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1. The current hydrogen industry

Introduction — a little history on hydrogen

1671 1766-1781 1783 1852 1898 1937 1977
Robert Boyle Henry Antoine First hydrogen- Liquified by First hydrogen- First nickel
Reaction Cavendish Lavoisier lifted airship by James Dewar cooled hydrogen
between Production of calls it Henri Giffard turbogenerator battery
iron and acid water when « hydrogen » (1852), first
burned Zeppelin

Hydrogen is the lightest and most abundant chemical element, but rarely found as gas on earth !



1. The current hydrogen industry

Current hydrogen uses

80

Global demand is rising since 1975

70

Main uses

=  Refineries (hydrodesulfurization,
hydrodealkylation and hydrocracking)

=  Ammonia production (Haber-Bosch Process)
»  Fertilizers, proteins, ...

=  Others 30

Methanol N |
Margarine i I
Semi-conductors "
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Hydrogen use (MT) — from IEA
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1. The current hydrogen industry

Current hydrogen production methods

= From gas through Steam Methane Reforming Hydrogen Production Sources
(Grey hydrogen)

» CH, + H,0 - CO + 3 H, (syngas production) ‘
» CO + H,0 - CO, + H, (water gas shift reaction)
= Through Steam Methane Reforming with CO, capture ‘

(Carbon Capture and Storage — Blue hydrogen)

Fr'Om Coal and 0|| (Brown hYdrogen) m Naturalgas = Qil = Coal = Electrolysis
= Coal gasification (same principle than SMR) source : European Mechanical Scence
=  Partial oxidation (ex. C12H24 + 6 02 > 12 CO + 12 H2) Alkaline (mature) - Proton exchange (promising)
| @ m
= From water through Low Temperature Electrolysis Lo - (]

¢ee o

(Green hydrogen if electricity comes from renewables)
= 2H,0(l) > 2 H,(g) + O,(g)

Cathode

_J PEM is responsible
for the conduction of

The diaphragm
separates the
product gases

\‘ protons, separation

and transport the
hydroxide ions
(OH") from one
electrode to the
\l other

1 kg of H, from methane produces > 9 kg of CO, !
Carbon capture is limited to 90%.

Diaphragm
Membrane (PEM)

of product gases,
and electrical

insulation of the
electrodes




1. The current hydrogen industry

A look at the costs

Hydrogen from fossil fuels still cheaper than from
renewables, including Blue Hydrogen

= Mainly driven by fuel prices

Hydrogen from grid electricity not competitive,
nor low-carbon (except in a few countries)

Green hydrogen currently not competitive

= Mainly driven by electricity prices and operating
hours (load factor)

= Electrolyzer costs are expected to decrease
drastically

= Green hydrogen costs should decrease to 2$/kg
to be economically competitive with fossil fuels

Natural gas

Natural gas with
CCuUs

Coal

Renewables

Hydrogen production cost ranges ($/kg) — from IEA
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he future hydrogen industry
and economy

Hydrogen
Vehicle

Conventional Storage

Synthetic
Fuels

Upgrading
Qil/
Biomass

Hydrogen

Power
Generation

Source : US Department of Energy

Renewables
Ammonia/
Fertilizer
Nuclear Hydrogen
Generation
Electric Grid Metals
Refining

Infrastructure

Fossil

Other
End Use

Heating

Gas
Infrastructure

New uses and innovative production methods




2. The future hydrogen industry and economy

Potential new H., uses

Hydrogen mobility (with fuel cells)
= Competition with electric vehicles and storage issues

Production of E-fuels (using CO,) or ammonia to solve the storage
issue (heavy transportation most promising end use)

= Ex. Methane (CO, +4 H, = CH, + 2 H,0)
= Ammonia can be used as fuel for a combustion engine or in a fuel cell

Heating for homes and industries

Metal refining
= Replacement of coke in blast furnaces or direct reduction of ore

Flexible usage of renewable electricity (with high energy losses)
= And many other potential applications

= Theoretically possible to decarbonize the whole energy sector !

