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Fraunhofer Institute for Solar Energy Systems ISE
Performing research for the energy transition for over 40 years.

The Institute in Numbers

Institute Directors
Prof. Dr. Hans-Martin Henning
Prof. Dr. Andreas Bett
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Employees ca. 1500
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Budget 2023
Operation €122.9 million
Investment € 20.1 million
Total €143.0 million
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Fraunhofer Institute for Solar Energy Systems ISE
Hydrogen and batteries are integral components of the energy transition!

Photovoltaics -
Materials, Cells,
and Modules

Solar Power Plants
and Integrated
Photovoltaics

Power Electronics
and Grids

Sl Hydrogen
m— Technologies
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Photovoltaics —
Production Techno-
logy and Transfer

Climate-Neutral Heat

and Buildings

System Integration

Electrical Energy
Storage
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Fraunhofer Institute for Solar Energy Systems ISE
Business Area Hydrogen Technologies: Defossilization of Transport, Chemicals, and Industrial Processes
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Electrolysis & H, Infrastructure Sustainable Mobility Sustainable Synthesis Products
Membrane water electrolysis as Membrane fuel cells, sustainable Catalyst & process development
basic technology for renewable fuel internal combustion engines, including life cycle and techno-
energy carriers and fuel infrastructure economic assessment

9 30 years H, experience -&3 170 employees il 20 Mio € annual budget
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Outline of the Talk

Introduction to FraunhofeM
The Hydrogen Value Chain
Conventional production technologies
Electrochemical approaches

Emerging technologies

The colors of hydrogen
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Todays Hydrogen Value Chain
Global hydrogen use reached 95 Mt H2 in 2022

L U[0EE Refining
Natural 69 Mt H,
gas - of which <0.4 Mt H, produced with CCUS
of which <0.7 Mt H, produced with renewables Demand
|5 Ammonia |- for pure
Dedicated ' hydrogen
production
Coal EENICE QOTMHR, Transport
4 Mt H?
2 Mtoe Other  _
il
Electricity 2 Mtoe ; B
fother L2 UREE Methanol
AMtH, Demand for
48 Mt H DRI i hj'_ch'ugen
R e il OF wehich <0.3 Mt mﬂfurﬂ e
H. produced with o gases
hydrogen Kaflakisesis 26 Mt H, [l
FEVIE WAL ES 3 E.g. I-Ea-l
6 https://world-nuclear.org/information-library/energy-and-the-environment/hydrogen-production-and-uses
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Todays Hydrogen Value Chain
Global hydrogen use reached 95 Mt H2 in 2022 — and will grow further!

Matural
gas
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production

Coal
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Refining
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Steam Methane Reforming
Coal Gasification
Partial Oxidation

Water Electrolysis
Chlor Alkali Process

https://world-nuclear.org/information-library/energy-and-the-environment/hydrogen-production-and-uses
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Global annual demand for hydrogen according to [EA
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Conventional Hydrogen Production Technologies
Steam Methane Reforming Process (SMR process)

= Two reaction: reforming and shift

= Steam-methane reforming reaction
CH, + H,0 = CO +3H, AHgp = +206.2 Kk]/mol
Highly endothermic

nickel-alumina catalysts
= Water-gas shift reaction

CO + H,0 = €O, + H,
Slightly exothermic

AHgp = —41.2 KJ/mol

iron oxide—chromium oxide catalysts

= Optimal SMR reactor operating conditions:

Temperature: 800 - 900 °C
Pressures: 20-30 bar
Molar steam-to-carbon (S/C) ratio:  2.5:1 - 3:1
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Feedstock Purification Stearmn Reforming Shift Conversion

Steam

HTS

=

350°C

)

=

Fo—-
Hydrocarbon
Feed

—

LTS

.

230°C

=

Product r -
Hydrogen

Methanation COz Removal

&

Process Condensate

General scheme of a steam methane reforming plant. Methanisation: Convert
residual CO & CO2 back to methane, which is mixed into the feedstock again.
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Conventional Hydrogen Production Technologies
Steam Methane Reforming Process (SMR process)

