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C onsidering the objective of a zero-carbon economy the Chinese Academy

of Engineering (CAE) and the National Academy of Technologies of France

(NATF) have jointly analyzed what could be the role of decarbonized hydrogen

in reaching this goal. This report analyzes the entire hydrogen value chain from

production to utilization, including technology and innovatio  n, economic and

TBGFUZ JTTVFT %VF UP UIF WFSZ EJbEBEOEWBOEUMBBIPMBI JO 'SBO
the envisioned solutions have been compared together with their roadmaps.

51JT SFQPSU JT B S¥TVN¥ PG UIFJS cOEJOHTZ XIMMJXP "DBEFN
contribute to a better future.
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Foreword

L ow-carbon hydrogen is an alternative energy source that can be obtained in a

variety of ways, and that has a number of uses. As such, it is an ideal vector for
decarbonization of the economy by promoting the large-scale develop ment of de -

carbonized electricity such as renewable energy, nuclear... Furthermore, as it is clean,
WFSTBUJMF BOE FeDJFOU JU JT BO JNQB&E BB QHPHF B TG RSMBVE
optimizing energy infrastructure. Low-carbon hydrogen also has appli cations in elec-

tricity production, transportation, household consumption, and indust  ries, where it can

TVQQPSU EFDBSCPOJ[BUJPO FbPSUT JO UIFTF IBSE UP BCBUF T

This understanding of hydrogen’s crucial role in decarbonizing economie s has strength-

ened interest in it worldwide. A growing number of countries and regions includi  ng France,

the European Union and China, have established hydrogen development road maps , on

the basis that this resource is an essential component of the Net-Zero Emission s target.

The National Academy of Technologies of France (NATF) and the Chinese Academy of
&OHJOFFSJOH $"& IBWF JEFOUJcFE UIF NBROFDIBSBEDUBSZTRIQBE
UIF IZESPHFO FDPOPNZ 5I1JT SFQPSU EFTDOECKPIBUMYBEBECPGH
framework, the French, European and Chinese visions concerning the major cha llenges

of hydrogen development.
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Chinese Academy of Engineering

}';:.'f(ﬁsizm

The Chinese Academy of Engineering (CAE) is the highest honorary and advisory academic

JOTUJUVUJPO JO UIF OBUJPOMT cFM&HE BEDFOPNIGHAZS JOH TEFEJDBUBE UP V
outstanding talents in engineering to lead innovation and developmen tin China. The highest

decision-making body in the CAE is the General Assembly, w hich selects new members every

two years through voting. The CAE has nine academic divisions, six special co mmittees and one

general administration department.

ACADEMIE
POUR UN PROGRESDES

RAISONNE

parrace TECHNOLOGIES

Created in 2000, the National Academy of Technologies of France (NATF) is bor n out of the

need to provide our country with an independent and autonomous Academy ded icated to the

applications of sciences and technologies, at a time where technolog ies are taking an increasingly

important place in everyone’s life. Its motto, “Sharing a reasoned, chosen progress” inspires the

work of its 350 members. It brings together eminent scientists, recogni  zed personalities from

UIF TPDJP FDPOPNJD XPSME BOE PG &EVDBPWPGIJETFD'D@EVNU TP & FSFDI
tions and formulates proposals on issues related to technologies and their interactions with the

society. It is committed to promoting technological development atth e service of the citizens,

the environment and a sustainable well-being.



Executive summary

urope and China have opted for a net-zero GHG emissi on policy at the horizon 2050 for
urope and 2060 for China.

How to produce low-carbon hydrogen ?

Decarbonised hydrogen will be produced in Europe, mainly using electro lysis with low carbon

FMFDUSJDJUZ SFOFXBCMF PS OVDMFEPHFOOQERERBD BIJEOWIFASTTURRE TZEY QFDUFE
where a clean, low-carbon and low-cost hydrogen production system willb e gradually promoted.

Up to 2025, the use of industrial by-product hydrogen and renewable hydrog en is encouraged.

In the longer term, it will make renewable hydrogen the dominant producti  on route.

Research is going on in both countries and unforeseen game chang ers, such as plasma tech
nology, might lower the cost of hydrogen production. Explor ation and production of natural
hydrogen are also starting in various parts of the world, but not particula rly in China.

While most EU Member States and China have currently a carbonised electri city mix, priority is
given to the utilisation of the growing installed capacity of wind and solar a nd the progressive
phasing out of fossil fuels. However, in the coming decade, the periodic sur plus electricity due
UP UIF JOUFSNJUUFODZ PG SFOFXBCMFIBNE PRYIMIUYZOXNIMMATPEPS RGAE WD J
EFDBSCPOJTFE IZESPHFO BT UIF FMEIDMM ENVZIGBV D VPBE GBD WREIJS PQUJ
amortisation. France is a particular case, having decarbonised electricity (nuclear and hydro),
which allows it to promptly develop decarbonised hydrogen pr  oduction by electrolysis, using
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a combination of nuclear, hydro and intermittent renewables, while ens uring a high load factor
of electrolysers.

In any case, hydrogen trajectories in China and Europe will need very large i nfrastructure invest -
ments for decarbonised electricity (variable energies, such as sola r and wind, but also nuclear
and hydroelectricity).

5l1F DVSSFOU HMPCBM MBOETDBQF BOE &VRIPQPBIOMBOEJEIDBWFIFOBROE
guarantee of origin of hydrogen (colours...) are presented in the report, a long with the various
technologies related to the storage and transportation of hydrogen

Emerging technologies such as plasma technology could also reduce fut ure electricity needs
for hydrogen production.

Considering the huge amounts of electricity needed for electrolysis and e ven plasma technolo -
HJFT TUFBN NFUIBOF SFGPSNJOH BOE ®D® DD\B ®IBV S &D BIUURPSB M FU IBIDEESCU JM J
should also be developed.

Some European countries plan to import hydrogen from foreign co  untries by pipeline or maritime
transport. Due to the great potential of solar energy in China, the country do es not envisage major
JNQPSUT PG IZESPHFO FYDFQU QFSIBQASGRESISFHIWP OV e FBS6 UNWM B S \FOE E

Long-distance transport is a complex issue. Intense development of ren ewable electricity in
various countries in Africa, Asia and South America will contribute to pro ducing green hydrogen,
ammonia and methanol, the latter two chemicals being more amenable to  transport than hydrogen



EXECUTIVESUMMARY

Why is low carbon hydrogen needed ?

Decarbonised hydrogen will play an important role in the related polici es for both countries,

FTQFDJBMMZ JO B OVNCFS PG JOEVTURIBMVEVBDUPGT SWOOBSIBNNBPBNBOU
and steel industry .

But low carbon hydrogen will also play an important role.as an  energy carrier in mobility for

IFBWZ SPBE USBOTQPSU SBJMXBZT BOE BWJBWEBEOPOIITPBI JT B EJeDVMU TF

$1JOB JIJNQMFNFOUT BMTP B TIJHOJcDBO S PEHWDRMPONG®Y JO NFI
mobility (road, maritime).

4BGFUZ JTTVFT BSF B TJHOJcDBOU DPMEIVRHIPOVAFSPQGVICESDHFME TR/NDJ @ T GPS
mobility. It requires international cooperation for standards.

The widespread use of Power-to-Hydrogen-to-Power a nd hydrogen seasonal storage for electricity
production to compensate for the intermittency of wind and solar is uncer  tain as this would be
very costly but is still envisaged in some European countries.

The energy crisis that began in 2021 and the events in Ukraine in 2022 have caused a surge in
natural gas prices in Europe, increasing the cost of hydrogen from methane re forming. Beyond
these events, the volatility of prices for natural gas favours alternat ive options for hydrogen

production, such as, of course, electrolysis, albeit the cost of electric ity has also surged, but
BMTP DPBM HBTJcDBUJPO XJUI $$4

Europe and China are implementing carbon price mechanisms, which will b e critical on the long
term for the development of decarbonised hydrogen.






Introduction

s of today, the hydrogen molecule H 2 (hydrogen in this report) is needed in many industrial
QSPDFTTFT SFcOFSJFT QFUSPDIFNSDBRE NFNNPORB Q SFBEWIWJIP O
etc.). In 2021, for its various purposes, the world produced around 74 M tons o f hydrogen. The
European Union and China produce around 9 million and 33 milli on tons, respectively. The
industrial uses of hydrogen are numerous and well kno wn, implemented safely and at low cost.
It is important to note that most of the hydrogen produced in the world has emitt  ed CO2 when
produced. As the ecological and energy transition aims at decarbonisi ng the economy, decar -
bonisation of hydrogen production is crucial.

The objectives of decarbonising economies around the world, stimulate  d by the Paris Agreement
(COP 21), have reinforced the interest in hydrogen. Around thirty countries and regions including
France, the European Union and China have established hydrogen develop ment road maps,
considering that it is an essential component of the Net-Zero emis sions target.

The National Academy of Technology of France (NATF) and the Chinese Acade my of Engineer-
ing (CAE) regularly cooperate on technological subjects of common interest 1. They undertook
in 2021 a round of discussions and exchanges on the role of hydrogen for the decar bonisation
PG UIFJS FDPOPNJFT 5P UIJT FOE UIBERBWICKE JMWURM D ERNGPECE®R FXPSL
the main facets of the hydrogen industry and economy and have described the Fr ench, European

1 a) Study for “Joint recommendations for the nuclear energy future” (la te 2016 to mid-2017). Participating academies:
Chinese Academy of Engineering, National Academy of Technologies o f France, French Academy of Sciences.
b) Study on “Nuclear Energy and the Environment” (late 2017 to early 2019). Participating academies: Chinese Academy
of Engineering, National Academy of France, French Academy of Sciences.
D 4UVEZ PO O5VCFSDVMPTJT BOE JUT 1VIIWID HFBXFHACSRDORFTY BDE $BSEBIBUIXBZT JO 'SBODF
and China”, early 2019 to late 2020 (and ongoing). Participating academi es: National Academy of Technologies of
France, National Academy of Medecine of France, Chinese Academy of Engineering, Chinese Academy of Medecine.
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and Chinese visions concerning the major challenges of hydrogen develo pment. The Chinese
Academy of Engineering was supported by the Dalian Institute of Chemica | Physics (DICP) and
the Chinese Academy of Science.

Each of the major facets of the hydrogen economy is discussed in a separat e chapter of this

SFQPSU BMM PG XIJDI BSF TUSVDUVSBBUG-YOMBBOTF MB-ZJT5N¥FCTS EBBM L
in the chapter; a second part composed of two subparts presents respectiv ely the Chinese and

Franco-European approaches to these issues.

The ¢STU D | BedilseS the present global landscape. European and Chinese approaches

UP DMBTTJcDBUJPO BOE HVBSBOUFF PG PINMIOTPI BRHEFBREBEEFB SF QSFT!
D 1 B Q I3 Hevoted to the various technologies related to the production and tran  sport of hydro -

gen. It takes stock of current and close-to-mature production methods fr  om gaseous or solid

hydrocarbons, which emit substantial greenhouse gases (Steam Meth ane Reforming (SMR) and

DPBM HBTJcDBUJPO *U QSFTFOUTSUEF BBSIFOBUFENG S PEENBIMBOM F MNGHD |
using carbon-free electricity or the use of hydrocarbons but with captur e and storage of CO5).

Economics is also an issue to be developed in this chapter. Finally, it also pre sents more innovative

processes with a low or medium TRL and describes their state of development a nd their potential.

The current and future uses of hydrogen in industry, mainly for its chemica | properties, are pre-
sentedina UIJSE DIBh@ préspects for new uses of hydrogen in industry, for its chemical

properties, are also described; this concerns, in particular, the mob ilisation of the reducing

properties of hydrogen to produce steels. Finally, this chapter provi des information on the main

French, European and Chinese producers of hydrogen.

The GPVSUI DisRi€vbtdtiSo the prospective use of hydrogen as an energy carrier, which in

&VSPQF BT JO $1JOB JT UIF SFBTPO GPS OIF5DN §SBPYFIZQ K BPEOIZ EEBNW VH
are presented: direct combustion, use in stationary or mobile fuel cellsto p roduce electricity. The

TUBUVT PG UIFTF EJbFSFOU UFDIOPMPMWE FPIDBU R U1 QUVB BN WVEE DPV&V !
and in China are presented. It is also planned to use hydrogen as inter-season al energy stor-

age, particularly for electricity production mixes including larg e shares of intermittent sources.

Mobility is one of the major uses of hydrogen able to play a role in the decarbonisa tion of the

economy; it allows the use of carbon-free fuel and a greater autonomy compar ed to batteries.

5/FTF EJbFSFOU QFSTQFDUJWFT BSF QSFTFOUFE GPS &VSPQF BOE $1JOB



INTRODUCTION

Inthe cGUI D IB#QefdcSs is on the technologies required for H o production, utilisation,
storage and transportation equipment, such as electrolysers, fuel ¢ ells, high-pressure tanks, but
also on basic components, such as membranes. A description of European and Ch inese industrial
manufacturers, current and future, is given in this chapter.

The TIJYUI DIB&ir®safety issues related to the use of hydrogen, in particular, for m o-
bility and households

The TFWFOUI DgrBsoritsFoSe or more possible road maps for the production and use of
hydrogen in France and China by 2050 with an intermediate point in 2030. This ¢ hapter aims to
quantify the main uses of hydrogen at these horizons, as well as the producti on methods that
will be implemented. This chapter provides approximate data for the two ma in ways to produce
carbon-free hydrogen: 1) electrolysis and 2) the traditional way + CCS .

The information provided includes estimates on the electrical power an d energy required for
the production by electrolysis, and on the geologica | storage needs for CO» (CCS) according to
the production methods envisaged for hydrogen.

This report is intended for public and private organizations alre ady familiar with the hydrogen

economy and technologies. By comparing the Chinese, European and Frenc h prospects, it aims to
better understand the main drivers of hydrogen development, and to provi de some background
on the strategies developed by the various players.

The overall summary and conclusions of the report are presentedi nthe & YFDVUJWF 4VNNBSZ

at the beginning of this report, recalling current and future hydrogen po licies, safety issues,

needed infrastructure investments, possible import of green hydro gen, carbon price mechanisms

BT XFMM BT UIF DPNNVOBMJUJFT BOE EJbFSFODFOBCFUXFFO 'SBODF &VSPQF






Chapter 1

Current Situation

Role of hydrogen

Hydrogen is an alternative secondary energy source with a wide range of prove nances and

BQQMJIDBUJPOT *UT DBSCPO GSFF QSHPQP883INBLEP S W BFODMFBM BF@F FeDJF
replacement of fossil energy and for large-scale renewable en ergy development. It also provides

an option for comprehensive and deep decarbonisation in sectors such as ind ustry, construction,

and transportation. While the hydrogen energy industry has a complex s upply and production

chain, its rapid development is expected to boost economic development . The role of hydrogen

is expected to contribute to the three following goals :

Promote energy transitions and ensure energy security

The world's energy demand is mainly covered by three fossil fuel sources, nam ely oil, coal,
and natural gas. In 2020, these three fuels accounted for 31.2%, 27.2 % and 247% of the glob-
al energy supply system, respectively, with a total of 83.1%.2 From the perspective of energy
security, the reserves of fossil fuels are limited. Once the fossil fuels are exhausted, energy
supply will become a major problem. Hydrogen made from renewable energy ¢ ould become
an alternative to fossil fuels.

2 BP World Energy Statistical Yearbook 2021
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Figure 1 Global energy consumption in 2020

Reduce greenhouse gas and pollutant emissions

The Paris Agreement, signed in 2015 by 196 parties aims to limit global warmin g to well below

£1$ QSFGFSBCMZ UP I$ DPNQBBFBRIBDYSFWBO BVITU 8 PBNW M FWHOM ¢
reductions in greenhouse gas emissions across all sectors are require d. The use of fossil fuels
leads to the emission of CO 2 into the atmosphere, causing the now well-known greenhouse
FbFDU (M B éndsiodsdirom the use of fossil fuels either as energy or for other industrial
QVSQPTFT BSF JODSFBTJOH ZFBS CZ ZFBEFBOBEECZMMJIPOIBPP OBE FADFHHF
PbFST WBSJPVT XBZT UP EFDBSCPOJTFMZSBIGHBPEUIFFBOBSF POTFJF DUBI

as the chemical, steel, cement, and aluminium sectors.

10
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Annual COz2 emissions from fossil fuels, by world region
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Figure 2 Global fossil energy CO2 emissions3

Stimulate economic growth

HZESPHFO DBO CF XJEFMZ VTFE JO FOFSHZ CVUBBBJIWHPTS UBOEPRU IB® EFME T
For the petrochemical, steel and other metallurgical industries, am ong others, hydrogen can

CF VTFE BT B IJHI FeDJFODZ SBX NBUFSJBMR VBIMEMDZ OFHB B HITFFOAS B® E AbF D
tively reducing carbon emissions. For transportation, it can be used in fue | cells to reduce the

long-distance and high-load transportation dependency on f  ossil fuel. It can be used as a source

of energy for electricity and heating in residential and commercial build ings.

As an emerging industry, the production, storage, transportat ion, and downstream application

of hydrogen involves many areas such as energy, materials, and equipment manufacturing.

*U DBO OPU POMZ FbFDUJWFMZ ESJWFEUIFHUBRG QTSGBESNBROB® BOEWIQHSBT
also create a new green and low-carbon industrial chain.

According to the forecast of the International Hydrogen Council, by 205 0, the development
PG IZESPHFO BT B TFDPOEBSZ FOFSHZ TRWSDIF ®JWAMC TBWBFNPSEBBFE CIJMM JF
tons of carbon dioxide emissions, and generated 2.5 trillion US dollars of ou tput value. 4

$02 BOE (SFFOIPVTF (BT &NJTTJPOT 0VS 8PSME JO %BUB
4 IlUuQT IZESPHFODPVODJM DPN FO TQVEZ IZESPHFO TDBMJOH V

11
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Principal characteristics of the hydrogen industry

Physical properties of hydrogen

Hydrogen is an attractive fuel with more energy per unit mass than natural gas or g asoline.
However, hydrogen is also the lightest element with a low volume energy densi ty at standard
temperature and pressure. Therefore, for a same amount of energy, a large r volume of gaseous
hydrogen needs to be transported than in the case of other fuels. To address thi s issue, hydrogen
DBO CF DPNQSFTTFE MJRVFcFE PS DPOWFSWESPHOGOPCB'THHESGNGMIHZ E

Table 1 Physical Properties of hydrogen >

Physical property Unit Hydrogen Reference
Density (gaseous) atmospheric | | | g ¢ ¢pg.089 PG OBUVSBM HBT
pressure
Density (liquid) LHRN I$ CBS70.79 PG -/(
Liquefaction temperature [$ CBS I$ MPXFS|UIBO -/(
. Gasoline: 43.45
Mass energy density (LHV) .+ LH 120.07 LNG: 48 63
Gaseous volumetric energy density i
(AMB, LHV) + 0.01 PG OBUVSBM HBT
Liquid volume energy density (AMB, i )
LHV) + 8.5 PG -/(
Flame spread speed DN T 346 8 times of natural gas

Methane: 5.0 ~ 15.0
Gasoline: 1.4~7.6

Ignition range % 4~77 wider than natural gas
Methane: 540

Flammability range in air vol% 4.0~75.0

Autoignition temperature in air I$ 585 Gasoline: 230 ~ 480
Natural gas: 0.29 mJ
Ignition energy mJ 0.021 Gasoline vapor: 0.24

mJ

History of hydrogen energy technology

5lF WJTJPO PG B IZESPHFO FDPOPNZ XBT JOUSREWIFBIFOcBTR PJM BUS U
Its aim is to promote the hydrogen value chain to support the energy transitio n to renewable
energy sources. However, in the decades that followed, the developmen t of hydrogen technology
stagnated due to cost issues. In 2014, breakthroughs in fuel cell technology in Japan renewed
attention towards hydrogen as a secondary energy source. The vision of buil ding a “Hydrogen

5 Feng Xiangfa, “Methanol, Ammonia and New Energy Economy”, 2010

12
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Economy” was revived in some countries, as the gradual reducti on of primary energy reserves such

as oil and coal led to energy shortages. Currently, at the national | evel, Japan is the most active

promoter of hydrogen energy development; in terms of economic sectors

industry is the “leader” in the application of global hydrogen technolog vy for energy purposes.

Table 2 Development of Hydrogen energy technology

, the transportation

NLFNFOU PG UIF

UIF ¢cSTU DPVOUSZ

Time Event Country Notes
1783 In 1783 French chemist Antoine France )F OBNFE UIJT ¢cSTU F
Lavoisier discovered that hydrogen periodic system “Hydrogéene”
combines with oxygen to form water.
1789 | The electrolysis of water to produce Nether- The industrial synthesis of hydro-
IZESPHFO BOE PYZHFO X|BT lan8sT U |Egéi &nd dkygen through electroly -
ered. sis was developed in 1888.
1804 | 5IF ¢STU JOUFSOBM DPNGwtZdddriO FOHJOF
powered by hydrogen
1839 | British scientist William Grove realized U.K. Breakthroughs in fuel cell technol -
the principle of fuel cell operation ogy could expand the utilisation of
hydrogen energy
1923 | British scientist envisioned the use of U.K.
hydrogen as an energy carrier
1938 | 5IF ¢STU LN IZESPHFO Geih@amiyMJ O F
Rhein-Ruhr Pipeline, was operative.
1965 The Polymer electrolyte fuel cell u.s. In the same year, General Motors
1&'$ XBT PeDJBMMZ VT|IFE JO UIF @6M) also starts R&D on fuel cell
Gemini 5 spacecraft vehicles.
1968 | Alkaline fuel cells were used in the US u.s. 5/F 60JUFE 4UBUFT JT
Apollo spacecraft to realize the application of hydro-
gen energy technology
1994 | (FSNBOZMT %BJNMFS MBV@enang UIF ¢cSTU
generation of fuel cell vehicles named
“NECAR”
2009 | Panasonic and Toshiba launched the Japan In the early 21st century, pure elec-
XPSMEMT ¢cSTU IPNF GVAM DFMM |&tfi& veh&les have been developing
XJUl FOFSHZ FeDJFODZ PWES steadily because they are more
economical, while the development
2014 5PZPUB MBVODIF E_ U IF XP3pEMT eSdelkell vehicles and hydrogen
four?passenger fL_Je_I cell car, “Mirai”, energy technology stagnates. Hy-
_Wwhich has a cruising range of 500 drogen energy was taken seriously
kilometres and takes only 3 minutes to again after the breakthrough in fuel
SFCMM IZESPHFO GVFM cell technology in Japan.
2015 | 51F XPSMEMT ¢STU IZESPHFDINGBTFE USBN
was completed by CSR Sifang Com-
pany.

13
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2016

Honda released the Clarity Fuel Cell,
a 5-passenger hydrogen fuel cell
vehicle with a cruising range of up to
750 kilometres, again, same as Toyota,
XJUl SFcMMJOH JO NJO
same standard as conventional power
vehicles

Japan

VUFT SHBDIJOH UIF

2016

French company Alstom launched the
XPSMEMT ¢STU IZESPHFC
ger train

France

GVFM DFMM QBTTFO

2018

The HyDeploy hydrogen trial project

has been launched with focus on in-

jecting zero-carbon hydrogen into the
UK’s natural gas network.

U.K.

*0 UIF ¢cSTU QSPKRKDU JO UIF 6, L
blend hydrogen into a natural gas
network hailed a success

2018

The hydrogen fuel cell supercar “H2
SPEED” designed by Italian company
Pininfarina was unveiled in Geneva

Italy

2019

Alaka'i Technologies unveiled Skai, the
XPSMEMT ¢cSTU IZESPHF
ered air mobility solution

u.S.

O GVFM DFMM QPX

2020

Construction work of the Netherlands
cSTU IZESPHFO QPXFSFE
ect to start towards end of 2020.

Nether-

| Plahdls) O H - @iSrlksince November 2021 and

The H2@Home project was oper-

was expected to be tested through
July 2022.

Economical aspects and value chain of hydrogen production

Global hydrogen production in 2020 was 90 million tons, of which 72 mill  ion tons (79%) came
from dedicated hydrogen production plants. The remaining 21% was from b y-product hydro -

HFO

NBJOMZ GSPN SFcOFSJ

FT *O

TZOUIFTJT BOE PJM SFcOJOH XBT
with other gases and used for methanol production and direct re  duced iron (DRI) in steelmaking.

SkPIZEERHEO ERVNBEEGEGBBSBIMPOJE
NWINVIMPIP O PLPTORP G BOEPIHHE O XANBIT NJ
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Figure 3 Global hydrogen production in 2020 6

Natural gas is the main raw material for hydrogen production worldwide, a ccounting for about
60% of the world’s hydrogen production in 2020, and 19% of the production was fr om coal,
which is mainly in China. Hydrogen production from fossil fuels cont ributed to nearly 900 mil-
lion tons of CO 5, accounting for 2.5% of global energy and industrial CO 2 emissions. Currently,
hydrogen production from fossil fuels is the most economical method in mo st countries, while
low-carbon hydrogen production technologies are much more expensive . However, with the
massive scale implementations of renewable electricity and electrol ysers, their costs are expected
to fall rapidly, which should contribute to a lower production cost for lo  w carbon hydrogen. In
addition, the technology improvements for electrolysers and penal ties for CO» emissions could
further narrow the cost gap.

4JODF IZESPHFO EFNBOE IBT HSPXXDWB GHENMIORTEOH DBMMIDBM JOEVTUSZ
XIFSF JU IBT HSPXO CZ "MNPTU BMM P&FUOQUOEFBIBO B IFPRNBEBMBSPNF X
applications for hydrogen, such as Fuel Cell Electric Vehicles (FCEV) and electricity generation

with hydrogen are appearing, but the related hydrogen demand is n egligible at this moment. As

concerns about climate change have grown around the world, and governme  nts and industry

have begun to make strong commitments to reduce carbon emissions, these new applications

for hydrogen will be promoted and their introduction accelerated. Asar esult, hydrogen demand

for these applications may surge in the future.

6 IEA, Global Hydrogen Review 2021
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Hydrogen demand by sector, 2000-2020
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Figure 4 Global hydrogen demand by sector from 2000 to 2020 7

Hydrogen can be used not only as an energy carrier or industrial feedstock in't he form of pure

hydrogen, but also in combination with other substances to generate hyd rogen-based fuels and

feedstocks using hydrogen from any source, such as water electrolysis, b iomass, or fossil fuels. It
can be used in engines, gas turbines or chemical processes as well as for the synthesis of natural
gas, liquid fuel, methanol, ammonia, etc.

China

Current Situation

C1JOB JT DVSSFOUMZ UIF XPSMEMT MBSIBBOW ZZERSWHFOPOSP E B BFISBFQED |
and industrial by-products. In recent years, China’s hydrogen produc tion has grown rapidly.

In 2019, total hydrogen production, including industrial by-produ  ct reached 33.4 million tons

and among this, the production of high-purity hydrogen was around 12.5 mil  lion tons.

