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Enabling Green Hydrogen — Supply chain
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Enabling Green Hydrogen — Microgrid
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_ MATLAB & Simulink | Energy storage




MATLAB

NRES el — R

Enabling Green Hydrogen — Motivation

- 100% AJ#FLEE sustainable = = BEFE high energy consumption
- B 1E{i# storable - &4 safety (managing H2)
- ZHIE versatile SRS high cost

@?’% E’\J transportable

“Green hydrogen: an alternative that
reduces emissions and cares for our planet”
Iberdrola > Sustainability > Green Hydrogen Simulation

Based
Engineering



https://www.iberdrola.com/sustainability/green-hydrogen
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Enabling Green Hydrogen — Key takeaways

= AJ1TMIE L Assert feasibility
— Z5FF R T Techno-economic analyses
— HBE21L1E Proven concept

1%1Eﬂ?#2if\ﬂﬂ%ﬂ’] l:ﬂ_' Secure sustainable and robust operation
— ®IT B EI1L Design Automation
- wit5i1= ﬂ"ﬁt'ﬂﬁ Optimization

TJJ'T’IE;'ZE Collaborative Engineering %
— MR 9= 5IP{R$P sharing know-how & IP

- ZNHAETH~m3BE Deployment e o @
Tt
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Stage 1. Green Hydrogen Production
(from renewable energy to gas)
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Enabling Green Hydrogen — Challenges (Micro-grid)
A 415 7T Component design B FEEBF L Asset digitalization

— S 2N anomaly detection
— FT{H lifetime estimation
— FM A & prognostics development

ER R HE electrolyzer
— BEEFHEEIT energy storage
— HE8 72T H B8 JTpower converter unit

— X EBH generator

%%‘&ﬂ‘ Plant design —1%— Ekk}flﬁ'ﬁ' High-level algorithmic design
— HE2TE(E concept evaluation — W5E15 45 supervisory logic
— %f@éﬁ%* physical requirements — iﬁﬁiﬁﬁ')ﬁ setpoint definition

— BE=J1# energy balance
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Enabling Green Hydrogen — Model fidelity

Mt

MATLAB

=7 (ms) FLLH(s) A (month)
H# (us) 57 #(min) ZF(year)
BMARNT L KIBIEFREMN RARZ SO
Embedded development Key performance assessment Techno-economic Analysis
(2B % component) (R4 system) (TEA)

U 4

High
fidelity

4

ERESHE

Quasi-steady
(8760) simulations



Vsource (ROM)
Buck/Boost Converter
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Enabling Green Hydrogen — TEA (solar microgrid)
FEFRIEMN FARE o4
Performance assessment Techno-economic analyses
| D
j(BHﬁE%iﬂl Solar cell K%Bﬁ*ﬁgg
& Reduced Order Model
MPPTE % MPPT algorithm —of [ (ROM)
Duty Cycle (ROM) J
Dirradiance > J_Z ) i +5 —I-ﬂ e
D Zsource (ROM) u
T Y :_0] LI
fix)=0 -s Hp—— : > K b P
MPPT [, L - _‘”D‘J 1 2 J @
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Enabling Green Hydrogen — TEA (solar microgrid)

@——b measurements
Solar Array (ROM) Electricity Cost Electrolyzer
| | | H
Irradiance
- * - 2

Energy Storage (ROM) Grid (ROM)
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Enabling Green Hydrogen — TEA (data re-use)

K ENRELH HER 52 ##E
The irradiance data is 8760 TMY3 from
National Renewable Energy Laboratory.
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Electricity price data is one day of
data from system operators.
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Enabling Green Hydrogen — TEA (outcome)

SS AT H, production: Highest grid cost & Lowest solar resource

L]

Elapsed time is 510.209014 seconds.