|
S — — R =
[;!IIHHI ? 25,000 Nm3/h ‘
1] ' ‘ :
l“f'l" AR
| . B {
Figure 9. Reformer t"ur;mcc. Tube and burner arrangement. Topsoe design, In the non-fixed A S .
end of the tubes thermal expansions of the tubes are absorbed by hairpins. The pre- A=
heated gas (673-773 K) is distributed to the inlet hairpins (low alloy steel or stainless steel), : 7 :
and the exit gas (9731173 K) passes via high alloy hairpins (incoloy etc.) to a bricklined X m U &
collector system S S —ia e ; ; =
20 = A TN S e —
-|— b = i g ]l"l“ — >r N /’\\ e c—— 5
ube and burner arrangement in a reformer furnace. Steam Methane Reforming Plant from Air Liquide in Dormagen, Germany
- (Annual production capacity: 22 kt/a H, and 120 kt/a CO).
https://www.airliquide.com/group/press-releases-news/ZO1 5-04-17/air-liquide-starts-large-hydrogen-production-unit-germany )
©Fraunhofer ISE 2024-11-07 F. D. Lomax (2001): Application of Concurrent Development Practices to Petrochemical Equipment Design. Engineering, % Fraunhofer
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Conventional Hydrogen Production Technologies
Coal Gasification (biomass could be used as well)

550°C 800-1100 °C 1350-1600 °C
= Production of coal gas, a type of syngas Moving-Bed Gasifier Fluidized-Bed Entrained Flow
. o . . ' (Dry Ash) Gasifier Gasifier
mixture consisting primarily of carbon monoxide (CO), Conl Gas cosl  Steam, Oxygen

hydrogen (H2), carbon dioxide (CO2), methane (CH4),
and water vapour (H20)

= Main process: coal is blown through with oxygen and - o
steam (water vapor) while also being heated E::::::g
C+0,=C0, AHp = —393.5 Kk]J/mol Gasification

Combustion . [combustion

C+H,0, = CO+H, AHg=+131.38Kk]/mol

Synthesis gas production

7

Steam, Oxygen

CO+ H,0=C0O,+H, AHp=-41.2K]J/mol or Air v
. . Ash

Water gas shift reaction @

a

CO +3H, = CH, + H,0 AHgz= —206.2 KkJ/mol

Methanisation

2

Steam, Oxygen

10 S. Kaneko: Integrated Coal Gasification Combined Cycle: A Reality, Not a Dream. J. Energy Eng., 2016, 142(2): E4015018
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Combustor

Reactor
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—» Gas

Major configurations for coal gasifiers: (a) moving-bed gasifier (dry ash); (b)
fluidized-bed gasifier; (c) entrained flow gasifier
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Conventional Hydrogen Production Technologies
Coal Gasification (biomass could be used as well)

Gas clean- CO/H2
Oxygen Particulate Mercury —Up plant separation
Carbon scrubber removal

mixture consisting primarily of carbon monoxide (CO),  feedstock | 92
hydrogen (H2), carbon dioxide (CO2), methane (CH4), r@,
and water vapour (H20)

= Production of coal gas, a type of syngas

Syngas
conversion

= Main process: coal is blown through with oxygen and
steam (water vapor) while also being heated

C + 02 = COZ AHR = —393.5 k]/m()l Milling and Sulfur P i Methanol
Combustion mixing with el hc% l% 1
water annyariae v Methal-acetate
plant plant _

C+H,0, = CO+H, AHg=+131.38Kk]/mol

Synthesis gas production

CO + H,0 = CO, + H, AHgz= —41.2kJ/mol

Water gas shift reaction

CO +3H, = CH, + H,0 AHgz= —206.2 KkJ/mol

Methanisation

Methyl

Acetic acetate 5
anhydride -

Wastes (Boiler slag) L ] : :
Water Acetic acid

oif!

<02
s Sboe]

Coal Gasification Process Unit with different steps of purification and removal of
impurities and typical down-stream application

" https://coal.gov.in/sites/default/files/ncgm/pmicg-jp.pdf
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Conventional Hydrogen Production Technologies
Coal Gasification — typical industrial applications

In the Past: Town Gas

o =

S

© Aerial photograph of a gasworks in Berlin
(ca. 1926) — Greifswalder/Danziger Streets

= Historically, coal was gasified to
produce “coal gas”, or "town gas”
for municipal lighting, heating and
cocking before the era of natural gas

Syn Gas for Chemistry
r'

Air Proucts' LL-J'ﬂ c‘oa'I‘ éésiﬂcation project located in
Shanxi Province, China