7 | EA, Global Hydrogen Review 2021



$)1583*% /£ KaAs$5456"5+0/

2%

21%

m Coal-based
» Natural gas-based

» Industrial by-product

14% 64% Water electrolysis

Figure 5 Hydrogen production in China (2019) 8

JZESPHFO JT QSIJNBSJMZ VTFE GPS JOENTWRESIBOMUIQNMIFJPTHFM MEBBHTUIBT BT
an intermediate raw material to produce ammonia, accounting for 32%, fo llowed by methanol,
accounting for 27%.
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Figure 6 Hydrogen consumption in China (2019) 9

China hydrogen and fuel cell industry handbook (2020), China Hydroge n Alliance.
China hydrogen and fuel cell industry handbook (2020), China Hydroge n Alliance.
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In 2021, China produced 1790 fuel cell vehicles, which is a 49% increase compa red to 2020. By
the end of 2021, China has a total of approximately 9000 fuel cell vehicles and has built more
UuiBoO IZESPHFO SFGVFMMJOH TUBUJWEG TG VV\EAMUDIF NFid ENFGIDMF EFNPOTUSI
clusters have been announced in China, including Beijing-Tianjin-He bei (led by Beijing), Shanghai
(led by Shanghai), Guangdong Province (led by Foshan), Henan Province (led by Zhengzhou),
and Hebei Province (led by Zhangjiakou). In these demonstration city clu sters, fuel cell vehicles
will be promoted with clear targets for the number of hydrogen fuel cell vehic  les, the number
of refuelling stations and their capacity, as well as the hydrogen produc tion capacity. Research
papers such as “China’s Hydrogen Energy and Fuel Cell Industry White Paper” and “Energy-sav-
ing and New Energy Vehicle Technology Roadmap Version 2.0” have suggeste d that China will
register more than 1 million fuel cell vehicles in use by 2035, becoming an imp ortant promoter
of vehicles powered by alternative energies.
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Figure 7 Fuel cell vehicles in China (2015-2021)1011

To promote the development and industrialization of hydrogen techno  logy, from 2018 to 2020, a
national R&D plan called for the launch of a key project named “re newable energy and hydrogen
energy technology”, where the research focus is on hydrogen fuel cell tech nology.

In 2021, China’s Ministry of Science and Technology issued the 2021 annual project application
guide for the “14th Five-Year Plan” and the national key R&D plan call ed “Hydrogen Energy
5FDIOPMPHZP XIFSF GPS UIF ¢cSTU UINBT BAESPIEFQ XBEHFQ SPWQFOIO P MP
QSPHSBNNF "T B SFTVMU CPUI GVOEJOHIBWE UOD SNBITHE TPIG @QBKBrDU

10  China hydrogen and fuel cell industry handbook (2020), China Hydroge n Alliance.

11 China hydrogen energy industry development report 2022: Launchi ng multi-scenario demonstration of hydrogen
energy in transportation, manufacturing, architecture and energ y storage, EV100plus & ChinaEV100.
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over the previous three years. It is also worth noting that the research areas have e xtended to
hydrogen safety, hydrogen conversion and hydrogen energy for ¢ ivilian use. In 2022, the number
of projects is increasing further and the focus is shifting to the hydrogen supp ly chain, where the
use of ammonia as an energy carrier is also included.
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Figure 8 Number of key special projects of “hydrogen energy technology” ( 2018 — 2022) in China

&OWJSPONFOUBM *NQBD YR EJDES FOWV )

H ZESPHFO DBO CF QSPEVDFE GSPN BVbF 3-8 SIFREZTBBDQAIPWISTTFT XIFSF Ul
FOFSHZ DPOWFSTJPO FeDJFODZ FNJTTIF®RVIGNRPOW BCET NBEFEFMIDIFVTFE JC
UIFTF QSPDFTTFT BSF EJbFSFOU $POTEBSCGROHTBURP @ IFPWDIAN 8 UP B MEJACB U F
change is the most important driver for the large-scale worldwide deploy  ment of hydrogen, only

low-carbon hydrogen production processes will have the potential to d  ecarbonise the energy

system. Consequently, it is essential to be aware of the carbon emissions as sociated with each

hydrogen production process.

7BSJPVT DPMPS DPEFT BSF DPNNPOMZ VFGEDBP FEHIBE $FD B DBOWPS EZBFPHP UIFJS
provenance, such as green, blue and grey. However, it is important to keep in m ind that this

DMBTTJcDBUJPO JT TPNFUJNFT TVHHFTFUJMDA GROMEPBHIB M NUTIWBISUPFVTBINPNVSDFT
PG FOFSHZ XJMM SFTVMU JO DPNQMPFJRMZUEBFbESF@IUJIRQB BOE WH RWBMJ I
DSJUFSJB PG IZESPHFO GSPN EJbFSFQID B Blthh#BIandESRITaROASD FT JO $I

Low-carbon Hydrogen, Clean Hydrogen, and Renewable Hydro gen 5 $"# QSPQPTFE

by the China Hydrogen Alliance, was implemented on 29 Decemb er 2020. This standard uses

the life cycle assessment method to establish the quantitativ e evaluation system for these three

categories and promotes the sustainable development of a hydrogen ene rgy industry chain frers

the=seuree=. The standard points out that in terms of carbon emissions per unit of hydrogen , the

threshold for low-carbon hydrogen is 14.51 kgCO F L H) and the threshold for clean and for

renewable hydrogen is 4.9 kgCO, F L B) Renewable hydrogen also requires hydrogen produc -

19
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tion energy to be renewable energy, where renewable energy refers to non- fossil energy such
as wind-, solar-, hydro-, biomass-, geothermal-, ocean energy, etc.

Indicator
low-carbon hydrogen clean hydrogen renewable hydrogen

Criteria

Carbon emissions
per unit of hydrogen 14.51 49 49
(kgCO2LH F LbH)

Renewable energy
for hydrogen produc - No No Yes
tion*

* Renewable energy refers to non-fossil energy such as wind-, solar-, hydr o-, biomass-, geother-
mal-, ocean energy, etc.

5|F TUBOEBSE CFODINBSLT UIF (SFFO )ZPKSPHF ONSAEFRNEOBBRPID QY SPQF CB
on the natural gas hydrogen production process, and takes into considera tion the dominance

of coal-based hydrogen production process in China. Generally, the methodology used in the

TUBOEBSE JT JO MJOF XJUI UIF (SFFO )ZE&ESHKHFWMF$EBUUESBTIPAVE Q SYAKE
UIF DMBTTJcDBUJPO BSF EFUFSNJOFE CZPBIWf OBBEP OZESPHFIP QT REESWINU J |
process. The current emissions from coal-based hydrogen productio n process in China is 29.02

kgCO» L Hy, and according to the National Climate Change Plan (2014-2020) and Energy Pro-

duction and Consumption Revolution Strategy (2016-2030) of China, the emissions should be

reduced by 50% and 65%, respectively, which gives the thresholds of 14.51 and 4.90 kgCO> L Hj.

The China Hydrogen Alliance hope that the release and implementation of th e standard will help

guide the transformation of the high-carbon emission hydrogen production proc  ess to the green

hydrogen production process, and help to open up the carbon and hydrogen ma  rket. However,

JU TIPVME CF OPUFE UIBU UIF $1JOB )ZHESIBHMW 6 SWBQJBEBDBPId BEOEOPIE VT
this standard is not mandatory.

France/Europe

Current Situation

In 2020, nearly 7 million tons of H » was produced and used in the EU, 3.7 million tons for oil

SFcOJOH BOE NJMMJPO UPOT GPS UIBHD NBKIDB D ROEWNRSZ P& U8 SB HF
JZESPHFO JT PCUBJOFE NBJOMZ GSPN PBUNVSBMOHBDE BTPGZURBEBMVQUT C
UIF SFcOJOH BOE QFUSPDIFNJDBM TFDUPST PG UPUBM QSPEVDUJPO
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In November 2018, the European Commission set out a vision for net-zero emiss ions by 2050,

GPMMPXFE JO .BSDI CZ UIF ¢cSTU QSPRWPHFBNB)GCRP ERBEPQREE DO JHNOF
2021. So far, most decarbonisation had focused on power generatio n, while the net zero target

expanded the scope of decarbonisation to include building heating sys tems, industry, transport

and agriculture.

The EU Hydrogen Strategy in July 2020 and the European Clean Hydrogen Allian ce in November

2020 are important milestones. These strategies emphasize th e use of hydrogen in industry and

heavy-duty transportation, as well as its peak adjustment role with reg ard to renewable energy

TPVSDFT FTQFDJBMMZ PbTIPSF XJOE FMUBRIIDPSOIXFHUMBOHE QFPRIPWBMIUJIP
brings together industry, state and local governments, civil society , and other stakeholders to

implement the strategy.

In terms of supply, hydrogen production from water electrolysis using r enewable energy
is considered to be the main way to produce hydrogen. In the near fut ure, the role of other
technologies based on low-carbon hydrogen is to develop the hydrogen ma  rket and expand its
scale, while the cost of hydrogen production from water electrolysis is e xpected to gradually
decrease. In addition to producing decarbonised hydrogen, the EU sees wat er electrolysis as
a strategic opportunity to export the technology. EU countries curren  tly account for more than
60% of global electrolyser production capacity.

The EU Hydrogen Strategy envisages three phases of hydrogen applicatio ns. 12

Table 3 Three stages of European hydrogen energy strategy

Stage Target
Focus on scaling up, with a medium-term target of 6GW of
Phase 1 (until 2024) renewable hydrogen electrolysis to inspire new uses in areas

such as heavy-duty transportation

JZESPHFO CFDPNFT B cYFE QBSU PG UIF JOUFHSBUFE FO
tem, renewable hydrogen becomes competitive, and hydro-
gen has new applications in metallurgy and shipping

Renewable hydrogen technologies should mature and be de -
ployed at scale to cover all hard-to-decarbonise sectors

Phase 2
(2025-2030)

Phase 3 (after 2030)

In December 2020, the European Commission adopted a proposal to amend EU rule s on
Trans-European Energy Networks (TEN-E Regulation), ending support for natural gas pipelines
and replacing them with hydrogen networks. Hydrogen networks ar e EU-compliant infrastruc -

12 hydrogen_strategy.pdf (europa.eu)
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https://ec.europa.eu/energy/sites/ener/files/hydrogen_strategy.pdf
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ture projects of mutual interest. The proposal covers dedicated hydro gen transport in relation
to cross-border energy networks, new facilities for large-scale ele ctrolyser projects and re-use
of legacy facilities.

The EU has made progress in hydrogen application techno logies. The European Fuel Cell and

Hydrogen Joint Organization (FCH-JU) plays an important role in its pr ogramme, supporting

SFTFBSDI JOOPWBUJPO BOE EFNPOTUSBUSPMZTESFVOIBLOI E FAE 3DB® FEI
hydrogen production have been installed, accounting for more than 40% o f global capacity.

Strong signals from the government's strategy are driving more deploymen ts of hydrogen energy.

0G UIF A£(8 PG FMFDUSPMZUJD IZESPHPR® QEPE¥DWUBRMO £Q8UIF BNISGFBE
under construction or has committed funds. While current project plan s may fall short of EU

targets, the number of projects is growing rapidly, and the gap is narrowing . However, neither

the current projects nor the EU target may be able to meet the EU’s 2050 net-zero co  mmitment

EVF UP JOTVeDJFOU FMFDUSPMZTFS DBQBDJUZ

In terms of transport, by the end of 2020, there were about 2,200 fuel cell vehicles, mainly pas-
senger cars, and about 165 hydrogen refuelling stations in operation in E U countries. Germany
has the largest number, but the Czech Republic, France, the Netherlands , Portugal, and Spain
all have FCEV targets. If realized, there will be around 415,000 FCEVs by 2030.

In July 2021, as part of the REFHYNE project}3 the industrial sector, in particular ITM and Shell,

Qvu B A£.8 1& FMFDUSPMZTFS JOUP PQRNBRU3IPIXODBMBWOE $F06ASZ Ul
In steelmaking, Thyssenkrupp has demonstrated the partial replace ment of pulverized coal

with hydrogen in one blast furnace and is working to expand the practice to oth  er blast fur-

OBDFT 5IF ) '6563& QSPKFDU JO -JO[ PNFOSJBPEHBDFEEEEBIZES3 1&.
electrolyser to the coke oven gas pipeline feeding the steel plant since 20 1914 The HYBRIT

QSPKFDU UIF ¢STU BUUFNQU UP QSPEVYDFETUBFM WISBOEBUPMSFOI 48 § PQ
TUBHF A.8 FMFDUSPMZTJT DBQBD EFAPOVW IB URYOHADBIFB B P G UIBDS BE
in 2025.15 Also in the steel manufacturing industry, the world’s largest SOEC e lectrolyser (0.72MW,
NBOVGBDUVSFE CZ 4VOcSF JT VTFE®O UIF (SJO)Z QSPKFDU

In the chemical sector, Fertiberia and Iberdrola in Spain are building th e world's largest green
BNNPOJB EFNPOTUSBUJPO QSPKFDU ARPSCF XIQBEEREBIPOBQFDRUZREIRJFO
PG %FONBSLMT (SFFO-BC 4LJWF JT CYSMEVOHJI®R O AFNRG UUBSBRNP C

13 3&'):/& J $MFBO 3FcOFSZ )ZESPHFO GPS &VSPQF

14  H2FUTURE PROJECT {UUQT XXX I GVUVSF QSPKFDU FV 4UBSUTFJUF
IlUUQT XXX | GVUVSF QSPKFDW FW | GVUVSF QSPKFD

15 1UUQT XXX IZCSJUEFWFMPQNFOU IZESZCEBEBWHMBQNFOXXXF IZCSJUEFWFMPQNFOU TF
16 1UUQT XXX HSFFO JOEVTUSJBM IZESPHFO DPN


https://refhyne.eu/
https://www.h2future-project.eu/
https://www.h2future-project.eu/
https://www.h2future-project.eu/
https://www.h2future-project.eu/
https://www.h2future-project.eu/
https://www.hybritdevelopment.se/
https://www.hybritdevelopment.se/
https://www.hybritdevelopment.se/
https://www.hybritdevelopment.se/
https://www.green-industrial-hydrogen.com/
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project to start operations in 2022. However, these projects will fall short o f the announced
2030 commitment targets.

5F ¢cSTU TUFQT IBWF BMSFBEZ CFIBDBUO RD JEFG\SFBTRIGYD®DH BSEFEGBS IZESPHFO
delivery to end users. Europe has more than 1,600 kilometres of hydrogen pipe lines, most of

which belong to and are used by industrial producers and users, but large-s cale deployment

of low-carbon hydrogen will require additional transportation and d istribution systems. As a

result, a consortium of gas network operators has launched a European Hydr ogen Backbone

(EHB) initiative in 2020. Spanning 21 countries (including non-EU coun tries such as Switzerland

and the UK), the EHB envisions 39,700 km of pipelines by 2040, of which 69% will be re purposed

OBUVSBM HBT OFUXPSLT BOE OFX IZBEHFBFO QIJ@FEMIOFTcSTW MPINA

on record, 12 km of an existing natural gas pipeline, was converted into a hydr ogen pipeline with

a capacity of 4 thousand tons of hydrogen per year and put into commercial servic e in Gasunie,

the Netherlands.’ In June 2021, Gasunie also announced that it had been asked by the State

Secretary for Energy and Climate to develop a national hydrogen transp ort infrastructure develop -

NFOU QMBO VOUJM PG XIJDI XPVNETCEJQF NFURP c yOOBRYSBWC F S

UIF %9VUDI HPWFSONFOU BOOPVODFE B 74 QBNSWMWRGPB COMBHRINEZOUABEIMMIP
package of climate measures) to convert the existing gas network int o hydrogen transmission

infrastructure. In addition, the gas transmission system operator’ s latest ten-year European net-

work development plan roughly estimates that by 2030, 1,100 kilometres o  f gas pipelines could

CF SFUSPCcUUFE CVU UIF cOBM JOWF TOLNMOUIEFRBERPD RBTUZFODFU@SIPKFDUT
Some EU countries are also conducting mixed-transport exper iments, including France, Germany,

the Netherlands, and Portugal. In May 2021, the German go vernment announced 62 large-scale

hydrogen projects 18, of which pipeline transportation has been selected for furt her evaluation by

UIF *NQPSUBOU 1SPKFDU PG &VSPQFBRJSYRNNPOPFOBESMMUPOLEY'SPT PG cOBOD
support. The National Strategy for the Development of low -carbon Hydrogen in France 1 states:

17 1UUQT XXX HBTVOJF OM FO OFXTFNBOVOGISPINEESPPHEBR NBYB CSPGAsLNE JOUP PQFSBUJPO
IlUUQT XXX HBTVOJF OM FO OFXT B®FVOSFNI EPXPUHFZBEREBPVHIU JOUP PQFSBUJPOIZESPH
QJQFMJOF GSPN %PX UP :BSB CSPVHIU JOUWORQFSBURN® @ XXIMUHBTVOIRXZEBPHFO QJQF
line-from-dow-to-yara-brought-into-operationGasunie IlUUQT XXX HBTVOJF OM FO OFXT HBFVOJF IZESPHFO QJQF|
from-dow-to-yara-brought-into-operation

18 BMVliand IlUUQT XXX OPX HNCI EF FO OFXT BGETAXMMBVFODCNWIBSHF TDBMF IZESPHFO QSPKFDUT
#.8J IUUQT XXX OPX HNCI EF FO OFENWEBDESEMREKBTMBVODI MBSHF TDBMF IZESPHFO QSPKFDL
launch 62 large-scale hydrogen projects - NOW GmbH (now-gmbh.de)

19 1UUQT XXX FOUSFQSJTFT HPVW SBY PO TUSBBIFHHFA EBRMOPPBMF QPVS EFWFMPQQFNFOU
ESPHFOF EFDBSCPOF GSBODFZA
IUuQT XXX FOUSFQSJTFT HPVWFGS8 WP O USBIBAHIHFIFEOBDDFOBMF QFVS EFWFMPQQFNFOU E|
gene-decarbone-france

23
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https://www.gasunie.nl/en/news/gasunie-hydrogen-pipeline-from-dow-to-yara-brought-into-operation
https://www.gasunie.nl/en/news/gasunie-hydrogen-pipeline-from-dow-to-yara-brought-into-operation
https://www.gasunie.nl/en/news/gasunie-hydrogen-pipeline-from-dow-to-yara-brought-into-operation
https://www.gasunie.nl/en/news/gasunie-hydrogen-pipeline-from-dow-to-yara-brought-into-operation
https://www.gasunie.nl/en/news/gasunie-hydrogen-pipeline-from-dow-to-yara-brought-into-operation
https://www.gasunie.nl/en/news/gasunie-hydrogen-pipeline-from-dow-to-yara-brought-into-operation
https://www.gasunie.nl/en/news/gasunie-hydrogen-pipeline-from-dow-to-yara-brought-into-operation
https://www.gasunie.nl/en/news/gasunie-hydrogen-pipeline-from-dow-to-yara-brought-into-operation
https://www.now-gmbh.de/en/news/pressreleases/bmvi-and-bmwi-launch-62-large-scale-hydrogen-projects/
https://www.now-gmbh.de/en/news/pressreleases/bmvi-and-bmwi-launch-62-large-scale-hydrogen-projects/
https://www.now-gmbh.de/en/news/pressreleases/bmvi-and-bmwi-launch-62-large-scale-hydrogen-projects/
https://www.now-gmbh.de/en/news/pressreleases/bmvi-and-bmwi-launch-62-large-scale-hydrogen-projects/
https://www.now-gmbh.de/en/news/pressreleases/bmvi-and-bmwi-launch-62-large-scale-hydrogen-projects/
https://www.entreprises.gouv.fr/fr/strategies-d-acceleration/strategie-nationale-pour-developpement-de-l-hydrogene-decarbone-france
https://www.entreprises.gouv.fr/fr/strategies-d-acceleration/strategie-nationale-pour-developpement-de-l-hydrogene-decarbone-france
https://www.entreprises.gouv.fr/fr/strategies-d-acceleration/strategie-nationale-pour-developpement-de-l-hydrogene-decarbone-france
https://www.entreprises.gouv.fr/fr/strategies-d-acceleration/strategie-nationale-pour-developpement-de-l-hydrogene-decarbone-france
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“With a view to decarbonising the French industry, carbon-free hydro gen [from water electrolysis]
JT POF PG UIF TPMVUJPOT BEPQUFE APRIG IZEWPMPQ NFPEPOUURO BMUP
tackling several issues:

From an environmental point of view, hydrogen is a response to the decarboni sation

l

of industry and transport,
From an economic point of view, hydrogen makes it possible to ¢ reate new sectors and,

l

therefore, new jobs,

51F VTF PG DBSCPO GSFF IZESPHFO SFTUPPOEEVDF BBIOBPFYFOEHODTF
on imported energies.

Carbon-free hydrogen would also allow France to consolidate its technolog ical independence.

"T QBSU PG UIF SFDPWFSZ QMBO B CVEBIEFD CBFOEENMFDBO FEY SPTUIIE
EFWFMPQNFOU PG DBSCPO GSFF IZESPHFIOMAPO U@ WBN MG OKIXH
is planned until 2030.”

Furthermore, the strategy states that the impact of hydrogen on greenho use gas emissions

l

l

l

could be important, with a potential reduction to 53 million tons of CO 5, emitted per year in 2030
compared to 80 million tons emitted per year today. This is about 16% of the reduc tion needed
compared to the reference scenario (temperature rise below two degree s) 20

#HZ UIF IZESPHFO JOEVTUSZ DPVVWHE Bl INSEOPWBMMEG SFECSIMMEIPO FV.
more than 150,000 jobs 21. But to achieve this vision, France must change scale and make the

necessary investments. A study estimates the overall investment at €8 b n by 2028 in equipment,

infrastructure, scaling up of production facilities and R&D if the costs of hydrogen technologies

can be reduced rapidly 22. Ideally, €650 million per year should be spent for R&D over the next

10 years.

Potentially, hydrogen could represent 20% of the energy demand in Franc e by 2050, with a pro -

duction of 4 to 6 million tons of H 5 per year. As an energy carrier it could be used to decarbonise

end uses in several sectors (industry, transport, buildings) and to accompany the development

of renewable energies (RE). In 2050, hydrogen should meet 10% of the needs of i ndustry and

POF UIJSE PG UIPTF PG UIF CVIMEJOOHE IBEYNMUBEU FRIOD PB/GEFBMITIFBOTGF
JOUP BNNPOJB BOE PS NFUIBOPM

20 IUUQT XXX FDPOPNJF HPVW GS GYURPOBWHUHP® ANBSBQFNBEPWIZESPHKOF EFDBSCPOF G

21  Plan de déploiement de I'hydrogene pour la transition énergétique, Nov . 2017

22 1UUQT FOFSHJFT BJSMJRVJEFBBSRNOBSE QIVRMIEF @GOETQRDUJIJWF TUVEZ SPMF D
hydrogen-energy-transition
IlUUQT FOFSHJFT BJSMJRVJEF 9BQ FSIS MRWJIEIF BIPETQF@PRIWF TUVEZ SPMF DBSCPO G
energy-transition


https://www.economie.gouv.fr/presentation-strategie-nationale-developpement-hydrogene-decarbone-france
https://energies.airliquide.com/air-liquide-and-12-partners-publish-prospective-study-role-carbon-free-hydrogen-energy-transition
https://energies.airliquide.com/air-liquide-and-12-partners-publish-prospective-study-role-carbon-free-hydrogen-energy-transition
https://energies.airliquide.com/air-liquide-and-12-partners-publish-prospective-study-role-carbon-free-hydrogen-energy-transition
https://energies.airliquide.com/air-liquide-and-12-partners-publish-prospective-study-role-carbon-free-hydrogen-energy-transition
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The plan also comprises the development of a domestic fuel cell productio n for heavy- and

light-duty vehicles 23 5IF DPNQBOZ )ZDDP XIJDI JT UIF cSTHFIOBOVEM DFWSFS PG IZE
DPNQPOFOUT JO 'SBODF XBT DSFBUFE FO "McCIT U R\SWPIESAOTWI PG MBIOFDJT BCPV
to be launched. Franc’s Plastic Omnium and Germany’s ElringKlinger ha ve created a joint venture

dedicated to the manufacture of fuel cells: EKPO. Hydrogéne de Fr ance (HDF), a small company

CBTFE JO (JSPOEF BOOPVODFE JO %F DENCIFSXPSEMEQMIFEOSIJIWP OJHP CRVXIFSFE
fuel cell mass production plant to compensate for the intermittency o f renewable energy.

Daimler Truck and Total Energies have just joined forces in hy drogen road transport to decarbonise
the road freight transport within the European Union by develo ping a sector and an ecosystem
of heavy goods vehicles running on hydrogen via fuel cells and electric engin  es?4.

RTE2, the French TSO (electricity) considers the future potential of hydrog en (not including hy -

ESPHFO GPS QPXFS HFOFSBUJPO BUO BBBSFGFSFODFGTDFOBSJP BOE /58I
(~3.25 Mt Hp) in the hydrogen+ scenario with hydrogen utilisation for ex ample in the steel indus -

try, but also for transportation and aviation. If hydrogen for hypothetic al power generation for

electricity supply stability (compensation for intermittency of r  enewable energy) were included,

which could become a necessity if additional nuclear power plants were to be clo  sed and, as

a consequence, the part of renewable energies would radically incr ease, hydrogen demand

could rise substantially, requiring considerable additional e lectrolyser capacity for the necessary

additional production of hydrogen.

In terms of research and pilot installations, almost all the described new a pproaches to pro -
duce low carbon hydrogen are studied in the French academic laborator ies, start-up and large
companies have also dedicated teams. All the large pilots are associati ng them. The EPIC is
in charge of the industrial security and INERIS26 is also involved. The ecosystem is federated in
France Hydrogeéne.2’

&OWJSPONFOUBM JNQBDWPSUBEDBIRCO )

*O %FDFNCFS UIF &VSPQFBO $PNNJTWBBDEM@FEMYdrbEE JUT MFHJ
and Decarbonised Markets . The “Package” proposes new rules aiming to develop a hydrogen

23 Integrated National Energy and Climate Plan for France, March 2020, pa ge 65

24 JUUQT XXX BDUV FOWJSPOOFNFOU PBRMNMFE FOQWESPOQWOFMFORQFU UFDIOJRVF IPST TFSJF IZE
gene-2021.pdf

25 JUUQT BTTFUT SUF GSBODF DPN Q®@®FBQUEeBUDPNQMFU@DIBQIJUSF @IZESPHFOF DPVQMBHFT
26 IUUQT XXX JOFSJT GS
27  www.france-hydrogene.org

25


https://ec.europa.eu/commission/presscorner/detail/en/IP_21_6682
https://ec.europa.eu/commission/presscorner/detail/en/IP_21_6682
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market in the EU. The new rules bring much awaited legal clarity to the concept s and role
of blue and green hydrogen within the EU’s energy regulatory framework fo  r the climate transition.

*O FbFDU UIF $PNNJTTJPOMT MFHJTMBYRWHRFUFBDILBMFF P& CWACE FAE S P
gen until at least 2030 provided that it achieves the same decarbonisation as g reen hydrogen
JF ()( SFEVDUJPO &

5[F -FHJTMBUJWF 1BDLBHF PO )ZESPHFO BOE %FDBSCPOJTFE .

The Package is yet another piece of the “Fit for 55" Agenda to achieve the EU’s climate neutrality
by 2050 and includes three legislative proposals: (i) a proposal for a recast o f the EU Regulation
on the Internal Markets for Renewable and Natural Gases and for Hydrogen (* Proposed Gas and
Hydrogen Regulation "); (i) a proposal for an EU Directive on Common Rules for the Internal

Markets in Renewable and Natural Gases and in Hydrogen (“Proposed Gas and Hydrogen Direc -
tive"); and (i) a proposal for an EU Regulation on Methane Emissions Reduction in the Energy
Sector (“Proposed Methane Regulation ).

*O MJOF XUWHydwbEstrategy AZUIF 1BDLBHF BJNT UP GBDJMJUBUF UIF VQUB
BOE MPX DBSCPO HBTFT JODMVEJOH IZEGBHEBOUSMDUVERE6MTS FOMEH J°
proposals create a dedicated hydrogen infrastructure and adapt the gas m arket regulatory

framework to remove barriers to the entry of hydrogen with the aim of promoti  ng the utilisation

PG IZESPHFO JO BSFBT XIFSF FMFDUSJzIDBU JFOF SH 0 POUBFOQ PIQWUR B O EVTVU
and heavy-duty transport.

