Welcome!

Webinar #33:
Hydrogen Applications in Thermoflow Software

30 June 2022

Agenda:

* Introduction
* Modelling Hydrogen Production Plants in THERMOFLEX / NOVO PRO

* Renewables & Hydrogen, options and examples
* Optimization of LCOH in NOVO PRO using ELINK
* Hydrogen Use in THERMOFLEX

* Q & A Session

Presenter: IGNACIO MARTIN (SPAIN)
Support: Meritt EImasri (U.S. HQ)



'd" Thermoflow

Thermoflow Training and Support

Standard Training

On site training course

User’s Meetings / Advanced Workshops

Webinars when new version is released

Help, Tutorials, PPT, Videos

Technical Support

—> Feature Awareness Webinars
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Thermoflow
Feature Awareness Webinars

1- Assemblies in TFX, June 2016

2- Scripts in Thermoflow programs, GTP-GTM-TFX

3- Multi Point Design in GTP-GTM

4- Reciprocating Engines in TFX

5- TIME in GTM

6- Matching ST Perfromance in STP

7- Modeling Solar Systems in TFX

8- Combining THERMOFLEX & Application-Specific Programs
9- Methods & Methodology in GT PRO & STEAM PRO

10- Supplementary Firing & Control Loops in GT PRO & GT MASTER
11- The Wind Turbine Feature in Thermoflex

12- Modelling GT’s in Thermoflow programas-1

13- Thermoflex for on line and off line performance monitoring
14- Tflow 27, what’s new

15- Modelling GT’s in Thermoflow programas-2

16- Multi Point Design in GTP-GTM

17- Total Plant Cost in TFX

18- Steam Turbine Tunning

19- User Defined Components in TFX

20- Cooling System Optimization

33- Hydrogen Applications
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'&1 Thermoflow

Highlights / Milestones...

Thermoflow’s Products contribute to the "Green Transition"

—
CO, Capture & Storage H, Electrolyzer

- Fuel Cell
Geothermal Kalina Heat Storage / Tanks \ |

& ORC |

2009 2010 2015 2016 2018 2019 2020 2021
T ~ / ;/
/ / ..-"f I|I
_./ / |
) I f
IGCC / [ Novo PrO |
Concentrated Solar Power / .

CSP PV / Wind Batteries
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'd" Thermoflow

NOVOPRO Background & Evolution

- Thermoflow main programs released between 1987 (GT PRO) and 1998 (GT
MASTER, PDE, STEAM PRO, STEAM MASTER, REMASTER, PEACE, THERMOFLEX)

- NOVOPRO version 1.1 was released with Thermoflow 28, in September 2018.
Upgrades 1.2 in Mar-19, 1.3 in May-19, 1,4 in Jun-19, 1.5 in Sep-19, 1.6 in Feb-20

- Version 1.7 released with Tflow29 in Apr-20

- Version 1.9 released with Tflow30 in March-22. Current Revision (as of today)
June 27, 2022

mm) Please check for new Revisions regularly, specially for NOVOPRO



'd" Thermoflow

Other Sources of Information NOVOPRO / Hydrogen

- Thermoflow Website: Description

- Thermoflow Website: Videos & Samples (specific)

- Thermoflow Service Center: Decarbonization Webinars, Asia, Europe
and America Sessions, May - June 2021: Videos and Files



'd" Thermoflow

Hydrogen Applications in Thermoflow Software

- Hydrogen Production:
- SMR (TFX)
- with Carbon Capture
- Electrolysis (TFX-NOVOPRO)
- TFX = Sizing
- Desalination
- Storage
- ELINK, 24 hours simulation
- NOVOPRO —>Annual Production
- Renewables + H2
- ELINK, Optimization



'&1 Thermoflow

Hydrogen Applications in Thermoflow Software
Steam Methane Reforming in THERMOFLEX
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Thermoflow Hydrogen Applications in Thermoflow Software

Electralyzer (PCE)

Oncygen stream <

water in
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Electrolyzer in THERMOFLEX / NOVOPRO

Electrolyzer Plant Flow Diagram

(One Unit)

Water inlet
3p

15T
62,94h
531m

Water

Treatment

Blowdown
}2,147m

3,164m
Electrolysis

Stack

Power consumption: 19250 kW

31,01p

. 30T

1354 kg/hr

+H20: 0 kg/hr

1H2: 354 kg/hr | peoxo

H Dryer
106,2 kW

Pres. drop: 1 bar
H2 loss: 3,54 kg/hr




'd" Thermoflow

Hydrogen Applications in Thermoflow Software

- Hydrogen Use (TFX):
- Renewables to H2, H2 to Grid — Storage / Compression
- District Heating, Heat Pumps, ...
- H2 to GT / Engine, blending with NG - 2nd Webinar with Kawasaki
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Thermoflow  Hydrogen Applications in Thermoflex

PV + Wind, Desalination, Electrolyser, Cooling, Compressors, H2 Storage & Delivery, ...