= Coal to Chemicals in China: The
country produces more than 90 % of
its ammonia and more of 70 % of its

methanol through coal gasification

12 https://thaelmannpark.wordpress.com/geschichte/

©Fraunhofer ISE

https://www.airproducts.com/company/news-center/2018/11/1101-air-products-luan-coal-gasification-project-in-china-fully-onstream

public https://www.powermag.com/japan-ushers-in-new-era-for-igcc-coal-power/

Syn Gas for IGCC Coal Power

T o T TR

e

543-MW Nakoso IGCC power plant in in Japan’s
Fukushima prefecture

= Integrated coal gasification combined
cycle (IGCC) plants combines coal
gasification in a furnace - to derive
syngas for efficient CHP process
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Electrochemical Hydrogen Production
Water Electrolysis as core technology for sector coupling with RES

= Water electrolysis is an electrochemical process in which water is ©) ﬁ I' ‘ | ;_m @)
split into its components oxygen and hydrogen using direct current
H,0 = H,+ %0, AHp= +285.6Kk]J/mol Ser:qi:::ggiaeb'e
Endothermic process Iﬁl_l_l:ai
Reversible cell voltage: V., = 1.23 V at STP 5 —
= Basic design of an electrolytic cell ge- 0, E My Je
Two electrodes 9 (f:ﬁ ]
Anode: H,0=>%0,+2H"+2e" <gr. zHOE g
Cathode: 2Ht"+2e = H, L o E Acid medium
lon conductive electrolyte General principle of a water electrolysis cell with a waterey acid as electrolyte
Separator (diaphragm/membrane) = Open EL cell: oxyhydrogen !!
External DC power source = Separated half-cells by semi-permeable membrane

—> separated gases

13
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Electrochemical Hydrogen Production
Water Electrolysis: Different electrolysis technologies exist but technology readiness levels vary.

Low Temperature (Water) Electrolysis High Temperature (Steam) Electrolysis

CoSOEL

14
= Fraunhofer
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Electrochemical Hydrogen Production
Water Electrolysis: Different electrolysis technologies exist but technology readiness levels vary.

Electrolyte / ion
Temperature/pressure
Electrodes

Typical cell voltages
Typical current density

Power density

15
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Alkaline Electrolysis
Liquid KOH / OH"

70 -90 °C/atm. - 30 bar
Nickel / Iron (Raney)
1.8-21V
0.2 -0.8 A/lcm?
0.4-1.7 W/cm?

PEMEL

Membrane / PEM electrolysis

Solid acidic membrane / H+

60 - 80 °C/ 15 - 50 bar

Noble metals (Pt, Ir)
1.7-20V
1.5-3.0 A/lcm?
2.6 — 6.0 W/cm?

© |ldaho Lab

HTEL Al €

High-temperature Electrolysis
Solid Zircon ceramic / O
700 - 900 °C / atm.
Zirconia, Ni-Cermet, Perovskite
1.1-13V
0.5-1.0 A/lcm?

0.6 — 1.3 W/cm?

Z Fraunhofer
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Electrochemical Hydrogen Production
Water Electrolysis: What do we need to operate an electrolysis stack?

Alkaline Water Electrolysis system
High pressure

Gas/water separator Buffer tank__ compressor

= Combined |ye |OOp (KOH) with Feed water supply Ventedixvner
one circulation pump

Natural convection w/o pump
possible

Electrolyser

= Gas-lye separator and scrubber for
gas purification

High pressure
buffer tank

)
Gasholder Wa t&r_ﬁ‘ng F’ To process
’ comprassor

A v

= (Control valves for pressure
regulation)

= Power electronics for DC current 1 ) . B Hydrogen
L 1gh voltac - ™
(reCtIfler) :iu{;r[;l\,rot_g?.o_ IEI lt -\3 </1 " |._ Elev:'?:glr;:go'gnk 1, O}(ygen
. . —0-o— 0D~ — ' Lye Filter - -/
= Recooling unit o e — B \Water/KOH
Transformer
. - . . Water

= Gas handling (purification, drying

and compre55|on) Typical system layout of an alkaline water electrolysis system including hydrogen compression
16 IRENA (2020): Green Hydrogen Cost Reduction: Scaling up Electrolysers to Meet the 1.5 °C Climate Goal, International Renewable Energy —

; =

OFraunhofer S 2024-11-07  Agency 2020, Abu Dhabi. ISBN: 978-92-9260-295-6 ~ Fraunhofer
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Electrochemical Hydrogen Production
Water Electrolysis: Comparison of energy consumption on stack and system level

