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Abstract

Governments have too high expectations of the of Hydrogen in the Energy
System. This presentation shows what Hydrogen may contribute, and why and
how.
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From Hype to Expensive Failure

excerpt from:

Hydrogen— study Opportunities,
potentials & challenges in the
global energy system®®

published in 2021

For aircrafts, no long—term alternatives to traditional
propulsion with kerosene via jet engines are fore—
seeable because here in particular, high energy
densities with respect to the energy carriers are
crucial. Rising air passenger numbers, however, are
increasing pressure on governments and companies
in the sector to find a sustainable alternative to
fossil fuels. As a raw material or the production of
synthetic fuels, hydrogen will also play a crucial role
in this respect.

Enormous potential

Hydrogen technology has enormous potential to
reduce costs across the entire energy transition and,
like photovoltaic and wind energy, needs start-up
financing. Subsidies for these renewable energies
mean the technologies today produce energy at
competitive prices. Major industrial countries such
as China and Japan, as well as the US Federal State
of California, plus Canada, are increasingly focusing
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on the integration of hydrogen in industry and mo-
bility. Despite having different approaches, the
countries named have two things in common: a
roadmap and a clear government position.

A survey carried out by umlaut among participants
in the future hydrogen industry in Germany paints a
clear picture. Company representatives agree that
sustainably produced hydrogen is unavoidable in the
long—term if our energy system is to be transformed
in line with the energy transition. The international
hydrogen production will fundamentally change
dependencies in global energy trade, and support
Germany and Europe in meeting their demand for
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Germany’s Hydrogen Backbone: Built for a Market That Doesn't Exist
INFRASTRUCTURE =

Who Pays When
the Pipe Is Empty?

H, Backbone Cost:
~$20B

'

Regulated
Recovery:
30-40 yrs

!

Annual Recovery:
~$500-700M

!

Socialized to
Electricity System

Expressing hydrogen in tons reveals the mismatch between infrastructure scale and real demand.

Google Gemini generated this infographic illustrating the stark mismatch between the massive scale of Germany's planned

hydrogen infrastructure and current realistic demand.

400km Hydrogen Pipeline With No Users Will

Raise Germany's Electricity Prices
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What are Viable and Feasible Hydrogen Applications

chemical feedstock; refinery, ammonia, methanol all data from Liebreich?
no alternatives

steel
direct reduction is an alternative

—

process J pulp, paper, food processing and tobacco
industry heat pumps promise better cost performance; direct heat has less losses
glass
heat is too expensive via Hy; direct heat has less losses
heat ~
concrete
_ heat is too expensive via H,; direct heat has less losses
water and space heating
g heat pumps

automotive transport
batteries, electric propulsion

transportation < short haul shipping (~250km), aviation (~1000km)

batteries, electric propulsion

long haul shipping and aviation

energy carrier via H,, e.g. ammonia, methanol, ...

long-term energy storage

storing H, directly or, e.g. ammonia, methanol, ...
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Dutch CO2 Emissions in 2023 per Sector

17
Vier raffinaderijen zorgen voor 7 procent van de nationale CO,-uitstoot
CO, per sector in megaton (Mt) in 2023

Industry 46.6 Mt
Industrie it Agriculture Electricit

6 Mt Mobility 30.6 Mt y o
46,6 Mt 25 Mt 23 5 Mt Buildings
Elektriciteit 173 Mt

Mobiliteit
30,6 Mt Landbouw

25 Mt 23,5 Mt

Gebouwde
omgeving
17,3 Mt

4 grootste
raffinaderijen
10,3 Mt

7% van de uitstoot in Nederland Bron: Nederlandse Emissieautoriteit, PBL

Samen verantwoordelijk voor
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Current Situation: Using Methane Causes CO2 Emissions

energy/
heat

_

D J
CHs, + 20, — COZ + 2H50

from: https://commons.wikimedia.org/wiki/File:Combustion_reaction_of _methane.jpg | added Smileys and energy/heat.
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Relevant Chemistry, 4 Elements Play a Main Role

atoms
Symbol name atomic weight
H Hydrogen 1
C Carbon 12
N Nitrogen 14
@) Oxygen 16

from: https://en.wikipedia.org/wiki/Standard_atomic_weight

molecules
formula name gas/liquid
H, Hydrogen gas
O, Oxygen gas
N> Nitrogen gas
CO, Carbondioxide gas
CH, Methane (natural) gas
CH3OH Methanol liquid
H,O water liquid
NHs(aq) Ammonia liquid
HCOOH formic acid liquid

