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Since the foundation, Innovation in electrochemistry has 
been the driving force fueling De Nora's business growth
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MARKET: H2 colors and sources
Hydrogen is a flexible and versatile energy vector that can be produced through several industrial 
processes

Hydrogen production methods and colors:

Coal gasification
Reacting coal with oxygen 

and steam

Natural Gas reforming
Reacting Methane and 

Steam (SMR) 

By product of 
industrial processes

Black
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Fossil fuels gasification

Brown

Electrolysis
Water electrolysis 

powered by Renewables
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& Storage (CCS)

Green

Blue
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Powered by nuclear energy

Purple

Electrolysis
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Current 
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Low Carbon Hydrogen processes:
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Market Factors: gH2 demand scenario

Source: IEA, Aurora 202, Petrol Energy Outlook 2020, Expert Interviews, Hydrogen Council, Ronald Berger

Global green hydrogen production by geography (2020-2050; Mton) Global green hydrogen production by application (2020-2050; Mton)
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Future Snapshot

The target for LCOH, $1/kg-H2, is not only influenced by cell-level technology, but costs of renewables are also a key factor! 
Considering only the cell/stack, the roadmap must be to reduce PM, increase current density, while reducing 

footprint and number of cells!
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Historical Perspective – How 
the path to “Advanced Liquid 
AWE” is like Chlor-alkali

Chlor-alkali teaches us that a technology considered with little 
development prospects can make dramatic progresses.

Mixed Metal Oxide on Titanium invented by Henri Beer* in the 1960’s

But before the development of DSA® electrodes, many other efficiency-
improving electrodes were considered and dismissed for various reasons:

• Solid platinum, retort carbon; Graphite; Magnetite, lead-silver, 
manganese dioxide; Platinum coated tantalum, niobium, zirconium

➢ DSA® electrodes all but perfected the Mercury Process, and enabled 
the evolution towards more energy-efficient Diaphragm and 
Membrane Processes

➢ The step-changes, in process and materials, throughout the 
evolution of Chlor-alkali electrolysers show us a development 
pathway away from “Traditional Alkaline Water Electrolysers” to 
“Advanced Alkaline Water Electrolysers”

*Key characteristics of the DSA® electrodes:
Self-protective, shape preserving (non-reactive), resistance to current reversals, 

manufacturability, coat-ability, advanced design enabling

electrocatalysis

robustness

manufacturability

low capex

lowered opex

continuous 
improvement

Challenges that needed to be addressed in 
the realization of DSA®

Mercury Cell

Membrane Cell

Diaphragm Cell

Images taken from www.denora.com
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Liquid Alkaline Water Electrolysis and the
New State-of-the-Art (SoA)

SoA ≠ “Traditional” Alkaline Water Electrolysis

SoA = “Advanced” Alkaline Water Electrolysis

SoA = ↑ Power Density (zero-gap, increased current density)

SoA = ↑ Efficiency (zero-gap, lowered OPEX)

SoA = ↑ Electrocatalysis (further lowered OPEX)

SoA = ↑ Pressurization (system level improvements)

SoA = ↑ Material Advancements

Note: These improvements have been realized in the recent past and serve now as 
the foundation for Advanced AWE continuous development

➢ Nowadays, the experience derived from Chlor-Alkali was used as a starting 
point, but it is not the end point

Taken from Ayers et al. Annu. Rev. Chem. Biomol. Eng. (2019)  

135 MW historic hydro-power electrolysis-based hydrogen production in Glomfjord, Norway 1953-1991

Traditional Alkaline Water Electrolysis, realized at industrial scale since the early 1990s,
was typically characterized as a finite-gap electrolyser.  In this design, gases evolved 
between the electrodes and the separator, which led to limitations in operating current 
density (0.8 – 2.0 kA/m2). To advance from ‘Traditional AWE’ to ‘Advanced AWE’, we 
have realized:

…from the lessons of the previous slide

https://www.google.nl/maps/place/8160+Glomfjord,+Norway/@66.8377564,9.4614133,6z/data=!4m5!3m4!1s0x45df7cd4227738db:0x934405b92e4666ae!8m2!3d66.8166325!4d13.9440435
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• Zero-Gap Technology is another key technology to further reduce
Specific Power Consumption, kWh/Nm3H2)

• Cell Voltage is the sum of different components: thermodynamics,
electrode kinetics (minus electrocatalytic coating contribution),
ionic-ohmic loss, and structural-ohmic loss

• A properly designed electrode components/package minimizes
ionic-ohmic and structural-ohmic losses

• Zero Gap removes the ionic-ohmic drop related to inter-electrodic
gap: a significant cell voltage reduction is obtained!

• In finite gap cells, there’s space between the cathode and the
diaphragm, a space representing an ohmic drop penalizing cell
voltage

• In zero gap cells, the electrodes are directly placed in contact
with the diaphragm, usually with some force

• An important distinction is made between “fixed zero-gap”
cells and “dynamic zero-gap” cells

Critical design change enable Advanced AWE

Different designs for alkaline electrolytic cells. 

Figure (a) shows a conventional cell design with a 

well-defined spacing between the electrodes, 

figure (b) shows the zero-gap design in which the 
electrodes are directly placed in contact
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Motivation to improve upon existing electrode packages

Anode and cathode advanced electrodes are 
continue to make liquid-AWE more attractive

Items that must be addressed wholistically:
• Continue to push higher current density (already achieved >10 kA/m2), thus 

reducing CAPEX intensity and Stack Footprint
• Reduce Power Consumption through Lowering Cell Voltage
• Ensure Lifetime stability (integration with renewables)
• Use for Atmospheric & Pressurized Alkaline Water Electrolysis

Cost-efficient coatings will contribute greatly to the reduction of LCOH in all markets
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Advanced AWE is already available

• Advanced Electrodes and Catalytic Coatings are among the key components for Advanced Alkaline Water
Electrolysis systems, and their integration into Zero Gap AWE designs being realized now. However, further
improvements will need to be realized to match LOCH targets in a broader range of applications and regions.

Activated Electrodes Other Zero-Gap Cell Components

December 12th, 2021: https://www.rechargenews.com/energy-transition/world-s-first-giga-scale-green-hydrogen-electrolyser-set-for-saudi-mega-city-after-thyssenkrupp-deal/2-1-1122277
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Challenges in designing electrodes for the continuous 
improvement Advanced AWE
Given the target (high) operating current 
density, low cell voltages, durability 
expectations, and other process 
conditions – electrodes should be 
designed as follows:

• High Catalytic Activity
• High Surface Area
• High Conductivity
• Reduced Bubble Effect
• High Permeability and Wettability

Unfortunately, the lessons learned from IEM systems are not directly 
applicable to advanced liquid AWE systems.  This becomes more obvious 
as other components are integrated within the design of the electrolysers, 
such as current collectors and bipolar plate interfaces. Here, the catalyst 
needs to be applied to MASSIVE metal substrates (vs polymer-binded
catalyst).

• Manufacturability!

Consider an “activated” electrode, and 
challenges associated with the achieving 
optimal design:
• Stability (structural)
• Stability (chemical)

Taken from Haverkort et al. J. Power Sources (2021)  

Taken from Schalenbach et al. Int. J. Electrochem. Sci (2018)  
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A Classical Example from High Surface Area Nickel Electrodes

Raney, Raney-like, skeletal, sponge Nickel

How they are made impacts performance

Taken from Razmjooei et al. Scientific Reports (2020)  Taken from Fernández et al. InTechOpen (2012)  Taken from Boruciński et al. J. Applied Electrochemistry (2012)  
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Opportunities for further improvement in 
the development of “advanced electrodes”

• Advanced coated electrodes are still the key to unlocking robust, 
durable, and efficient electrolysers

• Variability in the production processes can impact measured 
performance of high surface area electrodes, considering the scale 
required for Green Hydrogen (millions of meters-squared of 
electrodes needed by 2030)