1 H2 Tank
ind Farm [1] — .. El 9 N 15| .1 Gl 43 H2toIndustry
50768 KW reellTE e S
_ 12 —smsies B122 J L] DR 0,635 t/h
2 4-:.3 R el Compressor 7] - &
—~ R <
12 7
Pump (FCE) [16] g _D
132.6 kW F 2 e R
O %E:f* flow fraction
L olar Field (PV) [2 8§ 4 e | 0,3455
73504 KW = = ] e ‘ : 6 .
2
L5
" | I H2to NG Grid
Imported (+) / Exported (-) Power [ | 231208 1,203 t/h

-8180 kW

3
Power from / to Grid
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-tF Thermoflow  Hydrogen Applications in Thermoflex

PV, Electrolyser, District Heating, Engine, ...

%

.

e

1 Unit

Recip CHP Eff.: Recip CHP Eff. [%] 9166
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-tF Thermoflow  Hydrogen Applications in Thermoflex

Blending Natural Gas & Hydrogen in Gas Turbines

[1]
vo| B
GTEff
GT Eff
37,43 Cyﬁ 3742+
H2 volume fraction |-, 4 > f User Def GT 47243 kW -
0,2 S — 3 11111
6T g o ORI
: :
—{:|—3K = ™
f o )
o B )
4] 5 5
1,013 _1| 1.013[15425 £ 27381
468,8|-10,13 4775|5685 %
8
A
5 8 37361
A
— a»
0 D_:]S D‘a1 ﬂ_iS l],2=

Fuel Mixer [4]: Desired flow fraction into 1st clockwise node
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'd" Thermoflow

2nd Webinar on Hydrogen Announcement

- “Modelling of Hydrogen fired Gas Turbines in GT PRO/THERMOFLEX (co-firing
and pure H2 firing)”, presented by Kawasaki Gas Turbines Europe GmbH and
Thermoflow Inc.

- Speakers:
- Dr. Nurettin Tekin (Hydrogen Product Management, Kawasaki)
- Karsten Huschka (Director Thermoflow Europe)

- Scheduled for mid of September 2022, dates to be confirmed

- More details to be announced



'd" Thermoflow

Hydrogen Applications in Thermoflow Software

- Hydrogen Production (NOVOPRO):
- Microgrid — Plants Only
- Renewables + H2
- Flexible — Firm — Import from Grid
- Hourly Hydrogen Demand definition
- Electrolyzers Data Base / UD
- Options: Deoxo Drier - Storage
- PEACE Cost Definitions
- NOVOPRO OQOutputs
- LCOH Calculation
- ELINK: Multiple Cases & Optimization



Thermoflow

Hydrogen Production Modes in NOVOPRO

Mode Electolyzer Options Electricity Demand H2 Demand Notes
Renewable Plants & Hydrogen production independent: Renewable send the power to
Plants Only met . . .
the Grid, Electrolyzer takes de Electricity from the Grid
0 may not be met |Renewable Energy to produce Hydrogen, up to the maximum Electrolyzer capacity
Flexible
>0 may not be met |Renewable Energy to Supply the Grid electricity demand first, and surplus to produce H2
0 may not be met |Renewable Energy to Supply the Hydrogen demand
MicroGrid Firm, no import
Renewable Energy to Supply the Hydrogen demand first, and surplus electricity to the
>0 may not be met i =/ . YIRS . v
Grid
0 - Renewable Energy to produce Hydrogen, deficit of electricity to meet the H2 demand
imported from the Grid
Firm, import
Renewable Energy to produce Hydrogen, deficit of electricity to meet the H2 demand
>0 met

imported from the Grid, surplus electricity to supply electricity to the Grid, deficit of
electricity to meet the Grid demand imported from the Grid




Thermoflow  Hydrogen Demand definition in NOVOPRO

Use a Template

as ual Input E4
Choose how to divide the vear, and specify an input value to apply in each period. Click ‘Apply to System’ button to instruct NOWVD
| PRO to update the hourly inputs using these defintions. Apply to System | \

Annual Periods >
13t Spring month 15t Summer month 15t Fall month 15t Winter month Cancel