Group—1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Perj
1 2
1 H | ———— He
5 3 4 5 6 7 8 9 10
Li || Be B N F || Ne
3 11 || 12 13| 14 || 15| 16 || 17 || 18
Na || Mg Al Si P S Cl || Ar
4 19 || 20 || 21 22 (|23 || 24 || 25|26 || 27 || 28 || 29 || 30| 31 || 32 | 33 || 34 || 35 | 36
K || Ca | Sc Ti \ Cr ||Mn| Fe | Co| Ni | Cu|l Zn | Ga| Ge | As || Se || Br || Kr
5 37 || 38 || 39 40 || 41 || 42 || 43 || 44 || 45 | 46 | 47 || 4B || 49 || 50 || 51 || 52 || 53 || 54
Rb| Sr| Y Zr ||[Nb ||Mo | Tc ||Ru|[Rh | Pd ||Ag || Cd | In || Sn || Sb || Te 1 Xe
6 55 || 56 || 57 (x| 72| 73| 74 || 75|76 || 77 || 78 || 79 || 80 | 81 || 82 | 83 || 84 || 85 | 86
Cs || Ba || La Hf || Ta | W |[Re || Os | Ir || Pt ||[Au|[Hg| Tl || Pb | Bi || Po || At | Rn
7 87 | 88 || 89 | X|104| 105|(106(/ 107 108|109 110 111|/112|/113((114|/115|(116|[117| 118
Fr || Ra || Ac Rf || Db || Sg || Bh || Hs || Mt || Ds || Rg || Cn || Nh || Fl || Mc || Lv || Ts || Og
x| 58 || 59 || 60 || 61| 62| 63 | 64 | 65| 66| 67| 68| 69 | 70 || 71
Ce || Pr| Nd||Pm|Sm | Eu | Gd || Tb || Dy | Ho || Er |[Tm| Yb || Lu
X190 | 91| 92| 93|94 | 95 | 96 || 97 | 98 || 99 || 100|101 ([ 102|103
from, | added ellipses: Thi|Pa| U | Np| Pu|Am|Cm | Bk || Cf || Es || Fm | Md || No || Lr

https://upload.wikimedia.org/wikipedia/commons/thumb/9/9d/Periodic_Table_Chart.png/1280px-Periodic_Table_Chart.png
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Production of Hydrogen, Main Options

Grey Hydrogen from reforming Methane12

CH, + H,O + 206 kJ/mol— CO + 3H, @700-1100°C
CO + H,0 — CO; + H, + 41 kJ/mol @130°C

+

In totaal: CH,; + 2 HZO +165 kJ/mol — CO, +

Green Hydrogen through electrolysis™

https://commons.wikimedia.org/wiki/File:Water_molecule_3D.svg J
https://commons.wikimedia.org/wiki/File:Oxygen_molecule.svg

https://commons.wikimedia.org/wiki/File:Carbon-dioxide-3D-vdW.svg
https://commons.wikimedia.org/wiki/File:Methane-3D-space-filling.svg

https://commons.wikimedia.org/wiki/File:Dihydrogen-3D-vdW.png 2 H O 286 kJ/ I 2 H
https://fr.wikisource.org/wiki/Fichier:Fireicon.svg 2 + I I |O > 2 +

