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PEM Electrolyzers Face a Dynamic Environmen

-

Hydrogen to store and
transport green energy

Fluctuating energy
output from renewable
sources such as wind
and solar

Volatile Energy prices

Hydrogen demand from
downstream consumers
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Fluctuations and Safety

/° The Hyd rogen-to-Oxygen\

ratio (HTO) is closely
related to the power
iInput
* At low power, we have
lower current density

e At low current densities,

we have high HTO

/

Norwegian Centre [ ]
for Environmentfriendly H YD R OG E N l
Energy Research

Hydrogen-to-Oxygen ratio anode [Vol%]

wwwwwwwww
.......
zzzzzz

NNNNNN

@ Hydrogen-to-oxygen ratio

4 .o
..
...
L)
%
2 \
0 ] ] ] ]
0.0 0.5 1.0 1.5 2.0

Current density [A/cm ™ 2]

EEEEEEEEEEEEE Cc Sacx UiT Norges Universitetet
o |nstitute fc 5 H . . . i -
|F'— hergy Technology s+ arktiske universitet iSerost-Norge




wwwwwwwww
.......
zzzzzz

Fluctuations and Safety

4 N

* Major safety risk: or

@ Hydrogen-to-oxygen ratio
—-=—-= Safty limit
— — — Lower explosion limit

* H,/O, mixtures are

flammable
 Safety limit:
2 vol%
* Lower explosion limit:

4 vol%
\_ -/ 55 o s 2o

Current density [A/cm ™ 2]

Hydrogen-to-Oxygen ratio anode [Vol%]
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Two-Stack System
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Uenting)

™ / Hydrogen

\_ storage
@ressor
/ Hz Separator
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5 available actuators after Stack 1 Stack 2
level control: " R E—
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Optimization

@® Objective
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Venting

Optimization

o H, to O, ratio «—
@ Objective HTO (0 — 2 %vol)

@® Constraints
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Optimization

@® Objective

@® Constraints
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Uenting)

Optimization

o H, to O, ratio «—
@ Objective HTO (0 — 2 %vol)

@® Constraints
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o H, to O, ratio «—
@ Objective HTO (0 — 2 %vol)

Valve 4

Pressure anode
-~ (0.2 — 2.7 barg)

02 Separator

Maximize H, output

\

—_—

Hydrogen
storage

Compressor

Pressure cathode
& Hz Separator ->

(0.2 - 15 barg)

@® Constraints valve3 valve2
HTO « | stack1 |'6MPerature) gage, |  HTO
(10 - 60 °C)
—__ ] — ]
Converter Converter
(04 '
................... N -.(Pn,wer
Cooling JX Cooling
liquid Pump3  jiquid Pump 4
Cooling liquid >~ . ~7 .
- Q eat @ eat
(O +0.9 L/h) exchanger}_‘ exchanger
Pump 1 ] Pump 2 \ F
\ Cooling liquid
(0-0.9 L/h)
+ Water tank |«
Deionized
water Valve 1
Norwegian Centre [ ] S - T iversi
) e O HYDROGEN| SINTEF ®NTNU - % pymrss | oy (g8 Uthorees (G tameaeme



6.

wm@
Optimization

o H, to O, ratio «—
@ Objective HTO (0 — 2 %vol)

Valve 4

Pressure anode
-~ (0.2 — 2.7 barg)

02 Separator

Maximize H, output

\

—_—

Hydrogen
storage

Compressor

Pressure cathode
& Hz Separator ->

(0.2 - 15 barg)

‘ C traint Valve 3 Valve 2
onstraints HTO Temperature HTO
w | Stack1 . Stack 2 P 4
Power (10- 60 °C) Power
—__ ] — ]
Converter Converter
(04 '
................... N -.(Pn,wer
Cooling JX Cooling
liquid Pump 3 liquid Pump 4
Cooling liquid >~ ~7
- Q Heat @ Heat
(O +0.9 L/h) exchanger exchanger
Pump 1 ] Pump 2 \ F
\ Cooling liquid
(0-0.9 L/h)
+ Water tank |«
Deionized
water Valve 1
Norwegian Centre [} SR - S UITN Universitetet
x for Environmeniriendly @Q H YDROGE N[ siNTer @ NTNU 05 mamemeer |FE paes . (@81 Soemversicr Sorost-Norge



Optimal Operating Regime - Identical Stacks

Scaled constraints [-]
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Main takeaways

* 2 active constraint regions

* Divides power equally

between stacks

e Closely resembles a single-

stack system
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Optimal Operating Regime - Non-ldentical Stacks (75%)

Scaled constraints [-]
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Observations
e 7 active constraint regions

* Preferentially loads Stack 1
(most efficient stack)

e HTO constraint active for
Stack 2 (least efficient stack)

e Uses both power and
pressure gradient to

\ maintain HTO /
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Optimal Operating Regime - Non-ldentical Stacks (75%)

Scaled constraints [-]

1.00 |

0.75 |

0.50

0.25 |

o ”
Jirnenens meixerre

0.00

<cedoeco 0o

Cathode pressure
Anode pressure
Cooling flow 1
Cooling flow 2
Stack temp 1
Stack temp 2
HTO (separator)
HTO (stack 1)
HTO (stack 2)
Stack power 1
Stack power 2