Loweat grid coat ias USD e76l.e6d56 at Phoenix Sky Harbor Intl AP
Highest solar resource is 497.1227MWh at Daggett Barstow-Daggett AP

Highest grid cost is USD 13217.5585 at Quillayute State Airport
lowesat solar resource is 291.2997MWh at Quillayute State Airport

Reduced Parallel —_ Agile Insights

Order Models + Computing

(decision-making)

MATLAB EXIPO
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Enabling Green Hydrogen — System performance

"i Wind_DC_Battery_ Complete - Sit
SIMULATION MODELING FORMAT
& Wind_DC_Battery_Complete ==
O @Wind_DC_Battery_Complete 4 v
EZ >{soc XW
=3 >lv xES
z Vref W Scopes
@ igen refr_!
— vgen Vref_ES
Lt.\_.] Supervisory Unit
b PS
Vref A 2 1/
- = Pt - o Ut
= ut 1+ v in gnd
Cognd f——y 1- — —Jz. Sensor (Elect)
Sensor (Gen)
DC-DC
Converter (WIND) 2
>
( Wind % Electrolyzer
DC Generator
DPS
l Pvref 2 Iin ulll r:
1+ Sensor (Bat)
Vv
1- - _32'
(@ |
DC-DC
@ Converter (ES)
» Battery
Ready 99% daessc
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Enabling Green Hydrogen — System performance

FHEAN S R4 = 5K 8% expected H, production & water consumption
& 1&E RITHISREY suitable control strategy (conditions, use of physical assets)
Lﬁ“éfﬁﬁﬁ% energy storage (dimensioning, expected duty regime)

lﬁﬁ"ﬁ‘ﬂ?}] planning of operations (collect — replace - maintain)

O O O O

> sSOC KW

= w xES

igen Vref W
vgen Vref ES|——
Supervisory Unit
PS
e r.:
| il — 2 o ut
. = ut 1+ v ‘ in: gnd
in o . f— 7;'27 Sensor (Elect)
Sensor (Gen)
DC-DC
Converter (WIND) . 2

=

gnd [—5

Electrolyzer

]
|
T

2

Ce,

DC-DC
Converter (ES)

1 —>|\Vret
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Stage 2. Hydrogen Distribution
(from tank to consumers)

MATLAB EXF
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Enabling Green Hydrogen — Challenges H2 handling and usage

(Stage 2)

o EMHYLEEFHE Optimal components sizing
(cooling, storage, compressors)

o RJEERJIE{T24/7 Reliable 24/7 software operation

O fﬁ"’%ﬁé %m;ﬁ Meet critical safety requirements

15
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Modeling gas systems with Simscape

A

- Z549H7 case study: Hydrogen Refueling Station

High

Compressor Pressure Chiller Dispenser Vehicle
Storage

950 bar -40°C Test case:
30 bar -> 700 bar

m_H2 =6 kg
At <300 s
H2 low

pressure
supply
30 bar

MATLAB EXJ

16



"ﬁ HydrogenGasTank - Simulink - =
I SIMULATION DEBUG MODELING FORMAT APPS =S 0 (2]

[_‘-'-_‘] ECF! ) Open ~ 1] @ oF ‘ Stop Time qg (:J HD ~ ﬁ E‘H‘

1[5

> (
Project | New E SRR Library Model Property i [Normal = I Step Run Step ; Data Sequence Logic b
- v &9 Print ~ Browser Settings Inspector 0@ Fast Restart Back v = Forward Inspector Viewer Analyzer
PROJECT FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS >
< Ideal Compressor *  HydrogenGasTank X = Compressor Ideal Heat Exchanger >  Ideal Chiller riie
© |[’alHydrogenGasTank P v
— A
O
€3
- Hydrogen Gas Refuelling Station
o copyright MathWorks 2022
()
m
Hydrogen Low Pressure Supply
L s ’ N
foriie s Compressor Heat Exchanger
A ldeal Compressor
Supply @t —4- —1- A sk
Prossure [bad 30 . A
-' ué_m’s “tess [bar) u-'h.] ’[%""-“"“ H2_HPS_Tamp
fx) = 0 - H2_HPS_press Serworlynamic2 i

(@
-SRIF Software

= 3
» le >

Ready 80% daessc
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Algorithm model and deployment on real-time controller

Software

* }A$§§2§M‘tﬁg EI"] E ij]iﬁk Automatic code generation from models

* )ﬁk_’/l\éﬁfiﬂ'hﬁj *ﬂéﬁﬁg%%l% Reduced coding time & errors

° 7F1Z€§ﬁiﬁ§1¢ﬁ’97}§ﬁﬁ% Hardware independent source code

$ /}_ E’J %ﬂl iE Know-how captured in single source (model)

