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Overview

Introduction to the Green Hydrogen Microgrid
= Technology Readiness and Model Fidelity
Examples of Electrolyzers
- Testing the Electrolyzer
Solar Maximum Power Point Tracking (MPPT) and Impedance Matching
Evaluating System Operation
Reduced Order Modeling (ROM) and Evaluating the ROM system
Techno-Economic Studies and Quasi-Steady Simulation
Summary



Hydrogen & Electrification]| Common Challenges

= Energy Intensive = Hardware Accessibility

|

= Controls & Diagnostics



Hydrogen: Generation to Application

H2
Generation

H2
Transportation

H, Refueling
Station

H, On-Board
Storage

H, Fuel Cell
System




Green Hydrogen Production

Blue Hydrogen

» Hydrogen produced using fossil fuels such as Natural Gas; non-renewable
energy such as Nuclear Energy

4 N\
Grey/Black Hydrogen
» Hydrogen produced using fossil fuels such as Natural Gas (reforming) and
coal (gasification)

* No emissions capture
J
N

Brown Hydrogen

» Hydrogen produced using fossil fuels such as coal/lignite using gasification

« Carbon emissions captured and stored or reused
J
N

« Carbon emissions captured and stored or reused; Meets low-carbon threshold

J
4 N\
g ) Green Hydrogen
* Hydrogen produced using electricity from renewable energy (such as solar,
wind, hydroelectric) through electrolysis
* Meets low-carbon threshold
. J
. J

- Focus of today’s talk



Create a bridge from idea to implementation

= MathWorks software creates a bridge across a technology development cycle
through five foundational elements.

System

Design and Rigorous
Control Verification
Analytics Design & Validation / Algorithm
Statistics Real-Time and
Optimization Testing Simulation
Al Deployment

Integrated Software Environment



Moving Fundamental Science to Proven Technology

Applied Research/
Startup Incubation

 Tecmolopy Readness cap

Fundamental Basic Applied Product Production
Science Research Research Development
23| 4] s e[ 7] 3] o

Technology Readiness Levels

Academia Industry

https://www.nasa.qgov/directorates/heo/scan/engineering/technology/txt accordionl.html



https://www.nasa.gov/directorates/heo/scan/engineering/technology/txt_accordion1.html

Model Fidelity and Technology Readiness

l Production

Real- Tlme
Prove Feasibility Testing

Fundamental Science/
Basic Research

Desktop
Simulation

System Test,
Deployment & Operations

System Development

Technology Demonstration

Technology Development

Academic/
Industry
Collaboration




Model Fidelity and Technology Readiness

System Test,
Deployment & Operations

System Development

Technology Demonstration ’ VIRTUAL
Mo ENGINEERING

Medium ’
Detall

Technology Development

Prove Feasibility

N W B~ F 0O 1 00 ©

Fundamental Science/
Basic Research

Low

Detall 9
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Types of Electrolyzers

Type Operating Operating Membrane
temperature pressure &
(Deg C) (Bar) Electrolyte o
Acidic (PEM) 40-80 <30 Polymer Electrolyte
Membrane (PEM)
Nafion H*
Alkaline (AEL) 65-220 <30 KOH Electrolyte
OH-
Solid Oxide (SOEC) 600-1000 <10 Zr0O,, La, gSr, ,Ga, sMg, ,04

0%

An Analytical Model for the Electrolyser Performance Derived from Materials Parameters

\—----_,

Will be the discussed in
today’s talk.
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https://www.scirp.org/journal/paperinformation.aspx?paperid=79985

Types of Electrolyzers

PEM (proton-exchange membrane)

‘ polymer |
membrane

2Hp0 -=-> AH+ + de-
4H+ + 02 T 4e‘ — 2H2
>
H+

40H- >
2H20 +02 +4e-

Alkaline

‘ diaphragm |

OH-

4H70 + 4e- >

2H,+40H-
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¥4 Electrolyzer_Thermal - Simulink = a X

