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Energy transfer or conversion
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Ampéremeter e | @
® |
Two electrodes (cathode, +, and anode, -) are immersed in ~ |
a conducting liquid (melt / solution). Voltmeter
When a potential difference is applied, the electric current @
reacts.
On the cathode a reduction takes place, generating
electrons. Kationen (+)
Those are transported to the anode, where an oxidation o .
occurs. < —>
< B e =
N — —> B
Water dissociation: = Anionen (-) [
2H,0 22H,+ 0, k

Chloralkali process:
2NaCl+2H,0 2Cl,+ Hy+2NaOH



Water Electrolysis

Electrical energy
to HO
Chemical energy /
Autoprotolysis: o A
2H,0 2 H;0" + OH™ ) :
Anode: zuurstof 0 —@
40H" 2 0,+2H,0+4e”
Eo(an) =0.815V @—— waterstof Hp
CathOde: + - o kathode (-)
2H,0" +2e” 2 H, +2H,0 et =

E0(cat) = -0.414 V J 1
Required potential: + | : i g
V2V, V =0.815-(-0.414)=1.229V

node ~ Vv cathode

NB: when the pH changes, E(an) and E(cat) change as well, hence the required potential changes!



Electrolysers

Electrical energy

Technology readiness levels of electrolyser technologies
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Alkaline Electrolysis

Alkaline (ALK) Electrolyser (AEL) / Alkaline Water Electrolyser (AWE)
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Alkaline electrolysis stack (most common) materials () (e}

*Diaphragm: historically asbestos, now Zirfon (ZrO, / —
polysulfone polymer) .

Electrolyte: potassium hydroxide (KOH) H, === | = O,
*Electrode: nickel mesh
*Bipolar plates: nickel-coated stainless steel Cathode Anode

2H,0 + 2e" - H, + 20H 20H - H,0 + 1% 0, + 2¢

Alkaline electrolyser system components

*Stack -
*O,-liquid separator KOH/H,0 e J &
*H,-liquid separator -
GDL Diaphragm
*Electrolyte pumps Flow field separator plates Flow field separator plates

Cathode Electrode (Ni) Anode Electrode (Ni)



AEM Electrolysis

Anion Exchange Membrane (AEM) Electrolyser

AEM electrolysis stack (most common) materials
*Diaphragm: solid polymer
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*Electrolyte: potassium hydroxide (KOH) or pure water H,, Gt

*Electrode: nickel mesh
*Bipolar plates: nickel-coated stainless steel

AEM electrolyser system components
*Stack

*O,-liquid separator
*H,-liquid separator
*Electrolyte pumps

Cathode
2H,0 + 2e > H, + 20H

1M KOH/H,0 e

Flow field separator plates

Cathode Electrode (Ni)

Membrane

Anode
20H - H,0 +%0, + 2e"

Flow field separator plates

Anode Electrode (Ni Fe Co)



PEM Electrolysis

Proton Exchange Membrane (PEM) Electrolyser
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PEM electrolysis stack (most common) materials
*Proton exchange membrane: Nafion®

*Electrode: iridium oxide (IrO,, an) / platinum (Pt, cat) el == o,
*PTL (porous transportation layers): titanium (Ti, an), carbon = | -
paper / titanium (cat)

*Bipolar plates: titanium Pt-coated, an / Au-coated, cat

Cathode a Anode

2H' +2e'= H, H,0 - 2H*+ %2 0, + 2¢’

PEM electrolyser system components

*Stack " |
o H, $==| ¥ Nl | 4== 1,0
*O,-liquid separator |
H.-liqui }
H,-liquid separator e Membrane \PTL X
Flow field separator plates

Flow field separator plates
*Water pumps
Y P Cathode Electrode (Pt/C) Anode Electrode (Ir0;)




Solid Oxide Electrolysis

Solid Oxide Electrolyte Cell (SOEC) / High Temperature (HT) Electrolyser
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L.