All relevant PLCs supported ﬂ E

3S - Smart Software
Solutions

B&R Industrial

Automation

Bachmann Electronic

Beckhoff Automation

Bosch Rexroth

Mitsubishi Electric

Omron

Phoenix Contact

Rockwell Automation

Siemens

CODESYS

Automation Studio

SolutionCenter

TwinCAT

IndraWorks

CW Workbench

Sysmac Studio

PC WORX

RSLogix / Studio 5000

TIA Portal / STEP 7

R4 L8&KKs
L & L8484k s
LRRLL8LLL8KL L

PLCs, ECU, custom hardware
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= |EC 61508 - Safety-related systems

ISO 26262 - Automotive / Motorcycle

(0)=

ISO 25119 - Agriculture and Forestry
- EN 50128 - Rall
= |EC 62304 - Medical

IEC 61511 - Process Control

> o S

- DO-178 & DO-254

MATLAB and Simulink
For Verification, Validation and Test

System
requirements

FNEN TERASREMSRZEM:

Scalable to certification workflows ensuring highest quality & safety

e HEORBE

IEC Certification Kit

Model-Based Design for ISO 26262

!+ Requi ts >

u,” Requirements

[ 4 traceability v
\

+

4 -

,*° _-~7 Module and integration ~ ~~ _

~

Report to the Certificate
Z10 067052 0018 Rev. 01

IEC Certification Kit

Polyspace® Bug Finder™ and Polyspace
Bug Finder™ Server™ Conformance

Demonstration Template

-

A

. - o
R testing / traceability ~ ~
I‘! \\

e ——— ’
-7 ‘\\ a‘—-h"-.\\ ‘.

~ ,-  Equivalence™.",
-—— ’, testing N
N N4
N _==« \ I Review _-- il’
S i

'

N .

v u and static
| analysis
Y ysis 1

Software textual
requirements

Software

| Executable

architecture

specification

Requirements
Authoring

Architecture
Development

~

vl

-

Model used for

unintended
functionality

> ) o
++ Prevention of *

- -

MATLAB E

\ Static code analysis \
verification \

\
, and
\

4
] 1l

vy

P

Ay
1

1
/

L Eadaded

Generated

-+

-

Integrated

production CIC++ code object code
code generation
Compilation
Code Generation and Linking
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https://ch.mathworks.com/solutions/verification-validation.html
https://ch.mathworks.com/solutions/verification-validation.html
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Enabling Green Hydrogen — Challenges H2 handling and usage

©)

©)

©)

(Stage 2)

EE'i'ﬁEEI’\JéH'ﬁ:%ﬂ*% Optimal components sizing
(cooling, storage, compressors)
> ZEHEYE
Multi-domain simulation platform
Al S BYIE {T24/7 Reliable 24/7 software
operation
> BEIV&VIHITIEFIZET 4
Develop supervisory logic with state-of-the-
art V&V capalbilities
TFEZEIE Meet critical safety
requirements
> ETEENZITHANAIELT/ER
Model-Based Design streamline
certification of your embedded systems

MATLAB BEXIPPO

20



Stage 3. Hydrogen Consumption
(e-mobility, electrification)

MATLAB BEXP

21



KRS A TR

SIKAEMEE

] EROPERK

Enabling Green Hydrogen — Challenges H2 handling and usage

©)

©)

©)

(Stage 2)

E%'ﬁllﬁ'\]éﬂ'ﬁ#ﬂ*% Optimal components sizing O

(cooling, storage, compressors)
> ZWhE¥YEa

Multi-domain simulation platform

A] SEAYIZE1T24/7 Reliable 24/7 software °
operation
> BEIVEVIHITIZR R G & -

Develop supervisory logic with state-of-the-
art V&V capalbilities

=

TFEZEIE Meet critical safety
requirements
> HETRENGITTEAETER
Model-Based Design streamline
certification of your embedded systems

(Stage 3)

Consumption
(E-mobility)

B Vs 2GR 1 E component-level vs

system-level simulation

RIENRZEE Optimal system architecture
(e.g., fuel cell multi-stack, battery)

Ep o HYAE {4 [R BY N3 Expensive physical
prototype testing

MATLAB EX

22
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Fuel Cell System in Venhicle

( )
Flisl ] Syt Balance of Plant (BoP)
,— ----------------- -\I
I é N Y
I'| Air Handling I:ﬁ:;?fn I
: System S g :
Fuel Cell 1 \ ) ystem | :
Stack : [ Cooling / 1( Power ] :
1 Thermal Distribution |=ge=f=—
: | Management | | Unit | :
\ - I)

DC/DC

Converter

MATLAB EXF
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Multiple Domains used to Simulate Fuel Cell Systems....