#PUl HSFFO BOE CMVF IZESPHFO DBUFHRBS3J® I PXPNIMFE BEOWBEQUBSFFR WT SFHYV
UPSZ GSBNFXPSL QSPWJEFE UIFZ DPNQME XU BIOEI IS FRR\WIGHFNFO B Fc @&JVWP XFW
UIFZ XPVME DPOUJOVF UP CF JNQBDUF@BEILTF PFOUMZEBOEFBMIWIFEF BOE F(
SVMFT TV BRdénBikbld BhdEyies Directive £ O3&% ** PordB@&E fas BRREgulation on
B $BSCPO #PSEFS "EKVTU {'Progposed-CBAMMRégulation”) and the Regulation on
the Establishment of a Framework to Facilitate Sustainable Investmen t (“Taxonomy Regulation”).

BFOFXBCMF BOE -PX $BSCPO )ZESPHFO

5/F &6 MT DVSSFOU FOFSHZ SFHVMBUP S E GR®EN\CHRRGRABBIMT UP EFCOF
MPX DBSCPO BLB OCMVFP IZESBHIPW ZABTJBNMGHEMEMOBFSAMFEF PVU PG
BOE CMVF IZESPHFO NBSLFUT BOE JOGPSSESSIHDSNV DUMSFUI© UBP I&8BH FE JSPUB P E
OFX MFHBM EFcOJUJPOT PG SFOFXBCMF BOE MPXTOBBOPQMAME EFHFND UIB

28  aka: “also known as”


https://ec.europa.eu/commission/presscorner/detail/en/IP_21_3541
https://ec.europa.eu/energy/sites/default/files/proposal-revised-gas-markets-and-hydrogen-regulation.pdf
https://ec.europa.eu/energy/sites/default/files/proposal-revised-gas-markets-and-hydrogen-regulation.pdf
https://ec.europa.eu/energy/sites/default/files/proposal-revised-gas-markets-and-hydrogen-directive.pdf
https://ec.europa.eu/energy/sites/default/files/proposal-revised-gas-markets-and-hydrogen-directive.pdf
https://ec.europa.eu/energy/sites/default/files/proposal-methane-emission-reductions-regulation.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020DC0301
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A02018L2001-20181221
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:52021PC0564
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:52021PC0564
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QPXFSFE UP EFUBJM CZ BEPQUJOH TQFBJ&D BBHEDOMBBUIPAWE N\BFRUPERMPBUIPOT
in delegated acts.

5|F 1SPQPTFE (BT BOE )ZESPHFO % JSFDRGVWF OBODBIC/EFBEECOBYIPBICPO
hydrogen that are in line with those of the proposal to amend the Renewable Ener gies Directive Il
(“Proposed Directive to Amend RED Il ™).

3FOFXBCMF IZESPBFOOFE CZ SFGFSFODF UP QFTEEc®JEBP OJMG WIF "INSFPO E
3&% ** /£ BT IZESPHFO UIBU J EFSIWOTFIBTWP APNB DPORPBRS WSBA SIPNBTT
and (i) achieves a 70% GHG emission reduction compared to fossil fuels.

-PX DBSCPO IZESPHEFOOFE BT IZESPHFO XJUIl BO FRRSFISMZEDEPORN OP @ IBU JT
renewable sources, and that meets a GHG emission reduction threshold of 7 0% compared to
fossil-based hydrogen.

This means that the EU’s rules for the maximum greenhouse gas emission inten sity of renewable

(“green”) and low-carbon (“blue™) will be broadly similar, since the Gas an d Hydrogen Directive

sets the same decarbonisation impact criteria for both ( i.e. ()( SFEVDUJPO  A5IF SFEVDUJPO
threshold for renewable and low-carbon hydrogen will likely be calc  ulated using a “well-to-gate”

approach, that is, taking into account the CO 5 emissions from exploration to the production

QSPDFTT JODMVEJOH USBOTQPSUBWPPIO ZOPXWMWHFE QSPES$PNNBDTQB®D
has yet to establish the exact calculation and determination methodolo gies for green and blue

hydrogen (see below).

5/VT UIF QSPQPTFE NBJO EJbFSFODE OAXXBBG CGHF® FXBEWHFBOXPVME CF
the production process of the hydrogen and, in particular, the source of the e nergy that is used
to make the hydrogen (e.g. JO BO FMFDUSPMZTFS A£*O FbFDUP BMAMPBXN PG UIJT BQ
low-carbon hydrogen to play a role in decarbonisation and facilitate th e energy transition until

/£ 5IF BNFOEFE 3&% ** XPVME DPOUJOYFHF® QBPEPWB SHPNVAO&BZEFHIT
lation, such as the Proposed CBAM Regulation, would likely imp act blue and green hydrogen
EJbFSFOUMZ £ )PXFWFS CPUI CMVF BOIF HQSFPROP TAESEPAF@INFFOTOHP VME
CFOFcU GSPN UIF 1BDLBHFMT QSPQPTFEUSAMVDIDBIRF B OEEISB S ERUJPGEBI O F E
below at least until 2030.

In the Parliament’s view, “low-carbon” includes so-called “blue” hyd rogen, which is made from
fossil gas in combination with carbon capture and storage (CCS) technolo gy to store the asso-

27


https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52021PC0557
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ciated CO» emissions underground. Although the report makes no explicit mention of n  uclear,
JU JT VOEFSTUPPE UIBU UIF OMPX D BSKEPITTFF EORZFKMMBR O BMNETP HFPD® MNNBE
from nuclear power.

The expectation is that by 2030 the EU will introduce a stricter GHG reduction threshold for the

EFcOJUJPO PG MPX DBSCPO OCMVFE DEEBEHERO TENIMBSUUSPFUIBM TFU
U | BrEt technical screening criteria for gas investments AVOEFS UIF 5BYPOPNZ 3FHVMBUJPO
that remains to be seen.

$FSUJcDBUJPO PG -PX $BSCPO )ZESPHFO

#PUI SFOFXBCMF BOE MPX DBSCPO IZESPHFO XPVME IBWF UP CF DFSUJc

SFOFXBCMF 1ZESPWHMDP IBWF UP CF DFSUJcFE JO BDDPSEBODFFXUBI UIF 1
Amend RED I, which requires the Commission to adopt delegated legislatio n that establishes
UIF NFUIPEPMPHZ GPS UIF DFSUJcDBUJPO

-PX DBSCPO IZKEBPMEOEWF UP CF DFSUJcFE JO BDDPSERIODIF-F XJUI B NFL
Commission must adopt as a delegated act under the Proposed Gas and Hydroge n Directive.

To avoid duplication, the Package requires that the methodology does no t take into account the

capture of carbon dioxide which has already received credit for avoided emi ssions under other
MFHJTMBUJPO TVDI BT UIF &NJTTJIPOTI KB IBFEINDH IEZTIFQ SRRV DIFINFO UAE
require companies that produce low-carbon hydrogen to provide extensiv e information about

their processes and include related information in an EU database.

The Package also allows the Commission to recognize a voluntary national or i nternational scheme
that sets standards for the production of low-carbon hydrogen as equal toth e Commission’s own
methodology ( F WIFE$FSUJG)Z TDIFNF A)FODF JG BOBODHFSEIUBISBQSPINJIEFT C
PHOJ[FE TDIFNF UIJT XJMM TFSWF UFRVTBIRNBQUUGHF 5 AVBRIX OBESLWCIFPM IZESP

5/F 1BDLBHF BQOQMJFT UIFTF DFSUJcDBZJPR JINRAVISFE BOUETLBRYBMEVDFE C
BOE HSFFO IZESPHFO XIJDI NBZ CF SFMBIFEJOP. SNOF® U FBHPBTU UK 7 DB |
VQ QSPEVDUJPO PG IZESPHFO CPUI JOTSHBP BWEOPVU TNIE BoiDF &G F& 'P A
Commission approved the German State aid scheme H2Global AZUIBU BMTP TVQQPSUT UIF QSPEV]
of green hydrogen in non-EU countries for its export to, and sale in, the EU.


https://www.euractiv.com/wp-content/uploads/sites/2/2022/01/draft-CDA-31-12-2021.pdf
https://covcommunicate.com/48/4802/uploads/covington-alert---german-renewable-hydrogen-scheme.pdf
https://covcommunicate.com/48/4802/uploads/covington-alert---german-renewable-hydrogen-scheme.pdf
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$FSUJcDBUJPO PG PSJHJO

"MUIPVHI DFSUJcDBUJPO PG PSJHJO JF WeBIB INDPSWHEOB U URBSEEPIQOFE
CZ UIF &6

"O FYBNQMF PG XIBU IBT CFFO EPOF CZ B &VSPQFBO BTTPDJBUJPO JT HJIJW|

5IF $FSUJG)Z (0 DFSUJcDBUJPO TZTUFNMBWWBNMEQEESPHBOF +NFMUSEOEFS
UBLJOH '$) +6 CFOFcUT GSPN &VSHFQUFBPUTR QOUB®EBER U*UTJT QSFTFOUFE
BO FYBNQMF *U JEFOUJcFT UISFF UZRF0O BGHREIZEBPOBHCHATI 2EBYRPVU $0
capture, blue hydrogen from non-renewable sources but with a low CO 5 impact (60% reduction

in CO, emissions compared to methane reforming), green hydrogen whose prod  uction respects

the CO, ceiling of blue hydrogen and is derived from renewable energies. The latte r is typically

IZESPHFO GSPN FMFDUSPMZTJT JG BSIIIHQXZ DB @G @B OB XBX MF FMHDIO 51JT DM
cDBUJPO IBT UIF NFSJU UP FYJTU BOE UPDBR BPESITBGI BEQHUPXBGE\ET DUF ST JkB X FE
PO EJbFSFOU QPJOUT, BNW BMMPXFXI$DI SFNBJO TJHOJcDBOU XJUIl HSFFO 1Z
the limit between green and blue, the fact that it does not take into account hyd rogen having

PUIFS TPVSDFT UIBO UIPTF NFOUJRPIKEBBUPRPWEUWBOE ERBMUMEZWUBLF JOUP BDD
the routing of the hydrogen to its point of use and more globally a complete life cyc  le analysis.

Emissions of green hydrogen: the production of green hydrogen, as well as bl ue hydrogen,

can emit - and in practice will emit since blends are allowed - 40% of the CO , that would have

been emitted by steam-reforming production (SMR) without CO 5 capture. Taking into account

UIF DPOWFSTJPO FeDJFODZ BOE UIF SETIIF DLPIX\OF DBM P SYE®» WABIMVEG FOFSH.
contained, green hydrogen emits 65% of the CO , UIBU XPVME CF FNJUUFE CZ OBUVSBM HBT
HSFFO JG POF XFSF UP TUJDL UP BO SNQBDU (CBFNETHRE®JU JPAE S PHFBO

from electrolysis from nuclear electricity should be considered green. B ut nuclear power is not

RVBMJcFE BT SFOFXBCMF BOE FMFDUZS@H®MZHVD AT COW ”RJI1JO-PWUFBSGFRAPHZESP
HFO "OE TPNF OPO HPWFSONFOUBM BTBWPIDOB WIBO TUBSTF AEWBAMDI BERBVUPIP O CF
removed and that it be considered grey. This is a subject that can have substan tial commercial

consequences. Moreover, it is surprising that the term blue hy drogen is widely used when CO »

capture, transport, use and storage (Carbon Capture Utilisation and S torage: CCUS) is still in

a research and pilot phase (excluding storage in depleted oil or gas wells). | n practice, there is

currently no real blue hydrogen, except if it is produced by nuclear electrici ty.
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51JT CSJFG TVNNBSZ IJHIMJHIUT JGFJDMEBTTUJDBUOFOFIG@ RSE JNOBDUIPG

activities using as sole gauges “renewable”, which excludes nuclear ener gy (which does not emit

CO»), and “greenhouse gas emitters”, are not the only relevant ones. Electro lysers and fuel cells

contain nonrenewable metals, and the life cycle analysis of a product must b e systematically

DBSSJFE PVU GSPN " UP ; 4PNF FDPOPXRJDOESIQ BEWROBRHGFMBEZ RS IB
TFDUPST DMBTTJcFE BT WIJSUVPVT PRNQRUGZWIRF WEMBRAWEME GBHEFRIA TF
partisan objectives. It is much more complex to do a complete and comprehensiv e life cycle

BOBMZTJT 'PS FYBNQMF UIF FOWJSPOJF Q$P¥E \VDFFR) RIGVDESEH R RVE!
BOE USBOTQPSUFE CZ TIJQ UIFOB®EHBSIYOAREFE BMHBQOF UTFE'VTUSBMJBO +
project) is not the same as the environmental cost of just producing it. The Nat ional Academy

PG 5FDIOPMPHJFT PG 'SBODF XPVMEUWMR IER WA & FIDWBUT Z Qd-OBRGPIZESP HF O L
based exclusively on an analysis of the CO» emitted during the life cycle and up to the point of

distribution.
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Chapter 2

Hydrogen Production Storage
and Transport

Issues and context

This chapter takes stock of current and close to mature production met hods from gaseous, liquid

or solid hydrocarbons, which emit greenhouse gases (Steam Methane Refor ming (SMR) and coal

HBTJcDBUJPO *U BMTP QSFTFOFR TGRSFEFMBESECPBUIWE QBWBVNMBLIMO FMFDUS
using low-carbon electricity or the use of hydrocarbons but with captur e and storage of CO»).

The energy required by the various technologies will be compared. Econo mics is also an issue

which is addressed in this chapter. Finally, it presents more innovative pr ocesses with a lower

TRL and describes their state of development. The possibili ties and the costs of long-distance

transportation are key to the development of a global H 5, market and therefore will be part

of this chapter.

This report also compares:

curentH, QSPEVDUJPO NPEFT UIBU BSF VTFE JO $1JOB BOE 'SBODF &VSPQF
UIF FYQFDUFE GVUVSF TIBSF PG QSPEVDUJPO GPS BOE JO FBDI NP
ongoing research projects and existing pilots to improve the already exis ting solutions and

EFWFMPQ OFX POFTEA

UIF JOEVTUSJBM QVCMJD FDPTZTUFNPrd8i&Rov Préceddeds; SFTFBSDI PO )

the transport modes, on land and transoceanic.
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Current technologies

Current mature technologies for H , production

Ninety-six percent of the world’s hydrogen is produced by reforming hyd rocarbons or by coal
HB T JcDBUJP @eiiddibhs &hich, in most cases, are not captured.

3FGPSNJOH 4.3 XFU NFUIPE

| Forty-nine percent of world production is by Steam Methane Reforming (SM  R).

The main hydrogen production processes used today are wet reforming (SMR ), which requires an
external energy input, and autothermal reforming (ATR), which uses the energy from the second
of the two subsequent reactions within the reforming process accordingt o the following reactions:

CH4+HO CCO+3H) FOEPUIFSNJD SFBDUJPO BU IJHI UFNQFBESBBUYUBF UpP
pressure (20-30 bar) and in the presence of a catalyst (Ni);

CO + Ho0O C CO2 + Hy exothermic reaction in the presence of water is the WGSR ( Water Gas
Shift Reaction);

The overall yield is 72 to 82%. Half of the hydrogen is derived from methane and hal f from water.
Ten kilograms of CO 5 is emitted per kg of H 2, and the energy contained in the produced hydrogen
JT BCPVU PG UIF FOFSHZ OFFEFE GPSFHEFESRUBPDNBRUGBDUMSHF JTH PG )

SMR facilities are typically large, with about 100 tons per day of hydrogen fo r the larger ones
worldwide and up to 600 tons for the largest in the United States and Asia.

OYJEBUJPO PG QFUSPMFVN GSBDUJPOT

5XFOUZ OJOF QFSDFOU PG UIF XPSMENMTQ®SBEFM LPIYWIXE B U JBPOD FFGVRE LS P
fractions.

This process is suitable for heavy oil fractions.

The principle is the same as steam reforming of methane to form synt hesis gas but the oxidation
of the hydrocarbon is done by dioxygen instead of water.

5/F SFBDUJPO JT FYPUIFSNJD BU IJHI WFNQFSBEVEFFTTVISEF ICBST
and generally without catalyst.



$)r15e3** E:Me A )&/ Bo%6$5+0/403" (&' /% 3141035

This process is used to provide synthetic gaswithanHo $0 SBUJP TQFDJcD GPS QFUSPDIFNJDBNM
in the absence of light hydrocarbons, or to destroy heavy hydrocarbon residu es with low valo-
risation potential.

$PBM HBTJcDBUJPO

&JHIUFFO QFSDFOU PG UIF XPSMEMT Q SFEVDUJPO PGNE&EHHER2 ODBFPBM J F
DPBM HBTJcDBUJPO 51JT SBUJP SFEBDIFT GPS $1JOB

It is the reaction between incandescent coal and water to produce gas from wat er:
C+HyO CCO+Hy

Followed by: CO + HoO C CO2 + Hp, i.e. the WGSR (Water Gas Shift Reaction)

Almost 100% of the hydrogen produced comes from water ~ with the result that the CO 5 emitted
per kg of hydrogen is much higher than that of the SMR process.

China is not the only country where H 7 is produced from coal. In Australia, a major pro ject for
UIF QSPEVDUJPO PG IZESPHFO CZ DHPGMJHBBJIcOBRQP\OBVDDOHEMUP FYQPSU U
hydrogen to Japan (see page: 25)

3FGPSNJOH PS DPBM HBTJBRUYRSG ROWE BOPSBHF

In order to reduce the GHG impacts of the current production of hydrogen from h  ydrocarbons
or coal, large projects combining the production of hydrogen from carbon  -based energies with
CO, capture and storage are ongoing or projected. The resulting H 2 is sometimes called blue
hydrogen to indicate that it emits little CO » during the complete manufacturing cycle. The cost
of CO» capture is in the order of €10-20 per ton of CO 5 (€100-200 per ton of hydrogen); the cost
of capture is, therefore, lower than the trading value of emission permits 0 n the EU-ETS market
BOE JT B DPTU FbFDUJWF PQFSBUJPO

CO, DBQUVSF QSPDFTTFT BSF QSPWFO UEDAD BMFHIFOJFO W I B VQERTHISAIFZ

can probably be improved. The main challenges to pass from grey to blue H 2 is mainly in terms

of CO2 storage. Worldwide the CO 5 storage projects are mainly Enhance Oil Recovery projects

and since the oil production in Europe is low and decreasing, the market is miss ing. Real CO,

TVCTVSGBDF TUPSBHF JO EFQMFUFE 0 SBEBMETFESI OO/ BRYBGBSTFBDRQUQPOBM

5/FTF QSPKFDUT BSF FODPVSBHFE CZ GBUWHNGBIEN HBVT BGP EVBOIUIBBIBFBTJICJIN

depends on the proximity of storage capacities and their operating cost s. The technologies of
gas underground storage are mature and well known by the major gas operatin g companies.
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However onshore, in Europe where the population density is h igh and the public reluctant to

accept new underground storages, the possibilities to develop such a st orage in the vicinity

of the CO , emitting industrial sites are rather low. The public authorities are te sting the feasibility

of COp USBOTQPSU UP /PSXBZ XIFSF PbTIPSF TUPSBHFO®& MM CF QPTTJCMF

If the hydrogen economy develops on a large scale, this type of opportunity ca n play a role
in the hydrogen market and change the balance. It will be in favour of large faci lities near major
CO, transport hubs.

For the development of the hydrogen sector, as for the continuity of other in  dustries, we will
probably not be able to ignore CO > capture. Various examples show that several countries and
private companies are seriously investing in research to develop the produ ction of blue hydro -
gen29:30 which needs CO» storage. Blue Hyis, indeed, at least on paper, potentially cheaper
than green H and for the countries where EOR is ongoing and where a large CO 2 market exists,
it should be considered a realistic possibility.

1SPEVDUJPO CZ TUFBN SFGPSNJOH PG CJPNFUIBOF

This mature solution requires the biogas to be treated to remove the sulphur a nd carbon monoxide
that poison the catalysts that are used in the reforming process. These treatme nts are already
in place for the transformation of the biogas produced in the  digesters into biomethane that can
be injected into the network.

8BUFS FMFDUSPMZTJT

PEM electrolysis

Currently, the main process available to produce decar- 20-100°C)
Cathode - + Anode

bonised hydrogen in industrial quantities is the electrolysis

of water, provided that the electricity itself is decarbonised.
Three main processes coexist: H,0

— electrolysis of water with the addition of an alkaline

solution (usually KOH) to improve the conductivity 1,0,
of the medium at low temperature and pressure (about
CBS 5|F FeDJFODZ JT B MJUUI

— electrolysis with proton exchange membrane (poly -

athode Anﬂde

Membrane

H,0 —= 2H" + 150, + 2¢° Anode
mer-electrolyte membrane or proton-electrolyte 2H +26 — H, Cathode
membrane PEM). The concept of Polymer membranes H0 — Hy+%0, Total Reaction
can be used in electrolysers as well as in fuel cells (FCs).  'JHVSFA 1SJODJQMF PG B 1&. FMFDUSPMZT

. : . . @Davidlfritz - Wikipedia
Expectations are high concerning this technology. P

29 1UUQT XXX FRVJOPS DPN FO OFXT IUT IWOPWUIFSO MJH
30 1UUQT XXX IPSJTPOUFOFSHJ OP DBSCPO TUPSBHF
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5|F FeDJFODZ BDIJFWFE JT BOE UIF BIJN UINFPCHYIDAEBMLBMI3OH F
electrolysers have lower investment costs than PEM. Howeve r, The market will ultimately
decide between alkaline and PEM solutions;

— high temperature electrolysis (Protonic ceramic fuel cells (PCFC) or Solid oxide electrolysis
DFMMT 40&$ X1JDlI SFRVJSF IJHI UFIC@ESEFBUNS ANFBA EdBBSFCMWIFS )PXFW
FS UIFZ NBZ IBWF B CFUUFS FeDJFODZ J® MPEBU TOFEEO 6P NSFPBWHERFE BOE !
electrolysers could be coupled with waste heat sources, but also with coge neration nuclear
reactors or concentrated solar power plants: developments in this area ar e long-term.

Hydrogen Transport and Storage

TSBOTQPSU PG IZESPHFO JT B NBKPSPIXY TVUR D'OEFBPE Fr@BEEEDAH JODMVEJC
safety, the solutions will determine whether hydrogen can be produced w here it is consumed

or where the production can be economically decarbonised. Hydrogen may b e produced far

GSPN UIF cOBM VTFS EFQFOEJOH PO WBGTBEBQUUBOEPODUPSBMEMVOCMIBETMZ J
QSPEVDUJPO CZ FMFDUSJDJUZ WJB X BEUPRSF FVOF D UFS P MZH XN IS FFBU JH SOUFF ECFFE
consumed than for other processes needing complex installations, at | east in small quantities.

At present, hydrogen is transported in tanks by truck or railways. Dedica ted pipelines exist

in certain areas of the world wheretheH , NBSLFU JT MBSHF OBNFMZ JO UIF 64" £ LN
OPSUIFSO &VSPQF 'PS JOTUBODF JOB®&FMHENVNL BifeliReSFTHRS®F NPSF Ul

pipelines may be extended to long-distance as is the case for methane. Work i s ongoing to create

an Ho pipeline grid at the European level. For one part it will reuse existing metha ne pipelines

but, new sections will also have to be laid. The impact of such pipeline grids o n the potential

scenario of market penetration will be discussed in the following secti ons.

The direct use of the old steel pipes for H 5 is an issue since hydrogen embrittles the steel and

DBO GBDJMJUBUF UIF QSPQBHBUJPO PIBFEREGEDXJIUI| )XESBOFOIEGBUEZIER CBM
user wants this type of blend. If the percentage of H 2 remains low, the methane transport and

distribution grids are suitable and pilots have tested this solution in G ermany, France (Grhyd31)

and the UK (Hydeploy 32) (among others)

These various modes of transport are linked to the available storage faci lities, in tanks on the
surface or in larger underground cavities. The storage in salt cavities is th e most adapted tech-
nique, as they have a very low permeability, but storage in aquifers does also ex ist, especially for
the blend Ho $)4. Today various countries, including France, have pilots to test the man agement
of H» underground storage in the new context of an increasing H > market. When the H» storage

31 IUUQT HSIZE GS
32 1UUQT IZEFQMPZ DP VL BCPVU EBPHESTUMFIOBEEBAWMBPGBIMFE B TVDDFTT
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is mainly considered as a security in case of delivery failure, it will be very rar ely solicited. If the
charge and discharge of H o are done on a daily basis, there are uncertainties about the possibil -
ity of rock deformation. Another point to be solved is that of the cushion gasint he H» storage
facilities, representing a large percentage of the total gas content.

However, a global market can only emerge if the transport of H , from one continent to another
is possible. For natural gas, this transport is done by pipeline and by boat, t he LNG transport
representing 52% of the global gas transport 33.

Today, underseaHy QJQFMJOFT EP OPU FYJTU BOE VOGPSUVNBDFMRPSFIRVFCFE
EJeDVMU UP IBOEMF UIBO MJRVFcFE OBGY BdvhctioB & neBrfGFKUFNQFSBUV ST

A1$ BOE UIF SFBDUJPO JT FYPUIFSN PG SFONVIHLEZ O®UJ BSBBIM U IF S\OBTU J W |
tested, especially using organic liquid carrier beds.

Hydrogen @

carrier

Chemical

liquid

|

| I | 1

Compressed T
o W W I

DBT/perhydro-
DBT

'JHVSF 5SBOTQPSU BT MJRVFcFE BNNPOJB PFANRNFBOPRMATIGRQ IOH UBBIDFHBEOPWIUIFS TP M\
tions are under study and tests.

33 bp-stats-review-2021-full-report.pdf
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Ammonia as a hydrogen carrier: production, transport, storage

Consideration is being given to converting hydrogen into ammonia (NH  3), which is easier to use than hydrogen and
can be an alternative energy carrier.

"U SPPN UFNQFSBUVSF BOE BUNPTQIFSJD QSWU WIRVFBRNBOJBEJTAHBTEBVOIBOCCF TUPSFE BOE

USBOTQPSUFE JO B MJRVJE TUBUF BUFESNCSFODUVSFNRE-B8BUVZEFILBFOE/VOESNBM BUNPTQIFSJD QSFTTV
*UT NBJO VTF UPEBZ JT JO UIF QSPESDUJSFRP PG OBE SIRBRUG TGF QB $18 U[FFT LN PG EFEJDBUFE BNNPO.
QJQFMJOF *UT FOFSHZ DPOUFOU JT SEVMBUMWFMZIMBYISPEVIBRBEKEZAZSIF )BCFS #PTDI QSPDFTT GSPN
nitrogen and hydrogen and can therefore be decarbonised if the hydrogen i s produced in a decarbonised manner.

It can be considered as a hydrogen storage system. It is then dissociated intoN , + 3H, CFUXFF O /EIl$ BOE El$

using catalysts. It can also be used as a fuel in combustion engines, turbines (such as the X15 rocket engine in the 1960s,

combined with oxygen), and proton ceramic fuel cells. It can be mixed with hy drogen to improve burner performance

BOE HBT UVSCJOF FeDJFODZ *O 'FCSVB;SVZCMJTIGEBBEQM&@MWDnWM@tI@:DU

are very active. Despite the security problems, this topic seems promis ing.

1 IlUUQT SPZBMTPDJFUZ PSH UPDBBT R® W OF5 S BISPHEB WMWK HSFFO BNNPOJB

Methanol as a hydrogen carrier: production, transport, storage

Methanol is yet another solution as an energy carrier for hydrogen. The rat io of hydrogen over total mass is slightly
less favourable than with ammonia (-30%) but at room temperature and atmos pheric pressure methanol is a liquid and
presents much less security hazards.