. , 7.5
= Electrical energy demand for electrolysis stacks . m AEL stack (atm)
and systems decreases with hydrogen E 0 = AEL stack (press)
production capacity £ AEL module (press)
= The electrical energy demand of the stack is 2 es 4 PEMEL stack
o . 9y . ~ PEMEL system
limited by the higher heating value 2 0
(HHV = 3.54 kWh Nm-3) £
. O 55 {mg d
= Additional energy demand from the system % ule (press,)
Power electronics e 504 & g @
= A aCE?;);-e-S-S ------------ &D_ﬂ‘l S Em OB A
Pumps .g 45 -4 o 3 R E‘Eﬁl-"-iéﬁ_A s A
= A A A A A A mERE _D_:_ﬂ_-a-@-u. .
: . m_ T e e R
ReCOOhng &’ 40 = = m . m Stack latm.)
Gas processing Higher heating value (HHV @ SATP)
(purification and drying) 35 T T T T T T
1.0 10.0 100.0 1,000.0 10,000.0

Nominal production rate / Nm3 H, h-!

Electrical energy demand at rated power - Manufacturer specifications (2010 — 2020)
17 —
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Electrochemical Hydrogen Production :LCou;ngfon;}B\\
To date largest water electrolysis installations in Europe are still in the pilot plant range. "‘\ff{uz*dafj& J
— ~~~~~~ II

7

%

“ 4
—
=
i
)
[
>
Aoz
G
]
—
<

b 32:_' B

oo
A

&

[
=
L'_
—
v
>
v
e

d \

HySynergy facility from Everfuel (NEL Hydrogen)  MultiPLHY project @ Neste’s refinery (Sunfire) REFHYNE project @ Shell refinery (ITM Power)
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Electrochemical Hydrogen Production
Water electrolysis plants on a gigawatt scale will be built according to the numbering-up principle.

A l

tist's impression of advanced AEL stacis (19.6 MW,

1: Entrance 8: Electrolyzer buildings
2: Main building

3: Water purification

9: Compressors

10: Purification system

4: HV transformers 11: Hydrogen

5: Transformer-rectifiers 12: Heat integration ready

6: Pipe rack 13: Cooling

7: Gas-liquid separators ’ 4: Oxygen

19 ISPT (2022): A One-GigaWatt Green-Hydrogen Plant. Final report of the Hydrohub Gigawatt Scale Electrolyser project.

OFraunhofer ISE 2024-11-07  Nttpsi//ispt.eu/projects/hydrohub-gigawatt/ ~ Fraunhofer
public ISE



Electrochemical Hydrogen Production
Chloralkali process: Hydrogen as by-product

Industrial process for the electrolysis of sodium chloride (NaCl)
solutions to produce chlorine (Cl,) and sodium hydroxide (NaOH)

2NaCl + 2H,0 = Cl, + H, + 2NaOH AHyp = +454 kJ /mol
Endothermic, energy provided by electricity

CI2 «;{q
= Anode: Oxidation of chloride to chlorine
Legend
2Cl" =>Cl, +2e”
= |nput
= Membrane: semipermeable (ion-selective) 26% NaClmp T5= o
counterion Na* can pass -
o Na'
anions OH- and Cl- cannot diffuse across o o
= Cathode: Water is reduced to hydroxide and reacts _,,, - e
with counterion Na* to produce caustic soda oo
Tn H:
2H 2e > H 20H . . . .
20+ 2e 2 +20 Basic membrane cell used in the electrolysis of brine
Na*™ + OH™ = NaOH
20 H. Ito, A. Manabe: Chlor—alkali electrolysis. In T. Smolinka, J. Garche (Eds.): Hydrogen Production by Water Electrolysis, Elsevier book series -—
OFraunhofer ISE 2024-11-07  ISBN: 978-0-12-819424-9 (https://doi.org/10.1016/C2018-0-05096-3) ~ Fraunhofer

public https://en.wikipedia.org/wiki/Chloralkali_process
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Electrochemical Hydrogen Production
Today, chlor-alkali industry is one of the largest electrochemical operations with 58 Mt/a of chlorine

In the past Nowadays

%

ermany from thyssenkrupp (commissioned

Cell room of a chlorine-caustic soda plantin E@ewood; I\/Iéfyland

(six banks ok 74 cells each based on the mercury process) 2007) with a capacity of 236,900 t/year of NaOH and 210,000 t/year of Cl,.
= The chloralkali process has been in use since the 19th = Today membrane process is the only technology adopted for
century, starting in 1893 new installations (least energy-demanding, higher purities)

https://en.wikipedia.org/wiki/Chloralkali_process
©Fraunhofer ISE 2024-11-07 https://www.chemanager-online.com/news/chloralkali-industrie-neue-membran-von-asahi-kasei-senkt-stromverbrauch % Fraunhofer
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Emerging Hydrogen Production Technologies
Methane Pyrolysis: Avoiding carbon dioxide emissions by direct cracking