• The role of Nickel oxidation on activity throughout the expected 
lifetime of the electrodes (at the bulk and at the interfaces) may 
impact lifetime if not properly protected

• Coatings enhance drastically the cell efficiencies which will lead to 
realizing sustainable, non-noble metal catalysts

• On a system-level, controlling for electrolyte impurities (in the 
case of nickel-iron oxyhydroxides) remains important

• Not only to guarantee high performance, but also to 
protect masking of the catalytic coatings

This just serves as a taste of the challenges that remain, especially 
considering that a primary benefit of AWE is to reduce or eliminate 
the need for PGMs, as efficiency and power density increase for 
advanced alkaline water electrolysis, ultimately lowering the 
expected LCOH in every market.

Taken from Razmjooei et al. Scientific Reports (2020)  

Taken from Trotochaud et al. J. ACS (2014)  
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Porous Transport Layers serving as current 
collectors for PEMWE

Figures of Merit
• Ohmic

• Mass Transport

• Mechanical (1500 cm2)

• Thermal

• Interfacial Roughness

• Porosity

versus Current Collectors (Advanced-AWE)

Figures of Merit

• Structural-Ohmic (welding vs. compression)

• Avoid hot spots

• Mechanical (3 m2)

• Need for elasticity and rigidity (differential 
pressure)

• Chemical

• Inhibit oxidation through welding or coatings

• Manufacturability

• Scale of the components

• Nickel-plated components

Current Collectors and Bipolar Plates and how they differ 
from PEM Systems
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Separators and Electrolytes in 
Alkaline Water Electrolysis 
From Asbestos to Zirfon® Note: Carcinogenic asbestos was phased out. This led to a transitory period where PPS 
fabrics mainly replaced the diaphragms in AWE systems – until reinforced and hydrophilized inorganic oxides 
were realized

What properties matter for AWE:

• Durability (Mechanical &Chemical)

• Handling (reinforcement + flexibility)

• Pores (Pore Size, Pore Distribution, Porosity)

• Thickness

• Electrical Resistance

Comparison to PEMWE (Solid Polymer Electrolytes)

• Conductivity is more dependent on liquid KOH

• Gas permeability must be better controlled for

• Thermochemical and thermomechanical 
degradation mechanisms differ

Top: Grundt et al. Int. J. Hydrogen Energy (1981). Middle: de Groot  . Bottom: Schalenbach et al. Int. J. Electrochem. Sci. (2018)
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Open Challenges for 
Diaphragm|Electrode Interfaces

Areas to improve understanding

• Bubble management (even nanobubbles)

• In the electrolyte

• On/around the electrode

• Electrode Geometries

• Current Distribution

• Concentration gradients?

• Modelling the interface

Both taken from de Groot et al. Electrochemica Acta (2020)  
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Integration & Sustainability 
Challenges
❖ Individual component advancements must be realized by their 

integration into the stack, for every customer

❖ Remaining issues are compounded as the stack becomes longer 
and larger

❖ Hydrodynamics

❖ Mechanical Tolerances

❖ Sealing

❖ Power Control & Distribution

❖ Efficiency Losses (shunt/parasitic currents)

❖ Intermittency plays a role at the system, stack, and component 
level

❖ Displays the need for standardized testing protocols

Operating Conditions 
(variable)

Temperature

Current Density

Load Profile (Intermittency)

Electrolyte (KOH)

Materials Selection (variable)

Nickel

Ni Plated SS

Polymeric Choices

Standardization of Testing Protocols
Sustainability (reduction and 
recycling of CRMs)

…system-level challenges addressed in another presentation

Recycling Critical Raw Materials

❖ Benefits
❖ Secondary supply, reducing reliance on primary supply and alleviates 

environmental burdens

❖ Challenges
❖ Different metals require different recycling technologies amidst varying rates
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Wrap up

• Lessons learned from adjacent applications can be leveraged as 
sources of inspiration

• Traditional AWE ≠ Advanced AWE

• There remains improvements to be made on each component, on 
each interface, and on each scale

• Integration of advanced components into new designs is not trivial

• Sustainability is paramount

Thank you!






