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lMH Auxiliary modules, stressor modules FCH),
mﬁ

Required definitions:
e Start-up

Shut-down

Break-in

Short stop

Cold soak

Long stop including air/air start (“anode reactivation”)
Conditioning

Polarization curve

22



Auxiliary modules, stressor modules FCH

£
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T.Si.CL.set = 30°C
F.Si.CL.set = min flow

\ 4

Required definitions: e
| Purge stack with inert gas ‘ F.SLAN2.set = F.Si.Amin

| Start stack temperature controls |
e Start-up
(wet or dry Ny) F.5i.C.N2.set = F.5i.CAmin ) STACK'TEST
Sh ut-down ¢ T.Si.CL.set = nominal

Increase stack and rectant T.8i.A/C.set = T.5i.CLset + 5K

temperatures and start reactant DPT Si.A/C.set - T Si.CLset — 10K
humidification

Break-in
Short stop ‘ e
Cold soak

Long stop including air/air start

Conditioning | e \
Polarization curve

No Wait until all cells
__reach ocv
Idens.S.set = 0.1 Afem? ACtIVe O r
Wait until stack paSSIVe

o— temperature exeeds

reactant DPT hea“ng’?

F.Si.A.H2.set = nominal
F.Si.C.air.set = nominal

T.51.CL> DPT.SILA/C

Yes
A 4
(XY} | Increase rectant flows |

v

| Increase reactant pressure

¥

Increase stack load stepwise
to nominal value

Wait until stack
heated up

Startup finished

| p.So.A.set = nominal
p.So.C.set = nominal

Idens.S.set = 1.0 Afcm?

23



lMH Auxiliary modules, stressor modules FCH),
mﬁ

Required definitions:
e Start-up
Shut-down
Break-in
Short stop
Cold soak
Long stop including air/air start (“anode reactivation”)
Conditioning
Polarization curve

Appropriate implementation is depending on stack hardware and
even cell count!

Generic templates for these modules resulting from the STACK-TEST
project (FCH-JU) can be found at hitp://stackiest.zsw-bw.de/

24



Incorporation of in-spec and selected off-
spec stressors

FCH

i

T
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* Reduce electric load & gas flows to minimum values (voltage
2 In-Spec stressors liooi
clipping)

e Short stops * Reduce gas pressures to amb_ient . .

* Turn off the oxidant flow, keeping the minimum fuel flow until the
mean cell voltage drops below 0.2 V.
Turn off the electric load
Remain in this state for 5 minutes, no cooling down

o Off-Spec stressors

e Air/air start (“anode reactivation”, “H,/air front”)
e Implementation not trivial, safety aspects!
e Deviating implementations will possibly give significantly different results

Air/air start (induced by diffusion):

mimics the situation that a car is left in shutdown state without being
started for a long time (several days/weeks), so diffusion will lead to a
significant concentration of oxygen on the anode side

* In cold state (25°C)!

« Anode under N,, without gas flow
« Purge cathode with air

» Stop air flow, wait for N minutes.
» Perform startup procedure 25




U8 Analysis modules i @&
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1 Performance characterization
e Polarization curves under 4 reference conditions:

° AUTOSTACK Core Parameter EU Harmonized ID-FAST
. Temp. coolantin 80°C 68°C
e EU Harmonized Gas inlet dewpoint A/C 64/ 53°C 58/ 43°C
° INSPIRE Stoichiometry A/C* 1.3/1.5 1.4/1.6
Gas outlet pressure A/C 250/ 230 kPaabs 300/ 280 kPaabs
e |D-FAST inlet pressure outlet pressure (const.)
Minimum current density for stoichiometry 0.2 A/cm? 0.2 A/cm?
Gas composition A Pure H2 5.0 quality 90% H2/ 10% N2

® 4 FC-DLC cycles (harmonized fuel cell dynamic load cycle) for each set
of conditions

2 Electrochemical characterization
e CV (Electrochemically Active Surface Area)

e EIS (high frequency, mass transport and charge transfer resistances)
o ..