SIMULATION DEBUG MODELING FORMAT APPS mSc0l @ o
L, O 0pen v | @GR Stop Time |3600°24 | , — s
o - 8] _ =] 4 @ b A \'7
w & save ~ Library Signal ~ | [Normal ‘ Step Riin Step Data Logic Bird's-Eye  Simulation
v = Print ~ Browser Table o Fast Restart Back v = Forward Inspector Analyzer Scope Manager
FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS "
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® mElectrolyzer_Thermal 4 -
®
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f(x)=0 ® s
= . Ee > >+
f X
N o — o D
m Configuration Power Sensor
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@
@
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»

164% auto(daessc)




P4, Electrolyzer_Power

SIMULATION MODELING FORMAT
_1Open ~ 5] = Stop Time 1 " A N
Qe = m 5 ~ 4d @ b I @ i
Mo H Save ¥ Library Signal v | | Normal Y Step Run Step Data Logic Bird's-Eye Simulation ¥
v = Print ~ Browser Table W@ Fast Restart Back ¥ Ne Forward Inspector Analyzer Scope Manager
FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS e
« Electrolyzer_Power_Electronics =
O] &]EIectrolyzef_Power_Electronics » v
® E e P x
[Ee > + [
] - J_'
E = Energy per Nm3
- () @ Vol_H2 > =
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s
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|m
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vDC olii g ower Sensor
mi ;
— i ref + Simscape
G‘ | & + o + T -
| ~
1 = - O alkaline_el
LU - i L @ E | |
vDC Reference in - out 3 theta Alkaline Electrolyzer
Sensor_G Rectifier (AC - DC)
(i Grid

Ready

119%

[

auto(ode23t)




PEM Electrolyzers!

Water
Supply

Recirculation

- [H20

Controllers

since  R2022a

>> ssc_electrolyzer

A

re

Electrical Supply

Heat Anode Fluid Membrane Electrode Cathode Gas
Exchanger Channels Assembly Channels
13 Hydrogen
A A G C Output
in Dehumidifier
20 H H2 H2 but A B H2
ou
02 O f]i4 FC
L I
% f(x)=0
S
Thermal Mass mdot
o
=3
TH—»
Measurements
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Introduction to the Green Hydrogen Microgrid

¥, green_hydrogen_microgrid - Simulink - O X

SIMULATION MODELING FORMAT

= 4_| Open ~ Stop Time | 243600 @ \:) uD -
PROJECT  New & save ~ LBRARY | PREPARE LNormal v Ston Rin Step REVIEW RESULTS
~ 4 Print « B Fast Restart Back « v Forward

v FILE M M SIMULATE v ry
« green_hydrogen_microgrid i
L~ &igreen_hydrogen_|mclogrid 3 b
Q Copyright MathWorks 2021
& oy . . " .
. This is a model of a DC islanded microgrid that provides power
B to an electrolyzer using a solar array and an energy storage
= system. This model can be used to evaluate the operational
&= characteristics of producing green hydrogen over a 24 hour
0O period solely by power from a solar array, or from a combination

of a solar array and an energy storage system. The model
includes electrical, thermal liquid and thermal gas domains.
measurements
Solar Array Electrolyzer
(i
N Energy Storage
Ready 176% FixedStepAuto

Green Hydrogen (Wind & Solar) from (Alkaline) Electrolysis.



https://www.mathworks.com/matlabcentral/fileexchange/53428-green-hydrogen-wind-solar-from-alkaline-electrolysis?s_tid=FX_rc1_behav

Testing the Electrolyzer

’i electrolyzer_test - Simulink - O X
SIMULATION DEBUG MODELING FORMAT
3 Open = Stop Time - =
PROJECT  New &l sve ~ LIBRARY ~ PREPARE N Step Run REVIEW RESULTS
=4 Print = Back
A T = hd hd T T -
FILE SIMULATE

electrolyzer_test

® " electrolyzer_test

4

Copyright MathWorks 2021

HE®
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measurements

; Electrolyzer

Ready 302% FixedStepAuto

= The electrolyzer is connected to an ideal DC voltage source at 240V.