Methanol issues will be further developed in chapter 4. Currently, the ma jor impediment is that it is mainly produced from
IZESPDBSCPOT %JbFSFOU PQUJPOT B$SBECPN\) IR DFENCB QUOREMPR PBBCPO IZESPHFO XJUI DBQUVSFE $0
or by co-electrolysis of waterandCO 2 CVU UIFTF TPMVUJPOT IBWF ZFU UE EBBDPJNOEWEWIFEOMDZDBMFT BO

8l JMF JUT FOFSHZ DPOUFOU JT BCPVU IBMGNB LB B CPRGMHBITPMJIOMA B MIBVJE GVFM BOE DBO CFOF!
all the current facilities inherited from our hydrocarbon economies fo  r transportation, storage and distribution. China
EFWPUFT TUSPOH FbPSUT PO NFUIBOPMUSSWFWAMBP®BE CH BWUFTIIJBKMF WDBEVSO JU EJSFDUMZ VOCMF
Obviously, the size of gas tanks needs to be doubled for the sa me vehicle range, which impairs methanol for certain
applications. France imports methanol for its hydrogen productioni n Kourou, European space port in French Guiana.

An interesting example of a global project of production and transport of hy  drogen is one im -
QMZJOH UIF "VTUSBMJBO HPWFSONFOU BIOE) DBW ZB@EVATURS ¢B8N ,BXBJISBMJIB
has large quantities of lignite in the Latrobe Valley. The project consist s of using lignite for coal
HBTJcDBUJPO 5IF IZESPHFO XJMM UIR® OFFUSBQUTSBMIBOE QPSS USMDIBTUJOH
BOE UIFO CZ B IZESPHFO UBOLFS UP ,PCIFND +B@&BNJMBURP 6 QYU XDBW K FD U
is being funded by the Australian government and the State of Victoria for th e facilities and
by Japan for the ship. The project started in 2019. If it expands, it is planned to ac hieve capture
and storage of the CO 2 emitted (CCS). The developers of the project consider that t he Gippsland
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Basin lignite deposit in the Latrobe Valley has the capacity to store CO , B GBDU XIJDI JT DPOcSNFE
by the Global CCS Institute. The hydrogen produced must be transported to a liquefaction plant

at the port of Hastings and then transported to Japan. The economic balance o f the project has

not been demonstrated, but the Australian governme nt, the State of Victoria and Kawasaki have

DIPTFO UP UBLF UIJT SJTL 5IF ¢STU EFMJWFSZ UPPL QMBDF JO +BOVBS

Another major project is led by Chiyoda, the hydrogen produced by steam refor ming in Brunei
is transported by boat using an organic medium (toluene hydrogenated in  to methylcyclohexane)
in Japans°,

Hydrogen economy and business models

There is no shortage of publications proposing economic models or cost est imates for a hy-
drogen sector, with sometimes contradictory conclusions. Cost cal culation methods may reveal
incompatibilities in the conditions of use of the technologies, prima  ry data may be unclear (old
sources or poorly supported prospective sources), etc. There is often a me lange of today’s cost
and expectations, more or less optimistic, depending on the authors.

The purpose of this section is to identify established sources for econo mic data, or failing that, to
propose order-of-magnitude comparisons for evaluating options. The amb ition is not to achieve
the rigour of real economic models, but to identify the cost determinants of th e main uses con-
sidered and their margins of evolution.

JZESPHFO QSPEVDUJPO DPTUT

$PTU PG QSPEVDUJPO CZ HBTJcDBUJPO P.

(BTJcDBUJPO BOE SFGPSNJOH BSF FTUBCMJUIFEFVBLIOWPRMPH K WIEW B ND P
provided by industry. Most of the references put forward production cost s for reforming in the
PSEFS PG Z UP z LH PG IZESPHFO

5/F VTVBM QSPEVDUJPO NFUIPE TUFBNRFBCBPWVR SF GRIOE@EHSFFRV IS
a kilogramme of hydrogen (both raw material and energy source). In additi on, methanol pyrolysis
JT BO FOFSHZ FeDJFOU NFUIPE

34 1UUQT XXX SFVUFST DPN CVTJOFT® TFOWESPHFROUBOAFMEEMIQ UFTU DBSHP BVTUSBMJB KBQB
35 1UUQT XXX DIJZPEBDPSQ DPN FO TFSWJDF TQFSB IZESPHFO
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The price of natural gas varies greatly depending on the country, producer o rimporter, and the

conditions under which it is transported by pipeline or LNG tanker: the IEA i nits report on hydrogen

FYQFDUT 64 UP 64 QFS NJMMJPOA#%6 GSBNJIGA S5IFSNBM 60Ja J
51JT SFQSFTFOUT B SBX NBUFSJBM BOBEG-OFBNEFDPEWY GPS BGE B3N JCOH
hydrogen. To this must be added the costs of amortization and operation of th e installations.

The energy crisis that began in 2021 and the events in Ukraine in 2022 have caused a surge of

the already high natural gas prices in Europe. Considering a lon g-lasting 30% mean increase

PG /( QSIJDFT DPTUT GPS IZESPHFO GSENSNTFWH IBD B S MGFBINJO4H XP VIM

JG /( XFSF UP SJTF GVSUIFS EVSBCMZ V@ WDPBY% NIJHIKW ELGAMES PHF

UP 64 LH 51JT BMMPXT GPS DPNQFUJWEBPHMDB® TCSIP S RSV MP Y SPB/ZORBD |20
the condition of low market price for electricity on the grid — which in many countries can also

be impacted by gas price s.

Beyond these events, the volatility of prices for natural gas favours all t he other options for hy -

ESPHFO QSPEVDUJPO TVDI BT GPS JOJDJBEONDNM PDXFB®PISBTMIBBUWUNE OMPXFEFS DPT
EVF UP B DIFBQFS BOE WFSZ BCVOEBOU SBRTNBDBSJBK MI-BENM UM XNWDFS
higher carbon emissions and requires the management of solid s (coal and ash), which is more

demanding to handle than gas.

$BSCPO DBQUVSF DPVME SFEVDF FNJTTRGCRSNGSRANCABTIJIDBUIJPBWPBEG FYUSB
DPTU PG PO JOWFTUNFOU BOE EBEGEVEM XILBIXPUMF-QSIJDF PG IZESP
HFO DBQUVSF CFDPNFT QSPcUBEMBTIGROFDBEBUOUCP® $PT JT BCPWF _64 C
UPO BOE FWFO MFTT JO UIF DBTF PG HBTTMNFBWIPOMIPXFWHSIJOWIRTBBDPVOU
the extra cost of CO 5 capture: it does not say anything about the possible costs of storing or

reusing it, which can be substantial (€100 to €250 per tonne of CO  captured and stored) 36,

In a nutshell

- 1SPEVDUJPO DPTUT 64 UP 64 LH PG IZESPHFO GE TUPS®BMHF LH XJUI DBQUVSF B
- &OFSHZ OFFE BCPVU AL8lI LH PG )
— Mature installations (except transport, storage or use of CO2).
— Main determinants for the evolution of costs:
gas (or coal) price,
cost per tonne of CO 2 either tax or CCS.

36  Data provided by Total
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$PTU PG QSPEVDUJPO CZ FMFDUSF

The production cost for the three available technologies (alkaline, P EM and SOEC) is conditioned
CzZ UIF DPTU PG UIF FMFDUSJD L8l UIF G dD0FFONDZDBGSE WFTEE GBEUPR IS R

amortization and lifetime.

According to the following table (Buttler et al. 2018), the electricity ¢  onsumption of alkaline and

PEM technologies is 55 to 70k 81 LH pproduced, and 41to 43L81 LH GPS IJHI UFNQFSBUVSF
technologies ( X1JDI SFRVJSF B IFBU TPVSDF PGUFO DPORSEGBBE BPWXBTUF |
BDDPVOUFE GPS

AEL PEMEL SOEL
Operation parameters
Cell temperture ("C) BO-90 50-80 700900
Typical pressure {bar) 10-30 20-50 1-15
Current density (Alcm®) 0.25-045 1.0-2.0 0.3-1.0
Flexibility
Load flexibility (% of nominal load) 20-100 0-100 — 1007+ 100
Cold start-up time 1-2h 5-10 min hours
Warm start-up time 1-5 min < 10s 15 min
Efficiency
Nominal stack efficiency (LHV) 63-71% 60-68% 100%"
...5pecific energy consumption (kWh 4,2-4.8 4.4-5.0 3
Nm®)
Nominal system” efficiency (LHV) 51-60% 46-60% To-81%
...specific energy consumption (KWh/ 5.0-5.9 5.0-6.5 3.7-3.9
Nm®)
Available capacity
Max. nominal power per stack (MW) 6 2 = 0.01
H production per stack (Nm®/h) 1400 400 = 10
Cell area (m*) < 3.6 = 0.13 < 0.06
Durability
Life time (kh) 55-120 60-100 (8-20Y
Efficiency degradation (%/a) 0.25-1.5 0.5-2.5 3-50
Economic parameter
| Investment costs (€/kW) BO0O-1500  1400-2100 (= 2000)°
AINLENANCE COS of nvestmen i3 -5 . 4.
COSts per year)
* Operating at thermoneutral voltage.
* Including auxiliaries and heat supply (SOEL).
¢ High uncertinty due to pre-commercial stams of SOEL.

5BCMFA J 4ZOUIFTJT PG FMFDUSPMZTJT QSPEYFWIBRM ZIJFMET BOE DPTUT SFG #
The favourable value of 55k 81 L H o)for electrolysers is generally accepted.
51JT QSPEVDUJPO FeDJFODZ NVTU CF DPVQMHEIXZUICPIEI @S/AITSFRPG BRE G

to obtain an order of magnitude of the cost of hydrogen. The mea n wholesale price of electricity
JO 'SBODF IBT WBSJFE CFUXFFO Zz .81 BOE Zz .81 PWFS UIF QBTU UFO Z|
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"DDPSEJOH UP *&" QSPKFDUFE DPTU PG HFROSE B UWJIIFHMFWMWHAMUOS FIEJDRZAU PG FM
UsSJbDJUZ -$0& SBOHF GSPN .81 UP OFISBBIPOIRUNBU®PMPHIFT )PXFWFS
-$0& JT B NFBTVSF UIBU EPFT OPU SFdFDUO ANBFNB MVTFIPFERMIF SPE WB IUA F
JOUP BDDPVOU UIF USBOTNJTTJPOBEJE WPINEBULIPTAJPKE BPMFOUSIJDDWA EJOH UB

Coal or natural gas without CCS should not be considered in the production of el ectricity for
FMFDUSPMZTJT HJWJOH IJHIFS DBSCP O FWBOR B ®RB A JWBIT QCTPEDURITPTO P S

electricity mixes emitting far less than 18 5 CO, L81 JT SFRVJSFE GPS QSPEVDJOH IZESPH
by electrolysis withaCO, GPPUQSJOU TJHOJcDBOUMZ SFEVDFE DPNQBSFE UP UIF SFG

Buttler A. etal. 20183/ RVPUF B DBQJUBM DPTU PG Z UP Z GPSSBPNLBYMTOEMMFE QPX
FMFDUSPMZTJT BOE Z UP z L8 GPSUIRBMBDETNHASGPIZARKSFXIIDI JT TUIM
OPU JOEVTUSIJBMMZ NBUVSF *U JT DPOTSEEFTSHEFBEDBWB BBMHAFFTRG 6O

It is assumed a 100,000 hours life expectancy for the electrolytic inst allation, which is a rather
favourable value for both alkali and PEM systems. Their lifetime can be expan ded by a refurbish-
ing of the “stacks” that constitute the heart of the system, fo r a fraction of the initial investment.

The impact of this investment on the production price depends on the total qu  antity of hydrogen
produced, i.e. the operating time of the installation or its load factor.

The amount of hydrogen produced will depend on the availability of low-ca  rbon electricity.

7TFSZ GFX DPVOUSJFT JO UIF XPSME DBCHEMFRMBAIIBMBDIUBOD NJYFT GB
alternative, some countries consider using dedicated variable rene wable generators to feed the

electrolysers, which requires coping with the intermittency impac t on the electrolysers’ load

GBDUPST 5I1JT JNQBDU NBZ CF NJUJHBUFES®E PH¥MEDOBOKHE SWBBEJGBOUPST

for variable renewable sources.

Taking into account the amount of hydrogen produced during the lifetime of t  he installation,
amortization and operating costs of the electrolysers, the levelize d cost of the electrolysers
XJUl B EJTDPVOU SBUF EFQFOET PO UIF FbFDUUSWEDNMBRBETGBDMEZST ESIJWF

&MFDUSPM|25%6F MPBE [40% 70%
GBDUPS

&MFDUSPMZTFSLBROUSJ LH) LH) »
CVUJPO

37  Seesupraref.
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The target price is expected to be competitive even if the current values are muc h higher (see

the values below). Combining the contributions of the electr icity cost and of the electrolysers’

capital cost, the overall hydrogen cost varies between:

- 64 LHBTTVNJOH BO FMFDUSPMZTFSTM MPBE GB®BWMSE PGS JD BOE . €
- "OE £64 BATVNJOH BO FMFDUSPMZTFSTM MPBE GBDIFPEMF® US BXOJE) Z .8l
The above simple illustration is consistent with the evaluation provid ed by the IEA in its report

“The Future of hydrogen, 2019".

5/F BNPSUJ[BUJPO PG UIF FMFDUSPMZOEFBS BD WL BU VAP DB BIH FN RBPL
BOE PS MPX FMFDUSJDJUZ QSJDFT

Readers have to be aware that these numbers are, for a large part, just expectations. Today’s
costof CleanH, JT IJHIFS BOE GBTU SFEVDUJPO JT FYPBPNUFE BMFBEPNBIPO SFTF
BOE NBSLFU TJ[F FbFDUT

= 6000
=
v
SOEC
4000
= = Moyenne mondiale
2 000
PEM
AEL \&-& ——
\_______-__ ——
2020 2030 2040 2050
GW déployés : 150 800 2000

Figure 3. Fourchettes de coiits des électrolyseurs, 2020-2050

Source : AIE, 2019 pour les colits de 'année de base

Figure 11: Range of electrolyser costs, 2020-2050

Source: IEA 2019 for the baseline year costs
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In a nutshell:

- &YQFDUFE DPTUT 64 UP 64 PG IZES® HREP RNFSDLIISUMHEENDRITU WBSJFT GSPN UpP .81 BOE UIF
electrolysers’ load factor from 40% to 70%. |.e. a division by at least two wit h respect to the current prices
- &OFSHZ OFFE GSPN UR L8I LH PG)
— mature (alkaline), maturing (PEM), industrially prospective (SOEC) facilities;
— main determinants of cost evolution:
price of electricity,
electrolysers’ load factor.

According to Future cost and performance of water electrolysis , 2017, which seeks to establish

UIF NBSHJOT PG QSPHSFTT GPS UIFCHWISPUSPIFETBTRWE\BSFSEZBWIRS BU UIF MJI
of the present state of the art, still far from being generalized. Alkaline a nd PEM technologies will

DPNQFUF PWFS UIF OFYU EFDBEF EFQFOGEIJDIB FEOURSIET QSDDFFBEGE &8RYJCIMJIL
SOEC is not expected to be massively introduced before 2030. The expected pr ogress relates

NPSF UP UIF JOWFTUNFOU DPTUT BOEBMJGF WFe\DR PGDEZMPOUBPVWZ FRNRTFDUFE

to improve only slightly for as long as SOEC is not widely deployed on an industria | scale.

Innovative Ways to produce carbon-free H

Future production technologies

W hile the economic potential for electrolysis and fuel cells ¢ an still be improved, these technol -
ogies are, to a large extent, already mature and the energy needed to break the wat er molecule
is a physical constraint. There are, however, other innovative ways of pro ducing low carbon or
carbon-free hydrogen and these are mainly based on new technologies tha t are still in need
of research and development. The TRL is low for some of them but already around 6 or 7 for
some others.

Emerging breakthrough technologies such as plasma technology for the p  roduction of hy -

drogen from methane without generating CO », anoxic pyrolysis of CHg4, work on microbial

hydrogen generation, photosynthesis, biomimicry, or the explorat ion for native hydrogen such

BT UIBU GPVOE BDDJEFOUBMMZ JOUBMXBMRTERGBD UIUNMMMFEZ MBAZ DPVO!
including France. Nevertheless, research and development is conti nuing and encouraging results

are being obtained.

It should be noted that the plasma technologies make it possible to crack hydr ocarbons more
generally; the input may be other than methane. In California, the energy company SGH uses
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solid waste as source material TUUQT XXX JOUFMMJHFOUMJWXIBTH) D P $BFAdZBUIJPO Q
E S P H)FQther countries doing R&D in this area include Canada and Russia.

Some of the emerging technologies mentioned above are described in th e following paragraphs.

.FUIBOF QZSPMZTJT QMBTNB UFDIOPMPHJIFT

The principle is simple: CHy4 + temperature => H » + carbon black. French laboratories host leaders
in this technology. The Sophia Antipolis research centre (Persee projec t) is working on low-tem -
QFSBUVSF QMBTNB QSPDFTTFT BSPVO&BUF MEFYIBOGFEIJSBPUMSTPQBCMBDL
IZESPHFO 5IF ¢cSTU DPNNFSDJBM T WBFMFOGRY FMIU D WIIPOHUMZ DPNNJITTJ
Monolith in Nebraska and will produce green hydrogen for fertilizer and ¢ arbon black markets 38,

From an energy balance point of view, this reaction is much less expensive t han steam reforming

BOE XBUFS EFDPNQPTJUJPO L+ NPM PG IEES MNPV R PER/IDFHHEF BO
produced, respectively). This solution, therefore, has a much higher p otential (it would require

Y, of the energy needed for electrolysis) than the others for a massive and inexpen sive pro-

duction of hydrogen. In addition, carbon black has various industrial u ses. The CQ, balance is
potentially excellent since it would allow the replacement of two operat  ions currently emitting

CO2, (the production of hydrogen by steam reforming and the production of carb  on black

from hydrocarbons in furnaces) by a non-emitting process. The cost might be between €0.5

and €1 of electricity per kg of hydrogen. To this must be added the consumption 0 f methane,

X1JDI SFQSFTFOUT CFUXFF Q. Zhe gréatedt ucertakty) weighs on the cost

PG UIF JOTUBMMBUJPOT UIFJS FeDJFODZ BOE UIFJS MIJGFTQBO

XBWF

Microwave technologies are also under development (see for instance Sak owin in France) that
DPVME CF NPSF F efpdoB@{ibn@iiSit the same time modulable 3° 5IF cOBM BOOPVODFE
H) QSJDF JT UPEBZ CFUXFFO BOE LH XIJDI JT DPNQFUJUJWF DPNQB:

In a nutshell

- DPTUT QPUFOUJBMMZ 64 UP 64 LH PG IZESPHFOF&EPGP@MB FNBUUFD SKPPMUFHZ UP CF EF
— TRL between 5 and 7;

- &OFSHZ OFFE BCPVU EAL8I LH PG ) XIJDI PO QBQFES/DBT)UIF NPSF FeDJFOU XBZ UP QS
— main determinants of the evolution of costs:

— price of electricity or gas depending on the heat source used,

— amortisation of the installations (load factor).

38 1UUQT NPOPMJUI DPSQ DPN NFUIBOF QZSPMZTJT
39 1UUQT TBLPXJO DPN
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1IPUPTZOUIFTJT 1IPUPDBUBMZUJD QVSF XBUFS TQMJUUJOH

Direct photocatalytic electrolysis of water is

B TDJFOUJcD SFBMJUZ 3FTt . I
PO UIF SFBMJTBUJPO PG Fi

roof panels . Such a breakthrough makes H N

it possible to move towards more energy 0: Ha .

TFEFMG TVeDJFOU IPNFT XJlI / H20
drogen then being used at night. .\/q .\H\z'

Storage

..' st .. )
"san
Aleksandar Vaneski -

Researchgate ~ H20 + Photocatalyst

JZESPHFO GSPN TZOHBT

The pyrolysis of dry biomass generates a syngas that contains, among othe r things, hydrogen
and methane, but instead of concentrating methane in a second phase, as in the b iogas process,
hydrogen is concentrated. This second phase can be performed by catalysi s or microbial activity.
Pilots exist with wood, wet organic waste (such as tyres and demolition was tes), the announced
costofH, JT DVSSFOUMZ BSPVOE UP Z LH CVU UIF 53-JT TUJMM JOUFSNFEJB

1SPEVDUJPO CZ CBDUFSJBM PS CIJPMPHJDBM BDUJWJUZ

If a good part of the bacteria in the subsoil consume hydrogen, hydro genases, some of them
can generate hydrogen if they have another source of energy, which can be biom ass or the sun.
The possibilities of producing hydrogen from these enzymes had been explo red as early as 2003
by BRGM and other laboratories have continued the research. The CEA current ly has patents on
the production of hydrogen from

Algae-based bioreactors have the potential to generate hydrogen, pos sibly by neutralizing CO 5.

1SPEVDUJPO CZ PYJEBUJPO CJPNJNJDSZ

The principle is close to what nature does, one oxidises iron in the ferrous st ate (Fey+) which

releases hydrogen by passing to the ferric state (Fes+). Research is being conducted, in France

NBJOMZ JO (SFOPCMF PO DBUBMZTUTXUPDMRXFIS SHBDUFNQ@FSBBYEB WBIWF #SV
OFU .BHOFUJUF JT B CZ QSPEVDNBBG R JWBWBD UIPQFBOEMINUZ GPS cMU
improves the economy of the system.

OWFSBMM UIF BCPWF NFOUJPOFE WBSJPYF XIUPD IOPOPH AT BUTHMIAF DBO

FOBCMF IZESPHFO UP CF JOUFHSBUFE JOUPJMF NEGFBHEHNDY¥ PGB I 6 HIPTU F
USFBUNFOU OFFET TUFFM NJMMMUTEBRBS VGBBBTU ROEFGRESFDIOPMPHIFT NFOUJ
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IBUVSBM IZESPHFO

/IBUVSBM IZESPHFO NBJOMZ DPNFT GSBROUBROEBUFB IYAFDLPIOOTWMBSBDWZ SF
erated by the water circulation in the subsurface.

With respect to natural hydrogen, exploration and extraction techni  ques are well known to the

gas or geothermal industry and, therefore, the TRL is high, near 9 and the price of h ydrogen at the
wellhead could be equivalent to that of methane. Potentially it could become ¢ heaper than the
H- extracted from methane, which is currently the cheapest sourc e. However, as all the resources
of natural H » will not be present all over the earth, the economic value of these discover ies will
be related to their accessibility (depth of the reservoir, porosity) and the | ong-distance transport

of hydrogen. However, in cases of local use, the cost of exploiting this reso urce can be rather low.

When hydrogen accumulations were accidentally discovered when drill ing for hydrocarbons
,BOTBT 64 "NBEFVT #BTJO "VTUSBMJBEBOEIXBUFE UBNDP O BIEFFEJOH UIBI

might be a real potential for discovering exploitable naturally occurr  ing hydrogen resources. The
deposit in Mali, at a depth of 110 m, is indeed being continuously exploited since a bout 8 years
with a stable yield of about 1200 m 2 per day (at 4 bar), suggesting continuous recharging fro m a
deeper level (Prinzhofer et al. 2018). The legislation for explorin g and exploiting natural hydrogen
is starting to be framed in various countries. Mali, USA and part of Australia , among others, already
have such legislation and exploration and permitting are ongoing (More tti et al. 2021). South
Australia is currently the leading area of this sort of exploration with more t han 20 exploration
licenses already taken. Since hydrogen is often found blended with He, ano ther strategic gas,
this exploration is quickly growing and many companies have been created for that purpose,
such as in the USA (Mountain desert, Beam) in Australia (Gold H, Buru, Hpyex) but also in France
(45-8), Spain (Helios), the UK (HAU) and in Switzerland (HYNAT).

$PODMVTJPO

Overall, the above-mentioned various technologies, the list of whic h is not exhaustive, can
enable hydrogen to be integrated into the energy mix of regions while meeti ng certain waste
treatment needs (steel mills, dairy farms, forests for the last three technologies (before natural

hydrogen) mentioned).

$1JOBA

|o $1J0B B EJWFSTJCFE IZESPHFO QSPEXDESP @ DAMFAEN JMPXYQBEBOFPD BC
low-cost hydrogen production system will be gradually promoted. Cur  rently, the H > production
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DPNFT NPTUMZ GSPN DPBM HBTJcDBUJPOJOEFSBOBENRIOH WIFENFHANBGSPN
4UFBN .FUIBOF 3FGPSNJOH 4.3 BOE DBERBFTAEANTYOEBTURIM N Rt OJOH
DPLF PWFO HBT DIMPSJOF BMLBMJ PbHBPNXBUR® WK BZTPYRMZ DIANFXIIDI JT
the most potential route for green hydrogen production in the f  uture when electricity will mainly

come from renewable sources.

According to the Medium- and long-term planning for the hydrogen energy industry (2021-  2035),
the production of hydrogen in China should be based on the resources availa ble. For example,
the use of industrial by-product hydrogen should be given a higher priori ty in places where such
resources are available. It is also encouraged to demonstrate the produ ction of hydrogen from
renewable energy in places which are rich in wind, solar, hydropower, and o ther renewable en -
FSHZ SFTPVSDFT 5IF $$64 UFDIOPMPHZ hFDXJEBVFVKX FBRHBBEEETBMBOIJPO UP
address the challenges of climate change and achieve carbon neutralit y and thus has attracted
broad interest. However, the large-scale promotion and applicatio n of CCUS technology still
face great technical and economic challenges in China. According to the Roadmap for carbon
capture, utilisation and storage technology development in China (201  9)#9, it is anticipated that
the commercial scale industrialization of CCUS technology may take pla ce after 2035, becom-
ing an important supporting technology for low-carbon hy  drogen production from fossil fuels
whenever other options are limited. In the shortt erm (before 2030), continuous R&D, as well as
the large-scale demonstration of the CCUS technology, will be promoted i n China.

H, Production by Water electrolysis

| n terms of industrialization, alkaline water electrolysis is the most m ature electrolysis technology
and has been applied to some large-scale projects.

— In Nov 2020, a research team from the Dalian Institute of Chemical Physics (DICP ) of the
Chinese Academy of Sciences and their collaborators industrialize d the Liquid Solar Fuel
1SPEVDUJPO %FNPOTUSBUJPO 1SPKFD (& /ffOI*! Blica[ih® Water(é8ed-T V
USPMZTFST QPXFSFE CZ B /A.8 QIPUPWYMABUIP QBRREY DR BUBEPPHXOS F
which was used in the CO , hydrogenation process to produce methanol. 42
— In April 2021, Ningxia Baofeng Energy Group commenced the oper ation of the world’s largest
TPMBS QPXFSFE IZESPHFO QMBOU UP @BPWIPMBHFFE DEPKIF BB I AUTOHY JB

40  Department of Science and Technology for Social Developme nt, Ministry of Science and Technology of PRC, The Ad-
ministrative Centre for China’s Agenda 21, Ministry of Science and Techno logy of PRC. Roadmap for Carbon Capture
Utilisation and Storage Technology in China (2019). Beijing, 2019.