= Methane cracking is a chemical process in which methane
(CH,) is broken down at high temperatures into its
components gaseous hydrogen and solid carbon

CHyyy=> Cisy+2Hy g AHp=74.6Kk]/mol
Endothermic process
High-temperature heat at 800 — 1200 °C required
Absence of oxygen is crucial to prevent CH, combustion
= Production of carbon-neutral (natural gas) or even carbon-
negative (biogas) hydrogen is possible
= Further benefits
Carbon sequestration
Integration of renewable energies (heat demand)

Utilization of carbon (construction, electronics)

22 Schneider et al. (2020): Verfahrensulbersicht zur Erzeugung von Wasserstoff durch Erdgas-Pyrolyse. Chem. Ing. Tech. 2020, 92, No. 8, 1023-1032
Heinzel et.al. (2017): Liquid Metals as Efficient High-Temperature Heat-Transport Fluids. Energy Technology, 2017, 5, 1026-1036

©Fraunhofer ISE 2024-11-07

H,/C/CHa Filter
<t
o o, 2 :
bxhblags < ——) Carbon
O £ powder
Heat Power | Liquid

Metal

Reactor GiasiSepalh'atior Hydrogen )
E.g. alkali metals (Li, Na, I

K, and their alloys)

Process flow diagram for
CO2-free hydrogen
production based on a
liquid-metal bubble
column reactor

Recycling

.
' temperature
lance

quartz glass
reactor tube

quartz glass rings

Experimental setup at KIT (Karlsruhe Liquid Metal Laboratory) and carbon black as
solid product of the methane pyrolysis (bottom)
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Emerging Hydrogen Production Technologies

Methane Pyrolysis: Avoiding carbon dioxide emissions by direct cracking

= Methane cracking is a chemical process in which methane
(CH,) is broken down at high temperatures into its
components gaseous hydrogen and solid carbon

CHy(g) = Cisy+2Hy(y AHp=74.6Kk]/mol
Endothermic process
High-temperature heat at 800 — 1200 °C required
Absence of oxygen is crucial to prevent CH, combustion
= Production of carbon-neutral (natural gas) or even carbon-
negative (biogas) hydrogen is possible
= Further benefits
Carbon sequestration
Integration of renewable energies (heat demand)

Utilization of carbon (construction, electronics)

23 Schneider et al. (2020): Verfahrensulbersicht zur Erzeugung von Wasserstoff durch Erdgas-Pyrolyse. Chem. Ing. Tech. 2020, 92, No. 8, 1023-1032

©Fraunhofer ISE 2024-11-07
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diskontinuierlich an
Ofenausmauerung

Thermische
Spaltung

in Flissigmetall

Katalytische
Spaltung

Categorization of methane pyrolysis processes according to Schneider et al.

an Kohlenstoffgranulat

an Metall-Katalysator

an Metall-Katalysator

an Kohlenstoff-
Katalysator
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Emerging Hydrogen Production Technologies
Methane Plasmalysis: Thermal process using plasma to crack gaseous organic compounds

= Plasmalysis describes the plasma-chemical dissociation of
organic and inorganic compounds (e.g. C-H and N-H
compounds) in interaction with a thermal/non-thermal
plasma between two electrodes

CH4_(g) ﬁC(S)‘FZHZ(g) AHR=74'6k]/mOl

= Typical features of methane plasmalysis
electrochemical process that requires a voltage source

high-frequency plasma field between graphite electrodes
(automatic replacement every 100 hrs)

recycled hydrogen as working gas

Temperature range: 1300 — 1500 °C

1 kg C(s)

Approx. 98% of methane is converted
Simplified principle of a plasma-chemical dissociation of methane in a high-

Efficient conversion process: ~ 10 kWh,/kg H, frequency plasma field. The feedstock used for the plasma is recycled hydrogen.
24 https.//www.graforce.com/produkte/methan-plasmalyzer —
©Fraunhofer ISE 2024-11-07 https://www.spark-cleantech.eu/technology/ % Fraunhofer
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Emerging Hydrogen Production Technologies
Methane Plasmalysis: Thermal process using plasma to crack gaseous organic compounds