26



Combining them all ...

2 §
A F
(‘%""”?nnuﬁw“\ﬁﬁ
¥
Load cycle (1h) P
incl 1 short stop in between |
Start-up, break-In "| (1/2h operation -> Short-Stop -> |
(Incl. cold soak) 1/2h operation)
L 4
w
Short stop (5 min)
Performance (no cooling down)
characterization (Bol)
L 4
v Electrochemical
counter - -
characterization
Electrochemical ]
characterization (BoT) A
Counter cannot be e coumi ¢ Sth cvel
divided by 200 nor 5 very cycle
l Performance
characterization
Cold soak (2h)
(cool down to <25 °C, keep H2 A
atmosphere in anode)
Long stop (>12h)
(Off-spec event:
induce H2/air front @ restart)
Every 200th cycle » (cool down to < 25°C, before restart
. purge cathode with air 2 diffusion
ID-FAST du rabl I Ity test prog ram until VDItage.uan ishes]
for realistic (reference) ageing tests 27




Combining them all ...

FCH

%“"ﬁ’ynnuﬁw'“\%@
v
Load cycle (1h) ‘
incl 1 short stop in between |
Start-up, break-In (1/2h operation -> Short-Stop -> . .
(Incl. cold soak) 1/2h operation) Ratio Qver?” time
+«— vs. active time
! : ~1.55
Short stop (5 min)
Performance (no cooling down)
characterization (Bol)
!
v Electrochemical
counter D
characterization
Electrochemical |
characterization (BoT) A
Counter cannot be A e Sth cevel
divided by 200 nor 5 e NS
l Performance
characterization
Cold soak (2h)
(cool down to <25 °C, keep H2 4
atmosphere in anode)
Long stop (>12h)
(Off-spec event:
induce H2/air front @ restart)
Every 200th cycle » (cool down to < 25°C, before restart
. purge cathode with air 2 diffusion
I D-FAST d u rabl I Ity test prog ram until VDH:HEE van ishes]
for realistic (reference) ageing tests 28




Practical application (example PowerCeli =

- Determine 100% load point depending on stack hardware
e For S3 stack under ID-FAST conditions 1.9 A/cm?
0 Determine maximum allowable temperature at coolant

outlet for “hot” operating conditions / max. load, not to
exceed maximum temperature @membrane, maximum AT

Hy
T

Hs Air
t Temperature 1
(°C]

Air
Current Density 1

[

Example current scan shunt data for
S3 stack, appropriate modelling may
be required in addition to assess
temperature difference active area
— bipolar plate

80

8

76

T4

Pressurized coolant sub-system
may be necessary for testbench to
avoid formation of steam bubbles!

g

S3 short stack) N/



Practical application (example PowerCeli =
S3 short stack)

<,
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O Mimic system behaviour: define adapted pressure / dew
point / temperature as a function of load level

Conditions for load cycle:

unit . ed hot

Performance

Current Fraction % 5 13 31 67 92 92 67
Current density A/cm?2 0,095 0,247 0,589 1,273 1,748 1,748 1,273
Coolant

Temp. coolant out °C 74 74 74 74 74 93 93
Anode

Pressure stack out anode bara 1,90 1,90 2,00 2,75 3,00 3,00 2,75
Dew point anode °C 58 58 58 58 58 72 72
Cathode

Pressure stack cathode out bara 1,40 1,40 1,52 2,48 2,80 2,80 2,48
Dew point cathode °C 43 43 43 43 43 57 57

* Minimum gas flow corresponding to 0.2 A/cm?
Remark: Delta T coolant outlet 19K (cold-hot), coolant inlet at cathode inlet, anode in counterflow configuration
100% load = 1,9 A/cm?