4 Nm® | OPSNP DVCJD NFUSFT QFS IPVS F BPIWPPOF DETRFSIAPBE PPSIZEH PG IZESPHFO QFS IPVS
42 CASIUUQT FOHMJTI DBT DO OFXTSPPN SFTFBSDI@OFXT DIBNM

47


https://english.cas.cn/newsroom/research_news/chem/202011/t20201102_247124.shtml
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The facility was powered by a 200 MW solar photovoltaic park an d the company intends to

add more capacity in the future. 43

In Nov 2021, Sinopec launched the Sinopec Xinjiang Kuga Green Hydrogen De monstration

Project, which was the world's largest photovoltaic green hyd rogen production project under

DPOTUSVDUJPO 5IF DBQBDJUZ PG 17 XJ@OMISPEMNDUJAEOS XBIOBEIZEBBF
UPOT B 5IF HSFFO IZESPHFO QSPBHYDFBHRX3MM ES ZT VR (BNWF DAVEB D F

the company’s existing hydrogen from fossil sources and it is e xpected to reduce carbon

EJPYJEF FNJTTJPOT Cz# UPOT B

*O IPW UIF ¢cSTU TFU PG A/No TBS$W B K JOF IFMHDIPSPGIEZS FSJIOB

Huaneng Group was made by domestic manufacture John Cockerill. 45

"T 1&. FMFDUSPMZTFST PQFSBUF NPSFFEFYPCWME B/PH BSFMIJRNZUFGS SNOE
energy, the demonstration projects of PEM electrolyser technology a re also in progress.

In Sep 2021, the megawatt-level proton exchange membrane (PEM) water el ectrolysis hydrogen

production system developed by Dalian Institute of Chemical Physics, Chinese Academy of

Sciences, realized full power operation at the Hydrogen Comprehensive Ut ilisation Station

of the State Grid Anhui Company. According to on-site testing, the system ha s a nominal

IZESPHFO QSPEVDUJPO DBQBBOEZBPGFBLE/NESPHFO QSPHVOUJIPO PG I'N
*O 4FQ 4JOPQFDMT ¢STU NFHBEBPEMDVFRCFEFNESFHEBUIPO QSPKFD
FMFDUSPMZTFE XBUFS XBT MBVODIFE UXUNM ;IBWHZB/BO @PBIDUOUEMES * A
XJUI UIF BCIJMJUZ UP QSPEVDF BSPV@E/ SF | UPSORHFTOE B AP @ SAKFDR) J
expected to be complete by Sep 2022. 47

*O IPW 4JOPQFDMT ¢cSTU QSPUPO FXDIBEHRO6 RSRESBOBPQ&.
EFNPOTUSBUJPO TUBUJPO XBT QVU JOBUP MWIUFSER I FUIT BER:MW BBPUINREB (BAO T
The proton exchange membrane electrolyser's anode and cathode cataly sts, bipolar plates

and other key material components are all self-developed. 4849

China’s vision of new production methods
Insitu DPNCVTUJPO

China is also testing in situ combustion in coal mines, where it is plann ed to realize in situ un -
EFSHSPVOE DPBM HBTJcDBUJPO XJUI PYZHFOV 36 KBFDH J Pl WG RRTF $BHIV S

43
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45
46
47
48
49

IUUQT XXX CMBDLSJEHFSFTFBSDI DRWNBOHRERTS FAMEFEPTHFHOX@BEEU JO DIJOB JOJUJBUFT P(
I[UUQT XXX QSOFXTXJSF DPN OFXOESFXFBMET MBBSMHFAL WIPUPWPMUBJD HSFFO IZESPH
tion-project-in-kuga-xinjiang-301433733.html

IUUQT IZESPHFO DFOUSBM DPN KMIMFDIZESPHRAOMFMESKWBPWMITFS TUBDL

CASIUUQT XXX DBT DO TZLZ U @ Tl UNM

IUUQT XXX VQTUSFBNPOMJOF DPN BGBREGHRVODFATIZTP @ ANOPIFFO IZESPHFO QSPKFDU

SINOPECNEWSIU U Q FO TBTBD HPW DO D@ IUN
State-owned assets supervision and administration commission of th e state council
IluuQ FO TBTBD HPW DO D@ IUN


https://www.blackridgeresearch.com/news-releases/worlds-largest-hydrogen-plant-in-china-initiates-operations
https://www.prnewswire.com/news-releases/sinopec-lands-worlds-largest-photovoltaic-green-hydrogen-production-project-in-kuqa-xinjiang-301433733.html
https://www.prnewswire.com/news-releases/sinopec-lands-worlds-largest-photovoltaic-green-hydrogen-production-project-in-kuqa-xinjiang-301433733.html
https://www.cas.cn/syky/202110/t20211011_4808445.shtml
https://www.upstreamonline.com/energy-transition/sinopec-announces-first-pem-green-hydrogen-project/2-1-1064013
http://en.sasac.gov.cn/2021/11/09/c_8135.htm
http://en.sasac.gov.cn/2021/11/09/c_8135.htm
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51JT UFDIOPMPHZ DPVME CF VTFE GPS JOQTDRB M GPE] NESRJIOQIBXH PG NF
underground. The output gases of this project are mixed gases of CO, CH 4, Hp, etc. In the future,
the gases could be separated at surface for the production of H ».

.FUIBOF QZSPMZTJT

With abundant coke oven gas and coal bed methane resources, producing hyd rogen by
methane cracking is considered as a promising method in China. No wadays, R&D is in
progress by some domestic research institutions, such as Dalian Universit y of Technol -
ogy®0. According to the Ministry of Natural Resources “China Mineral Resources Rep ort

P CZ UIF FOE PG $1JOBMT OBUVSBM ABTM\EFABINFT BSF
NFUIBOF SFTFSWFT BSF3 BOETUBMWRIPBINSFTFSWFT 8SF ACIMMJIP
*O $1JOBMT OBUVSBM HBT QSPE Y, hiddPeasexd .2% overh€ B MJP O N

year and an increase of 18.8% over 20192, It is expected that China’s natural gas production will
continue to grow, and the methane pyrolysis technology may have a great pote ntial in the future.

1IPUPDBUBMZUJD QVSF XBUFS TQMJUUJOH

1IPUPDBUBMZUJD XBUFS TQMJUUJOWH BB TBBURBSBIDRPGEDRSBBROBDUFWFTDPOWFST
of sustainable solar energy to valuable chemicals 3.

3FTFBSDIFST PG UIF %BMJBO *OTUJUVYPPETSGWMMEM EBAFIU[BE USF41THI Fe
ciency photocatalytic water splitting process. This work was suppor ted by the National Natural
4ADJFODF 'PVOEBUJPO 5IF TPMBS UP IZESPHFO FeDJFODZ FYDFFET

In April 2021, Xi'an Jiaotong University and the State Power Investment Cor poration signed a

cooperation agreement to realize a demonstration project combining a sy  stem of photoelectric

and thermal coupling with solar photocatalysis in Tacheng City, Xinji ang province. The hydrogen

production of the project is 500 thousand Nm 2 B BOE UIF UFDIOPMPHZ JT UIF cGUI HFOFSE
developed by Xi'an Jiaotong University 2°.

50  Dalian university of technology
luuQ UFBN EMVU FEV DO NFJUBOHBP®IJBPRNVHKIFMMZIPOROEB®ENN

51 1UUQ XXX NOS HPW DO TK TKGX LD @ [HLD[ZCH QEG

52 IUUQT SFDPSEUSFOE DPN DIJOFTF AFOPFOENW FOMRIQRPBW BFB MTRMNFOU J-O GSPN OBUJPOBM
SFBV PG TUBUJTUJDT
53 &eDJFODZ "DDSFEJUBUJPO BOE 5FTUJQR UIRRPRIPEWAMITUG AP XBSEBIJOPWVEBBUFVEM 1SPEVDUJPO +

Volume 5, Issue 2, Pages 344-359 - |lUUQT EPJ PSH K KPVMF
54 Journal of the American Chemical Society- IUUQT QVCT BDT PSH EPJ KBDT D
55  Xi'an jiaotong University - IUUQ NGQF YKUV FEV DO JOGP IUN

49



50

HYDROGENFUNDAMENTALSAND STRATEGIESN CHINA AND FRANCHEUROPE FOR DECARNONISINGTHE ECONOMY

France/Europe

France

| n France, industrial hydrogen production represents more than 900,0 00 tonnes per year. The

three most important are: desulphurization of petroleum fuels (60%), a mmonia synthesis mainly

for fertilizers (25%) and synthesis, mainly for fertilizers (25%) and chemicals (10%). Ninety-four
percent of ammonia is produced from fossil fuels in France (gas, coal, hydro carbons). The
production of hydrogen is responsible for 11.5 Mt of CO » emissions in France, i.e. about 3% of
national emissions.

$PODFSOJOH UIF QSPEVDUJPO

4QFDJcD GVOET BSF EFWPUFE UP JOEVUBHIBRMMPHYMCPINIFIOTUBAE HFNP(
strators (fuel cells, tanks, materials, etc.) (€350m), electrolyser Gigafactory projects (e.g McPhy

preselects Belfort as the location for its electrolyser Gigafactory) , hydrogen applications, priority

research programme (€65m), etc. °° Strong cost reduction is targeted for electrolytic hydrogen,

for all electrolysis technologies and operation modes °. It includes the option to use excess

nuclear generating capacity for example during night times and the waste hea t of nuclear

QMBOUT 5IF JTTVF JT UIF BNPSUJ[BUJFCEP&EDVMBEDIUSPOIEUFERTUXROU PQ
mode. On the other hand, in the case of continuous operation, recurrent high e lectricity prices

during daily peak demand could also hamper fast amortization. The object ive is to reduce costs

UP UP Z LHS8O

A huge national research project has been lunched mainly to improve the elec trolyser and fuel
cell technologies (PEPR_H,, French Research Network on Hydrogen). The CNRS and the CEA
are the leaders.

The CEA is developing a high-temperature reverse fuel cell.

Engie, Uni of Grenoble, UPPA, 45-8, IFPen and a couple of other labs are working on natural
hydrogen. The region Nouvelle-Aquitaine is starting an eval uation of its potential (HYNAT). Nat-
ural hydrogen has now found its place in the law, published in March 2022. The ec osystem gets
organized with the recent creation of the association EarthH 5°9-

56 IUUQT XXX XGX DPN BSUJDMFT UIRKKGHAZODI IZESPHFO TUSB
57  Operation modes: during periods of low prices, all year roun d except in high price periods, on the sites of renewable
electricity generation

58 1UUQT XXX BDUV FOWJSPOOFNFOU BSBRHFAEBBWESPF QUWENBOBHQFRU UFDIOJRVF IPST TFSJ
HFOF QEG 1UUuQT XXX BDUV F@EWBSPH® QNEMU SFRAY NFBHFT FOWJIJSPOOFNFOU FU |
hors-serie-hydrogene-2021.pdf

5 1UUQT XXX QPMF BWFOJB DPN GS BSEHDDME FBDUI GNFB M LCE
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Engie and the CEA are working in the photosynthesis.

Nothing is done concerning the i n situ combustion since there is currently not any production
of coal or of heavy oil left.

UPPA, Storengy and Terega are working on Hy storage in salt caverns. One of the questions is the

role of the microorganisms that may result in changes of the gas composit ion during longer-term

TUPSBHF "MM UIF PQFSBUPST PG HBT TR® 9BH E BSF EXPNR.O O H SBBRHPSUYEB46 & 3
together with German and British research groups ©9-

$PODFSOJOH UIF JOUFHSBUJPO

The gas transport company GRTG is studying with its partners the phenomen on of steel embrit -
tlement to evaluate the security of the pipes (for blends or pure H 5).

Many projects to test H o integration into the energy mix, to neutralize CO 2 and reinject synthetic
methane into the network (JUPITER 1000), to boost biometha ne production by injecting H 7 into
synthetic gas in Methycentre or Hycaunnais 62, to test the blend of H » $)4 in the distribution
grid (GHRYD) are ongoing.

A couple of cities, such as Versailles and Pau, have already H fuel cell buses.

Since the COP21, thereareth cMMJOH TUBUJPOT JO UIF 1BSJT BSFE®®OE B dFFU PG UB
with Air Liquid). They were a few hundred in 2021.

Globally all the main energy companies, Total Energies, EDF, Engie have dedicated teams and
are developing new business units.

$PODFSOJOH JOOPWBUJWF XBZT UP QSPEVDF MPX DBSCPO IZESPH

The Sophia Antipolis research centre (Persee project) is working on
MPX UFNQFSBUVSF QMBTNB QSPDPTEFISFBYSRY OF QBSBY FU
methane into carbon black and hydrogen.

| Some technologies allow electrolysis to be carried out directly from
solar energy and thus to manufacture solar panels that directly deliver
hydrogen62 4UVEJFT BOE QBUFOUT FYJTU UIE¥BTU QJMPUT BSF V

W

60 IUUQT I1ZQTUFS QSPKFDU FV
61 XXX TUPSFOHZ DPN FO PVS PbFST BOE TFSWSIBFO ISMBICAKB EIBF RBPRKFDUT
62  S. Hilliard, D. Friedrich, S. Kressman, H. Strub, V. Artero and C. Laberffobert, ChemPhotoChem, 2017, 1, 273-280
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UJPO JO 'SBODF 4FF cHVSF PO UIF TJEF JO UIF &0OHJF SFTFBSDI -BCPSB

Hydrogen from syngas technology makes it possible to produce green hydr ogen using much the
TBNF QSPDFTT BT TFDPOE HFOFSBUJPO CJPH®HS '&’GFMQSDFJTO’ 'SBOL

BRGM was exploring the possibilities of producing hydrogen fr om enzymes (by bacterial or bi -
ological activity) as early as 2003, and other laboratories have continued t he research. The CEA
currently has patents on the production of hydrogen from whey in vertical b ioreactors and is
TFFLJOH UP NBLF B ¢cSTU EFNPOTUSBUPS JO B EBJSZ

The principle of producing hydrogen by oxidation (biomimicry) is clos e to what nature does,
one oxidizes iron in the ferrous state (Fe +) which releases hydrogen by passing to the ferric
state (Fez+). Research is being conducted in France, mainly in Grenoble, on catalysts to lower
UIF UFNQFSBUVSF BU XIJDI UIJT SFBDUJPQOQBHOFWRNEIWTF B #54/ QEBEVD
PG UIJT SFBDUJPO BOE JUT NBSLFUJWMBMPW® FF TUQ F DRIBAMIMPN & PS5 cM B FTSZTT U

Europe

For memory: CO, FNJTTJPOT PG UIF &VSPQFBO FOFSHZ TFDABIMBWIPVOUFE U
tonsin 201864 "CBUJOH UIFTF FNJTTJPOT UP BSSJWF BFRNMUSFSFBRNSTUTIPOT
never seen before, except in times of war. In particular, the drastic reduc tion of primary energy

use poses a major challenge.

JZESPHFO DPVME cMM UIF HBQ JO UIF &VSFZQRBOFEF B8EGIP O 1PBRIUDRZO BIU S
ers are increasingly tilting towards the acceptance that hydrogen should p lay an important part

in the European economy, making it an integral part of the Eur opean strategy towards decarboni -

sation. This fact highlights the convictions of the European Commission reg arding the crucial

role of hydrogen in the transition towards carbon neutrality. However , while a roadmap has been

established®®> UIF TUSBUFHZ IBT OPU ZFU HIJWFO SJTF UP ¢SN BOE CJOEJOH

63 XXX IBbOFS FOFSHZ DPN
64  Source: Eurostatt

65 IUUQT XXX GDI FVSPQB FV TJUFDEFIPBENNB QM RIVEPESP@3FQPSU QEG )ZESPHFO 3PBE
Europe - a sustainable Pathway for the European Energy Transition
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Conclusion

Production

RegardingtheH2 QSPEVDUJPO NPEFT UIF NBJO EJbFSFRQNESPGP BSFIJOB BOE 'SE
related to the use of coal. It will remain an important source of H 5 in China with a decreasing
environmental impact through in situ combustion, to avoid CO » and other gas emissions.

Both countries see the great potential of water electrolysis in the produc tion of low-carbon
hydrogen, although the French horizon for low carbon H  » production is focused on electrolysis,
while China aims to develop a diverse low-carbon hydrogen production sys tem.

Regarding methane pyrolysis, both countries are looking closely a t this technology and see its
disruptive potential. France doesn’t hope to have methane in excess for th e coming tens of years
but having the technological brick may open new markets. China is hopin g to have in the future
enough methane to use it. Both recognize that if the large gas producers manag e to produce
Ho by these kinds of techniques, it will change the market. The gas reserves are huge and the
energy needs to transform it through H 2 and black carbon present the best energetic balance.
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Chapter 3

H, use for industry

Issues and context

Issues

The aim of this chapter is to describe:

UIF PQUJPOT GPS $1JOB BOE 'SBODF &VFPBE GFOIBTSHE OHESPHNOFBF G E
a chemical;

— the concerned industry sectors having priority;
— the quantities involved, and
— the timescale on which this will occur in the coming years.

Context

TIF HMPCBM IZESPHFO NBSLFU JT FTUJNBGCGEBEENBIPBQL@SPY JIJXNBWFBMDSPT
QFDU PG SFBDIJOH ACIMMJIPO JO EJKEFSUBHHSPY X FS® WH PKESBQI1JD
SFHJPOT 8PSME QSPEVDUJPO JO XBTQB/SRVAEI ZESPPHEAFBSGBBNJHI .U
PG IZESPDBSCPOT NBJOMZ NFUIBOF UP XIHBISNNGUZESBHEEGEHDPQBPEVDFE
with carbon monoxide and used in chemical processes. Annual French prod uction is slightly

MFTT UIBO .U ZFBS

The main distributors of hydrogen in the world are: Air Liquide (France), A ir Products and Chem -
icals (US), Praxair (US), lwatani (Japan), Linde (Germany), Messer Group ¢Bnany), etc.
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HYDROGENMN GENERATION MARKET, BY REGION(USD BILLICN])
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'"JHVSFA8PSME )ZESPHFO .BSLFU CZ SFHJPO 64 £CIJMMJPO .BSLFUT BOE .BSLFUT]

Pure hydrogen is mainly used for its chemical properties:
— the primary use (nearly 50% of world demand) is to convert heavy petroleum frac tions into
MJHIU QSPEVDUT BOE UP EFTVMGVSJNFOIFBOMOSNMRYSSENPOQUT &BOMFI SHBEGE
increased the demand for desulfurization. The hydrogen sulphide prod uced by the process
accounts for the bulk of the world’s sulfuric acid production;
— the second use (nearly 45% of world demand) is the production of ammonia (NH 3 gas), which
is used for the production of fertilizers for which demand is growing.
Hydrogen is also used for the production of other molecules (methanol, et hanol, amides, HyO5...).
Finally, the reducing properties of hydrogen are used in various industr ies (iron ore reduction,
metallurgy, glass, welding, electronics, etc.).

$1JOBA

TP BDIJFWF DBSCPO OFVUSBMJUZ CZ FISBLD B 8 CPF BIPXI DBBKIIFOIQ §PDFT
reengineering technologies in hard-to-abate sectors is extremely imp  ortant.

Green hydrogen produced by renewable power will play an essential role in d ecarbonisation.
In 2017, a strategic priority project of « transformational Clean Energy Te chnology and Demon -
stration has been launched by CAS (Chinese Academy of Sciences), promoting innovation and
demonstration projects for an energy technology revolution. Hydro  gen is one of the three key
platforms for the energy revolution and industry process reengineeri ng.



$)"1583* * * AL ISHEORINDUSTRY

'"JWF JOEVTUSJBM TFDUPST BSF DPODFAWOHAV 3BENF®RIFTBOHFNROBMSSPVT
metal industries.

Coal-based chemical

$PBM UP NFUIBOPM DPBM UP PMFcOT DPBM UP BNNPOJB DPBM UP MJRVJE GV

| o IZESPHFO EFNBOE PG TZOUIFUJD BBNO\WPVQI B Q &MNBEWIDAIPROO UPBOIT
EFNBOE GPS NFUIBOPM QSPEVDUJPO XBFNBOPE/ G P S ANEXPNISBD IWIFOHT BO E
IZESPSFcOJOH BOE DPBM UP PJM XBT BCPVU POANIOMJIPO UPOT UPUBMMIJC

The production costs of the CTM (coal to methanol) and GH-CTM (green hydrog en-coal

to methanol) processes were calculated in this study, and the prices of coa |, steam, electricity,

PYZHFO BOE NFUIBOPM XFSF TFU UP 6148 U 64 (4 BOE 64

64 U SFTQFDUJWFMZ O5IF FYDIBOHF SBUETPIGGWIFT646AP MMBAS BOE 3.# X
In addition, 4% of salvage rate and 15 years of depreciation were added. The calculated production

DPTU PG UIF () $5. QSPDFTT XBT 64 U MPXBFBTTIBO UIBU PG UIF $

Petrochemical industry

In china, hydrogen demand in the chemical industry will continue to grow unt il 2030, from
ANIJMMIPO UPOT JO 6°P In 2050EHydrivybhder@and i EhE chemical
JOEVTUSZ JT FYQFDUFE UP CE PWFS AENJMMJIPO UPOT

As the price of renewable energy power in China will have fallen sharply, the co st of green

hydrogen will be competitive. The model of “Industry + green hydrogen” is ex pected to be

applied in the chemical industry on a large scale, which can meet the requirements for both

energy consumption and the reduction of carbon emissions at the same time a nd help chemical

DPNQBOJFT NBLF B QSPcU O*OEVTUSZ GRSBEOINAEEPFPH POPUIBFTBSREPYDUJPO
QSPDFTT JO UIF QFUSPDIFNJDBM JOEVTZUBCZW XRYDO| BNIBF SHFBEIBBIP WEF UXFFO
companies and production methods.

66  China Hydrogen Energy and Fuel Cell Industry Development Report(20 20), China Hydrogen Alliance, People’s daily
press

67  Wang Dongliang, Meng Wenliang, Zhou Huairong, Li Guixian, Yang Yong, Li Hongwei. Green hydrogen coupling with
CO2 utilisation of coal-to-methanol for high methanol productivity andl  ow CO2 FNJTTJPO<+> &OFSHZ
IUUQT EPJ PSH K FOFSHZ

68  White paper of hydrogen energy and fuel cell industry in China 2020, China h ydrogen energy alliance

69  China 2050:A zero-carbon vision of a fully modernized country  Energy transitions commission & Rocky Mountain
Institute TUUQT XXX SNJ DIJOB DPN JOEFY QIQ OFXT DBUJE
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Cement

Cement is a resource-based raw material, important for national econom ic development.

$FNFOU QSPEVDUJPO JO $1JOB IBT SBOLSE USBQ@ JZEBS XPSQGE GPSANFOU
QSPEVDUJPO JO $1JOB JT BS PW¥YEcounting Nrl5g%wlal R@ldyp@dudtion.

"DDPSEJOH UP UIF QSFEJDUJPO PG *&"O B KXNNMMUDPORBVOYEIEP® IBORIXSTU .
world for the foreseeable future 7.

*O DBSCPO EJPYJEF FNJTTJPOT GSBN OBFBBFNEORVOEEVTUBSZIVMOIIPO U
accounting for nearly 12.7% of China’s total carbon emissions. The carbo n emission intensity

of China’s cement industry is about 592kgCO 5 per tonne of cement, and about 860kgCO - per

tonne of cement clinker. According to the statistics of China Building Ma terial Science Institute,

process emissions account for the largest share (~56%) 2. (According to the report of McKinsey,

cement manufacturing is a highly complex process and process emissions ac count for ~52%) /3.

Alternative fuel technology refers to replacing fossil fuels such as co al and oil with carbon neutral
or low carbon emission intensity fuels. They are used to supply the large amo unt of heat required
for the calcination process in the cement precalciner and ro tary kiln, thereby reducing direct
emissions. Hydrogen is one of the alternative fuels. Hydrogen is a carbon-n eutral substance and
its latent heat of vaporization (LHV) 74 is nearly four times that of standard coal. If the substitution
rate of coal by green hydrogen energy is 100%, carbon emissions are reduced by a bout 32%.

JZESPHFO BMUFSOBUJWF UFDIOPMPHZ IBTUMNBOZ \BeEDW B O U BIHFDI O TO/RJ
maturity and cost issues, it is currently at the stage of pilot research in Chin a and there is currently

no industrial application. In the near future, both China National Build ing Material Group and

China Building Materials Federation are preparing to carry out a small tr ial of hydrogen energy

substitution in cement kilns. 7>.76 According to the technology roadmap for the cement industry

from the Chinese Ministry of Science and Technology and China National Bu ilding Materials

Group, hydrogen energy alternative technologies will start to be promo  ted for application in

the cement industry from 2035 onwards.

70  National bureau of statistics- |UUQT EBUB TUBUT HPW DO TFBRSDH TUNT & # #

71  Technology Roadmap Low Carbon Transition in the Cement Industry 2018 , IEA
IlUUQT XXX JFB PSH SFQPSUT UFDBSRNWPHZ SBRBIEINBQOMPX UIF DFNFOU JOEVTUSZ

72 China Building Material Academy report data

73  Thomas C, Sebastian R, Patrick S and Ken S (2020). Laying the foundation for ero-carbon cement. McKinsey & Company.
Availableat: lUUQT XXX NDLJOTFZ DPN JOEVTUSUFMBIRNID BWT PRABOEBTWH G GPS [FSP DBSCP(
NFOU <"DDFTTFE +VOF >

74 LHVis the amount of heat stored in a combustion material exclu ding the latent heat of vaporization of water, whereas
HHV is additive of LHV and latent heat of vaporization of water.

75 1UUQT XXX DOCN DPN DO $/#. IUNM
76 1UUQT XXX DCNG PSH DCNG zZX JOEFY IUNM
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&OFSHZ JOUFOTJUZ PG UIF DFNFORCRSESBEVELHIF QSARDMPHIBNT PG DPBM FR!
BMFOU UPOOF DFNRMaHsubchhsiderifgshydrogen substitution, if cement product  ion
JT BMM GSPN DPBM UIF UPUBM GVFM DPTU JT BCPVU 3.#4& UDFNFOU DMJI

Currently, replacing fuel coal with hydrogen does not have ¢ ompetitiveness in terms of cost,
which is the main reason for limiting the adoption of hy drogen substitution in China’s cement
industry. In the future, if the cost of hydrogen production decreases, it wil | promote the large-
scale application of hydrogen substitution technology in the cementi  ndustry.

Steel

According to statistics from the World Iron and Steel Association, the car bon emission inten -
sity of steel industry is 1.8 tons CO, U D SV E 5. Tn2BPMsteel production in China is about
ANIJIMMIPO UPOT BOE DBSCPO ENMJR® W BRDTBSBUDEVOUHOH GPS BCPVI

of domestic carbon emissions /9. The carbon emission in the steel production process mainly

comes from the reduction of iron ore, crude steel production by decarburizing from pig iron

and crude steel formed. Carbon emissions from iron reduction process acc ounts for 90% of the

entire steelmaking process. Therefore, reducing the carbon emission s of the reduction process

is very important for the low-carbon development of the steel industry.