Custom Fuel Cell Domain Membran
:c\/'UIIi'ISpS’C'HeS Ig_jlagnetwork Exchange species and
Or N2,Us, My Hp generate elec. power & heat, N,
diffusion
M Electrical Koad
Hydrogen T - Oxygen
Source Anode Ancde Gas Membiane Elgctrods Cathode Gas Cathode Source
Recirculation Humidifier Channels j:semblyr Channels Humidifier
OHZ A B A B B A 4 +c A B B ‘a 02@
o
7 c Min 1 Mis e} Wi | \
AR Controllers
& a L X Tin 3 i o— si o
- I I F /
Gas Mixtur = F | | “
Properties Anode Exhaust Pluia xicrel Cathode Exhaust
% _ #
Controllers
—> . O
MEA

Cooling System Thermal Mass

—df) =0

Try it out in :
R2022° Liquid cooling system

>> sscfluids fuel cell o4



SRR

.. and Electrolyzers!

Water

Supply

- [H20

Try it out in R20220 ;

Controllers

Recirculaticn

>> ssc_electrolyzer

Heat
Exchanger

)

Electrical Supply

Anode Fluid Membrane Electrode Cathode Gas
Channels

A

Assembly Channels
13 Hydrogen
A G C Output
Dehumidifier
H H2 H2 but A B H2
o) E— FC
- o
f(x)=0
S
Thermal Mass mdot
S 2
=3
T—»
Measurements

MATLAB BEXIPPO
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’i sscfluids_fuel_cell - Simulink = )
SIMULATION MODELING FORMAT

1 Open ~ (. = Stop Time -2500 )
= 8 © N d @ > = %
New & save ~ Library Model Property - [Normal - ] Step R Step ; Data Logic Bird's-Eye  Simulation
o @ Print « Browser Settings Inspector W@ Fast Restart Back v ~ Forward Inspector Analyzer Scope Manager
FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS 7
sscfluids_fuel_cell i3]
® E]sscﬂuids_fuel_cell » v
® N
£3 M_j’. Electrical Load
Hydrogen T - Oxygen
éourge Anode Anode Gas Membtane Eldctrode Cathode Gas Cathode S;{‘?ce
= Recirculation Humidifier Channels sembl Channels Humidifier
. - +
CE| H2 A B A B 8 A A c A B g8 ‘A oz@
«
(&) ——
c Min j—ial Pc £ Mi c
[]
% - xi Tin & ITa To—PATi xi [3)
a R T 3
Gas Mixture r ] I
Properties Kincocks Extamiial Ppe i b Cathode Exhaust
<
<
‘ o0
m
PEM Fuel Cell System with a Custom Library " >
1. Set electrical load to (i) Drive cycle, (ii) Ramp, or (iii) Step P DI
2. Plot fuel cell i-v curve (see code) T »
3. Plot power produced and consumed by system (see code) H Performance
4. Plot efficiency and utilization (see code) Dm Msasraisiants
5. Plot temperature in fuel cell and coolant system (see code) MEA
6. Plot hydrogen consumed from tank (see code) Cooling System Thermal Mass yN2
7. Plot hydrogen lost through purge valve (see code) N2 g D
@ 8. Open model workspace to explore parameters (see definition script) Purge Activated
9. Open custom gas mixture library used to model the fuel cell —{f(x) =0 valve N2 Tracking
@ 10. Explore simulation results using sscexplore

11. Learn more about this example
» = | Copyright 2020-2021 The MathWorks, Inc.

Ready 97% auto(daessc)
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Fuel Cell System in Venhicle

( N
FuEl CEll SsiE Balance of Plant (BoP)
f(— —\
I'| Air Handling Hydrogen |
I Handling I
I System S 1
Fuel Cell 1 U ystem | I
Stack : ( Cooling / 1( Power | : DC/DC
I Thermal Distribution |yt C ¢
: | Management ] | Unit J : ONVETEEr
N -
v \
N
System Electric
Motor
Environment Fuel Cell Vehicle
Stack Body
Powertrain Balance Battery
Controller of Plant
J
J