30



WY Practical application (example PowerCeli @
MY S3 short stack) D

0 Challenge: appropriate dynamic adaption of pressure levels
during load cycle

Pressure- and flow dynamics on cathode side,
: heavy load section of ID-FAST cycle

]

L

=]
=
]
=]

w— ].S.Ave Cell [V]

— . C.s5et [bar]
16 = p.Si.C.Al [barg]

[
@
=]

—— p.S0.C.Al [barg]

w— | S ELAAI [Afcm?]

[
B
o

1,4
~—— F.Si.Air.C.Al [nl/min]

~——— FSi.Air.C.dry.Al [nl/min]

-
B
=1

=
o

-

g
Flow F [sIm]

00
(=]

08

0,6 60

40

Pressure p [barg] , voltage U [V], current density [Afcm?]

20

0
15820 15840 15860 15880 15900 15920 15940 15960 15980 16000 16020 16040 16060 16080 16100 16120 16140

Time t [sec]

» Fast adaption of pressure levels, pilot time of ~15 sec needed
+ Specific control algorithm to avoid overshooting and ensure fast adaption ,



lﬂ Practical application (example PowerCell =
S3 short stack)

Ko

2 Challenge: appropriate dynamic adaption of temperature &
RH during load cycle

O First implementation of temperature ramps featuring steps
instead of a smooth transition

e Related to restrictions of test bench controls

600 100

500 -

", 180
400 =

- I JUMH L

|
00:10:00 00:20:00 00:30:00 00:40:00 00:50:00 01:00:00 01:10:00
Time

|_set[A]
[degC]

5
T _KMi_set

[\
o

—1_set [A] —T_KMi_set [degC]|
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Practical application (example PowerCeli =
S3 short stack) N

K

2 Challenge: appropriate dynamic adaption of temperature &
RH during load cycle

O First implementation of temperature ramps featuring steps
instead of a smooth transition

e Related to restrictions of test bench controls
600 — : ‘ —I.S.set [A] —LS [A] —U.S.AveCell [V];

]
< 400 nr - ?‘j
% " 1 0.5 2
@02 = 200 L =
H L Y [N [N I
N r r r r [ I ]
(g | \ I \ I I | | \ 0
45.3 45.4 45.5 45.6 45.7 45.8 45.9 46 46.1 46.2
6 —R [mOhm] —T.S.CL.set [°C] —T.Si.CL [° T.S0.CL [° 100
=l IS
5 TN g
EEY! " A 105 Z S
2 160 . B H
1 | | | [ | [ | [ | | 50

45.3 45.4 45.5 45.6 45.7 45.8 45.9 46 46.1 46.2
OpHrs [h] 33



lﬂ

Practical application (example PowerCeli
S3 short stack)

2 Challenge: appropriate dynamic adaption of temperature &
RH during load cycle

O First implementation of temperature ramps featuring steps
instead of a smooth transition

e Related to restrictions of test bench controls

I.S.set [A]

600

400

N
—

0

200 -

‘ : ‘ —IS.set [A] —LS [A] —U.S.AveCell [V]; ‘
I 1 I
JUL
[P Y Y
45.3 45.4 45.5 45.6 457 458 45.9 46 46.1 46.2
R [mOhm] —T, Notreallya . T.80.CL [C]
| perfect trlangle
L 11\1%\
| -

153 154 155 15.6 57 453 159 16 161 162

OpHrs [h]

U.S.AveCell [V]
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M

W/ Practical application (example PowerCeli =
T\ S3 short stack) S

- Second implementation of load cycle featuring a smooth
temperature ramp and adapted dwell times (improved

controls)
600 : : : 100
500 |- g0
400 F — 9
< N ] 160 5
<3 300 - ©
) 2
—_ -40 =
200 - <,
l_
ol FHW FH\ FHI FlL FH\j I°
0 | | | O
00:10:00 00:20:00 00:30:00 00:40:00 00:50:00 01:00:00 01:10:00

Time

‘—I_set [A] —T_KMi_set [degC]|

35



lﬂ

Practical application (example PowerCell
S3 short stack)