" Flat " Userdsfined by month (& By Season |rnar Ll ||un ﬂ |sep j | dic LI

Hourly Periods

15t Peak howr of day 15t Off Peak hour of day

" Flat " Userdefined by howr " Peak / Off Peak 7 - 20 -

| Electrolyzer Plant [1] - Load, [%]

K Spring | Summer | Fall ‘Winter
Peak 100 100 100
Off Peak 100 100 100 100

Or Copy % Paste from Excel

Desired Load

HM13 - Je 1

‘g Use Template to Set Daily Schedule "

A B C D E HG | HH | Hl | H  HK | HL |HM HN HO | HP | HQ | HR  HS | HT | HU H
1 Hour of YYear 1 2 3 4 5 & 7 3 3 10 11 12 13
2 g Day of Year 1 1 1 1 1 1 1 1 1 1 1 1 1
3 1 2 3 13 214 215 216 217 218 219 220 221 222 223 224 225 226 227 L] L I L L L L L L L L L L L
Day of Month 1 1 1 1 1 1 1 1 1 1 1 1 1

4 |Electrolyzer Load (%) [ 700] 700[ 700F0,0] 70,0] 700] 700] 700] 70,0[ 700] 70,0] 70,0] 70,0] 950] 950] 950[ 950 950 Hour of Day 7 3 3 ] 5 g 7 8 3 0 1 12 13
5 esited Elechiolyzer Plant Load | % 100 100 100 100 100 100 100 100 100 100 100 100
6
7

<
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Electrolyzer Models

Thermoflow
Database
Electrolyzer Package Selection

ID Manufacturer & Model HZ Fower HHV
Production  |Consumption |Efficiency
ka/ht K/ %

0 Uszer-Defined Electrolyzer

1 Siemens Silyzer 200 205 1244 B4.95

2 Siemens Silpzer 300 3351 17409 7587

3 3351 [18123

4 Siemens Silpzer 300C700 3351 18349 71,98

b H-TEC ME450./1400 188 1000 74,1

B ITM HGas15F 10,11 BRO B1.32

i ITM HGas25F 194 1260 b2,25

8 ITM HGas35F 30 64 2000 B0.38

9 ITM HGas<MwW 178.7 10000 70,45
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User Defined

User-defined electrolyzer
Electrolyzer Package Rating
Pure hydrogen production rate
Package power consumption
Package HHY Efficiency
Package LHY Efficiency

Package Dperating Data
H2 outlet stream pressure
H2 outlet stream temperature

HZ outlet stream relative humidity

02 outlet stream pressure
02 outlet stream temperature

02 outlet stream relative humidity

Water supply pressure
Treated water consumption [kgH20 AgH2)
Cycles of concentration for water treatment blowdown

Mirimum load

. Part Load Efficiency

@

1.01

o
@

o 0O

kg/hr Mumber points on part load efficiency curve
e | |
- Load Efficiency Factor
. oo |z |a |
775 |z [0z |
55 |z [1.045 |
bar 325 |%z  [1.0e8 |
C 0 ]z [08 |
o]
o]

EC

Enter 'Load' data in decending order.
First point [full load) is fised.

15

Nl

&

18



Thermoflow  Hydrogen Production in NOVOPRO, other options

- Define delivery Pressure
- Include Deoxo Drier to remove moisture
- Include Storage

M ain ] Configuration ]
Hydrogen Delivery Stream Hydrogen Storage Design
Iv Include deoxo diver to remove moisture v include hydrogen storage
Hudrogen delivery stream conditions Storage capacity D hr
Delivery pressure 150 bar Fated storage pressure / Hpdrogen outlet pressure I:l
Delivery temperature 30 C Empty’ pressure / Rated storage pressure
Delivery relative hurnidity ’D—]}; Storage tube preferred outside diameter mm
Deoxo dryer details Storage tube wall maw. thickness i
Deowa dryer spstem pressure drop \1—] bar R T s m
H2 massflow lost in deaxo diyer 1 % Tube aay desian paramelers:
H2 diyer aux load per kg of pure H2 0.3 kwhikg

Tube array maximurm width 2438 |m

Dutlet stream compressor details
Tube amay aspect rato [(# of rows / # of columns) |1

Compressor polytropic efficiency 65 %
Compressor adiabacity 20 %
Compressor electro-mechanical efficiency 30 %
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'&1 Thermoflow

Hydrogen Applications in NOVOPRO

- Hydrogen Production (NOVOPRO) Case Studies:

