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Background

e Political (and public) pull for increased use of renewable energy sources

e >27% renewables in EU by 2030
*  40% renewables in Germany by 2020, 80% by 2050.

Germany's plan: switch from coal and nuclear to renewables
Electricity generation in Germany 2005-2050, scenario

Source: DLR and Fraunhofer IWES
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RES intermittency needs countermeasures
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What is the need for energy storage?
— 100% Renewables in Europe

25 TWh
(150 TWh/y balancing & 320 TWh
2.2 TWh ideal energy (no balancing)

storage)

M. G. Rasmussen et al
(Energy Policy, (51), 2012)

320 TWh
50 TWh (no excess RES
(50% excess RES power )
power)
D. Heide et al.

(Renewable Energy, (36), 2011)
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Hydrogen as energy storage - large scale!

ENERGY STORAGE TECHNOLOGIES
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Hydrogen as energy storage — linking energy sectors
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Water electrolysis — technological status

*  The Dutch merchant van Trostwijk and
medical doctor Deinman observed the
decomposition of water into
“combustible air” and ”life giving air” in
1789.

* In 1800 Alessandro Volta published the
invention of the voltaic pile (see original
sketch)

* J. W. Ritter, W. Nicholson and A. Carlise
demonstrated "water electrolysis"” only
months after
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Water electrolysis — technological status

*  Production of hydrogen by water electrolysis

. . lectrol
« Onsite production, from very small to large scale —
Jewellery, laboratory 5-500 NI/h
* Very pure hydrogen and medical
engineering
) ) Generator cooling in 5-20 Nm¥h
¢ Appllcatlons power plants
e Food industry Feed Water 10-50 Nm¥h
Inertisation
* Metallurgical industry and metal works (BWR water chemistry)
e Semiconductor production Float gla.s production 50 - 150 Nm¥h
(protective
* Chemical and petrochemical industry atmosphere)
) . i 3
° Meteorologlcal balloons Electronics industry 100 - 400 Nm¥h
Metallurgy 200 - 750 Nm¥h
e Research labs
Food industry (fat 100 - 900 Nm%¥h
hardening)
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Approaches for water electrolysis

Temp. harge
Technology Range| Cathodic Reaction (HER) Carrler Anodic Reaction (OER)

Alkaline o _g0sc 2H,0+2e" =>H,+20H" OH 20H = 40, +H,0+2e
electrolysis
Membrane 20 - 100 °C . _ H* ! 4 _
electrolysis <°° 2H™ +2e° =H, H,O =}0,+2H +2e
High temp. 700 - - 2- 9. 2- -
electrolysis 1000 °C Soies = Aire O O" = )0, +2e
AEL tw &-mz % | | 3 el e
8 % 0,
Cathode | Anode Cathode | [
Cathode Anode E . @ : -EI-
KOH KOH = =2
E Anode
H,0 H,0 M0 E
- - PEMEL | HTEL —
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Efficiency of water electrolysis
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* Thermodynamics * Reaction kinetics
* Reversible losses * lIrreversible losses
e HHV: 3.54 kWh/Nm3 H, * Overpotentials and internal
« Endothermal reaction resistance
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Performance and efficiencies of water electrolysis

No significant reduction of
energy consumption can be
expected

* Higher operating pressure
* Higher power density
* Dynamic operation

SINTEF
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Pressurized electrolysers

* Pressurized hydrogen is needed
for almost all applications

* Electrochemical compression
more efficient than mechanical

* Mechanical compressors needed
for high pressure applications

4-15 30 Atm.

Typically
Available 60 207 (Atm.)
Demonstrated ~ 345 ~ 400 (10)

SINTEF

102

10'

100

- H2 refueling stations (750 - 950 bar)

Fueling of CGH2 trailer (up to 450 bar)

Underground storage (200 - 300 bar)

Pipelines (transportation: 60 - 80 bar)

Methanisation (30 bar)
Chemical industry (10 - 60 bar)

Pipelines (local distribution: 1 - 4 bar)

Pressure

Water electrolysis: H,O > H, + 12 0,
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Dynamic operation

* PEM electrolysers capable of sub
second regulation

* Alkaline electrolysers somewhat
more sluggish

* High Temperature electrolysers
need more stable operation

* Significant capacity for dynamic
load management

SINTEF

PEM Electrolyzer Operation SIEMENS

as Control Power Unit

= startup time (black start) ~ 10 min
= from standby to full load in < 10 sec
= full dynamic behavior (positive, negative or combined mode control power)