Hydrogen metallurgy refers to the gas-based direct reduction pr ocess or other hydrogen-rich
metallurgical technologies that use hydrogen to produce sponge iron. R  elevant studies have
shown that the hydrogen consumption in the reduction process is about 550 N m3 U J¥BD
Domestic hydrogen smelting technology is still at an early stage of R&D. Most companies are
still in the stage of project planning and signing contract agreem ents. Only a few companies
have set the goal of utilizing green hydrogen as clean energy in the steelmaki ng process. Some
researchers indicated that hydrogen metallurgy projects can be carri ed out step by step. In the
cSTU QIBTF VOUJM QJMPUT XJMM FF GFBJIR @ M BB PREOMBFES FBEVIDBMF JOE
hydrogen smelting. In the second phase (until 2030), hydrogen productio n from coke oven gas,
chemical and other by-products will be industrialized. By 2050, the hop e is that green hydrogen
of high purity produced from renewable energy and nuclear power will be appli  ed in the steel-

77  GB 16780-2021 « The norm of energy consumption per unit products of cement »

78  World steel association - |UUQT XXX XPSMETUFFM PSH NFHJB DFUUSBIQBFKAIIMIBKIB®EJIDB
tors-2021-and-our-sustainability-journey.html

79  Path to steel carbon neutrality 2021, Energy transitions commi ssion & Rocky Mountain Institute
IUUQT XXX SNJ DIJOB DPN JOEFY QIQ OFXT DBUJE

80 Nm® U OPSNP DVCJD NFUSFT QFS UPOOF F H POF DOEJPGNFIRSF PG IZESPHFO HBT QFS UPO

81 7PHM 7 "INBO . /[/JMTTPO -+ "TTFTTNFBDWDRGHDOEGPH E® EDSW WBSBSF TUFFM$BLIOH<+> +PVSOBM P
Production, 2018, 203: 736-745.- IUUQT EPJ PSH K KDMFQSP
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IZESPHFO CBTFE TUFFM NBLJOH JT JMMVTUSBUFE JO UIF cHVSF OFY

technologies is still an important issue for the introduction of hydrog
GPS

making process, at a competitive cost 82

Ansnpul |9331s eulya jo dewpeod jes3nau uogled

Primary exploration of hydrogen metallurgy, Metallurgy industr y press. k5 -e

82
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France/Europe

|o 'SBODF POF PG UIF QSJPSJUJFT J1Z WO ESFIDB/BECIPIAIH FJbi I FDBBEPTAUE I ZESPHF O
with low-carbon hydrogen.

Refeneries and chemical industry

5F QPUFOUJBM GPS EFDBSCPOJTBUUIPNIUDBNNBODEVZESOF$FcOMAEIBT JOWPMW
in the production of ammonia and methanol and some sectors like electronicsa  nd food industry
for smaller quantities.

As for ammonia, it is compulsory to produce Nitrogen with low-carbon energ  y in the fractional
distillation of air and then to make NH 3 with the HABER-BOSCH reaction.

"T GPS 3FcCOFSJFT UIF UPUBM DPOTVNQUYR®PTFEAESSP EFBDSXBIFBI XIJUI MFTT
use of fossil fuels but, on the other hand, an increase of H » consumption to desulfurise fuels
is expected.

"NNPOJBABDDPVOUT GPS AS58I PUIFS DIFNJDBMT GPS /58I

For these sectors low-carbon H » would be produced by electrolysis while the process itself does
not change. The challenge is related to the cost.

Cement industry

$FNFOU JT NBEF XJUlI DMJOLFS PCUBJOFE ®ZL IRBNB DU PR A B INBZ

(20%). Various additives may be used: slag (coming today from the steel industry but which disap -

pears if reduction of steelismade withH o dZ BTl QP[[PMBOT 'SFODI DFNFOU JOEVTUSZ QS
ANIJMMJIPO UPOOFT ZFBS BOE FNJUS BENPBIIICP &N SVAMBROTUBPO RPBEB$O

is due to heating energy (30%) and to the process itself of transforming the calcium carbonate

(CaCQg) into lime CaO (70%). The reduction of CO 5 emission is planned to be obtained by using

decarbonated sources of heat and by modifying the cement itself: decreasing o f the percentage

of clinker, increasing of the percentage of limestone, capture and use the C O, produced (one

experience by Vicat: capture of CO , and used to produce an aggregate marketed to industry).

It is also planned to reduce the global use of cement by 15%. There is no clear impact of H 5 use

in the cement industry.
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Steel

For steelmaking, Ho might be used as a reduction agent (CO is nevertheless a stronger reduction
agent) for iron ore. Hybrit, Hydrogen breakthrough ironmaking techno  logy is a joint venture led
by the Swedish steel company SSAB. The purpose is to eliminate CO, emissions in the whole
value chain for iron and steelmaking by replacing coal with fossil-free el ectricity and hydrogen.
An alternative heating technique and bio-oil are used for sintering of pelle ts. Hydrogen pro -
duced by electrolysis with renewable electricity is stored and used for th e reduction of iron ore

(Fe,03+Hy AFe+H,0 5IF SFCOJOH GSPN JSPO UP TUFFMOBSHZIOVEEGT GPTT
FMFDUSJD BSD GVSOBDF &"' JOTUFBE PG B CMBTU GVSOBDF #'

R&D is still going on for the HYBRIT project, the pilot phase has begun and will end b y 2025, the
demonstration phase will last until 2030.

The HYBRIT technology

CURRENT PROCESS - BLAST FURNACE + BOF NEW PROCESS — HYBRIT + EAF

ﬁ ON
ca y  Scrap
CRUDE STEEL S, NS, s,

*Figures refer to per tonne of crude steel

SSAB

Figure 14: Hybrit processing technology @Researchgate.net

00 B &VSPQFBO TDBMF WPMVNFT NJHIUECEVNQRSUBOPUQRUFDMFEBH XHS
UIF IZESPHFO CBTFE QSPDFTT PS UIF RMEPENSDDJI@OP BMDIPEXXOUQ EBBFDT

be the more economical.
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Conclusion

| OEVTUSJIBM TFDUPST UP CF EFDBSCPOJTBE B HP BMNPJIRI UISFFEBREJFT UTRUFFM

industry, cement, chemical industries...

In China one of the challenges is the widespread use of coal for chemical proces ses because it

is an important national resource.

As for the cement industry, CO o may be decreased with carbon-free fuels such as green H
but the CO 2 emission from the heart of the process (calcium carb onate transformed in lime) is

unavoidable.

As for steel, carbon-free steel can be obtained but the heart of the process, di rect reduction of
iron (DRI) by Hy is possible but there is still a need for further R&D to make it economical.
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Chapter 4

H, Use as an energy carrier

Issues and context

Issue

5[F QVSQPTF PG UIJT DIBQUFS JT UP QSFODRGURII K PEPUDH V TPFG PGP IZIEZPW F O
BT BO FOFSHZ DBSSJFS BOE FYQMBJO UIF SFBTPOT UBLJOH JOUP BDDPVO

TIF EJbFSFOU QPUFOUJBM VTFT BSF QSF WIGUFE TEBSBD O BBZNEY NRIPIMF GV
DFMMT UP QSPEVDF FMFDUSJDJWEZSF®IB UBBUYVAMAPEH UHFTBFOE UIF QMBDF UIFZ I
occupy in the future in Europe and in China is presented. It is also planned to use hydrogen as

inter-seasonal energy storage, particularly for electricity pro duction mixes including large shares

of intermittent sources even if the business plans remain to be establishe d. Mobility is one of the

major potential uses of hydrogen able to play a role in the decarbonisation o  f the economy; it

BMMPXT UIF VTF PG DBSCPO GSFF GVFM BCGE BMHEBRWFS BAV/TUPBDIFNE B PNCEE OU
perspectives are presented for Europe and China.

Context

Carbon free hydrogen has drawn interest for its capacity to provide energy se rvices without
emitting any pollutant: this is the promise of a fully decarbonised energ y carrier that does not
QSPEVDF cOF QBSUJDMFT QSPWJEFE WEFRSFPESPAEHSPDBOCLPO NIBBEVBH
capture or by electrolysis. Energy can be partly recovered by combustio n of the hydrogen, pure
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or mixed with other hydrocarbons, or by a direct conversion to electricity u  sing fuel cells (FC).
Hydrogen can also be combined with various molecules to produce elect ro-fuels, synthetic
methane from captured carbon being the most obvious.

&BDI TPMVUJPO DPNFT XJUI JUT PXO DPN®JOBIUJWE FL EFPREGEDDPAUBPE U
XIPMF DIBJO GSPN QSPEVDUJPO UP DRIDUNMPNQURIIAOHCOcBBAWRBEDF PO
bon emissions, energy provided by hydrogen will be more costly than energy fr om any other

conventional source: most hydrogen needs to be produced, requiring pr imary energy sources,

costly systems for the conversion and new storage and delivery systems. Nev ertheless, some
BQQMJIDBUJPOT NBZ PbTFU UIF JOD SEFBIUFIE QBVDFFG XV QBPTW J HISPH FBN J 1
of course, but also independence from energy networks, potential for stor age, mobile use with

greater autonomy... The service provided and the comparison with alternat ive solutions, using

all available parameters — not only cost — will determine the future of hydro  gen as a fuel carrier.

Hydrogen for energy

Energy can be recovered from hydrogen in the form of either heat , electricity or mechanical
energy in an internal combustion engine. Any solution is to be considered in a g lobal perspec-
tive, including hydrogen production and delivery, in order to provide accu rate cost estimates.

Stationary use
)FBU

Hydrogen can be used for combustion, pure or mixed with methane up to a concent ration of

about 20% by volume, allowing the continued use of existing gas in frastructure that is largely

amortised. While mixing with hydrocarbon fuels allows a reduction of ove rall carbon emissions,

UIJT QBUI DBOOPU CF DPOTJEFSFE PUIASPOIED B FBQUPESS 3/ BIUFE BSHFES/D
in carbon emissions: carbon capture is much cheaper and decarbonises t he entire production.

It should be noted that combustion, unless in the absence of nitrogen  (oxy-combustion) or

at low temperature in the presence of a catalyst, still produces nitrogen o  xides.

$POTJEFSJOH QSJDFT SBOHJOH GSPN zZz #MAJPLH GRS DBECPORSFF I1Z

ESPHFO MFBET UP up .81 3.# UP 3.#FQBSE&E UP OFFDEBPDUVBM
DPTUT PG upP .81 3. # UP 3.#£A .8183GPS OBUVSBM HBT
83 #BTFE PO *&" 5IF 'VUVSF PG )ZESPHFO +VOF 64 NJMMJPO #UV
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1PXFS

Electrolysis caused a real frenzy in many European countries, on the assump tion that intermit-

tent production in excess (solar or wind) could be used to produce H 5 that can be stored. This

hydrogen would later be drawn from storage and converted back to electric ity when the demand

GPS QPXFS QFBLT 8IJMF DPTUT BOE FePUFODXQPBOTUEBIHSBQUBRO BP WJIBCN
TPMVUJPO GPS NBTTJWF QPXFS HFOFSBUR BQ @EBWI KRS JE) FDU DU ITMMVBUIPR T
isolated sites or backup situations, for example.

5/F NPTU FeDJFOU TPMVUJPO UP QSPEVDWVISMEBDE¥JDXJ E JSHDWEDZD M B
or supplemented by a steam turbine (combined cycle). Current turbines, w hich can achieve up

UP FeDJFODZ JO UIF DPNCJOFE DZDMFP BDPEQRGP XM E BHFOBBMGYFMY BOE
natural gas remains the main fuel. Manufacturers are developing 100% hy drogen gas turbines

(Mitsubishi, Siemens, General Electric); most, however, are not planned for release before 2030.

Direct conversion of hydrogen to electricity by means of fuel cells looks ver 'y attractive but the

FeDJFODZ JT TMJHIUMZ MPXFS UIBORS(T IPCGHE FSV FMSDWNDM TMIJGF BOE TJHOJc
MPXFS QPXFS PVUQVU UIBO $$(5 3FTFBSDG UM B ENFeIRWOOHE EPHI MJ
radation over the years. The highest hopes lie with high-temperature cells , which can be used

reversibly for electrolysis and for converting hydrogen back to electri  city.

Gas turbines avoid the need for high-purity H  required by fuel cells. Natural hydrogen currently
extracted in Mali, 96% pure, can be transformed without pr oblems to electricity via a gas turbine,
which will be impossible with the current fuel cells without gas separatio n.

Cost analysis is not very straightforward due to the need to introduce the yea rly operating times,

IZESPHFO CFJOH VTFE BT CBDLVQ EVSJOH (PFBUIFFFNBMOE "TTVNJOH
EFDBSCPOJTFE IZESPHFO QSJDFT SBOHJIJOHAESPNZ 3.# URLA BOIE
FeDJFODZ GPS GVFM DFMMT BOE GPS ESGHFOIMBEAUSIREGENT B6PIX

Z UP Z .81 3.# UPAES.# .81 $POTIRNFSIOGITUBMMFEFE L8 DBQBDJUZ
GPS DPOWFSTJPO UP FMFDUSJDJUZ EBUIZGPYP$E(5.BDE3GVFM DFMMT B
UPES. # .81 UP PCUBJO UIF FMFDUS FWRITQGREVIDRMIM O OFPMME 3PG DPVST

avoid these supplementary costs 4.

Electro fuels

The main hurdle of hydrogen is its very low volumetric energy density: 7 to 10 times | ower than
IZESPDBSCPO GVFMT XIFO DPNQSFTTFEIFBOMJRYVFMME WPNCIIOIPK XS U I

84  Most frequent assumptions for actual costs (see IEA 2019 for example).
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other molecules, it can be converted to more conventional fuels while sti Il providing a reduction
in overall carbon emission.

Methane is an obvious example: by combining hydrogen with captured carbon f rom power plants
or other carbon-intensive industries, cleaner gas may be produced. But JO c,@hE carbon initially
captured will be released in the atmosphere: it would, however, have been “u sed” twice, which
can be considered as an improvement.

Other hydrocarbon fuels than methane can be synthesized, and great hopes ar e placed in the
bio-production of these molecules. Especially engineered al gae or other bio-organisms are
actively researched.

Ammoniac and formic acid are also investigated for their well-known mean s of production or

CFDBVTF PG SFTFBSDI NBUVSF OFX QBUIXEZI F @ FIRVHZ @RSWP-BV DRLIPIF Q LS F
quiring a conversion back to hydrogen or new engines under development —th  eir logistic is

much easier than those for hydrogen.

Methanol can appear as a convenient alternative e-fuel, easy to synthesize a nd easy to substitute

GPS DPOWFOUJPOBM GVFMT JO WFIJBMHF®QE JO USKREYMED IR UTF WABH J
tion process to improve its yield and lower carbon emissions during produc tion. However, the

resulting fuel is very carbon-intensive. Moreover, the ener gy density of methanol is half the

energy density of regular gas fuels, which means bigger gas tanks and bigge r engines for the

same vehicle range and power.

According to IEA 85, indicative prices for synthetic methane — the cheapest of all electro fu els —

XJMM DPNF EPXO GSPN Up .81 JO UIF OFBS BWUWSMPOHR UF8R
Ammonia is roughly twice cheaper. That is to be compared to actual prices for n atural gas, as

MPX BT .81 GPS QSPEVDJOH DPVOUSJFT

Hydrogen for mobility

H ZESPHFO CBTFE FMFDUSJD NPCIMMIZPOPOIZcBOEGB NN BISFBUFHSEFB SFDIBSH.
time than battery-based electric mobility. The energy density of the hy drogen system (tank, fuel
cell and hydrogen) per unit of mass and volume compared to its battery equival ent makes it a good
DBOEJEBUF GPS IFBWZ BOE MPOH EJTUBODF USRGBJPS5B MUNRADMMMZ P

85  IEA, The Future of Hydrogen, June 2019.
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In addition, the conversion of hydrogen into electricity does not genera te harmful gases (SOx,
/[0Y FUD PS cOF QBSUJDMFT XIJDI NBLFT IEESPHFONPBXMNIEFZ BMTP XEFMN

*OEJWJEVBM NPCJIJMJUZ

The cost of the on-board system for mobility, which includes electric ity production (hydrogen
tank, fuel cell, intermediate storage battery) and the elec tric propulsion chain, is substantial.
$POTJEFSBCMF SFEVDUJPOT BSF FYQFBGPE NCBSPINFIBIQE BWIRESBPMM RFIFT FbFDU

Beyond that, one can think of long-distance road transport for which batt  eries are not a viable
solution. A few hydrogen distribution points on the busiest roads could hel p decarbonise a sector
UlBU DPOUSJCVUFT TJHOJcDBOUMZ UP DBSCPO FNJTTJPOT

Energy prices for mobility are very dependent on the natural resources of the countries, and
PO UIFJS MFWFM PG UBYBUJPO 5IFSF@®PNQBBIF Z 453U WO-ts B EJED VK G SB
structure or equipment 86, individual mobility with internal combustion engines costs around
64 UP 871 o US$ 6 to 12 including taxes in most countries. Production costs for
electricity (with high levels of carbon emissions in most of the world ) usually range from
64 Up .81 XJUI QSJDFT GPS UIF DPOTVNFSBWOIE/ BMVNFD EFB) RISF 64 6 4

.81 JO (FSNBOZ .PCJMJUZ XJUIl CBUUFSJFT DPVMEID\PTOWI OFX BT 64 F
[JHI FOE FMFDUSJDBM WFIJDMFT BO BWFSBHE PBVEAAIUSIFA BOELWQOP BMNPTU
US$ 6 in Germany. If it is considered that low-carbon hydrogen production pri - ces will start from
64 UP LH CFGPSF UBYFT IZESPHFO JHPOPG GBS RASFN UPMQBIPETSBPS
NPCIJMJUZ $POTJEFSJOH UP ALH PGJIUZIEBRPHFOI E@BMB G/FVIDMRBEMNBE T
UP 64 UP QFS ALN 4ZTUFNJD DPODBSOQV WIPRE P DB UIZESG BHREOE BOE
taxation will be the decisive factors in the development of hydrogen mobilit .

1vCMJD USBOTQPSUBUJPO BOE IFBWZ NPCJMJUZ

Hydrogen bears its greatest potential where no other solution can be conside red as practical:
high autonomy, high power, quick refuelling. Utility vehicles , farm vehicles, construction vehi -
cles, public transportation, trucks, trains or other heavy carriers ar e opportunities of choice for
hydrogen. Aircraft applications have also attracted lots of attenti on, and solutions are still being
investigated.

-PDBM dFFUT PG IZESPHFO UBYJT CVMWIFBEZFVMQWESNFWBRDBPE RS$FIB BCIM
to be supplied by a few, potentially private, fuelling stations. Long-di  stance trucks would need
a better network of hydrogen supply stations before developing.

86  These are of course critical matters, but beyond the scope of this discussi on: it is impossible to compare infrastructure
and equipment developed over a hundred years with new technologies yet to fu  Ily mature.

87 'PS BO BWFSBHF DBS SFRVJSJOH M LN HBTPMIOCKR BSJDEIDBM PEWEJIJPX RE® 8RSBD &O0OFSHZ
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Local transportation by rail is considered with great interest by many regi  ons in France and Eu-
SPQF GPS MJOFT UIBU XPVME OPU CF DPTU FbFDUJWF UP FMFDUSJGZ

The cost equation is similar to the one for individual mobility, but taxes on fue | for professionals

BSF VTVBMMZ MPXFS 00 UIF PUIFS |IBIDNEZ OFMPFOW FUPDAWRFT G PEREBED VTF
TQFDJcD SPVUFT PS BSFBT SFGVFMEMBESH TKRBUUPB TNBIWMME VN (PRSS BP G PTQ
being required and sometimes able to be coupled with a power station to allow fo  r lowest

electricity prices.

Sustainable Aviation Fuel (SAF) based on a chemical combination of hydrogen and CO 5 to form
synthetic hydrocarbons will be part of the decarbonisation  of air travel and transport, together
with biofuels and e-fuel.

4ZTUFN EFQMPZNFOU

&WFO BT IZESPHFO TZTUFNT GBDF TUSPOH BXeD ONWBIFTJDMH UPONTDB® ER T
domains where hydrogen might prove useful or economically realistic. Iti s necessary to identify

paths enabling the development or preparation of these hydrogen syste ms, as many attractive

applications are expected in the (far) future.

"IVSEMF GPS NPCJMJUZ UIF EJTUSJCVUJPO PG IZESPHFO

The development of hydrogen mobility requires the distribution of fueltou  sers. Individual mo-

bility requires a highly meshed network that needs time to be developed. Hyd rogen distribution

TUBUJPOT SFRVJSF JOWFTUNFOUT T M\JIRO BOEMN VIIQ) FIDFFS €6 ZVRARMIF
truck at present, possibly by pipeline in the long-term — or produce their hydr  ogen on site by

electrolysis: they are then about 80% more expensive. Beyond th e few existing demonstrators,

TVvDI JOTUBMMBUJPOT DBO POMZ CFCYBFPEUBEMYNETUI M BSEHFVE MPUEN F O U
network, prior to the sale of vehicles, is hardly conceivable without publ ic support.

Hydrogen as a fuel

Hydrogen is a high value, costly product: as such, using it as a simple combustible t o produce
heat should be considered as a last resort or temporary solution — to provide mark ets for an
emergent hydrogen economy or ensure a longer life for equipment already ins  talled. Many other
ways to produce heat without carbon emission are much cheaper than hydrogen.

00 UIF PUIFS IBOE FMFDUSP GVFXITNBDPH POZIZPSPEMB® BMUFSOBUJWF U
where no other solution seems available, and do not require major shifts in ener gy infrastructure
(other than for their production).
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00 UIF EJeDVMUZ PG QMBOOJOH

Because of the small number of hydrogen vehicles to be produced in the years to come , hydrogen
fuelling stations for the general public would obviously be underused. Iti s therefore reasonable
to expect that hydrogen mobility will initially develop  only from a more limited number of dis -
USJCVUJPO QPJOUT FbFDUJWFMZ SFTFSWJOH JUT VTF GPS UBSHFUFE dFFU

In view of the number of vehicles considered in the near future, it is clear that local m arkets will

not be enough to support equipment and system suppliers, who will need to aim f  or a global

strategy: support policies must be conducted with this vision in mind. An int  ernational benchmark

JT SFRVJSFE UP BQQSFIFOE UIFPCBEJFEIFPE BEQEPBO® IFOE "TJBO DPVOUS
including South Korea, which is particularly ambitious.

$1JOBA

Inits strategy toward carbon neutrality, China sees hydrogen as an essenti al energy carrier in
situations where electricity cannot be used, mainly for transport  ation.

Synthetic methanol, produced with hydrogen and captured carbon diox ide seems worth being
considered as an option for replacing natural gas for heating purposes.

Mobility
JZESPHFO

In 2021, more than 9000 fuel-cell vehicles were in  operation in China. China plans to increase
UIJT OVNCFS UP & JO BOE UIF OMRT A\SBR G EB/FIM DNBEMM JW Bl JD
UIF OFYU EFDBEF "U UIF TBNF UJNF WBIFJOUN OB Y BFGEEYFEAMIGHI WB
UIF DPTU PG IZESPHFO XPVME EFDSFBTF Z;$;l?ﬁﬁl) UPES/SLH Y H)

Z  lpHThe hydrogen currently used for transportation is mainly an industria | by-product:
it will be gradually substituted by “green” hydrogen during the next deca de.

On-site production of hydrogen at refuelling stations is favoured over centralized production,
which entails higher costs for storage and transportation. Domestic on-site p - roduction of hydrogen
in a refuelling station is in a trial operation in Foshan City, Guangdong Pro vince since July 2021.

88 1€=7.43CNY,1CNY=0.14€
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Hydrogen is produced by a skid-mounted, natural gas reforming unit, wit h a capacity of up to

AIN1) BOE BO FMFDUSPMZTFS QSPWJEFJ BICPFRUW AP BANPUF PO TJUF
production of hydrogen in China has led to rationalizing the s  afety distance for refuelling stations
UISPVHI UIF NPEJcDBUJPO PG UIF UFDIOJEBBNPDPBROE# UIFS SFHVMBUJPC

&MFDUSP GVFMT

Methanol and ammoniac represent the main electro fuels considered by Ch ina. Currently, green

NFUIBOPM DBO CF QSPEVDFE BU BCPVU $/TET GPHFMFEUZSHHGVFIMTDRPSF
tively high due to high conversion losses, high transportation and distrib ution costs. However,

JUJT FYQFDUFE UP EFDSFBTF TJHOJcDBOBMZIFCZ MFBEO/JFOUPFHEEPBWMT B(
reduction of renewable electricity price.

"OPUIFS EJTBEWBOUBHF JT UIF MPX PWFSBMNM FEBIFOBZ7AG FMFDUSP G

.FUIBOPM

In March 2019, the eight departments of the Chinese government jointly pu blished “Guid -

ing Opinions on the Application of Methanol Vehicles in Certain Region s”. The pilot projects

of methanol vehicles in 10 cities in 5 regions has been completed from 2012 to 20 18, and the

DVNVMBUJWF NJMFBHF PG NFUIBOPM WARMJBNM AT MBINBSEBBTFEP O FE/NNI C
24,000 tons of methanol fuel.

The Chinese government strongly supports a wide distribution for meth  anol vehicles. Geely

Automobile is at the forefront of the manufacturing of methanol vehicles . It has formed mass
QSPEVDUJPO DBQBDJUZ JO UIF QBTTWGHHSMPBFBDE POENMBABMP QS
a lot of methanol vehicle models in the future. Geely Automobile is also pilot  ing the M100 meth -

anol car in Iceland, using renewable methanol from the Icelandic Carbon Re cycling International

company (CRI).

Ships in China are required to use low-sulfur fuel oil, shore power, and clean e nergy to reduce
pollutants emissions and improve the air quality by the 2015 “Implementa tion Plan for Marine
Emission Control Zones in the Pearl River Delta, Yangtze River Delta, and Bohai Rim (Beijing-Tian-
jin-Hebei) Waters” from the Ministry of Transport of China. The latest 20 18 national standard
“limits and measurement methods for exhaust pollutants from marine en  gines “(GB 15097-2016)
further restricts the emissions of marine fuels and opens opportunities fo r alternative fuels such
as methanol.



$)"1583* 7 AE JUAEAS AN ENERGYCARRIER

5/F $1JOB $MBTTJcDBUJPO 4PDJFUZ $$¥ JBOVBBOFBEEP HOJRTIWIPFOIJGPS UIF TUE
dardisation of methanol ship fuel. Their “Guidelines for Ships Using Alt ernative fuels” has been
implemented formally on December 2017, providing a standard for the util isation of alternative

fuels including methanol in ships.

*0 $1JOB QSPEVDFE PG JUT NFUIBOMM PROSVNRNIREIPBOMIPOT .PSF
UIBO IBMG XBT EFWPUFE UP UIF QSPEVDBAOPIO BB PAEHSPDB.SOPBDENFU

VTFE BT GVFMT GPS SPBE WFIJDMFOF WHFUOMOPM 6 PIIVHSFTGAVS MBISIBOEBSET EF
EJbFSFOU MFWFMT PG NJYJOH XJUI IZEE8OBBE0BO GYFOHMZ ¥ODRAVIBHFT QVS
methanol fuels for automobile applications. China vigorously prom  otes battery electric vehicles

and hydrogen fuel cell vehicles, but methanol vehicles are one of the key tec hnologies promoted

in China’s low-carbon transportation transformation.

*0 UIF ¢cSTU NFUIBOPM IFBWPAUBSVDLFLBBIOFNE IGFBRMNZ USVDLP XBT TVD
cessfully launched into operation by Geely company, and ot her enterprises (Sinotruk, Shaanxi
Automobile Group...) have also carried out R&D and production of heavy mobil ity.

China has developed its own methanol fuel cell technology, but methanol f  uel cell vehicles

still need more research. In 2015, Suzhou hydrogen clean power supply techn ology co. LTD

NPEJcFE B NFUSFT DPNNFSDJBM FMFDW SFMSNJIDMF IJO3APHROUGEBGRM DFMM
“electric — electric” hybrid cars 8°. In 2017, the company integrated its methanol fuel cell system

into the T7 light trucks of Dongfeng automobile company.

This strategy is twofold:

— Indirect fuel cells: methanol is a good carrier for hydrogen storage. Met hanol and water
reforming produce hydrogen, used for power generation with a fu el cell. Waste heat of
methanol and water reaction can keep the battery at the best temperature. H ydrogen is
produced on board, while it is consumed by the vehicle. Core technologies in  clude methanol
SFGPSNJOH IZESPHFO QSPEVDUJPO UPBIOPMPHEDITERPHEO IQESPHF O
fuel cell technology, etc.