H2 Standalone
PV+H2
Wind+H2
PV+Battery+H2

= 20 Y =
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'd" Thermoflow

Hydrogen Applications in NOVOPRO

- Case 1. Hydrogen Production only:

Mode Electolyzer Options Electricity Demand
- H2 Demand -2 Size of Electrolyzer I
- Electrolyzer Models
- Electrolyzer Utilization, Capacity Factor Flexible
- PEACE Costs, Investment and O&M Costs
- Electricity Price MicroGrid. | - Firm, no import
— LCOH Calculation & Sensitivity o
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Thermoflow

Case 1. Hydrogen Production only

Net Electricity Re : -23.946 kK USD Export: 0 MWh H2 Production: 2.906
H;R;emm: 3;’;1’1;];.1513 Annual Overview Im‘:::rt 159.638 MWh DZPlzlﬂldizi 23.297(::::5
02Revenue: 0kUSD 2,906 tonne (H2)
Total Fuel Expense: 0k USD 348.936 GJ (LHV) . . .
Rmn::s-Fz:r:sE;nenl;e: 9.271kUSD 412367 GJ (HHV) LCOH vs EleCtHClty Price
23.297 tonne (02)
12,0
Flexible H2 Production [1 units]
Renewables [0 units] Apparent Rate 18,2 kg/MWh
10,0
- 8,0
~
S~
[a)
a
) © o
T
(@]
<
4,0
159.638 MWh
23.946 kUSD 2'0
159,638 MWh 0.0
0 20 40 60 80 100 120 140 160
oMwh Electricity Price USD/MWh

Plants Only Mode




'd" Thermoflow

Hydrogen Applications in NOVOPRO

- Case 2. Hydrogen Production from PV, no Grid export — no Grid Import:

Mode Electolyzer Options Electricity Demand
- PV Field Size and Configuration o
- PV annual yield = H2 Production
- PV & Electrolyzer Utilization, Capacity Factor Flexible -0
- PV Investment, O&M Cost, Land Cost
- Electrolyzer, Investment and O&M Costs RS Firm, no import
- LCOH Calculation & Sensitivity mmeer
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Thermoflow
Case 2. Hydrogen Production from PV, no Grid export — no Grid Import

PV + H2, LCOH vs Capacity Factor

Net Electricity Revenue: 0 k USD Demand: 0 MWh H2 Production: 585,2 tonne
H2 Revenue: 936,3 kUSD Annual Overview Surplus: 0 MWh 02 Production: 4.691 tonne 20
02 Revenue: 0 kUSD 585,2 tonne (H2) Import: 0 MWh
Total Fuel Expense: 0 k USD 70.285 GJ (LHV) Curtail: 0 MWh
Revenues - Fuel Expense: 936,3 k USD 83.038 GJ (HHV)
15
~
[a)
(%)
Renewables [1 units] Flexible H2 Production [1 units] . S 10
Capacity Factor 18,92 % Apparent Rate 17,74 kg/MWh Thermal [0 units] T
4.691tonne (02) o)
' S s
0

0 5 10 15 20 25
Electrolyzer Capacity Factor %

PV+H2, LCOH vs CAPEX

7
6
oo
= 5
0,014 MWh = 4
3,658913E+13% System Supply Demand g
0MWh 3
0kUSD =z
(@]
o 2
-
Surplus 1
0MWh
B 0% System Supply 0
Microgrid Mode 0kUSD 0 02 0,4 0,6 0,8 1

Cost Reduction Factor




'd" Thermoflow

Hydrogen Applications in NOVOPRO

- Case 3. Wind Farm supplying a demand, Wind Farm oversized and surplus to Hydrogen:

Mode Electolyzer Options Electricity Demand
- Wind Farm Size and Configuration o
- Wind Farm annual yield - Demand supplied and Surplus
- Electrolyzer Size, Hydrogen produced, Capacity Factor Flexible +0
- LCOE / LCOH calculation
- Electrolyzer+Wind, Investment and O&M Costs RS Firm, no import
- LCOH Calculation & Sensitivity mmeer
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Thermoflow

Case 3. Wind Farm supplying a demand, Wind Farm oversized and surplus to Hydrogen