Power in %
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. f
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PEM electrolyzers can be operated as efficient dynamic load for secondary
and even primary control power
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Hydrogen from renewables - economy

‘E&g_l_.cells and hydrogen.us

Target setting — Carbon price to achieve parity with (Germany, 2030 )
counterfactuals

Alkaline and PEM Water Electrolysers — Grid Connected

CO, price required to

® Alkaline - Best case * PEM - Best case
compete (€/t CO,) ,
® Alkaline - Central case  ® PEM - Central case
300 ]
L]
200 .
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0 ] o - . »
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Transport applications Industrial hydrogen applications Gas injection | Transport
iy P

o
[ P y————" Fabruary 2014

http://www.fch-ju.eu/sites/default/files/study%20electrolyser_0.pdf
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SINTEF activities on PEM electrolysers

Cost reduction and efficiency improvement

NEXPEL Projected stack cost

W Stack assembling

m Small parts

________________________________________ MEA manufactunng
Catalyst cathode

W Catalyst anode

FCH'JU 2025 : T T T W Membranes

____________________________ ™ Current collectors cathode
target

Current collectors anode
350 €/kW DOE 2015 target
225 €/kW

Frames

“““ --1{ |mBipelar plates
______ . ] End plates

M Pressure plates

1.000 10.000

Produced stacks [-]

\ B Power supplies

M Balance of plant
B MEA
M flow fields and separators

M balance of cell

M balance of stack
// Stack

System
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SINTEF activities on PEM electrolysers EW ETErgY W“f,'f',

fuel cells & hydrogen for sustainability

NEXPEL - next-Generation PEM Electrolyser for Sustainable Hydrogen Producton

MEXPEL main ohjective:
Oevelop and demonsirate 8 PEMwalter electrolyser integrated with RES:

75% Efficiency (LHV), H production cost - £5,000/ Nm*h™, target lifetime of 40,000 h

MWovel stack Design and new
CONSTUCHEON matenials

Jzn 2010 - Dec 2012
Co-grdinatin-SMTEF

matenials Funding- Fuel Ceits and Hydrogen 1 ——
B n Tatal Budger: € 1353543 —
W nZpelial
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SINTEF activities on PEM electrolysers

Advanced oxygen evolution catalysts

* Increase catalytic activity and stability of O, evolution catalysts by utilization
of a support

— Increase active surface area

— Increase catalyst utilization

— Reduce catalyst particle sintering by support stabilization

— Increase specific catalytic activity by catalyst support interaction?

Challenges

* High surface area support

» Stable at elevated voltages and acidic . .
environment for several 1000s hours.

Supported Core-shell
catalyst structure
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SINTEF activities on PEM electrolysers

Advanced oxygen evolution catalysts

Iridium nanoparticles (d ~ 2-4 nm)
Antimony doped Tin Oxide as support
Noble metal loading of 20 wt%

2,0 11—
*  300% higher catalytic activity than 194
state of the art OER catalysts Lol
> 07
; r
§1,7-
g . \ .
T 1,64 ——I/ATO-05mg rcm™
& ] —a— |r black - 2 mg Ir co®
1,5+
T T T T T T T T
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Current density / Acm™®

SINTEF
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SINTEF activities on PEM electrolysers

Other ongoing activities
® E @ 10mA/mC Alloys

Development of new conductive oxides | s o E @ 10mA/mC Mixtures

1.46 S

— Catalyst supports and coatings

1.44

* Advanced catalysts :
— Trimetallic alloys for supported catalysts w -
* Coatings for replacement of Ti as bipolar
plates 1.40 1 .
* Studies of lifetime and degradation 00 02 04 06 08 10

Ru content

Oxygen Dispersion

Nanoparticles

Supporting Flame Liquid Precursor
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SINTEF activities on High Temperature electrolysers

* NFR ENERGIX METALLICA project (coordinator: SINTEF, Partner: UiO) (2013-2017)

The primary objective is to develop a robust steam electrolysis technology for H,
production based on novel planar alloy supported proton conducting electrolysers
(PCEC) operating at 600°C for efficient use of heat and steam supplied by geothermal and
solar plants. Proof-of-concept of CO, and steam co-electrolysis will also be demonstrated
for potential integration of PCEC in industrial processes.

* FCH ELECTRA project (coordinator: UiO, Partners: PROTIA, CSIC; SINTEF, Carbon
Recycling International, Abengoa Hidrogeno , Marion Technolgies) (2014-2018)

The main goal of ELECTRA is to design, build, and test a kW size multi-tubular proton

ceramic high temperature electrolyser for production of hydrogen from steam and

renewable energy.
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Thank you for your attention
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