Renewable
power

Electricity

ENERGY

fipupa)z

.........

grid

= Electricity
= E-Fuels

© Ludwig-Bolkow-Systemtechnik GmbH (LBST), 10[2017

sjany-3

— >

1 Gasoline, diesel,
I kerosene, methanol

MOBILITY

Electric drives
with batteries

. Electric drives

with fuel cells

Combustion
engines
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2. The future hydrogen industry and economy

Potential H, demand

=  Current hyd rogen prOdUCtion Global energy demand supplied with hydrogen, EJ
80 MT/year

= Equivalent to almost 600 GWe* if
produced by Low Temperature
Electrolysis

= Demand could increase 10 fold by 2050
= Equivalent to 6000 GWe* !!!

. Power generation,
buffering

Transportation

Industrial energy

&)\ Building heat
= For comparison (installed capacities) : " and power
» Worldwide nuclear fleet = 350 GWe 10 LA \ New feedstock
» Worldwide wind + PV fleet = 1300 GWe gggggsgggggg e [ e B

QQQQQQQQQQQQQQQQQQQQQ
R R R e e g
e e

Existing feedstock uses

QQQQQQQQQQQQQQQQQQQQQ

2015 20 30 40 2050

* Considering 55 kWh / kg H2 and 85 % load factor SOURCE: Hydrogen Council




2. The future hydrogen industry and economy

New H, production methods

= The share of green and blue hydrogen will grow ! et

= Methane pyrolysis
= Produces H, and solid carbon = no CO2 emissions

= Demonstration plants under development
= Could be deployed by 2030

= Natural (native) hydrogen*
= Continuous natural production

= Millions of tons released each year

=  Could be a significant source in the future

Molten Ni-Bi
1,000° C

* https://www.renewablematter.eu/articles/article/natural-hydrogen-a-geological-curiosity-or-the-primary-energy-source-for-a-low-carbon-future



https://www.renewablematter.eu/articles/article/natural-hydrogen-a-geological-curiosity-or-the-primary-energy-source-for-a-low-carbon-future

2. The future hydrogen industry and economy

New H, production methods

Hydrothermal reactor

Syngas above the
water supercritical
point (221 bar, 374°C)

Biohydrogen using biomass, _ |

Wa Ste S d Ngg(—)tf;(t)zlyém

» Hydrothermal gasification ol
of liquid waste

» Pyrogasification of Solid iquid organic waste
Recovered Fuel

Catalytic

380-420°C . -*' $
co,

(Water and NH,;* 4

P, K, Ca, metals
recovery

> Others (fermentation, using Production of syngas, CH,, H,, or chemicals
algae)

Heat & Power

FROM SMALL (2 MW,) TO HIGH UNIT CAPACITIES (<100 MW,) Mpower : 25-35%

Cogeneration Niest - 45-50%

Water Gas Shift Hydrogen

Methanation Biomethane
: 60-70%

npmcess

Fischer-Tropsch

Biodiesel

=2, :
- Pyrogasification Main Gases: Gas cleaning Chemicals Nprocess * 25-35%
e .,. T=700-900°C Ha, CO, CO,, CH,, H;0, N, synthesis
P= atm to 20 bar : . | ’ Chemicals
“ Partial oxidation in Inorganic gases: H,S, NHj, HCI , (methanol, DME,

reducing atmosphere Organic pollutants: Tar ethanol...)