Annual Hydrogen Produced vs n. of

Net Electricity Revenue: 21,998 kUSD . Demand: 438.000 MWh H2 Production: 1.358 tonne
H2 Revenue: 6791k USD Annual Overview Surplus: 0 MWh 02 Production: 10.888 tonne E I eCt ro Iyze rs
02 Revenue: 0kUSD 1.358 tonne (H2) Import 179.197 MWh
Total Fuel Expense: 0 k USD 163.078 GJ (LHV) Curtail: 0 MWh . 1500
Revenues - Fuel Expense: 28789 kUSD 182723 GJ (HHV) [}
C
S
+ 1000
Renewables [1 units] Flexible H2 Production [1 units] o
Capacity Factor 37,88 % Apparent Rate 19,02 kg/MWh Thermal [0 units] 8
10.888 tonne (02) S
Wind Farm [1] Electrolyzer Plant [1] © 500
330.202 MWh 71.397 MWh -> 1.358 tonne H2 o
o
o~
T 0
3 1 2 3
c
g Number of Electrolyzers
> =
71.397 MWh
NPV vs n. of Electrolyzers
‘ 80 Electricity Price = 60 USD/MWh
Import
179.197 MWh 70
60

(%4
o

NPV (MUSD)
w b
o O

=N
o o

o

. . 0% System Supply
Microgrid Mode 0kUSD

Hydrogen Price = 8 USD/kg
40,91% Demand
15232 kUSD
258.804 MWh
100% System Supply \/ Demand
438.000 MWh
37.230kUSD
System Supply
258.803 MWh
Surplus
:Il > 0 MWh
1 2

Number of Electrolyzers
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'd" Thermoflow

Hydrogen Applications in Thermoflow Software

- Case 4. PV + Hydrogen + Battery: Electrolyzer undersized with respect the PV Field

Mode Electolyzer Options Electricity Demand

- PV Field Size and Configuration
- Number of Electrolyzers Plants Only

- LCOH optimization
- Battery definition and sizing, Usable capacity

Flexible

- PV, Electrolyzer & Battery Investment and O&M Costs Vieroars

Firm, no import =0

- H2 hourly production profile

Firm, import

— LCOH Calculation & Sensitivity
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Thermoflow

Case 4. PV + Hydrogen + Battery: Electrolyzer undersized with respect the PV Field

LCOH vs n. of Electrolyzers

Net Electricity Revenue: 0 k USD Demand: 0 MWh H2 Production: 5926 tonne 14
H2 Revenue: 9482 kUSD Annual Overview Surplus: 0 MWh 02 Production: 4.751 tonne
02 Revenue: 0 kUSD Import 0 MWh 12
Total Fuel Expense: 0 kUSD Curtail: 0 MWh ?.D
Revenues - Fuel Expense: 948,2 k USD < 10
3 s
592,6 tonne (H2) g
. o . ) _ . 71.158 GJ (LHV) = 5
Renewables [1 units] Electricity Storage [1 units] ) Firm H2 Production [1 units] 34004 GJ (HHV) T
Capacity Factor 18,94 % Apparent Efficiency 71,64 % Thermal [0 units] Apparent Rate 18,8 kg/MWh (@)
~——J»- 4.751 tonne (02) 3 4
2
0

0 5 10 15 20

n. of Electrolyzers

* H2 production vs. Battery Capacity

600

5.318 MWh

ul
(Yol
o

580
570
560
550
540
530
520

to Firm H2

27.707 MWh 3.810 MWh 31.517 WWh

87,91% System Supply 12,09% System Supply

Demand
0 MWh
0kUSD

System Supply
31.517 MWh

0 5 10 15 20 25 30 35 40
Battery [1] Desired usable capacity MWh

Annual H2 produced (tonne)

0% System Supply
ISD

Microgrid Mode 0k U




'&\ Thermoflow

. Hydrogen Production - Electrolyzer Plant [1]
150-
:
= ;"J 4. 10:00
i / Y124
f
] /
ﬁ 100 l,I
/
. f
- ||II
~ s0- {
/
-
4425 4430 4435
Hour of year

.

Case 4. PV + Hydrogen + Battery: Electrolyzer undersized with respect the PV Field

20 MW PV + 10 MW Electrolyzer + (10 MW / 30 MWh) Batteries

20 MW PV +20 MW Electrolyzer, no Batteries

Hydrogen Production - Electrolyzer Plant [1]

"

: v
E 4
/ A\
/ ]
- \
; \
\
E / I
v
g 110 /
/ \
f L]
I.' \
._\.
|
0 —s N N
4420 4425 4430 4435 4440
Hour of year




'd" Thermoflow

Q & A Session

= Please help us by filling the survey

- Please forward your questions on the WebEx Chat

- Further questions by email to: info@thermoflow.com

- PP Presentation will be available on the Website / Tutorials

- Video will be available on the Service Center
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mailto:info@thermoflow.com

'&1 Thermoflow

Thank you!

IGNACIO MARTIN - SPAIN martin@thermoflow.com
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