SOEC electrolysis stack (most common) materials ; i
*Oxygen exchange membrane: YSZ H, &= | |8 4 Bl == 0,
*Electrode: LSC / LSM / LSCF (an), Ni + YSZ (cat) :
*Bipolar plates: stainless steels (high temperature) with C

athode
protective coating Anode
-Seals: glass, glass-ceramic, mica H,0 +2¢” — H, + 0% 20,y +2¢°
SOEC electrolyser system components H,0 —
*Stack
*Steam generator
*High temperature insulation materials Flow field separator plates Flow field separator plates

Cathode Electrode (Ni/YSZ) Anode Electrode (LSCF, LMS)



Electrolysers

Electrolyser BoP (Balance of Plant) :

*Power electronics (power source, converter AC-DC, rectifier) + automation system Electrical energy
*Water purification to
*Heat exchangers Chemical energy

*Pipes and mechanical structures
*Gas analysis equipment (gas chromatography, GC) to monitor quality and safety of the product

on | AK/AWE | AEM | PEM____| __ SOEC

*Oxygen removal unit and hydrogen

dryer Pros Mature technology High current density High purity hydrogen High electrical
efficiency
*Compressor (often needed to reach o .
desired pressure) Low cost catalyst Low/No alkalinity Wide power range Compact
needed
Simple construction Low cost catalysts Fast ramp rates
High stability Compact (pressurized)
Cons Low current density Not yet commercial Noble metal catalysts Lifetime
Atmospheric, hence Short lifetime Acid resistant Cost of production
bulky materials
Alkaline resistant Temperature sensitie (< Gas cross-over Sensitive to
materials 60 °C) temperature
fluctuations

Gas cross-over Fluorinated membrane



Hydrogen Storage

https://www.youtube.com/watch?v=yWWYIiDTVbRY &t=8s
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Hydrogen Storage

Advantages
« High storage capacity

« Low weight, compared to batteries

Disadvantages
* EXxpensive system
« Round-trip efficiency (electricity to hydrogen to electricity) is low

« Technology only reaching maturity



Chemical energy .
Steam reforming of methane (natural gas)

to

Electrical energy

Basic principle is the reverse reactions of an electrolyser.
Not only hydrogen can be used as a fuel, but other molecules as well; most notably CO (formed by
reformation of a hydrocarbon, e.g. methane).

Two types dominate the market: PEM and SOFC (rSOC).

CH, + H,0 2 CO + 3 H,

Common Operating Typical Stack |[Electrical -
Fuel Cell Type Electrolyte Temperature [Size Efficiency (LHV) Applications Advantages Challenges
Solid electrolyte reduces
e loleeliss corrosion and electrolyte
Polymer Perfluorosulfonic 60% direct H,; |Portable power management roblem}; Expensive catalysts
electrolyte . <120°C <1 kW-100 kW [40% reformed |Distributed generation 9 P Sensitive to fuel
acid . Low temperature . o
membrane (PEM) fuel Transportation . impurities
: : Quick start-up and load
Specialty vehicles :
following
High efficiency High tgmperature
i oo corrosion and breakdown
Yttria stabilized Auxiliary power Ol of cell components
Solid oxide (SOFC)/|_. . 500°-1,000°C |1 kW-2 MW 60% Electric utility Solid electrolyte pon:
zirconia L . . Long start-up time
Distributed generation |Suitable for CHP _—
: . Limited number of
Hybrid/gas turbine cycle
shutdowns




Wide range of applications

Potential for co-generation: heat and
electricity

With hydrogen as fuel, only water as
product
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Hydrocarbons produce CO, and water as

emission
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https://www.linkedin.com/posts/divisionq-nl_greentech-rai-duurzaamheid-activity-7336726924490137600-523q/?originalSubdomain=nl

Electric Battery

Electron =
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to
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In case it is
rechargeable also

Cathode Ele.ctroil'yte Anode

Electrical energy

to
Two electrodes or poles (cathode, +, and anode, -) are placed next to an Chemical energy

electrolyte (ion conductor).

When the poles are connected, chemical reactions produce/consume
electrons at the poles.