O
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Block Diagram of Hydrogen Production and Consumption

energy electric grid energy
sources consumers

H>

control H, fuel cell H, turbine
electrolyzer

Energy sources

Wpeak WF
Electrolyzer capacity factor
H2 H2 de- Wpeak El — Ewind
compressor/ |« compressor/ el
L L storage tank
liquifier months liquiier Compres/Liquify | |v p
| H2 Storage H2 1 r]comp/liqueifier — Etank
tank Fuel Cell/turbine consumers
Wpeak FC.turbine Wpreak c
r]fuel cell/turbine Econsumers
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Simplified Electrolysis Diagram

end-to-end
L L 23% (19%)
prepare electrolyze comprgeoss genergte via T >
os.Gerrit's guess 0/.7.8,10 90% turbine ‘
=P 90% —> 70% (iquify 75%) - 40010 —>
v v ¢ v r v
store
10 MWh
(12 MWh) 9 MWh 4.5 m*H,
(10 MWh) (2.2 m*H,)
6.3 MWh
(7.5 MWh) 5.7 MWh
2.3 MWh

S
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Table with Efficiency of Process Steps

fuel cell, fuel cell, turbine combustion
compressed| liquified |compressed|compressed
limited capacity|limited capacity very immature
reparing, e.g.
gleapningguthor’sgguess 90% 90% 909% 90%
:LZC:(I;OWZEI’ 70%7, 8, 10 70%7' 8, 10 70%7, 8, 10 70%7, 8, 10
|
liquifier o5
deliquifier 5%
alkaline 9
@ partial load 70%
fuel cell al
a@ Si:bele load 60%10 60%10
turbine 40%*°
g(r)]r;iggstlon 500410
end-to-end (25% to 30%™) 34% 28% 23% 28%
version: 0.2
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Energy Density of Energy Carrier Candidates

Selected Energy Densities

90
Aluminum By Scott Dial - Own workData Source: Energy density, Lithium-ion battery,
° Public Domains, https://commons.wikimedia.org/w/index.php?curid=5551431
80 |
Silicon
[ J
. .
70k Anthracite
60 |
50 |
§ Magnesium Polystyrene Lithium-Borohydride
Iron ® ® ePolyethylene @
aof @
Z%c Fat Metabolism®@Diesel
[ ® G r
Polyester PS asoline
30k Kerosene
Sugar M(ztabolism ®Butanol ®LPG Butane
@ Gasohol E85
®Glucose @ Ethanol ® LPG Propane
Lithium @ Liquid Natural Gas
20 Hydrazine @ @Bituminous
Sodium @ Methanol
ok @ Liquid Ammonia Natural Gas (250 bar) Liquid H.ydrogen
Hydrogen Gas (700 bar
@Zinc-Air Battery ydroge P ( )
, BLithium-lon Battery , Natural Gas | . . Hydrogen Gas
0 20 40 60 80 100 120 140 160
MJ/kg
. A
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Energy Density of Energy Carrier Candidates

gravimetric energy >* volumetric energy **

MJ/Kg MJ/L
packaged packaged
Hydro @100m height 0.001 0.001
Li-ion 1.6 1 4.3 |2.8
wood 16
methanol 20 16
coal 24
ethanol 30 24
diesel, gasoline 45 35
natural gas 54 0.03
Compressed Natur@;;iZIS%g: 54 9
Liquid Natural Gas 54 22
liguid H, 140 10
compres@c,GegMFI)—Lz 140 5
gaseous H, 140 0.01
Uranium 235 3.9M
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Some Future Developments

high temperature (750°C) electrolyser, 90%

https://www.solar365.nl/nieuws/bollenbedrijf-zet-overschot-zonnestroom-om-in-waterstof--67A6ACB4.html

5 IL%‘
- Photoncycle

@ Heat + electricity @

N - [ Lol

li%'j

solid-state hydrogen | & 2™ ©

Local Hydrogen production using 10 MWh
low cost electricity

https://lwww.energypoints.nl
https://www.rvo.nl/praktijkverhalen/pionieren-met-betaalbare-waterstofproductie e nergy StO rage

a:
| [/ S
s
2 . <
«& Photoncycling @ &

!-W..—————

https://www.photoncycle.com

provides hot water,
heat and electricty
subsciption model
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