Gasifying agent
Air, Steam, O,




2. The future hydrogen industry and economy

New H, production methods

From water

» High-temperature electrolysis
» Uses heat (steam) and electricity
» Greater electrical efficiency
» Can work in both ways (electrolyzer and fuel cell)
» Proven, but not yet mature (materials)

» Other developments (R&D stage)
Radiolysis

Thermolysis (2500°C, lower if catalysts are found)
Photobiological water splitting

Photocatalytic water splitting

YV V VYV V

Schematic of steam electrolysis cell

90 v/o H,0 + 10 ¥/o H,

10 v/o H,0 + 90 v/o H,

|| Porous Cathode Thke

"F‘.n. .iv,._;' ¥ ‘..t'_"' x -J'_\-j..: P lw"' FOE R BT w e o
B g oy B N S o N b = N T S b TP

/| HO+4e 52H 207 f
L S R e e R el

o T ) o

Gastight Electrolyte




2. The future hydrogen industry and economy

New H, production methods

From water

» Thermochemical and hybrid processes
(examples)

» Sulfur-iodine cycle (see appendix)
» Hybrid sulfur cycle (see appendix)
» Hybrid copper-chlorine cycle

- Need of low-carbon heat and power
- Potential higher efficiencies than electrolysis

—> Challenges for the materials

Decomposition
Cu,0Cly(s)

1 530°C

2CuCl(1) + 7:0,(g)

HEAT mp

G
2%
%
%

ELECTRICITY

s 4

Electrolysis
2CuCl(ag) + 2HCl(aq)

1 80°C

2CuCly(aq) + Hy(g)

Separation
CI.IC|2(aq) + HCl(aq)

1 120°C

CuCly(s) + HCl(g)

Hydrolysis

1 380°C

Cu,0Cl,(s) + 2HCl(g)

*

HEAT

4m HEAT

The copper-chlorine cycle
Source : Canadian Nuclear Laboratories




Potential role of nuclear energy

Different nuclear technologies produce electricity,
steam and heat that could be used for H, production

Overview of the combined nuclear and hydrogen value chain Coption

Op_erﬂtiﬂh & @D Huclear activities
Maintenance H; production @ Hydrogen activities
technologies

, o o With the current
Nuclear Low-temperature f | e e t

upstream { Electrolysis
activities

r— . | ° With new nuclear
®5 el wre— technologies
Thennochemical temi::erature - - E Xd m p | es Of
projects

Nuclear - watersplitting heat)

power plant
design &

1
 ——
1
construction | e Produce Grey H, if the
@ 1 ]€0; by-product is not
: | |captured and stored




«. In France, The Netherlands and Belgium,

) Qo nuclear H, could be competitive with blue H, as from now,
J. Potential role of nuclear energy

With the current fleet

according to a study by ENGIE !
Not possible in Belgium within the current framework

= Low-temperature electrolysis is the short-term option

= 2 possibilities :
=  Grid-supplied electrolysers (close to H, users, reduced
transport costs)

Would produce H, with carbon impact proportional to that of the grid

Unless a traceability system is considered

Grid fees and taxes included in the final cost

= Electrolysers on a NPP site
= Would provide low-carbon H, (0,6 kg CO,/kg H,*)
=  Grid fees and taxes not considered
=  Transport costs could be higher
=  Safety of the NPP has to be considered**

* Considering a value of 12 g CO2 / kWh (IPCC value)
** See The rise of nuclear technology 2.0 - Tractebel’s vision on Small Modular Reactors




One 1000 MWe NPP could be able to
3. Potential role of nuclear energy produce 135.000 T H, / year !

. (55 kWh / kg H, ; load factor 85%)
With the current fleet

Example of France N AT
!
GERMANY

R

= National Hydrogen Strategy launched
= Public aid of 7B€ by 2030

= Focusing on renewable and low carbon hydrogen produced from o
electrolysis .