— Direct fuel cells: the chemical energy of methanol oxidation reaction is d irectly converted
into electrical energy, avoiding the complex reforming unit . The cell structure is simple,
DPOWFOJFOU BOE dFYJCMF XJUI IJHI FOMBXNZRPOWPSOTIBOEFOPJIE O DIZF
FUD 5IF DPSF UFDIOPMPHZ JODMVEFT QSFPUOGE MFHHDZB OHHI NFERMCSBDE
catalyst technology, inhibition of methanol penetration, etc.

89 &MFDUSJD J FMFDUSJD 1ZCSJE JO LIFTDWPIB UFRYIF R BGFFWXP FAVWFID UFH O JVRMBWAT GPS UIF FMFDUSJ
in the car; an electric rechargeable battery and a fuel cell.
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“NNPOJB

Ammonia is expected to be the main fuel for seafaring shipping. The productio n of ammonia
is therefore expected to be upscaled multifold.

Energy networks

China sees hydrogen as an important way to solve the problem of incorporatin g renewable
energy. In 2021, the National Development and Reform Commission and the Na tional Ener-
gy Administration of China issued the “Guiding Opinions on Acceleratingt he Development
of New Energy Storage”, and hydrogen energy was listed in the category of “new energy storage”.
However, the technical pathways and resource potentials of large-sc ale hydrogen storage are
still unclear, which restricts the use of hydrogen in energy networks.

Blending hydrogen with natural gas in existing networks can be a temporary p ath to provide
MPX DBSCPO FOFSHZ XIJMF IZESPHFO TE¢RMORM P QFEGSB THFSWIDNMRSS VS F | ZE.
to end-users.

Long-distance transportation of hydrogen by blending it into natura | gas grids is being tested as
prototypes or as commercial demonstration projects (one in operation by State Power Investment
Corporation (SPIC) in Chaoyang City, Liaoning Province. Another is under construction in Zhan -
jiakou City, Hebei Province). Activity in these areas in China is stil very limited. The Jilin Province,

which plans to increase the share of natural gas in its energy mix, is looking to im prove its gas
infrastructure and is therefore especially interested in the blendi ng of hydrogen in its network.

If hydrogen blending were to be pursued, it would require the adoption of inte  rnational harmo -
nized safety standards and national regulations on the maximum blend of h ydrogen in natural
gas networks.

France/Europe

The French strategy considers decarbonised hydrogen as an important opti on for high duty and
heavy mobility, when electric batteries cannot provide enough autonom y. “Hydrogen meets the
OFFE GPS IJHI FOHJOF QPXFS PS MPOH BVMMZBGPS% BBQPOWNZFFUQRDBU
MPOH EJTUBODFT JO UJHIU USBeD dPXTIFBWHI Bl DFPENIN WFDIBMFW FIGBWMFT SF
DPMMFDUJPO WFIJDMFT SFHJPOBM PSDUSUEEESBBFBOBM USBJOT JO OPC

90  Stratégie nationale pour le développement de I'hydrogene décarbo né en France, September 2020.
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Utility and collective passenger vehicles represent a major economi ¢ sector for France, with a

MBSHF dFFU BOE BO JNQPSUBOU UVSOPWFS .BOROKPEQOEBS$®GENIWBNWFE JO |
BMJ[BUJPO PG TUSBUFHJD DPNQPOFGMFDGSPNMIJDAMMIM SBB QO UIFPXFS-SFO
types of vehicles.

Photo: Hype

51F )ZQF DPNQBOZ 1BSJT FYQMPJUT B d6FFOQHPEIJIZESPBIED JBYJTBAUBPDF
SFGVFMMJOH TUBUJPO JO UIF DFOUSFIPWGFEBBRTSFBDR )ZQFFdFBM AT FOY QBSJT
by the end of 2022, with the ambition of 40 000 by 2025 and 100 refuelling stations.

While the hydrogen used by Hype at this stage comes from fossil sources, the main goa |is to
develop a real-life laboratory for zero-emission mobility in a major cit y. In the years to come the
refuelling service will be opened to partnerships with public services a nd operators of heavy

urban transportation or last kilometre logistics.

Germany inaugurated on August 2022 the

XPSMEMT ¢cSTU SBIMXBZ MJOF QPXFSFE FOUJ.
IZESPHFO " dFFU PG USBJOT QSPWJEFE CZ
French company Alstom is replacing diesel

locomotives on a 100 kilometres line near

Hamburg. Up to 4,400 tonnes of CO 5 could

be avoided each year, provided that the

hydrogen is sourced as an industrial by-prod -

uct or from zero-carbon electrolysis. Com-

Source: Alstom Handout —Mmercial trials began in 2018 with two hydro -

gen trains, and experimentations have also been

conducted in Austria, Netherlands, Sweden, Czech Republic and France. Alstom claims that

German, Italian and French regions have already ordered more than 50 hydro gen-powered

regional trains, albeit the French models will allow powering either fr - om fuel-cells or by regular
overhead line.
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Planes or ships relying on hydrogen are considered in a longer perspective an d solutions should

CF FYQFSINFOUFE EVSJOH UIJT EFDBEPBSE RUS BEBIDF WKFUEtST U MREBS
is a clear goal of the France 2030 plan, recently announced. In 2022, Airbus lau nched its multi-

year demonstrator program, intending to develop three ZEROe concept s of aircraft powered

CZ IZESPHFO DPNCVTUJPO UISPVHI NPEJcRRWET IUESEHGO KOMMOEGHF VTF
as fuel for combustion with oxygen.

Photo DDM

To speed up the deployment of hydrogen-powered professional mobility , a strong emphasis
is put on the pooling of demand, both in the industrial and mobility sectors, onat erritorial scale.
5/F HPBM JT UP EFWFMPQ FeDJFOU QBSURSFIUNIBY BCE WBRKNOGRPDBBFBVTUIO P
UP TZODISPOJ[F UIF FNFSHFODF PG UIF PbFS BOE UIF EFWFMPQNFOU PG

Energy networks

As a vector that can be stored for a long duration, hydrogen has the potential to ease the de -
velopment of renewable energies while improving the stability of the pow er grid. Conversion
back to electricity or injection into natural gas networks i s considered. Experiments are planned,
PS CFHJOOJOH UP BTTFTT UIF QPUFOUJBM EPRUIbBEBOQJIRBMIBRBETFDPO

The Jupiter 1000 program led by GRTGaz, the main TSO (Transmission System Operator) in France

for the transportation of gaz, began in Fos-sur-Mer to assess the potential of power-to- produced

GSPN FYDFTT SFOFXBCMF FMFDUSJDAUZ FMASPIFAOZGEHPN WPXPF BMLBMJOF |
PEM, is fed to the gas network (operating since 2020 without any impact on the cli ents). Starting

in the summer of 2022, the plant will allow the conversion of hydrogen to methan e, using cap-

tured CO, from a nearby factory. Supported by the European Union and French agencies, | ocal

project partners (CNR, McPhy, Leroux & Lotz), and a research centre (CEA), te project intends to
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injectupto200m 3 | PG IZESPHFO PS
m3 1 PG NFUIBOF JOUP UIF HBT OFUXPSL

However, in the near and foreseeable
future, it can be expected that the ne -
cessity to decarbonise hydrogen for
industry and to provide new solutions
for transportation will take precedence
over any such use: the high value of
decarbonised hydrogen advocates for
ATEE USe in situations where there is no other
solution.

Conclusion

Both China and Europe consider hydrogen as a critical asset to dec arbonise transportation.

JFBWZ NPCJMJUZ BOE dFFUT TUBOE BO QSBOTQP3 WBBHFY PS RIS MQMWIZMW F I J I
-PDBM FYQFSIJNFOUT BSF VOEFSXBZFFO CZBHPHEF WEBPIDMWE BOE TVQQMZ DIB.
however, still mostly with non-decarbonised hydrogen.

E-fuels raise a strong interest by their potential to accommodate actual s ystems and logistical
chains with minimal transformations and circumvent the problematic |  ow density of hydrogen.
China considers that ammonia may become one alternative fuel for seafaring s hipping, whereas
Europe seems less interested in the subject and much more focused on aviatio n fuels, including
synthetic fuels.

DPOPNJD PG Ul

JOF BOE POF

$1JOB IPMET IJHI IPQFT PO TZOUIFUJDIJNPUtRBPWM BOESWBSSBKBSET WFIJDM
BOE NFUIBOPM QSPEVDUJPO )PXFWFSFNBBTBR® WRAEZI®O HETJIJIDBWIWG MFBE.

to very carbon intensive fuels.

The very high ratio of intermittent renewable power sources planned by som e European coun-
tries leads to a critical need to develop such technologies. The years to come wi |l shed light on
the economic viability of this solution. China also sees the potential of hy drogen in the area of
energy storage, but the technological pathways for large-scale hydr ogen storage are still unclear,
which restricts its promotion.
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Chapter 5

Manufacturing technology,
Industrial players

Issues and context

This chapter aims to analyse the manufacturing of the technology needed and t he type
of industrial players involved in the industrial and technological va lue chain of hydrogen in China

and in Europe.

5|/F UFDIOPMPHJDBM WBMVF DIBJO JT DBRQBTFR PHBEVINBDEEG DPIBXPTQPSU

storaae. distribution and uses .

5/F ¢cSTU FDPTZTUFN JT MJOLFE UP UBEBRHFREVDIRIF6DP® B SHFFQUIZ USBOTQP ¢
BOE TUPSBHF BOE UIF UIJSE UP UIF PQUINBMUVAMNPGIMESPIHFME OBEFM

PG UIF NPTU EJTSVQUJWF cFMET
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As described in the second chapter, most of the technologies exist but must b e improved through
incremental and continuous innovation with the aim of producing th e components with reliable
quality and lower costs through robotized and massive production.

In France the production of decarbonised hydrogen will be mainly through wa ter electrolysis
with decarbonised electricity: excess REN, hydro and nuclear. The bott leneck for using PV and
onshore wind alone is the low-capacity utilisation (load factor) of elec  trolysers resulting in too
low or even negative return on investment.

Production of carbon-free hydrogen

The bipolar plates for the electrolysers may be produced by stamping, elec tro-erosion, ma -
chining, 3D printing. All the necessary elements already exist. As far as pure performance

JT DPODFSOFE UIFSF JT OP EJTSVQUJIJW K FbhFDFMB P J&FR BYSGFBNW & EBET DI\

to the thermodynamic optimums. The production process is to be adapted to t he size of the
electrolyser which is likely to get larger and larger. They will be less and less transportable and

FSFDUFE EJSFDUMZ PO UIF cOBM TIUMFIFUBIBDSWMRFE RSB UIP HIBEE P

to the users and buyers of hydrogen.

Electrolysers: Characteristics and their role in a decarbonised inter-
mittent electricity system.

Electrolysers and fuel cells can be designed in a modular way:
— each elementary module (or cell) consists of a stack of plates;

— the cells that make up a functional unit are piled up in series to form stacks. The s tacks can
be connected in series or in parallel depending on the desired application

5P TVNNBSJ[F UIF UISFF GVMMZ NBUVSF UZQFT PG FMFDUSPMZTFST BSH

— low-pressure alkaline electrolysers whose technology is close to the ¢  hlor-alkali electrolysers
used for chlorine production. The hydrogen produced must be compresse d. Thyssen is the

XPSME MFBEFS JO UIJT cFME BOE IBT JOTUBMMFE IVOESFET PGZ/A.8 XF

— new generation alkaline electrolysers, 30 bars in output, in France McPh vy is selling this type

PG FMFDUSPMZTFS 5IF QPXFS PG UIF TUBDLT JT A.8 NBYJNVN

EJBN

- 1&. FMFDUSPMZTFST PVUQVU BU CBB NMBNINPVNPEGCGAHAIBF TWUBDLT
EJBNFUFS JT PG UIF PSEFS PG B NFUSF BOE UIF MFOHUI JT B GFX NFL
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Stack de
trois

CE'I|I..|-|E'5/-\ o

'JHVSF A JJHI QSFTTVSF FMFDUSPMZTFS £.8 fI/FFM

For the two principles, the power of the stacks is limited by their mass. Beyon d a certain limit,

they can no longer be transported by road or rail but must be assembled on site, whi ch is a disad-

WBOUBHF 5IF TUBDLT BSF BTTENCMFEQFODEBFS HFF (B O B PES- QBSBEMMFMJBMMB U J|
One of the performance criteria of the stacks is the current den sity (Faraday’s law) measured

in g of hydrogen produced per cm 2 of electrode.

1&.T IBWF B IJHIFS EFOTJUZ UIBO BMLBMJOF B\SFBVMRTTBMALBRMYOF FMFDUSP
ZTFST BSF NPSF FeDJFOU
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To avoid supplementary compression of hydrogen at the outlet of the elect  rolyser, the pres-
sure within the electrolyser must be increased, but this requires thicke r vessels; in addition, the
dimensional stability of the cells must be ensured.

In fact, a global techno-economic optimum is sought and proposed by manufa  cturers.

Beyond the electrolysers presented above, the main elements are stora ge, transport, distribu -

tion and consumption. These elements interact to form a system, the cohere nce of which de -

QFOET PO UIF EJbFSFOU BTQFDUT NFOUJRIGFECRCMRWE PGVWI B WM WF PWS B M2
J F UIFJS BCIJMJUZ UP PQFSBLBEMXQBPXWSB S SBLIMFFFNIEDWIWBZ BMMPXT Ul
to decrease or increase its power according to the electrical power availab le as a result of vari-

ations in intermittent electrical production and the variability o~ f its consumption.

Other production methods

The production of hydrogen from methane by SMR should be associatedwith $BSCPO $BQUVSF
BOE 4UPSBWFTUPST BOE EFWFMPQFST JO UIJT ZFME FEOURWPTCBOFEOD P
CZ TINQMJcDBUJPO BOE BEBQUBUJPO PG UIF S+ MVYM PGJB OT TBACH MIBX T D

Transport

Transport of hydrogen, presently on trucks and through pipeli nes, will probably be developed
by extension of the present hydrogen pipeline grid. There is considerab le scope for research
and investment by gas system operators to manufacture and operate the ext ended gas system
for transporting hydrogen, taking into account the embrittlement of s teel when in contact with
concentrations of more than 50% hydrogen, depending on the pipeline s and gas mixtures®!-
7BSJPVT QMBTUJD QJQFT DBO BMTP TVbFS FNCSJUUMFENFOU

An H, grid system includes H » storage on the surface and in the subsoil. Investors and develop -
FST JO UIJT cFME DPVME CF TFOTJUJWEBUUJP O PNQ ViJe 3B U YAVAB B DFEO B EBBME
concerning the use of the subsoil.

H»> can be transported as a liquid in ships but the low temperature makes it technically and
FDPOPNJDBMMZ EJeDVMU

91 1UUQT XXX OSFM HPW EPDT GZ PTUJ QEG
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It is also possible to transform H 2 into ammonia, methanol or other chemical combinations where
established technologies for their transportation in liquid form ca n be easily used.

Mobility

Inthe cF MfEmobility, hydrogen is supposed to be mostly used in  fuel cells to produce electricity
for electric mobility (personal vehicles, trucks, buses).

'VFM DFMMT

The fuel cells are made of the “stacks” (plates + membranes) (see pages 46 and 47). The membranes

VTFE GPS UIF 1&.T BSF CBTFE PO B dVPSPTVNRTF ONBJIRE QPRSI FT' BSF
XBUFS UJHIUOFTT BOE QSPUPO DPOEVDWUWQWAUZOPEcPIGNBORTFOUBE BZ %
proven quality and know-how, but there are now several producers of almos  t “equivalent” poly -

mers. The manufacture of the membrane itself (in particular the deposition of charged inks and

catalysts) is currently dominated by W.L. Gore (United States), but many smaller and competent

companies are positioning themselves in this promising market.

Manufacturing process

The comprehensive development of the entire system necessary for hydroge n-based mobility

implies the breakdown into its constituent elements: the emba rked tanks for various pressures

and volumes, the fuel cells and their components (membr anes, catalysts), the associated power

electronics, the controls, the most suitable electric motors, the com pressors adapted to the

EJbFSFOU UZQFT PG TUPSBHF UIF SFOVMBSHRIJOFDFUBBSREOQJP FFEMOBURUBO JOC
structure to distribute hydrogen, and public authorities are indispensable to initiate and sustain

UIF NPCIJMJUZ NBSLFU SFHVMBUPSZ ¢TDBM BTQFDUT FUD

The value chain

In the value chain of the hydrogen system and for the players that are i nvolved in it, it is of utmost

importance to make a distinction between industrial manufacturers of  the components (and

their subcontractors) which are the true value-added partners ont he one hand and, and the

integrators in the form of car factories on the other hand. Public incentive s should be focused

on the generation of added value in order to dynamise the manufacturing chai  n and not on the

JOUFHSBUPST PS UIF cOBM CVZFS S IBMMP¥ GUBRFRP BOUE BEERYISGBEUSBOTGP
mation of the industrial system.
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China

|OA£$1JOB UIF IZESPHFO WBMVF DIBJO JT RNF'SQBJN BSYEJDWFE QJIER D H:
of the industry players is organized in Production, Storage and Transpo rt and End-use.

The production is split into fossil fuel (4 companies), industrial by-p roduct (4 Companies), HTSE
DPNQBOJFT QVSJcDBUJPO FRVIJQNFBQE USBRQYBOIBTBSEURSBHF JOUP
gen liquefaction (2 companies), gas logistics (3 companies), liquid | ogistics (3 companies), solid
logistics (2 companies). End use is split into Industry (4 companies), Transport (3 companies),
Energy storage (3 companies).

[ Production ] [ Storage & Transport ] End-use ]

- Industrial Purification Hydrogen Gas Liquid Solid Energy
[ Exgsil el ] [By Pmduct] [ HITSE ] [Equipmen(] [Liquefaction Logistics Logistics Logistics i Transpont Storage
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Figure 17: Hydrogen value chain in China

5/F IZESPHFO QSPKFDUT BSF XJEFINQFENFMUEFSGVUPE 2 OS5URFGPMMP XJO+

shows the location of;

UIF HJHB TDBMF QSPEVDUJPO PG HSFFOCIM2ERHEESP HFFOP BIE PR BOE
kilotons per year);
- UIF MBSHF TDBMF JOEVTUSJBM VTF GRIPSFcOIFYIBOP ENNFPRENDQ IPE

Steel production and industry feedstock;
- JOUFHSBUFE IZESPHFO FDPOPNZ UIBPKBDWISRTIDJAUBDWFHSB B EJDEFSF

types of end uses;

— transport, trains, ships, trucks, cars, and other mobility applicat ions;.

— infrastructure projects, including hydrogen distribution, tra nsport of hydrogen, conversion
and storage.
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Figure 18: Hydrogen projects in China

Source:Hydrogen Insights-An updated perspective on hydrogen inve stment,
market development and momentum in China, Hydrogen Council, Mckin sey&Company

The economy of hydrogen is supposed to grow from now on. The va lue of the demand of
hydrogen in China is foreseen to reach 37.15 million tons in 2030 and 130 millio n tons in 2060.
The percentage of hydrogen in end-use energy is foreseen to be 5 % in 2030 and 20 % in 2060 °2.

According to a study conducted by IRENA, China presents a large green hy drogen produc -

UJPO QPUFOUJBM BU MPX MFW§FNMPFESDPTU,) liinly becalsH df the

high-quality solar resources 2. Another study conducted by PwC also shows that China is among

the regions with the lowest production cost of green hydrogen  94.Based on these studies, China

XJMM IBWF TVeDJFOU EPNFTUJD TVQQORX PRETHSHAPEHAWESPHFOXJBFSMIOH UIF
unbalanced distribution of resources in China, it is still possible that f or some regions, it will be

cheaper to import hydrogen from international markets than from other pa  rts of China. Never-

UIFMFTT $1JOB JT OPU MJLFMZ UP CF B TJHOJcDBOU JNQPSUFS PG HSFFO 12

92  White paper of hydrogen energy and fuel cell industry in China 2019, China h ydrogen energy alliance

93 *3&/1" (MPCBM IZESPHFO USBEF UMHRBWMU UBBU **$¢ DNMSRBOHRZESPHFO DPTU BOE QPUFO!
International Renewable Energy Agency, Abu Dhabi.

94 1UUQT XXX QXD DPN HY FO JOEV TSFRIFHFVSHE F SHZUVSFMHBOBBEHZ HSFFO IZESPHFO DPTU ITUNM
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A part of the hydrogen is supposed to be produced from fossil methane (SMR) in as sociation
XJUIl $BSCPO $BQUVSF BOE 4UPSBHFQIFWHFIBBM EFNRFMOGDBYIBEBIP® 41FOHMJ
or Ordos basin. The technology used for storage is “Enhanced Oil Recovery” E OR.

France

The hydrogen sector today employs nearly 2,000 people in France. The prospe cts for developing

UIF IZESPHFO JOEVTUSZ JO 'SBODF BFMETAUINBOFHEMIP 8 QQSPIONBMW SF)
JO BOE z ACJMMJPO JO 'VSUIASCIPSW I PR PRBUFDQBPBMTZIT FYQ
by 2030. More than 40,000 jobs are foreseen in the sector in 2030 and more than 150 ,000

jobs in 2050, accompanied by a reduction of CO 5 emissions by -10 to -12 Mt CO 5 in 2030 and

by -55 Mt in 2050.

The main objective of the National Hydrogen Plan presented on June 1, 2018, is t o reduce our
country’s greenhouse gas emissions, in line with the Climate Plan and Europ ean commitments.

In September 2020, in the context of the post-covid economic recovery plan, an ational strategy

for the development of decarbonised hydrogen in France was pre sented. It involves a budget

PG ACIJMMJPO FVSPT GSPN OPX UP XJIX)JJUO BJLFSBEDEW BB K VOB BV SRITJO L
the development of a French industry for electrolysis, the developmen t of heavy mobility with

decarbonised H », and the reinforced R&D for future use of hydrogen.

The decarbonised hydrogen is supposed to be produced by electrolysis of w ater, using decar-

bonised electricity. As the French electricity is produced ma inly by hydro and nuclear generation,

this electricity is decarbonised and allows producing decarbonised h ydrogen. This feature makes

UIF QPTJUJPO PG 'SBODF GPS HSFFO |ZES RHF @ WEIFS- &8 FC B QFBRON N\FINTAF 8
states. Among them, certain member states use mainly coal or lignite and fo ssil gas to produce

electricity and decided to stop their nuclear production or to do so soon.

Various F M F D U S Pastati€saBeTunder construction.

GENVIA (created by CEA, Sclumberger, Vinci, Vicat and Agence regionale Ocdtanie ) has an
agreement with ArcelorMittal, Ugitec (steel), and Vicat (cement) re garding a proprietary solid

oxide technology. GTT (transport and Technigaz) acquired Areva H »Gen to develop PEM elec-
trolysers. McPhy is developing high-pressure Alkaline electrolyse rs and has been chosen for the
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project GreenH>,"UMBOUJD JO UIF GSBNFXPSL PG UIF &WSPRFBQ $SBMM GPS UFOEFS
Deal. Sylfen is developing a reversible electrolyser.

Two companies are developing industrial productionof GVFM DFMMT BOE IJHI QSFTTVSF SFTFSWP
Symbio and Plastic Omnium:

- 4ZNCJP 'BVSFDJB JDIFMJO JTG® SPESN\DD OH \GNFEMCZ FAMOMB™M EJTUSJCV
UJPO dFFUT QSPQPTFE CZ 3FOBVMU 4UFMMBOUJT BOE GPS DJUZ CVTFT

— Plastic Omium and Symbio produce 700 bar reservoirs for embarked H » storage in cars,
trucks and railway train.

— EKPO, anew company owned by Plastic Omium issued from Plastic Omnium and Elri ngKlinger
produce fuel cells.

"EWBODFE SFTFBSDI IBT CFFO DPPSEJOBUPE @b JFOBFODr SABUF SFSRV (*4

of 10 industrial and 7 public companies) to develop the storage of hydrogen i n saline cavities.

Several sites are under study and one cavity already existing at a depth betwee n 930 and 970

metres is selected to make experiments, test and water-tightness measur ements.

5F )ZQTUFS QSPKFDU GPVOEFE CZ UIF &$SMIBISEP XTEBWF MQRMPUHIOIRESHQF
with Storengy, Armines, INOVYN (UK), ESK (DE), Element energy, Inerisna Axelera.

Europe

The aim of the EU Hydrogen Strategy is to decarbonise hydrogen production an d expand its
use in sectors where it can replace fossil fuels.

Yet, today, hydrogen represents a modest fraction of the global and EU energy m ix, and is still
largely produced from fossil fuels, notably from natural gas or from coal , resulting in the release
PG Up A N J M MyJapiially tnGhE ERD

5/F &6 JOUFOET UVSO DMFBO IZESPHFO BGICP BJWE BEIM F STFOMV UB B O PLSPT FPRADF S
UJNF JOTUBMMJOH BU MFBTU A£(8 PZ BFOTFIBOMF BBESEHF OBRMFD KES® M

of renewable hydrogen electrolysers by 2030. Investment cycles in the ¢ lean energy sector run

for about 25 years.
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The EU considers that hydrogen may be produced through a variety of processes . These pro-
duction pathways are associated with a wide range of emissions, dependin g on the technology
and energy source.

Even if everybody agrees that nuclear electricity is GHG emission free, it is a co ntroversial item

between the member states, which produce nuclear electricity and the mem ber states, which

IBWF EFDJEFE UP OPU PS OP MPOHEFSF &6I 0 EWDOVWPANBS JHME DWRBIDIIAED B B
system establishing a list of environmentally sustainable economic activit ies. Nuclear electricity

JT JODMVEFE JO UIJT MJTU XJUI TFWF$BW PP OPOSBNGETU | BRIXESWFFS-XBCMF
gen’ which is hydrogen produced through the electrolysis of water (in an elec trolyser, powered

by electricity generated from renewable sources, such as wi nd power and solar energy), could

include nuclear generated electricity.

Several possibilities of carbon storage exist, namely in the North Sea, either as Enhanced QOil
Recovery in depleted gas or oil reservoirs, or in deep natural saline aquife rs.

Importation of hydrogen produced overseas is envisaged by some countrie s. The importation

supposes a business model where the cost of production is low, and the load factor is high.

Various solutions with PV, Windpower and large Hydropower installat ions are envisaged. The

business model should include long-distance hydrogen transportat ion either by pipelines from

/[PSUI "GSJDB GPS JOTUBODF PS CZ TIJNPRQDIIBHD RS MERNYFE FESR SIFHFOFB N
hydrogen in Africa, in Australia or South America, for instance.

The EU Commission, which aims to have 40 gigawatts of electrolysis capaci ty installed by 2030,
assumes that, with more production, the cost of electrolyser will halve by 2030 and in 2040
green hydrogen will be competitive.

Germany

Germany has launched the H 5 global green hydrogen initiative: founding members of the initia -

tive include Siemens Energy, Thyssenkrupp, VNG, Deutsche Bank, Salgitter, Uniper, Hamburger

Hafen und Logistik, Neuman & Esser, Reederei F Laeisz, Viridi RE, EnertragNordex, Green Enesys,
MAN Energy Solutions, Hydrogenious LOHC and Linde.

5/F OBUJPOBM UBSHFU PG A(8 FMFDUSPNQZJRTFEBOMB CFUEDCZFWFE PS FYDF
but would only account for around 40% of demand.
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H>(MPCBM HSFFO IZESPHFO JNQPSU JOJUDBUBWHFHBEDTU IPMZTUB MMBIJBDJIU Z
PVUTJEF UIF &6 XJUI &VS NIMMJIPO ACIMMIPO PG GVOEJOH TVQQP

First cargoes of hydrogen or derivatives such as ammonia are expected from 202 4.