4 Simulation Data Inspector - untitled™

Q &
Inspect

Filter Signals

« Run 49: electrolyzer_test [Current]
T
H20 kg
H20 kg / hr
H2 kg
H2 kg / hr

pH2

« O B ®

qH2

Electrolyzer kwhr
Velectrolyzer
lelectrolyzer

Pelectrolyzer kw

electrolyzer_efficiency

@ P -

Archive

Properties

Name kwhr / kg

Compare

T

544617034

544617033

64 4617032

64 4617034

64 4617030

64 4617029

64 4617028

644617027

64 4617026

64 4617025

64.4617024

644617023

644617022

54.4617021




SIMULATION DEBUG MODELING FORMAT

L__J Lu—] _I Open %E . 0 E Stop Time | 24*3600 qg k‘:} ub - w 1.]-:|_ )

Project Mew &l seve ~ Library Signal = || Normal M Step Run Step tor Data Legic Bird's-Eye  Simulation

- v = Print - Browser Table ug Fast Restart Back - Forward Inspector Analyzer Scope Manager
PROJECT FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS a
= electrolyzer_test =
® |[*alelectrolyzer_test P v
@
E measurements
—
k3

[ %

+
f( X) =0 e -
T _
» | [
315% auto(FixedStepDiscrete)

View 1 warning



Solar MMPT and Impedance Matching

- MPPT operates on the principle
of impedance matching.

’i impedance_match - Simulink

SIMULATION DEBUG

MODELING

FORMAT

= I _| Open ~ [IE]] Stop Time | 10.0 - |
PR - o= 4 @ b A
Project = New ave Library mommel T Step Run Step Data
- v = Print « Browser @ Fast Restart Back = - Forward Inspector
PROJECT FILE LIERARY PREPARE SIMULATE REVIEW RESULTS
E | impedance_match B
g ® &jimpedance_march » -
E |
=«
[#] System 1
=
= 1
(&= ~ . (Y | vioad measurements
L_) v Ay
O s/ -
fix)=0 - ‘ voltage ramp
—— L <lt—|
MPPT
System 2
fix) =0 voltage ramp
(i
= e
& Buck/Boost Converter
«
Ready 136% ‘VarableStepAuto

Joysadsul Ayadold | b

18



Impedance Matching

- Maximum power is delivered to a load when the load impedance matches
the source impedance.

If Z, =Z5then P, =max P
6/; Z, If Z, # Z5 then P . < max P

Source Load

19



Impedance matching

*i impedance_match - Simulink

SIMULATION

e Stop Time | 10.0

= 'L [ Open ~
B an a v y 4 @ b - %
Project = New E save = Library T Step Run Step St Data
- ~ & Print v Browser o Fast Restart Back =  ~ Forward Inspector
PROJECT FILE LIERARY PREPARE SIMULATE REVIEW RESULTS
E impedance_match =
E ® Mimpedance,match » -
ia
& Rsource System 1
=
)
- WA L] l
= C) I:ﬂ @ Vioad measurements
D -
f(x)=0 |l- T ’ voltage ramp
MPPT
System 2
voltage ramp
ﬁ =
& Buck/Boost Converter
«
Ready 136% VariableStepAuto

iopadsul Apadolg B

4\ Simulation Data Inspector - untitled®
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~
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~

®
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: Filter Signals
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N :
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0 1 2 3 4 5 ] T ) ] 10
4\ Simulation Data Inspector - untitled” — O X ‘
< — am . . . ro
Q ~ G| WE || a- 3 | SN K.
Inspect Compare ES2P mS2Vs
Filter Signals
« Run 50: impedance_match [Current] [ ]
100 -
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|
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i v Vs
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Properties g
60
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<\ Simulation Data Inspecter - untitled™ - [m] x ‘
=
n Q = ’ ® FoE- e @ k| SARC R
e S I e O a r r ra —_ Eonees Lics Ao
Filter Signals
NAM N
« Run 4: solar_array_test [Current] e
- Esolar kwhr —
Isolar —_— m
Vsolar —
=
160
Egrid kwhr —
¥ Vgrid —
¥y solar_array_test - Simulink - o X Igrid —
SIMULATION DEBUG MODELING 1 Pgrid kw —_—
- irradiance — 420
= I Open « T Stop Time - 3
ol (s} N Y 4 @ b = A auty_cyele —
- Eoe o - = B
Project New - Library Step Run Step top & oo
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PROJECT FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS = *
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Q . =
Copyright MathWorks 2021
- 20
L. Archive e~ -
- measurements
O
Properties b v
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<. Simulation Data Inspector - untitled* - [m] 4 ‘
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Inspect Compare  Vsolar W Vigrid