= @rid-supplied electrolysers Fa
» Hydrogen production costs : 2,5-4,0 € / kg H,*

© nuclear plant

» Carbon content : 1,7 kg CO, / kg H, (with 34 g CO, / kWh**) £ 900 e Reactor

I 1300 MWe Reactor

= Electrolysers on a NPP site £ 1450 e Reacor

I 1600 MWe Reactor

» Hydrogen production costs : 2,25-2,75 €/ kg H,* RS

A

e

* source : Role de I’hydrogéne dans une économie décarbonée, Académie des technologies (main

assumptions : 32 €/MWh nuclear — 40-50 €/MWh market price — 500-1000 €/MW electrolysers — 90%
load factor) ) -
** Mean value for the French electricity production in 2019 (source : RTE)




3. Potential role of nuclear energy

With the current fleet

Conclusion

= Baseload + low carbon + affordable electricity
- NPPs may provide high amounts of cost-competitive hydrogen through LT electrolysis

= Advantages :
+ Provides grid flexibility = important with an increasing share of renewables
+ Capacity for massive electrolysers production = decreasing costs and development of the H, economy
+ Reduces dependence on imports



3. Potential role of nuclear energy

With new nuclear technologies

= High-Temperature Electrolysis : mid-term promising option _ Secondary Coolant St (non-radioactive)
= HTE currently under development (pilot phase) N ——— '
uel-! ump
= Coud be applied with light-water reactors l""""l"'“’ I ’ } Sy Coolik
= NuScale — Small Modular Reactor designer — produced a study - i | J HestExchanger
showing promising results* | ke« - ol |l
= Advanced reactors could probably be more efficient | .é 2 Lo .
| - ISES =) &
= Steam methane reforming and methane pyrolysis using i d
nuclear heat could be options ’T"
EEEE \ WIND &
= Thermochemical and hybrid cycles : long-term solution with | |* ! A
advanced reactors ? LIRRRINNN] 7 cevicaL snmiess
> Hight ture of advanced reactors makes it possibl P e
igh temperature of advanced reactors makes it possible e = HEATUSES Q) moocsuron

» With an increased safety and long-term waste solutions

> But still a lot of R&D to be done (reactors and processes) Terrestrial Energy’s molten salt reactor would be well

suited for hydrogen production

* https://inldigitallibrary.inl.gov/sites/sti/sti/6303857.pdf



https://inldigitallibrary.inl.gov/sites/sti/sti/6303857.pdf

3. Potential role of nuclear energy

With new nuclear technologies

Thermal feedstock
Example Nuclear fuel !
Pilot plant demonstration by CNL % - m- Hydrogen
(at Chalk River, by 20267?) o g
100 MW, -~
. Nuclear ther};nal ~40 MW_jectrical I : (tpd)
> Using Cu-Cl cycle power plant PIRERS AT
. Th | feedstock
> 50% gain compared to LTE e .
~20 MW, trica
100 MW,; e '+ L Hyirsogen t
Nuclear thermal — EEEEEEEE——— TEC tonnes/da
power plant ~50 MW ¥
. ignificant gain through @TEC
.3\ "— Canadian Nuclear | Laboratoires Nucléaires .
/l\\\. Laboratories Canadiens UNRESTRICTED / ILLIMITE -17-




3. Potential role of nuclear energy

With new nuclear technologies

What could SMRs offer (vs. large reactors) ?

Light-water and advanced SMR’s specific features
> Reduced size + in-factory construction : less complex, less risky = affordable for a private company
> Flexibility and versatility > adaptable to changing situations, to renewables-driven energy sector

> Increased safety and lower radiological risks = possibility to locate them close to hydrogen production sites and
end-users

BWRX300 - GEH

HTR-PM - INET

Sealer - LeadCold



3. Potential role of nuclear energy

Examples of projects

Disclosed projects combining nuclear technologies and
H2 (March 2020)

o ¥

. . One molten salt SMR is
Canada is exploring the investiqating H
Cu-Cl cycle to produce gating M,

- roduction through o
H» with nuclear energy Ip':ybrid sulfur cy%:le e~ sl

EDF is designing a H; plant .
at Heysham Nuclear Power Russia R&D focuses on_
Station with both PEMand | | Steam methane reforming
Alkaline electrolyzers via HTR to produce nuclear H,