Electric Battery

Battery Type [Cathode (+) Electrolyte Anode (-)
Disposable
(only Materials Reaction Materials Reaction
discharge)

Carbon with black 2MnOy, + H,0+2e” . 2t _
Dry Cell manganese  Mn, 04 + 20H- Paste of ZnCl, or NH,ClI [Zinc In—>Zn“" +2e
Alkaline Carbon with black 2Mn0O; + H;0 + 2™ \oaste of KOH Zinc Zn - Zn?* +2e"

manganese - Mn,05; + 20H
Lithium- Carbon with black 2 Mn0O, + H,0 +_2 e Paste of KOH Lithium Li - Li*t + e~
manganese manganese - Mn,0; + 20H
Battery Type |Cathode (+) Electrolyte Anode (-)
Rechargeable [Materials Reaction Materials Reaction

. . Pb(s) + SOZ (aq) + 4 H* L . Pb0,(s) + SO2~(aq)
Lead acid Lead oxide = PbS0.(s) + 2 Hy0 (I) Sulfuric acid solution Lead o PbSO,(s) + 2 e~
Nickel- NiO(OH) + H,0 + e~ Cd + 2 OH-
- . . 2 .
ca_dmlum Nickeloxyhydroxide = Ni(OH), + OH- Paste of KOH Cadmium = CA(OH), +2 e~
(NiCd)
aLa Gl NiO(OH) + H,0 + e~ Metalhydride (e.g MH + OH-
- . . 2 - .
?;ltia;,alall_lr;ydrlde Nickeloxyhydroxide = Ni(OH), + OH- Paste of KOH Fe, Ni, Cr, Co, V, Ti) oM+ Hy0+ e~
. Lithium-metaloxides (e.g. Lit + MO, + e~ o : : s : . 0o
Lithium ion LiCoO,, LINIO,,, LiFePO,) = LiMO, Lithiumsalt in solution |Lithiated graphite LiC - C+ Li" +e
. . Lithium-metaloxides (e.g. Lit+ MO, + e~ : s -

Solid state LiCoO,, LiNiO,, LIFePO,) = LiMO, Solid electrolyte Lithium or silicium

vochtige pasta
van MnO»
en NH4Cl
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Rechargeable Battery
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Home Battery

Advantages
« Store energy generated by solar panels.

« Using an EMS (Energy Management System) you could trade at the energy
market.

* To be used for peak shaving.

Disadvantages
« EXxpensive system.

« Difficult to predict payback time (uncertainties).

=5Ln




Home Battery

CLEAN . Version 6.1
()~ ENERGY Battery Comparison - cost per kWh * Aug 2021
77 REVIEWS *Estimated values in $/kWh per day - including efficiency & predicted capacity loss (1)
0.40
® S per kWh over 10 years
035
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Neighbourhood Battery

Advantages

« Share energy with neighbours (averaging demand).

« Used for peak shaving.

* Preventing additional (expensive) expansion of local grid.

Disadvantages

« Expensive system.

tsganstroom® yo S i
Dit is batterij Rijsenhout

de buurt

et von Lionder. Buures sver arx

hatten drect Fxicht i b owen
2ra3m 2u g ekden, qetr ke
= opzioon daareen atmme.
dagloy ven LyvSmert Lvng,




Content references

What is energy? BBC bitsize
https://www.3m.com.au/3M/en_AU/hydrogen-technology-au/applications/fuel-cells/
https://en.wikipedia.org/wiki/Electrolysis

https://www.iea.org/energy-system/low-emission-fuels/electrolysers
https://www.energy-observer.org/about/vessel

https://www.duurzaambedrijfsleven.nl/industrie/686 1/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.energy.gov/cmei/fuels/comparison-fuel-cell-technologies
https://www.duurzaambedrijfsleven.nl/industrie/686 1/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://watermeln.com/
https://www.linkedin.com/posts/divisionqg-nl_greentech-rai-duurzaamheid-activity-7336726924490137600-
523q/?originalSubdomain=nl
https://www.loomsolar.com/blogs/collections/how-does-the-battery-work?srsltid=AfmBOoppdsv_voKJFgzpK-
AsXu_ 5f3Mon91fiXylUwnPCg9Wik6NDuYr

https://www.aljevragen.nl/sk/redox.html

https://www.quantumscape.com/

https://www.cleanenergyreviews.info/blog/home-solar-battery-cost-quide
https://tegenstroom.nl/zonnepanelen/buurtbatterij-rijsenhout