Filter Signals

420
MAM N
« Run 4: solar_array_test [Current] [ ]
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360
*
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i 4 Vgrid
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=
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*i solar_array_test - Simulink —
SIMULATION DEBUG MODELING FORMAT APPS SUBSYSTEM BLOCK '%‘ ) |G ﬁ,. o
= du\j " Cpen =~ Ui Stop Time | 24*3600 ;_ [ = [ il ab
E WL i v = d @ b % o W
Project  New JE S T Library Log Add Signal ~ | [ Normal adl Step Run Step T Data Logic Bird's-Eye  Simulation v
= = b—j Print Browser Signals EWEl Table 0@ Fast Restart Back + = Forward Inspector Analyzer Scope Manager
PROJECT FILE LIBRARY PREPARE SIMULATE REWVIEW RESULTS -
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Evaluating System Operation

¥4 green_hydrogen_microgrid - Simulink - ] X

SIMULATION

MODELING FORMAT

Stop Time @ w

g 3 Open - > =
PROJECT  New o e UBRARY | pREPARE | Normal <] Step G Step ' REVIEW RESULTS
* = Print « u@@ Fast Restart Back = - Forward
e FILE v v SIMULATE e rFy
« green_hydrogen_microgrid »r
® ﬂgreen_hydmgen_mi(mgrbd » -
Q Copyright MathWorks 2021
:3 This is a model of a DC islanded microgrid that provides power
- to an electrolyzer using a solar array and an energy storage
- system. This model can be used to evaluate the operational
= characteristics of producing green hydrogen over a 24 hour
O period solely by power from a solar array, or from a combination
of a solar array and an energy storage system. The model
includes electrical, thermal liquid and thermal gas domains.
measurements
+
- 2
Solar Array Electrolyzer
]
E:: Energy Storage
Ready 176% FixedStepAuto

4\ Simulation Data Inspector - untitled™
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Properties
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2

20

— O * ‘
o [ ] | - - -
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P green_hydrogen Batte . -
SIMULATION DEBUG MODELING FORMAT APPS 2o c @@
X T [ Open ~ ] Stop Time | 24*3600+3 - | - o B
i Bk s , @ 4 @ A B @ B
Project  New &l save ~ Library Adc Signal | |Normal v Step RUN Step S Data Logic Bird's-Eye Simulation Simscape e
- = ;__,.*‘ Print Browser Table m@ Fast Restart Back v = Forward Inspector Analyzer Scope Manager Results ...
PROJECT FILE LIBRARY PREPARE SIMULATE REWVIEW RESULTS a
~ green_hydrogen_Battery =
® |[Pa] green_hydrogen_Battery » hd
) measurements
-
&= + © l\l% o)
(&
Solar Array Electrolyzer
i
- Energy Storage (Battery)
» ||l=

Ready

View 2 warnings 255% auto(FixedStepDiscrete)



Enabling green hydrogen — System performance

O O O O

expected H, production & water consumption

suitable control strategy (conditions, use of physical assets)
energy storage (dimensioning, expected duty regime)
planning of operations (collect — replace - maintain)

> sOC KWW

= v xES

=

2

j—— ‘ - ut

igen Vref W
wgen Vref ES|—
Supervisory Unit
PSS
Ve @/‘7
1+
1-

Converter (WIND)

7'_ — v int g
HA T | p— 7;' 2 Sensor (Elect)
Sensor (Gen)
DC-DC

PSS

l N e e o R
1+ v Sensor (Bat)
1- - _;IZ’

DC-DC
Converter (ES)

=

A,

Electrolyzer
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’i Wind_AC_PM_Generator - Simulink
| SIMULATION DEBUG MODELING FORMAT APPS =R | (2]
3 Open ~ 1] | Stop Time 3 i) Gy
s [[5 &1 A \"
New E Save ~ Library Signal e Data Logic Bird's-Eye Simulation
~ B Print B Table Inspector Analyzer Scope Manager
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3| s
T | ®
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MODELING FORMAT