MATLAB B

R R Rt R G RIS T
Fuel cell system operation in an FCV

. ﬁ%iﬂ%ﬂ?}ﬁﬁ,}ﬁ%ﬁz Determine instantaneous power
demand

» FEERE KR AEIRENR convert power
demand to current demand

- FEHE L ANPARLER B8] S EL B SR ZE 5K Distribute
current demand between battery and fuel cell

- BHERFKREFR AN S/[RIZES] Translate
current command to H, / Air flow commands

27
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Choose the Appropriate Fidelity Level for Fuel Cell System Modeling

Computational Time

A

HHHHHHH

MATLAB |

aaaaaaaaa

aaaaaaaaaaaaaaaa
HHHHHHHHH

Model what you need ... @E
when you need it

Lookup-table
statistical model
no dynamics

Voltage vs. B E H k

current curve SEF | .
RN = o >pfuel H, H,O

o LR Dpair — - - -
‘\ > qfuel 0 .
T s T ] - . )y
;:,. " R e e anu‘

Detailed first principles
model without
gas dynamics

Model Complexity and Detalls

VA
7

Detailed first principles
model with gas dynamics

uuuuuu

i
i —
P————»
|: ’
ID H easurements Perform:
MEA
aaaaaaaaaa
f(x) =0

28
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’i Dual_FC_Battery_Mobile - Simulink —

SIMULATION MODELING FORMAT

Dual_FC_Battery_Mobile

~ =
® |[*al Dual_FC_Battery_Mobile » w
- —&
E - . £ Fuel Cell_On ':I | > .
R
— B =
= i =i —
COOLING Bl = s - ’. -
@ Subsystemd ' Supervisory Logic i
IIB A[l
] s
Bat_HT_unit u  Pcool
S. " |
@ . 2 o Vet 4 P
ensor (Bat, pr—— 55 A = R
v L e B
fx)=0 ' 1 - ":.‘2
Three Drives
Saolver DC-DC Converter (Battery) "
Configuration S
+ de_p
< I Q il
dibyogim ey —— Sensor (L)
FC_HT_unit
de_m
o
DutyCycle /5, ]
logic ut "—-._ v Multi-Drive
o " I —_—::_] :
& Sensor (FC) DC-DC Converter (Fuel Cell) l
utlet Air | o o ——
7 < @ =
‘L Chiller
: z &
@ :
2 yl
-H - ¥
l Inlet Air %
»
Ready 69%

auto(daessc)
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System level electrified propulsion

" *ﬁ%iﬁi’l’gﬂilﬂj Explore Design Space

Example:

3 Battery Modules

2 Fuel Cell Stacks

VS

MATLAB EXJ

200 -

150 -

100 -

Energy [kWh]

50

—Battery (Config1)
-~ -Fuel Cell (Config1)
—Total (Config1)
Battery (Config2)
Fuel Cell (Config2)
— Total (Config2)

_____

’

1.5 2
Time [sec]

3.5
%104

30
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Hardware-in-the-Loop

- : i
= H & Control
g - = - g -
] @ il T 1 i -
Plant = Y o B o paL=———
i .‘Z\] pe ry Logi

| 3

N 4 i A
Development Computer Target Computer Device Under Test
) )
Emulated Sensor
Signals, Digital
Protocols (CAN)
Ethernet
- = Controller
Commands
speedgoat
real-time simulation and testing
> v, > 7,
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Enabling Green Hydrogen — Challenges H2 handling and usage

(Stage 2) (Stage 3)
Consumption
(E-mobility)
o wIMBVEAHFRIE Optimal components sizing o HHLK Vs BRERIHE Component-level vs
(cooling, storage, compressors) system-level simulation
> ZEEYE > RENEEMKEYS
Multi-domain simulation platform Flexible modelling and simulation platform
o FA]EEHJIE1T24/7 Reliable 24/7 software o EIERIR G ZEH Optimal system architecture
operation (e.g., fuel cell multi-stack, battery)
> BEIVRVIHITIEFRIRE T 4 > WEDMSRFFBHE
Develop supervisory logic with state-of-the- Trade-off analysis and monte carlo simulations
. aLt_IV&V cigabilities o cpxHVREEERINIRK Expensive physical
o MEZREMIE Meet critical safety prototype testing
requirements ‘ > 5 FHERIETHILII
> ETRENEIT El"JlAIiEI'f’E}ﬁ Reduce physical prototypes, reuse models for
Model-Based Design streamline Hardware-in-the-Loop tests

certification of your embedded systems
32
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User testimonial — Nuvera Cells