25 50 75

Norwegian Centre
for Environmentfriendly
Energy Research

Power [kW]

o HYDROGENI

100

siNTEr @ NTNU

Kunnskap for en bedre

Wl rosto

verden

UNIVERSITETET

o

IFE

~

Observations
e 7 active constraint regions

* Preferentially loads Stack 1
(most efficient stack)

e HTO constraint active for
Stack 2 (least efficient stack)

e Uses both power and
pressure gradient to
maintain HTO

/

Universitetet

Sacx UiT Norges
i Serost-Norge

55 arktiske universitet

°= Institute for
Energy Technology



Optimal Operating Regime - Non-ldentical Stacks (75%)

Scaled constraints [-]
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Observations
e 7 active constraint regions

* Preferentially loads Stack 1
(most efficient stack)

e HTO constraint active for
Stack 2 (least efficient stack)
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Optimal Operating Regime - Non-ldentical Stacks (75%)

Scaled constraints [-]
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Observations
e 7 active constraint regions

* Preferentially loads Stack 1
(most efficient stack)

e HTO constraint active for
Stack 2 (least efficient stack)

e Uses both power and
pressure gradient to
maintain HTO
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Optimal Operating Regime - Non-ldentical Stacks (75%)

Scaled constraints [-]
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Observations
e 7 active constraint regions
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(most efficient stack)

e HTO constraint active for
Stack 2 (least efficient stack)

e Uses both power and
pressure gradient to
maintain HTO
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Optimal Operating Regime - Non-ldentical Stacks (75%)

Scaled constraints [-]
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e HTO constraint active for
Stack 2 (least efficient stack)

e Uses both power and
pressure gradient to

\ maintain HTO /
!: ) m’ UiT Norges Universitetet
|F'— Enarey Technology 545 arktiske universitet i Serost-Norge



Optimal Operating Regime - Non-ldentical Stacks (75%)

Scaled constraints [-]
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Observations
e 7 active constraint regions

* Preferentially loads Stack 1
(most efficient stack)

e HTO constraint active for
Stack 2 (least efficient stack)

e Uses both power and
pressure gradient to
maintain HTO
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10.

Simplification - Increase Stack 2 Temperature
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Observations

* Maximizing Stack 2 temperature gives a
negligible loss in hydrogen production

e Stack 2 temperature becomes an active
constraint, simplifying our system
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Control Design

~

5 Available actuators

> 3 Active constraints (all
regions)

 Anode pressure
 Stack 1 temperature/cooling
 Stack 2 temperature/cooling

=> 2 DoFs after active
constraints

o )
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Optimal Reference Values - HTO Constrained
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Remarks

* The pressure and power distribution determine the HTO

e What if we have a model mismatch?
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Scaled constraints [-]

13.

Optimal Reference Values - No HTO Constraint
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Observations

* The optimal operating regime is very similar; however,

we may use higher cathode pressures at lower power
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Cathode pressure-HTO Relationship

1.00 | Observations
L—n. = Cathode pressure  We have d Sma” section
E 075 Anode pressure
o g Cooling flow 2 where the unconstrained
2 8  Stack tom 2 ,
S 050 | &  HTO (separator) optimum cathode pressure
g $ Mo .
g A Stack power 1 reference is smaller than
H W Stack power 2 .
025 1 the constrained one
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25 50 75 100
Power [KWI the HTO of Stack 2 swap
(R } ) between being active
emarks
constraints (can be
[ ] 1 ofe .
We use the cathode reference value as its scaled upper facilitated using selectors)
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Active Constraints
* Oxygen pressure
* Temperature Stack 1
* Temperature Stack 2
o /
4 N
Remaining DoFs
e Power distributor
e Hydrogen compressor
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Active Constraints

* Oxygen pressure
* Temperature Stack 1

* Temperature Stack 2
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p
Setpoint Scheduling

e Power distributor (f1)
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Active Constraints

* Oxygen pressure
* Temperature Stack 1

* Temperature Stack 2

.

J

p
Setpoint Scheduling

e Power distributor (f1)

* Hydrogen pressure (f2)
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Safety - © R (e

Compressor

° Selectors added to guard for Stack 1 S oy T P J FSSS—

safety concerns from model g I— _'
mismatch ‘

 HTO and pressure constraints

can be met by increasing @ N @
. : Electric :
compression work bower s

: Heat | ™ Heat :
¢ HTO in stacks must be :1 Eﬂﬁl @@ C])
estimated ) 7N

Cooling Cooling
. liquid liquid
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tank
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Conclusion and Future -3 & T e D

In this work, we have

. Mapped the optimal operating regime of a @ £ @ """
two-stack PEM water electrolyzer system. ?_ _?

. Y N

« Shown that performance differences between Cocting [ Cooting
stacks fragment the operating space, increasing tank
the number of active constraint regions. D?it‘:f")—l

e Showed that HTO constraints in degraded 4 A

o L Next steps

stacks may become a critical limiting factor for _ _
hydrogen pressure and power distribution. e Test the proposed control structure in a dynamic

system model.

. . -
Proposed a simplified control structure for a * Develop state estimators to find the HTO content in

\ multi-stack PEM system. / the electrolyzer stacks.
. J
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