Books
Ouwehand, J., Trynke, P., Post, E., Taal, A. (2012) Toegepaste Energietechniek, Sdu, Den Haag.
Ouwehand, J., Trynke, P., Gilijamse, W., Geus, J. de (2017) Duurzame energietechniek, Boom, Amsterdam.


https://www.bbc.co.uk/bitesize/articles/zmxrbqt#zcnhtrd
https://www.3m.com.au/3M/en_AU/hydrogen-technology-au/applications/fuel-cells/
https://www.3m.com.au/3M/en_AU/hydrogen-technology-au/applications/fuel-cells/
https://www.3m.com.au/3M/en_AU/hydrogen-technology-au/applications/fuel-cells/
https://www.3m.com.au/3M/en_AU/hydrogen-technology-au/applications/fuel-cells/
https://www.3m.com.au/3M/en_AU/hydrogen-technology-au/applications/fuel-cells/
https://www.3m.com.au/3M/en_AU/hydrogen-technology-au/applications/fuel-cells/
https://www.3m.com.au/3M/en_AU/hydrogen-technology-au/applications/fuel-cells/
https://en.wikipedia.org/wiki/Electrolysis
https://www.iea.org/energy-system/low-emission-fuels/electrolysers
https://www.iea.org/energy-system/low-emission-fuels/electrolysers
https://www.iea.org/energy-system/low-emission-fuels/electrolysers
https://www.iea.org/energy-system/low-emission-fuels/electrolysers
https://www.iea.org/energy-system/low-emission-fuels/electrolysers
https://www.iea.org/energy-system/low-emission-fuels/electrolysers
https://www.iea.org/energy-system/low-emission-fuels/electrolysers
https://www.energy-observer.org/about/vessel
https://www.energy-observer.org/about/vessel
https://www.energy-observer.org/about/vessel
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.energy.gov/cmei/fuels/comparison-fuel-cell-technologies
https://www.energy.gov/cmei/fuels/comparison-fuel-cell-technologies
https://www.energy.gov/cmei/fuels/comparison-fuel-cell-technologies
https://www.energy.gov/cmei/fuels/comparison-fuel-cell-technologies
https://www.energy.gov/cmei/fuels/comparison-fuel-cell-technologies
https://www.energy.gov/cmei/fuels/comparison-fuel-cell-technologies
https://www.energy.gov/cmei/fuels/comparison-fuel-cell-technologies
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://www.duurzaambedrijfsleven.nl/industrie/6861/siemens-opent-fabriek-voor-duurzame-waterstofproductie
https://watermeln.com/
https://www.linkedin.com/posts/divisionq-nl_greentech-rai-duurzaamheid-activity-7336726924490137600-523q/?originalSubdomain=nl
https://www.linkedin.com/posts/divisionq-nl_greentech-rai-duurzaamheid-activity-7336726924490137600-523q/?originalSubdomain=nl
https://www.linkedin.com/posts/divisionq-nl_greentech-rai-duurzaamheid-activity-7336726924490137600-523q/?originalSubdomain=nl
https://www.linkedin.com/posts/divisionq-nl_greentech-rai-duurzaamheid-activity-7336726924490137600-523q/?originalSubdomain=nl
https://www.linkedin.com/posts/divisionq-nl_greentech-rai-duurzaamheid-activity-7336726924490137600-523q/?originalSubdomain=nl
https://www.linkedin.com/posts/divisionq-nl_greentech-rai-duurzaamheid-activity-7336726924490137600-523q/?originalSubdomain=nl
https://www.linkedin.com/posts/divisionq-nl_greentech-rai-duurzaamheid-activity-7336726924490137600-523q/?originalSubdomain=nl
https://www.linkedin.com/posts/divisionq-nl_greentech-rai-duurzaamheid-activity-7336726924490137600-523q/?originalSubdomain=nl