Wind_DC_Battery_Complete =

® Wind_DC_Battery_CompIete 4 v
E3 >{soc XW
=2 D>iv xES
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P4 Grid_AC_PLL_22a - Simulink

[ SIMULATION DEBUG MODELING FORMAT APPS
1 Open ~ ] = Stop Time | Setpoint.P ) ~
o+ O 4 @ b %
New E Save «w iy Signal [Normal v ] Step BN Step Data Bird's-Eye Simulation
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= | ® |*&/Grid_AC PLL 22a » v
B[ o
T | |
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(@ f(x)=0
»
121% ode23t

Ready

View 1 warning
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MOSFET converter
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22

RPM

From Microseconds to Months

m/s

10

Pitch Control

Rotor Hub

R Gearbox

E
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PMSG

~ AC/DC

DC/AC ~

Utility Grid
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From Microseconds to Months with
Reduced Order Modeling

Wmd Turbine Power Curves

7
Max Power Curve
) 18 m/s
6
windSpeed | > >V 17 m/s
o 5r
| . \ AN "TI »
— A " _ 16 m/s
e = \'.'. > X F—>p—] ; 4 -
CEEN \ - P =
pitch \ . ~ 15m/s
.‘\‘. l - ‘m g
i o3r
Rotor Hub (a
fx)=0 p—o
L qe——e———| turbineRPM
2r
| /
1, / I
0 40 50

Turblne RPM



Quasi-steady Simulations

Wind Profile

Utility Grid

Equation formulation Frequency and time

[_] start simulation from steady state

Consistency tolerance Madel AbsTol and RelTol

Tolerance factor 0001
+ (@ Use local salver
Solver type Backward Euler

Sample time
(@ Use fixed-cost runtime consistency iterations
Nonlinear iterations 1
(] Compute impulses
B Resolve indeterminate equations
Maximum threads for function evaluation 1
Linear Algebra auto
Delay memory budget [kB] 1024
> @ Apply filtering at 1-D/3-D connections when needed

MPPT controlled PQ Transmission Line
1-D T(u)
> >
~ ~1 ~2 -
U e
Block Parameters: Solver Configuration1 b
Solver Configuration B Auto Apply @
Setings  Description

‘\H—-

4\ Simulation Data Inspector - untitled*
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Enabling Green Hydrogen — TEA (solar microgrid)

Performance

Techno-economic
assessment

analyses

Solar cell & Reduced Order
MPPT algorithm Modeling (ROM)

—Dfo

Dty Cydle (ROM) J
i w @ :
+ + g
? 10000] ] >
& irradian i ‘ - v B8
\«\ [] +
v A
T 50

_

=

®)

irradiance > J7
ﬂn=0}

MPPT

s D

Buck/Boost Converter




Irradiance Data

The irradiance data i1s 8760 TMY 3 data available from NREL. There are 242

locations In the data set.

1200
>> load('StationData UPDATE.mat"')
>> StationData(l)
1000 |
ans =
struct with fields: %g 800
=
NumberByName: 188 o 500
NumberByState: 1 e
Name: {'Birmingham Municipal AP'} =§
State: {'AL'} £ L0
USAFN: 722280
Irradiance: [8760x1 double]
Temperature: [8760x1 double] 200
WindSpeed: [8760x1 double]
GHIWm2: [8760x1 double]
DNIWm2: [8760x1 double] 0
DHIWm2: [8760x1 double] 0

1000 2000 3000 4000 5000 6000 7000 8000 9000
Time (hours)
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Reduced Order Modeling

i 4\ Simulation Data Inspector - untitled* = (] b |
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Electrolyzer
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From Microseconds to Months

Block Parameters: Solver Configurationl >
Solver Configuration B suto Apply @ 4,
Settings  Description L
Equation formulation Frequency and time ~
[] start simulation from steady state 0 | Constant
Consistency tolerance Model AbsTol and RelTol ¥ @
Tolerance factor 0.001 é L 10
~ [ Use local solver . ——— ) &
Solver type Backward Euler ~ -
Sample time 1e-1 controlled PO
> [ Use fixed-cost runtime consistency iterations "
Linear Algebra auto v
Delay memory budget [kB] 1024
b - | Apply filtering at 1-D/3-D connections when needed
MPPT Power MW
1-D T(u)
m/s / PMSG i Utility Grid
10 P> DV &
N R —R + +

