


Agenda

- Hystar PEM electrolysis
- HyPilot
- Test campaign and results

- Lessons learned




Hystar patented PEM electrolysis operation
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Features of Hystar PEM operation

« Thinner membrane results in lower resistance .
Hydrogen production

v

- Lower operating pressure operation allows different ‘ . ‘
cell design, suitable for mass production ~ Stateofhe-ar, PEMEL, 2019, 60 "C

— — ~ State-of-the-art, PEMEL-2, 2020, 60 °C
—*—Hystar 2020, 60°C .
*— Hystar 2021, 60°C

- Allows more efficient production
- Increased production at same power input

- Lower losses, reduced cooling requirements

Cell voltage / V
Energy consumption

- Dilution at the anode allows operation over
complete operating range (“infinite” turndown)

Current density / A cm™®
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Technology developed over a 10-year period based on initial R&D at SINTEF

2015 - 2019 2020 2021 2022 2023 2024 2025 ——»

R&D at SINTEF Single cell Development of Development of Produced & sold 10 Deployment in field
testing “Short stack” “Beta stack” commercial stacks of first projects
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Why so important?

- Demonstration of technology and increase TRL

« Learn how to scale-up, build and operate

Cell

Stack - 180 cells

Containerized system - 10 stacks
Cluster - 100 stacks?

Plant - 10 clusters?

- Obtain experience with balance of stack

DEVELOPMENT o

RESEARCH -

ACTUAL SYSTEM PROVEN IN OPERATIONAL
J ENVIRONMENT

. J SYSTEM COMPLETE AND QUALIFIED

. , SYSTEM PROTOTYPE DEMONSTRATION IN

OPERATIONAL ENVIRONMENT

TECHNOLOGY DEMONSTRATED IN
B RELEVANT ENVIRONMENT

TECHNOLOGY VALIDATED IN RELEVANT
° ENVIRONMENT

L o n TECHNOLOGY VALIDATED IN LAB

e - EXPERIMENTAL PROOF OF CONCEPT

e - TECHNOLOGY CONCEPT FORMULATED

L e BASIC PRINCIPLES OBSERVED

Plant Block = Orion(s) + BoP

Cluster®

Orion = Stack Module(s) + Process Module

Stack Module = 4x Stack + mSSI(BoS)

Stack

i1

B

Process Modul ~ '

Increasing number of stacks



HyPilot Project

- Pilot system to run two Hystar stacks at Norway’s largest gas
processing facility in Karste

- Petroleum industry safety, quality and documentation standards

- Learning opportunity for all partners involved: experience electrolyser
operation, exposure to real world conditions

- System integration - much more than a cell or a stack
- Data collection and storage
- So far stacks have run approximately 5500 hours

- >16.5 tons of hydrogen produced




Electrolysis system - bridging by the world and the stack
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HyPilot system
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MV Transformer

Rectifier
Control

Cooling pump

Air coole
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Ventilation filter

SEgomNoarwp S

Stack

Water purification
Cathode G/L Separator
Cathode pump

Air filter

Anode blower

Air humidifier

Heat exchanger
Hydrogen purification
Air cooler

Chiller and coolant pump
Hydrogen vent
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HyPilot — Stable and

Nominal current

j [Acm2]

0 2 4
Time [h]

Conditioning period

« High degradation rate is expected. Data may
show deviations from “fresh” start stacks.
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EU Flexibility

—

75 920 105

. Basedon EU protocol dynamic test [EY

. Limited time in comparison to EU dynamic

tests description (total 1600h)

mild load changes

Nominal current

j [Acm2]

Time [days]

Steady State (SS)

«  Continuous nominal operation for ca. 1000h.

. Stabilization of the PEMEL and degradation
rate determination/comparison.

100%
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WP generation profile e mioad Profile

RWO - Mild (e.g.)

. 1-daycycle considering stable power output
(never below safe operation conditions) or
connection to the grid, $-following, etc.

j [Acm2]

Time [min]
£:30min-10s
T variation
Operational limits definition

. Determination of minimum safe load,
response to different frequencies,
temperature variation.

. Possible membrane thinning and crossovers.
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https://op.europa.eu/en/publication-detail/-/publication/bbbeba00-ee82-11eb-a71c-01aa75ed71a1

HyPilot — Fluctuating load
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Time [min]
EU Flexibility

Based on EU protocol dynamic test EU

Limited time in comparison to EU dynamic
tests description (total 1600h)

DT e e o

RWO - PV (e.g.
Full PV or a hybrid with grid connection/wind.
Full shutdowns for long periods.

Other relevant tests may be considered.

Wind plant forecast

j [Acm2]

fime[minl 7405, 30 min, 2h )
Hot/cold/shutdown starts RWO - Wind (e.g.)
Current interruption and reestablishmentin . Highly fluctuating load considering low/null
hot or cold conditions or shutdown. production, high production with stops.
Membrane thinning, cath. catalyst,

crossovers.

« Shown Real-World Operation profiles are examples.

« Relevant and representative RWO profiles need to be defined.

« EU dynamic and controlled load tests need to be discussed with
Hystar.

« Lab-scale tests might be valuable for validation of pilot-scale tests, if
existent.

References:

[1] A review of testing procedures for proton exchange membrane electrolyzer degradation

[2] EU harmonized protocols for testing of low temperature water electrolysis

[3]A review of proton exchange membrane water electrolysis on degradation mechanisms and mitigation strategies p 51

[4]Dynamic operation of proton exchange membrane electrolyzers—Critical review p9 @@ h
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Steady state and dynamic operation (RWO)
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Disclaimer: The data presented herein represents raw, unprocessed, and unfiltered metrics specific to the indicated time period. These findings reflect isolated

observations and should not be generalized to alternate timeframes or broader contexts without further rigorous statistical analysis and validation.




Lessons Learned

- Stacks are very efficient - hard to maintain
temperature at lower loads

- PEM electrolyzers can be easily operated to match sog : ) R SCECSE AN RS —
solar and wind profiles V€ o f o v A M) Fes

- PEM electrolyzers can be operated safely and
integrated on existing plants

- Additional grid services can be explored

- Most errors and fault related to balance of plant
components and sensors

- Errors and faults most likely occur on Friday at
17:00

- Changes and adaptations required careful
planning and coordination

- Balance of plant and stack very important for stack
operation, and meeting system performance

- Test, verify, measure, check, repeat.

- Hydrogen is fun




ogy for a greener future

@)

hystar



	Slide 1: Brown field system integration and field demonstration of efficient PEM electrolysis
	Slide 2: Agenda
	Slide 3: Hystar patented PEM electrolysis operation
	Slide 4: Features of Hystar PEM operation
	Slide 5: Technology developed over a 10-year period based on initial R&D at SINTEF
	Slide 6: Why so important?
	Slide 7: HyPilot Project
	Slide 8: Electrolysis system – bridging by the world and the stack
	Slide 9: HyPilot system
	Slide 10: HyPilot – Stable and mild load changes
	Slide 11: HyPilot – Fluctuating load
	Slide 12: Steady state and dynamic operation (RWO)
	Slide 13: Lessons Learned
	Slide 14