- Second implementation of load cycle featuring a smooth
temperature ramp and adapted dwell times (improved
controls)

600

500

400

[A]

300

|_set

200

100

Short dwell time at const.
T nominal — stabilized
voltage@highest load for

analysis

1 , 100

T

- 80

T

= -
A JPJ ]

[degC]

‘I - 60

T_KMi_set

b
o

00:10:00

00:20:00

00:30:00 00:40:00 00:50:00 01:00:00 01:10:00
Time

‘—I_set [A] —T_KMi_set [degC]|

Slightly asymmetric
Dwell time at const. T max to maintain same

— stabilized duration
voltage@highest load for
analysis 36



AL Practical application (example PowerCell =
S3 short stack) D 4

0 Second implementation of load cycle featuring a smooth
temperature ramp and adapted dwell times (improved

controls)
600 : : : 100
500 |- g0
400 — 9
< N _I 160 S
3 300 - @
) 2
— -40 =
200 - <,
|_
o FHW F'L FHW FHT FHL I
0 | | | 0
00:10:00 00:20:00  00:30:00  00:40:00  00:50:00  01:00:00 01:10:00

Time

‘—I_set [A] —T_KMi_set [degC]|

2 Similar challenge for RH/dewpoint controls
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lm\ \ Practical application (example PowerCeli

S3 short stack)

&

FCH
4

<,
4
0 pypaen S

4""’*&

0 Second implementation of load cycle featuring a smooth

temperature ramp and adapted dwell times (improved
controls)

600 ! ‘ —1LS.set [A] LS [A] —U.S.AveCell [V]| |
I YV e BV s B e T e =
gz 400 |- ] =
B | 05%
@ 0 =
0 = 200 + g L <
H LY [ Y 1
Iy r 1 r r - I
0 | | | [ | [ 0
91.3 91.4 91.5 91.6 91.7 91.8 91.9 92 92.1 92.2 92.3

—R [mOhm] —T.S.CL.set [°C] —T.Si.CL [°C] — T.So.CL [°C]| r 100

| | | | | | | 5
1.3 91.4 91.5 91.6 91.7 91.8 91.9 92 92.1 92.2 92.3
OpHrs [h]

2 Similar challenge for RH/dewpoint controls
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AL Practical application (example PowerCeli =
S3 short stack) ey

0 Second implementation of load cycle featuring a smooth
temperature ramp and adapted dwell times (improved

controls)
600 | ‘ —1LS.set [A] LS [A] —U.S.AveCell [V]| |
I PV e BV s B e T e =
< 400 | u =
= = M ’ 0.5 S
] [«]
@ 0 =
© = 200 BNERE <
: I N R R
N — I e [ r | i
91.3 91.4 9 Quite good 91.8 91.9 92 92.1 92.2 92.3
6 EH'QH&H'%@D@Q%& 1 Si.0L [C]T.80.CL [°C] 100
= 5- 190 D=5
4 80 B 5
F3 _ X 70 5 %S
e L S
2 - - 60 = =
1 | | | | | | | | | | 50
91.3 91.4 91.5 91.6 91.7 91.8 91.9 92 92.1 92.2 92.3
OpHrs [h]

2 Similar challenge for RH/dewpoint controls
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U

Summary (Il) &)}

Methodology applied is general and can be transferred to
other cases / applications

Adaption to the stack hardware employed is necessary

It may be a long way between finalizing the definitions
(DLC, additional stressor modules) and the actual
application in a feasible & realistic durability test program

Definitions and application done for the
e ID-FAST durability test program

e For two sets of stack hardware (PowerCell S3 & CEA F design), cf.
presentation later this afternoon for results

e For single cells (segmented POLIMI cell and 25 cm? CEA cell for
stoichiometric operation, zero-gradient cells), cf. presentation
later this afternoon for results

Realistic basis for AST development

e Intention: AST implementation should be as straightforward as
possible (SC & stack)
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