MPPT Turbine RPM 7‘\5 R R Gearbox i ~ ~ AC/DC DC/AC ~ i~ - .
1-D T(u) el [ :

> / Pitch Control |— > B || \ g cl ¢ - ;

Rotor Hub EMT (no switching) Phasor




From Months to Microseconds
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From Months to Microseconds

MPPT Power MW
1-D T(u)

»
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Reduced Order Modeling (Solar + MPPT)

This solar array ROM is driven by a time-series
irradiance input defined over a 1-year period. An
average-value buck/boost converter is included to
ensure that the maximum available power from the
solar array is supplied to the microgrid.
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From Months to Microseconds

= To efficiently evaluate the full system over time-scales of seconds to
minutes, we can use ideal power conversion and a combination of EMT, DC
and phasor simulation.

<\ Simulation Data Inspector - untitled* - O X
>

|2
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Enabling Green Hydrogen — Model fidelity

milliseconds (ms)
microseconds (us)

seconds
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<

>

Embedded
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https://www.mathworks.com/help/releases/R2024b/optim/ug/optimize-green-hydrogen-production.html?searchHighlight=electrolyzer&s_tid=doc_srchtitle
https://www.mathworks.com/help/releases/R2024b/optim/ug/optimize-green-hydrogen-production.html?searchHighlight=electrolyzer&s_tid=doc_srchtitle

Electricity Price Data
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15
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Run scenarios using parsim

>> parsimScenarios

Elapased time ia 510.205%9014 secondsa. ] ]
-------------------------------------- With equation-based electrolyzer

Lowest grid cost is USD 6761.6456 at Phoenix Sky Harbor Intl AP 242 years in 510 seconds
Higheat solar resource ia 497.1227MWh at Daggett Barastow-Daggett AP i_e_

1 year every 2.1 seconds

Highest grid coat is USD 13217.5585 at Quillayute State Airport
loweat asolar resource is 291.29%97MWh at Quillayute State Airport

Elapsed time i3 132.519040 seconds.

With ROM electrolyzer

Lowest grid cosat 13 USD ol/ed. /007 at Phoenix Sky Harbor Intl AF

Highest solar resource 1s 497.123ZMWh at Daggett Barstow-Daggett AR 242 years in 132 seconds

l.e.
Higheat grid cosat 13 USD 13224.2457 at Quillayute S5tate Alirport 1year every 0.54 seconds
lowest solar resource is 291.2999MWh at Quillayute State Airport

49



Summary

- Early stage R&D typically does not require high-fidelity models, but
modeling architectures should be organized to allow the fidelity to be readily
enhanced as more detall is needed.

= A guasi-steady simulation provides a foundation for techno-economic
assessments and allow long-duration system-level scenarios to be run
efficiently.

= Reduced order models (ROMSs) suitable for quasi-steady simulation can be
readily generated from more detailed models.

= Both technical and economic input data is readily connected to a quasi-
steady simulation.

= Multiple scenarios can be efficiently run using parsim.
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Complimentary Onramps

MathWorks Service and Support Mechanisms

MathWorks has a team of over 700 customer-facing engineers — we welcome the opportunity to
discuss how you can get the most out of your software investments and achieve your goals.

Extended AE Professional
Support Courses

Technical
Support
* Product questions

» General support
» 508-647-7000

AE (Application
Engineering)
Support

* Product/Capability

demonstrations

» Workshops,
Webinars, etc.

 Evaluation support

» Guided support for « Paid training on
adoption of new specific tools and/or
tools/processes processes

» Deep Engagements » On-site, web-based
« Proof of Concept instructor lead, & self-
paced online

Complimentary

Consulting

Engineering

» Paid engagements
(custom targets, tool
customization,
advisory services)

Funded
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https://matlabacademy.mathworks.com/search?page=1&q=onramps
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