Hydrogen Is the New Diesel:
Electrifying Heavy-Duty Vehicles
with Nuvera Fuel Cells

Video
“Using and
enables Nuvera’s engineers to iterate
on their design and allows

for experimentation without putting
a real engine “

NuveralRElE

MATLAB

33


https://www.mathworks.com/videos/hydrogen-is-the-new-diesel-electrifying-heavy-duty-1622094938388.html
https://www.mathworks.com/videos/hydrogen-is-the-new-diesel-electrifying-heavy-duty-1622094938388.html
https://www.mathworks.com/videos/hydrogen-is-the-new-diesel-electrifying-heavy-duty-1622094938388.html
https://www.mathworks.com/videos/hydrogen-is-the-new-diesel-electrifying-heavy-duty-1622094938388.html
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Collaborative Engineering— IP Protection, Deployment & Sharing

IP protection

@Ref_Model .slxp

@MATLABscript P
@Cell .sscp

Shared Libraries

Valus

Standalone Apps

Zone pSOF-Capts

p—

Zene CAPITL

Service APIs

Standalone FMUs

FUNCTIONAL
MOCK-UP
INTERFACE

MATLAB BEXlPO
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https://ch.mathworks.com/help/compiler_sdk/index.html?s_tid=CRUX_lftnav
https://ch.mathworks.com/matlabcentral/answers/414694-how-can-i-protect-the-intellectual-property-of-my-simulink-model
https://ch.mathworks.com/products/matlab/app-designer.html
https://ch.mathworks.com/products/matlab-web-app-server.html
https://ch.mathworks.com/products/matlab-production-server.html
https://ch.mathworks.com/help/slcompiler/ug/simulinkfmuexample.html

MATLAB
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Enabling Green Hydrogen — Conclusions

s N _ .
@ &?u Oty @ s"m‘:” " ﬂ'ﬁ"ﬁﬂz'fﬁ Assert feasibility
5 ;ﬁl Al Design \ Continuous — AR 534 Techno-economic analyses
Imscape | ULLERY Testand
"L @ I:EP SE ,‘\s""v:":““ . verifcaon — WE2ILIE Proven concept
2 X \
| MATLAB & Simulink | " Code Generation

- {RIEATFFLEFI AT SEERYIEIT Secure

sustainable and robust operation
— %I BBh1E Design Automation

— ®IT 51171k optimization

Applied Research/
Startup Incubation

Academia Industry

Technology Readiness Gap

" Td]"ﬁf;‘k Collaborative Engineering
T e e et ) Production > — IR Z5IP{#$P sharing know-how & IP
[ 3 | « sl 6 [ 7 [ s [ o — N AA= TR mERZE Deployment
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Call to Action

Developing Hydrogen Production and Fuel Cell Applications with MATLAB

and Simulink

— In-depth videos & resources
— Customer references

Additional resources
— MATLAB and Simulink for the Utilities and Enerqgy Industry
— MATLAB and Simulink for Electric Vehicle Development
— MATLAB and Simulink for Developing Power Generation and Transmission Equipment
— MATLAB and Simulink for Verification, Validation and Test

Shipping examples
— PEM Fuel Cell System (2022a)
— PEM Electrolysis System (2022a)

36


http://content.mathworks.com/viewer/623b22e2e4d6192b38034fdd
https://ch.mathworks.com/solutions/utilities-energy.html
https://ch.mathworks.com/solutions/automotive/electric-vehicle.html
https://ch.mathworks.com/solutions/industrial-automation-machinery/power-generation-transmission-equipment.html
https://ch.mathworks.com/solutions/verification-validation.html
https://ch.mathworks.com/help/physmod/hydro/ug/fuel-cell.html
https://ch.mathworks.com/help/physmod/simscape/ug/pem-electrolysis-system.html
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