https://www.linkedin.com/posts/divisionq-nl_greentech-rai-duurzaamheid-activity-7336726924490137600-523q/?originalSubdomain=nl
https://www.linkedin.com/posts/divisionq-nl_greentech-rai-duurzaamheid-activity-7336726924490137600-523q/?originalSubdomain=nl
https://www.linkedin.com/posts/divisionq-nl_greentech-rai-duurzaamheid-activity-7336726924490137600-523q/?originalSubdomain=nl
https://www.linkedin.com/posts/divisionq-nl_greentech-rai-duurzaamheid-activity-7336726924490137600-523q/?originalSubdomain=nl
https://www.linkedin.com/posts/divisionq-nl_greentech-rai-duurzaamheid-activity-7336726924490137600-523q/?originalSubdomain=nl
https://www.loomsolar.com/blogs/collections/how-does-the-battery-work?srsltid=AfmBOoppdsv_voKJFgzpK-AsXu_5f3Mon91fiXyIUwnPCg9Wjk6NDuYr
https://www.loomsolar.com/blogs/collections/how-does-the-battery-work?srsltid=AfmBOoppdsv_voKJFgzpK-AsXu_5f3Mon91fiXyIUwnPCg9Wjk6NDuYr
https://www.loomsolar.com/blogs/collections/how-does-the-battery-work?srsltid=AfmBOoppdsv_voKJFgzpK-AsXu_5f3Mon91fiXyIUwnPCg9Wjk6NDuYr
https://www.loomsolar.com/blogs/collections/how-does-the-battery-work?srsltid=AfmBOoppdsv_voKJFgzpK-AsXu_5f3Mon91fiXyIUwnPCg9Wjk6NDuYr
https://www.loomsolar.com/blogs/collections/how-does-the-battery-work?srsltid=AfmBOoppdsv_voKJFgzpK-AsXu_5f3Mon91fiXyIUwnPCg9Wjk6NDuYr
https://www.loomsolar.com/blogs/collections/how-does-the-battery-work?srsltid=AfmBOoppdsv_voKJFgzpK-AsXu_5f3Mon91fiXyIUwnPCg9Wjk6NDuYr
https://www.loomsolar.com/blogs/collections/how-does-the-battery-work?srsltid=AfmBOoppdsv_voKJFgzpK-AsXu_5f3Mon91fiXyIUwnPCg9Wjk6NDuYr
https://www.loomsolar.com/blogs/collections/how-does-the-battery-work?srsltid=AfmBOoppdsv_voKJFgzpK-AsXu_5f3Mon91fiXyIUwnPCg9Wjk6NDuYr
https://www.loomsolar.com/blogs/collections/how-does-the-battery-work?srsltid=AfmBOoppdsv_voKJFgzpK-AsXu_5f3Mon91fiXyIUwnPCg9Wjk6NDuYr
https://www.loomsolar.com/blogs/collections/how-does-the-battery-work?srsltid=AfmBOoppdsv_voKJFgzpK-AsXu_5f3Mon91fiXyIUwnPCg9Wjk6NDuYr
https://www.loomsolar.com/blogs/collections/how-does-the-battery-work?srsltid=AfmBOoppdsv_voKJFgzpK-AsXu_5f3Mon91fiXyIUwnPCg9Wjk6NDuYr
https://www.aljevragen.nl/sk/redox.html
https://www.quantumscape.com/
https://www.cleanenergyreviews.info/blog/home-solar-battery-cost-guide
https://www.cleanenergyreviews.info/blog/home-solar-battery-cost-guide
https://www.cleanenergyreviews.info/blog/home-solar-battery-cost-guide
https://www.cleanenergyreviews.info/blog/home-solar-battery-cost-guide
https://www.cleanenergyreviews.info/blog/home-solar-battery-cost-guide
https://www.cleanenergyreviews.info/blog/home-solar-battery-cost-guide
https://www.cleanenergyreviews.info/blog/home-solar-battery-cost-guide
https://www.cleanenergyreviews.info/blog/home-solar-battery-cost-guide
https://www.cleanenergyreviews.info/blog/home-solar-battery-cost-guide
https://tegenstroom.nl/zonnepanelen/buurtbatterij-rijsenhout
https://tegenstroom.nl/zonnepanelen/buurtbatterij-rijsenhout
https://tegenstroom.nl/zonnepanelen/buurtbatterij-rijsenhout

THEHAGUE

UNIVERSITY OF
APPLIED SCIENCES



	Cover
	Slide 1: Chemical Energy Renewable Energy Integration in the Energy System 

	Presentation
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24

	End Presentation
	Slide 25