(Please refer to appendix,

Chinese HTR R&D project
includes nuclear H; development
through S-l cycle and high
temperature electrolysis

Three utilities have been
chosen by the DoE to make
H, by electrolysis 100%
carbon free by 2022

LY
b Japan has produced H,
continuously for 150h using a

assessed the -~
|S-l cycle in | //f

2009 ;/ / iodine-sulfur (I-S) process
.é ——__ rf_
Exelon is exploring an integrated H, CEA’s analyses ]I .
production (via PEM), storage, and ‘have concluded | = B SOUt:':_ ':10:93 has tdESIQnEdt a
utilization facility at an existing NPP |that HTE is I - VSHTE .tehmpe.’a ”;e ’eag or
| promising, I IIndia is in the (30 OOO)tWI av;e;v 0 produce
lindependently from : ﬁ;St Plha_SES | ’ ones ot H per year
TNuScale SMR is expected on |nuclear I I;ee:(.psoégge :
the market by mid 2020s and |
e |to produce H, |
could produce H, via high [
temperature electrolysis
Nuclear H, caption

Il Government & commercial projects [l Government R&D

I Only commercial projects




3. Potential role of nuclear energy

Examples of projects

EDF and CGN seek partners to develop Hydrogen
and Direct Air Capture with Sizewell C

v Hydrogen demonstrator : 2 MW (800 kg / day) — “heat
assisted electrolyser” — by 2022

v"DAC demonstrator : to remove 50 kT CO, by 2030 —
simulating the use of 280°C steam

v Projects to be upgraded at the completion of Sizewell C

NuScale + Shearwater

V" Shearwater Energy and NuScale plan UK hybrid wind-SMR
energy project

V'3 GW wind + Nuclear — including hydrogen (3000
tons/year) - Wylfa



https://www.edfenergy.com/energy/nuclear-new-build-projects/sizewell-c/news-views/sizewell-c-seeks-partners-develop-hydrogen-and-direct-air-capture
https://www.neimagazine.com/news/newsshearwater-energy-and-nuscale-plan-uk-hybrid-wind-smr-energy-project-8458752

Conclusion




Conclusion

Hydrogen economy is close to b
Renewables will play
Nuclear could play a role and

Political support is needed ...

https://www.world-nuclear-news.org/Articles/EC-considers-
nuclear-a-low-carbon-source-of-hydrog



https://www.world-nuclear-news.org/Articles/EC-considers-nuclear-a-low-carbon-source-of-hydrog




Thank you for your attention |

AND SPECIAL THANKS TO MY COLLEAGUES FOR THEIR SUPPORT !

TWO INTERESTING PAPERS :

HTTPS://WWW.ENGIE.COM/EN/NEWS/REPORT-EMERGING-SUSTAINABLE-TECHNOLOGIES

HTTPS://TRACTEBEL-ENGIE.COM/EN/TRACTEBEL-S-VISION-ON-SMALL-MODULAR-REACTORS



https://www.engie.com/en/news/report-emerging-sustainable-technologies
https://tractebel-engie.com/en/tractebel-s-vision-on-small-modular-reactors

Appendix Sulfur-iodine cycle (Westinghouse)

- )
</
\/ IODINE-SULFUR CYCLE Japan has produced H,

g / ~/ continuously during 150 h
- Hydrosen { Nt ) \ Oxygen ] with the I-S cycle.
« EFFICIENCY OF 30-50% *} ‘ﬂ [@00°c] () ‘ 1 :\A Z ’;‘_’%;Ct linked with their
* HEAT IS USED TO Ha Rejected /202 reactor.

S o>

SEPARATEHYDROGEN | |, “ ﬁ e

FROM IODINE & i '

OXYGEN FROM ‘ lodine . Sulfur

SULFURIC ACID Circulation (S H,s0, |  Circulation

+
T

l, + HO + SO,




Appendix Sulfur Hybrid Cycle

Source : ENEA