= Plasmalysis describes the plasma-chemical dissociation of
organic and inorganic compounds (e.g. C-H and N-H
compounds) in interaction with a thermal/non-thermal
plasma between two electrodes

CH4_(g) ﬁC(s)‘FZHZ(g) AHR=746k]/mOl

. i 5 (Decarbonized)
.?- Process input \.@}/ Production phase ﬁ output products

Plasmalyzer

P Associated gas / : ?I)('dl;'ogen
% Natural Gas/ : gH,

: - biomethane — S

i » o :
- Carbon black

Fkac

(Renewable) : ‘/ e A G S S A S B A A o A B
§ w electricity — ]| g

10 kWh / 36 kWh (Biogas) : Industrial-grade heat |

: - Biogas ; e
: A 15kg | Syngas

: Standard biogas, i « lkgH,

: ideally 50% CH4and 50% CO, N 14kg CO

25 https.//www.graforce.com/produkte/methan-plasmalyzer
©Fraunhofer ISE 2024-11-07 https://www.spark-cleantech.eu/technology/
public

Containerized protopye Methane Plasmalyzer® from German company Graforce.

Plasmalysis process can be operated with different feedstocks and in different way
resulting in different products.

\
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Summary Hydrogen Production
Overview of the various processes

Feedstock Water © Fraunhofer ISE 2024
Salt (NaCl) Natural gas / Coal /
biogas biomass
Energy
e
>
o Water Chlor-alkali g Pyrolysis/ | Reforming | Gasifica- J High temp. 5 Photobio- Photo-
= | electrolysis | process s Plasmalysis tion water % logical electro-
% = splitting w process chemical
0 £ K process
2 kS
[ o
Product H, Cl, / NaOH H, H, H, H,/H H, H,
¥ E— 2 ¥ 2 ¥ ¥ ¥
By-product o, H, Ce) co co 0,/0 o, o,

©Fraunhofer ISE 2024-11-07
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Summary Hydrogen Production
What are the colours of hydrogen and what do they mean?

= All hydrogen production

. Grey Blue Green
processes have a certain CO, Hydrogen Hydrogen Hydrogen
fOOtp rint. Process: Process. Process:

: Steam Reforming .
- Steam Ref
= Colors are assigned to the Sl SEIOMTNE With Carbon Capture Flectrolysis
processes to describe cource e Source: e
sustainability (GHG emissions), Natural Gas ﬁo Natural Gas el e /{\,—,_;.
. . r 7 7 4
although this colour code is not Energies ——
uniformly standardized. -
= These colors have become Bdlack " I:Iink T#rguoise I_‘lrﬁllow
: . Hydrogen ydrogen ydrogen ydrogen
established in everyday language. —— —= S—=
. Gasificati Electrolysi i i
= An assessment of sustain- asftication CClroysis Pyrolysis Electrolysis
I . . . Source: W HIZIXZ S . S :
ability is not possible with the Nuclear | g% Natol c‘?;%&@ oy
Ener 17T ah
colors of hydrogen, as the & Gas Enersy o
process chains can be carried
out differently in detail.
27 https://www.acciona.com.au/updates/stories/what-are-the-colours-of-hydrogen-and-what-do-they-mean/ —
©Fraunhofer ISE 2024-11-07 % Fraunhofer
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Summary Hydrogen Production

Take home messages

Hydrogen has been
a common feed-
stock in the
(petro)chemical
industry for over
100 years and is

gaining importance
as energy carrier
and storage
medium for the
transformation of
the energy system
towards RES.

28

©Fraunhofer ISE 2024-11-07
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Today, hydrogen is mainly produced by steam reforming from natural gas and coal
gasification, which emits significant amounts of carbon dioxide. Carbon Capture,
Utilization and Storage (CCUS) can be used to minimize greenhouse gas emissions.

The main process for sustainable hydrogen from renewable energies is
electrochemical water splitting , also known as water electrolysis. Various
technologies exist, which can also be realized on a gigawatt scale.

The production of hydrogen is also possible from biogenic sources and residues
using establish processes such as fermentation, reforming, and gasification, or
emerging technologies as pyrolysis and plasmalysis.

Further sustainable approaches exist to produce hydrogen directly from solar energy,
as photoelectrochemical and photocatalytic, solar thermochemical and
photobiological processes (all not introduced in this presentation).
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Thanks a lot for your
kind attention!
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Hydrogen Technologies
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