Six potential exporters (Saudi Arabia, Canada, Australia, Russia, kraine and Chile) are under
common approach. New exporters could rise if the market is developing.

ltaly

|lUBMZ QMBOT UP SBJTF VQ UP ACIMMIP B FHIMHBXBU UELHMEKIBRP® FMFEUSPMZ
factory as part of plans to become a European green hydrogen hub , internal documents and
sources said.

Spain

In Spain, Iberdrola has submitted 53 hydrogen-related projects to the Next Ge neration EU

QSPHSBNNF XIJDI XPVME BDUJWBUF JOWRBIDUNFWBE BOEB QR0 VAR IJVMIPIFPOD UJPC
PG AU ZFBS 5IF HSFFO IZESPHFO (BSBENDQVBO XPYBEIJOFR NREFNBMFOU
to 20% of the national target (4GW installed capacity by 2030) and would ensu  re that around 25%

of the hydrogen currently consumed by Spain would not generateany CO >, £AFNJTTJPOT *O $BTUJM

MB -B .BODIB *CFSESPMB PQFSBUFT HZA 3IPE& FPXFSBEME G IPRIPWPMUBJID

United Kingdom

| n the United Kingdom the Green Hydrogen for Scotland partnership — made up of I  berdrola

subsidiary ScottishPower, British gas company BOC, and UK-based energy storage company [TM

IPXFS J QMBOT UP CVIME B A.8 IZESPHFBOGEFP.EFWTGBOF 1&PWBRAE&YD
TUPSBHF GBDJMJUZ BU 4DPUUJTIIPXFSWMTSIFABIIEBMFMFCEXGBESNGBT BMTP
TFU UP BEE B A£.8 TPMBS GBSN BOE B A£.8 A.81 CBUUFSZ TUPSBHF QSPKF

The existence of this infrastructure is crucial for the H » deployment and market. The centralized

approach (as the current one for electricity in Europe with an interconne cted grid) or decen -
tralized market with H » mainly produced and used locally is a political and economic question.
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Gas pipelines operators

The HBT QJQFMJO F of A @urBdd me&nber states have agreed to develop the “ &V SP
QFBO )ZESPHFO #BDUCBOQHFPUFOUJBM IZESPHFO HSJE PG TAB ALN
Maghreb and Turkey, allowing exchanges between member states and impor t.

'JHVSF &VSPQFBO )ZESPHFO #BDLCPOF *OJUJBUJWFA

DPOC



$) 15637 E KM $563*/(588$)/0-0(: */%6453*L-":834

Conclusion

The capacity to produce hydrogen without CO » emission is crucial for the development of
the hydrogen-based industry. And the resulting cost is also crucial . The local production will
be completed by importation of hydrogen or derivatives from ab  road by long-distance pipes
or maritime shipping. Transport of hydrogen and derivatives is an industr ial and strategic challenge.

5|[F SPMF PG IZESPHFO JO UIF OFBS GVRE/SFPXFWPY ERLOJUFMWIFBEZFDFSUBJ
that hydrogen will be used for any type of long-distance heavy tr ansport, such as truck-, train-,

and river-transport and maybe sea shipping. Other applications are unde r analysis. It is clear

UIBU UIF EFWFMPQNFOU PG FMFDUSJDBMZBIQ MBDEUCJPNOET XRIGI M QIEVDISFBTF S,
and emulation between battery-only and battery plus H 5 fuel cells. This central decisional item

is the cost of the CO »-free Ho. In Europe, the present value of the CO2 in the EU ETS is not yet

TVeDJFOUMZ IJHI UP CSJEHHF fibhi-foskB QetBanre)ané §r€en)H > and to allow
JOEVTUSJBMJTUT UP JOW F 3 Withb@ publie sappMEsiRIGat Briekenp)e,

a guaranty of yearly volume. As the price of the CO »-free H is dependent on the load factor

of the electrolysers, the adequate use of a mix of ENR, hydro and nuclear product ion is probably

UIF NPTU SBUJPOBM DIPJDF UP SFBDQI BO BbPSEBCMF QSJDF GPS )

The aim is to increase the power, decrease the cost, keeping the feasibility of al kaline electrolysers.

It is also relevant to note that some subcomponents, such as membranes and ca talysts, are key.

/[FX UZQFT PG FMFDUSPMZTFST IBWF UPFOIR EFBUFWSPFQFEMIMEDPBIERIHE'O GPS
mobility, fuel cells, tanks, power electronics, H 5 stations are mature and need to be industrialized

mostly for heavy-duty vehicles.
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Chapter 6

Safety

Properties of hydrogen

As is the case for any energy product (electricity, gasoline, natural gas, lithium...), the use of

hydrogen poses safety problems and must be the subject of regulation s and good practices. The

QSFDBVUJPOT UP UBLF GPS UIF VTF PIGIJHE P HIBO BBEEMSFRBUVERJBQR UIF
wide range of relative percentages of air and hydrogen mixes wh ich are potentially explosive.

Thus, the use of hydrogen, which is in gaseous form under the usual condition s, may seem similar

to that of natural gas, which is widely used, but it is not simple.

Hydrogen is a substance with high energy versus mass density, but low energ y versus volume
density. For it to ignite or explode, the following conditions must be met simu  Itaneously:
— Aconcentration of hydrogen in the air between 4% and 75% volume.In BO PQFO FOWJSPONFOU
UIJT DPOEJUJPO DBO POMZ CF NEVFJOPBUMB NISFEUWPIMVYBGFTT BOE IJHI EJb
sion speed of hydrogen, which results in a rapid dilution in the air. However, a n accumulation
of hydrogen JO B DPOcOFE F Ocahkadyaeaéh@ancentrations in the above range.
— Assource (spark, hot spot), the energy of which has to locally exceed the mi nimum ignition
energy of hydrogen (which varies according to the concentration of hydr ogen and oxygen
and which can be as low as values obtained by electrostatic discharges of hum an origin)
is necessary to start the explosion. Note that hydrogen heats up when it relaxe s (reverse
+PVMF 5IPNTPO FbFDU UIJT JODSFBTFT UIF SJTL PG FYQMPTJPOT
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*UJT OPUFE UIBU UIF DPNCVTUJPO PG IBESPHVOSPISHBOFTAEB WERS$ Z CRW d
almost invisible in broad daylight. This aspect is obviously to be taken into ac count in relief
operations.

5/F JHOJUJPO PG B DMPVE PG HBT GPSNFE EWVSSBHFBDBPEBLJ-GSTPANNB RBQEH
urations, give rise to an explosion. This explosion is a sudden release of energy resulting in the
QSPQBHBUJPO PG B dBNF GSPOU BOE BO PWFSQSFTTVSF XBWF

5XP EJbFSFOU FYQMPTJPO SFHIJNFT BSF QPTTJCMF

- %FdBHSBUJPO JO UIJT DBTF UIF dBN®FFEP OB NFIWEITFBE AE® ANFOJ
dBNF GSPOU BSF DPNQSFTTFE CZ WPMVNFSAYDBOG T YR TQUT BPOP BLRIBDY P
increase in overpressure. For hydrogen in air at stoichiometric condit ions (for each hydrogen
NPMFDVMF UIFSF JT IBMG B NPMFDVMP G WPF 2R AtheNolksF EFdBHSBUJP
ence of oxygen, the speed can increase up to 11-12 ms™, a value that can further increase
EFQFOEJOH PO UIF DPOcCcOFNFOU FYBNQMF FYQMPTJPO JO B UVCF

- %FUPOBUJPO UIF TQFFE PG UIF dBNF GPMGO PIY IV FS TNPIYIDV SB I |
is compressed under quasi-adiabatic conditions, resulting in the fo rmation of a shock wave.
5IF EFUPOBUJPO SBOHF PG IZESPHFO WBSJYFP&E& HQF OPDD PNOFOILF HFF
the ignition energy and the ratio of the mixture. The literature mentions e xamples of deto -
nations occurring with hydrogen concentrations of 11% or less.

But hydrogen also has very favourable characteristics in terms of safet y:

- JUT dBNF EPFT OPU SBEJBUF NVDI IFBU XHSFBUMY MFNEBWF QMU FPSJH
of propagation by thermal radiation;

- UIF dBNF JT OPU UPYJD OP EBOHFS JO DBTF PG DPOUBDU JOIBMBUJ

China

Based on the Medium and Long-term Plan for the Development of a Hydrogen Energy |  ndustry
(2021-2035) in China, it is proposed that by 2025, the number of fuel cell vehic les in China will
be around 50,000 and more hydrogen refuelling stations will be deployed . With the large-scale
deployment of hydrogen fuel cell vehicles and hydrogen refuelling sta  tions, the safety of hydro -
gen in the public domain should be taken very seriously.
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Regulation

H ZESPHFO JT dBNNBCMF BOE FYQMPTJWF BOPEIFNDIVBBMT BMFEHB KJBJIB[BSE
gasoline and natural gas in China and is subject to strict regulations r egarding the location and

capacity of hydrogen production, as well as its storage, transp ort and utilisation. Unlike gasoline

and natural gas, hydrogen is not included in the current energy laws and regu lations, and its use

is more restricted. In the draft energy law of China issued in 2020, hydrogen w as categorized

as another new energy source. Although the importance and potential of hydr ogen are not

GVMMZ SFdFDUFE UIF JODMVTJPO PGNIEE FSHPRNP FP RUSHZE B'®W RM P ENBGW

of relevant industries. It is also expected that hydrogen as an energy sour ce will be regulated

in a mode similar to natural gas and gasoline.

Currently, there are no dedicated administrative departments in ch arge of the use of hydrogen
energy. The safety of hydrogen is currently subject to regulation by the Mi nistry of Emergency
Management of China, which is in charge of the general safety issues relate d to the production,
storage, transportation and utilisation of hydrogen.

In general, although there are many regulations in the hydrogen value chai n, the laws and reg-

VMBUJPOT BSF TUJMM EFcDJFOU JO SBUBHP\WRKSWNRBEOW BOEWP DEFEM WQSPWJOI
and cities are developing strategic plans to promote the hydrogen indus try. In many Chinese

QSPWJODFT BOE DJUJFT UIF EFWFMPSPNHOU UG DFGHR) BoB § FREY PNEMIZEH TUBU
is given high priority 9°.

Current Practices

Currently, the approval of hydrogen refuelling station constructio  n in China is very cautious
due to safety considerations. With hydrogen being included in energy sta tistics by the National
Bureau of Statistics and encouraged by the National Energy Administrat ion in China, hydrogen
is expected to be included in the energy management system, and the number of h ydrogen
refuelling stations will rapidly increase. For the construction and op eration of hydrogen refuelling
stations, operational safety is the top priority for their management

For the operation of refuelling stations in Dalian, a Gas Cylinder Filling Permit is required, and all
the operators need to obtainthes QFDJBM FRVJQNFOU TBGFUZ NBOBHFNFOU BOE PQFSBUP

95  Jianfu, W. (Feasibility Study of Large scale Development of Hydrogen Energy Industry in China from the Perspective of
Safety Laws and Regulations in Li, Y. H. Phoumin, and S. Kimura (eds.) eds.) yHrogen Sourced from Renewables and
Clean Energy: A Feasibility Study of Achieving Large scale Demonstration ERIA Research Project Report FY2021 No. 1
9, Jakarta: ERIA, pp.1532 10
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Prior to issuing permits, the Dalian Market Supervision Bureau also contra cted Dalian Boiler and
Pressure Vessel Inspection and Testing Research Institute Co, Ltd. - a national comprehensive
cylinder quality inspection and supervision centre - to examine the opera tion of hydrogen refu -
elling stations in order to ensure that they comply with the “Special Equip ment Production and
Filling Unit Licensing Rules” (TSG 07-2019) and the “Hydrogen Refuelling Station Safety Technical
4QFDJcDBUJPOTP (# 5 BT XRMOIUBT BUHAZESSHFRAWRIGRBSFGVFMMJOH TUI
SFHJPOBM NBOBHFNFOU DFSUJcDBUVEABEBREZBBIPIPIUP SBOH TZIPUFN DPW
UIF FOUJSF TUBUJPO BSF SFWJFXFE DRSRBE RJIFBLUT UWF @ EN FSHFOBM TOPV BOF
TZTUFN JT TFU VQ JO NVMUJQMF BSFBTFTVBG BUIZUB® c M MPOFHOEVSJIOH UIF |
of the equipment. An additional “Special Equipment Appraisal and Review W ork Memorandum”
JT BMTP SFRVJSFE UP SFDPSE BOE TVQFSWITOHJIHBSPRQESEIBIPIPO PG U

The approval of hydrogen refuelling stations has been carried out wit h remarkable achievements
in many cities:

*0 UIF ¢cSTU MPDBM NBOBHFNFOU EFPMNBEOH EEBHIESRBPW SRHEOT

for the Approval and Management of Hydrogen Refuelling Stations , was issued in Wuhan. For

hydrogen safety issues, the document requires hydrogen refuelling s tations to refer to urban gas

QSPKFDUT " RVBMJcFE TBGFUZ FWBWMBEIR® BISFQBZ3F IB®M EGFRQA UGS F
uation before project construction.

*0 $IJOBMIUESTY .FBTVSFT GPS UIF "ENJOJTUS®BOHP OUBG JZEEPHFC
was issued in Foshan. It proposes regulations on administrative approva |, safety systems, and
safety management.

In 2020, Zhangjiakou issued the Safety Supervision and Management Approach for the Hydrogen

&OFSHZ *OEXITDS 2T $1JOBMT ¢cSTU BQQSPBDI GPHNBROBHABSFOIWQ@ESWETJIPO
entire hydrogen industry chain. Itincludes the company’s own safety ma nagement, the key points

for safety operation, and the management responsibilities of various r egulatory departments.

Hydrogen fuel cell buses are vehicles equipped with high-voltage elect rical devices while at the
TBNF UJNF VTJOH IZESPHFO BT GVFM XIZFIRRSIETSEPE PG YSFUD BVAFEGE !
it is a great challenge to ensure the safety of hydrogen fuel cell vehicles. C urrently, the safety
of fuel cell vehicles is mainly ensured by the design of the vehicl e, where experience in the de-
sign of battery electrical vehicles can be used, such as the inspection of the ve hicle, as well as
UIF EFTJHO UP FOTVSF TBGFUZ JO DBEBFGPGZDPMMHQIPOQFBEEJIDBRIMEMGP S
of hydrogen are also required. For example, vehicles should be equipped wi th hydrogen leak
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EFUFDUJPO QSFTTVSF TFOTPST BMBFWBOESENEEHFPBPQZ CVEMWDHMMUCVTFT
the high-pressure hydrogen cylinders are located at the top of the bus, so tha t the hydrogen

system will not be harmed in case of a collision. Furthermore, as the density o f hydrogen is lower

than air, hydrogen can be vented in case of a leakage.

In order to ensure its safety, inspections of the hydrogen storage cylind er are required on a

SFHVMBS CBTJT EVSJOH UIF PQFSBUYRBRRPWFE GVFWNS B RIMMOTPWRIJORWETUSBJOJO
TZTUEN TQFDJcDBMMZ GPS UIF GVFMBGFNMKE CVITVE S JVBMIT FSVFHHIBGIEINBOIVGBDUVSF
of the fuel cell vehicles may provide some training for the drivers.

To ensure the safety of fuel cell vehicles under various scenarios, i nspection and hydrogen testing
organizations are essential. Currently, China has implemented sev eral hydrogen testing centres,
which indicates a major step in the development of hydrogen:

$POTUSVDUJPO PG UIF ¢STU OBUJPORNPQEISPHFR® B FTUBCBURPIOBOM |BESPHFO
Power Quality Supervision and Inspection Center, was started in 2020 by Ch ina Automotive

Engineering Research Institute Co. Ltd. The centre focuses on the inspection and testing of fuel

cell stacks, fuel cell systems and key components, hydrogen storage sys tems, hydrogen power

systems, etc.

The Great Wall Hydrogen Testing Technology Center was establ ished in 2018 by the Great Wall
Motor Co. Ltd. which focuses on hydrogen storage safety testing, fuel cel | testing, system per-
formance testing, vehicle performance testing, and life cycle testin g.

51F ¢cSTU .1B MFWFM IJHI QSFTTVSF I DRESBPHFRSNRYBQ CNWOMWBOUtFIKIJOH $1JC
XI1JDI JT FRVIJQQFE XJUIl ¢cSF GBUJHQFSGFSNBBOPBGBGETFMNFOQIMIBZIUT BQQMJ
to various hydrogen storage vessels, valves and other components in the pr esence of hydrogen.

Standardisation

Hydrogen safety standards are important for safe use in the industry, and the y are mainly

governed by the Standardisation Administration of China (SAC). With in the SAC, there are four

committees related to the development of national hydrogen standards , namely the National
4UBOEBSEJTBUJPO 5FDIOJDBM $PNNJUBFFSPGC )ZBEFMHEPMAMOBOEZ MP X
#BUUFSZ 4"$ 5% 3PBE 7FIJDMFT 4"$TYSF (BOEBQHT 1&8T5$

Currently, China has more than 100 hydrogen national standards, and abou t 30 of them are

96  Yang, Yanmei, et al. “Development of Standards for Hydrogen Safety.” E3S Web of Conferences. Vol. 194. EDP Sciences,
2020.
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related to hydrogen safety. In addition to that, there are also local and gro up standards in the
hydrogen safety area. All these standards contribute to a safety standard fr amework for hydrogen
safety in China. Regarding the development of the hydrogen industry in Ch ina, the preparation
of hydrogen safety standards is essential to keep in pace with the developme nt of technologies.

Among these standards, the GB 4962-2008, technical safety regulatio n for gaseous hydrogen

use, is a mandatory standard and provides the safety requirements for the us e, replacement,

TUPSBHF DPNQSFTTJPO GVFMMJOHSHBODIB YISFBUNF@®MP OBSEM BERU Z
tection of gaseous hydrogen. For hydrogen refuelling stations, the GB 5 0516-2010, technical

code for hydrogen fuelling stations, is China’s mandatory n ational standard for the design and

construction of new, renovated and expanded hydrogen refuelling stat  ions. This standard makes

general requirements for sites selection and general layout of hydrogen r efuelling stations, and

makes technical and safety requirements for various system equipmen ts and facilities such as

IZESPHFO SFGVFMMJOH GBDJMJUURTUDB¥FJDBGBUWAVMBBDB M JU JETIMEMPM G
supply and drainage, heating and ventilation, etc. Finally, constru ction, installation, acceptance

BOE PQFSBUJPO NBOBHFNFOU JT TUJQDNBMPEF I FIDMIZESPHEO GVFM GVFM
cell electric vehicles — safety requirements, provides the safety requ irements of fuel systems,

power circuit systems, functions, fault protection and collision of fu el cell electric vehicles using

gaseous hydrogen.

France

Good practices, standardisation and regulations for refuelling
hydrogen stations

(PPE 1SBDUJDFT

Ademe, in collaboration with Ineris and members of Afhypac, has publish ed two documents 97
regarding good practices on the safety of distributed generation faci lities and hydrogen
refuelling stations.

$PODFQUJPO

51F QSBDUJDFT EFWFMPQFE GPS SJTL FWBN\CPEHFOIF BWBJE BY TGBB CBET GFPST T
any risk of hydrogen leakage.

97 (VJEF EMJOGPSNBUJPO TVS MFT SJTRV¥TT EUMBFJSREVDSRHPEFE¥RPOEIBWMMI¥F EMIZESPH=®
XXX BEFNF GS HVJEF EJOGPSNBUJPO SBTRRVREMEFVNVSFAOTEBVBOUSBMITFF EIZESPHFOF F|
EMJOGPSNBUJPO TVS MB T¥DVSJU¥ EFT W¥ BIDMNOFT Tce S MEOFHEOEFWEIJCWKXIPO EMIZESPH=aOF
BEFNF GS TJUFT EFGBVMU cMFT BDVSUUERDWRFDWIMRVJEFBUBPO TFSWJIDF QEG
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The appropriate design level of the components of a hydrogen insta llation, such as a high-pres-

TVSF TUPSBHF UBOL JT WBMJEBUF EVBRSEF DAFSTWICFHE EVSBOBWSRWNBMZIcDBUJPO U
The nature and level of stresses to which the system is subj ected during these tests far exceed

what it will have to withstand during its operational life. For example, for a ga seous hydrogen

storage tank, at a working pressure (WP) of 700 bar, the test pressure is 1,050 bar (1.5 x WP) and

the burst pressure is 2,100 bar (3 x WP).

In the event that a hydrogen leak should nevertheless occur within t he installation, means of

minimising the consequences are provided for: detection, supply interr uptions (hydrogen, elec -

tricity, etc.), ventilation, etc.

— the immediate and systematic detection by hydrogen sensors of an a bnormal hydrogen
content is put in place;

— system components that may be exposed to a release or leakage of hydrogen shallb e com-
pletely isolated from ignition sources.

Ventilation is the central element of the safety device. It is the best way to rap idly dilute hydrogen

JO UIF BNCJFOU BUNPTQIFSF BOE SFEPBRNRUBPQOPPGICBNNBZ NP5 RSHBQMP
sive clouds. Today, access to tunnels and car parks is allowed for hydrogen veh icles. However,

preparations for standardisation are underway at European level 98-

"EFRVBUF BOE TQFDJcD TBGFUZ GPS UIFTWIFNBGJRZBBRMZFIOONVHSBIFEZIOUP Ul
design of components and systems, in the same way as for the u se of natural gas or petrol (also
WBMJE GPS SFHVMBUJPOT BQQMZJOH UP DMFWEBPTHRIEIMMIOH TUBUJPOT BOE G

6TF

Like any energy system, a system using hydrogen must receive special attention during its
operational life cycle: operation, maintenance, servicing, repair , rest, storage, etc.

"T B SFTVMU NBOVGBDUVSFST IBWF NBIEPPEVQSBDBHPETU BOGEFUBBLCMIATMBU!
UIFN JOUP EPDVNFOUT GPS VTFSTPNMWMRBRX UINTQOSFDBVUBBDTUBRS VTF TUF
BHF USBOTQPSUBUJPO QSFWFOUJWF WNBOYGBOBUSFYTIBDEFEIGZOBLFFTTBSZ
to ensure adequate labeling.

The companies in charge of servicing or maintaining these systems receive d edicated training
and they use appropriate equipment that enables them to intervene safel .

98 1/3 GPS TBGFUZ PG IZESPHFO ESJWFO WRIVDRFVBEBGPR SBRIMPS DROSPVHITQBDFT
-1UuQT USJNJT FD FVSPQB FVSRBPRFDIUIWPE WHFCGFMFIZBOE USBOTQRSU UISPVHI UVOOFMT I
MBS DPOCOFE
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Discussions are continuing between Afhypac experts and the admi nistrations concerned in order

to address the issue of the presence of hydrogen vehicles in u nderground car parks (currently

the parking of hydrogen vehicles in underground car parks is not prohibit ed: the Civil Security
simply recommends avoiding doing so) and in tunnels (CETU). In France, th ere are no regula-
tions on the circulation of hydrogen vehicles in tunnels, but their use doe s not anticipate any
QBSUJDVMB®.EJeDVMUZ

4UBOEBSEJTBUJPO

Without having the force of law, standardisation is an incentive to use the bes t manufacturing
BOE DPOUSPM UFDIOJRVFT *U EFcOFIZTPWME U UMBMTE B BIE WFBWT PG WRINBRIN
it easy to comply with regulations.

In France, standardisation is under the authority of AFNOR.

The service station standards are the European and national versions of int ernational ISO norms.

They are prescribed to implement the 2014 European directive on alternativ e fuel supply infra-

TUSVDUVSFT XIJDI FODPVSBHFT UIF ENFIXMPZNBOUPRG EEBOHFO EMPBE OFL
of the European Union, in particular, to guarantee the safety and interope rability of equipment.

5/FSF BSF UISFF GPVOEJOH WPMVOUBSZ OBSBNT 5IF c5DU BQ&QMJIFT

UP cMMJOH TUBUJPOT EJTQFOTJOH HBTFRNT IZESMOHFO 5IF QFDPORET

the quality characteristics of commercially available hydrogen and th e corresponding quality

assurance to ensure product consistency for use in fuel cell-equipped ro ad vehicles. The third,

NF EN ISO 17268, covers connection devices for the refuelling o f land vehicles with gaseous

IZESPHFO UP EFcOF UIF EFTJHO TBGFUZUBOE PQMMSRBRUIEGH DOFBEBOPWEFSJ
in the Afnor collection between January 2017 and November 2018.

3FHVMBUJPO

To ensure good practice in the design and use of a hydrogen installation or syst em, it is necessary
to have appropriate regulations and to establish a platform for standar disation.

The current regulations apply to centralised hydrogen production f  acilities in the chemical industry.
"TQFDJcD SFHVMBUJPO GPS IZESPHFOTVCF EOBT (B\OJ FOFQNMAB DB 88J68UWIPOB

or European level. For the French case, a presentation in June 2017 provides an update on French
regulations ( Hydrogen Days in the Territories). 100

99  Hydrogen Fuel Cell Electric Vehicle Tunnel Safety Study — Sandia Laboratories — 2017
100 TUUQ XXX BQIZQBD PSH EPDVNFOUT QVOM@SBWIPOHRBMPNNMPREFIPDRQ +) /IBOUFT@DPS QE(
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" NJOJTUFSJBM PSEFS Ol SFHVMBUBFRQUPGEHFBTHRVB OE BFSPPAHSBD EJTUSJ
bution stations in order to guarantee total safety for the user. It limits the distribution pressure

upP CBS BOE UIF dPX $%B whic Reans tHatTcars can be recharged in less than

a minute, since a light vehicle consumes just over one kilogram of hydrogen p er 100 kilometres.

It prescribes minimum distances from other equipment (5 metres from ele ctric vehicle charging

stations and from charging stations for other fuels).

Good practice, standardisation and regulation for hydrogen vehicles
(PPE 1SBDUJDFT

Ademe, in collaboration with Ineris and Afhypac members, has publishe d a document 193 of best
practices on the safety of hydrogen vehicles.

$PODFQUJPO

'JHVSF K 51F dBNF EVF UP B IZESPHFO MFBLBHF JT JBISR N¥®Z WFSUJDBM BOE EPFT OPU SEB
4PVSDF . 4XBJO 'VFM -FBL 4INVMBUJBQJIRIBNJ%D&P)ZESPHFOTIBPHSBN 3FWJIFX /3&- $1

The manufacturer shall ensure in particular that the hydrogen compone nts and system:

— operate correctly and safely and reliably withstand electrical, mec hanical, thermal and
chemical operating conditions without leakage or visible deformation  during their expected
service life;

101 1UUQT XXX MFHJGSBODF HPVW B&B3&HMJ BSSKRRFYUF

102 5IF .JOJTUFSJBM O0SEFS TFUT UIF OPSNBUd®WX $EWBM BRP S LH UM BAP $1 ENMIWJTOHT BU CBS HT.
SFTFSWFE GPS USVDLT CVTFT BU CBS

103 Guide d'information sur la sécurité des véhicules a hydrogene et d es stations-service de distribution d’hydrogéne
IUuUQT XXX BEFNF GS TJUFT ENGBOMU WMFEFBTAPVYSJBFDI WFIJDVMFHGTUBUJPO TFSWJDF '

104 1UUQT XXX ZPVUVCF DPN XBUDI W 8 2//" QUM
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— are protected against overpressure;
— use hydrogen-compatible materials if they are to come into contact with hy  drogen;
- SFTJTU UP B SBOHF PG UFNQFSBUVSF cYFE CZ SFHVMBUJPO

4UBOEBSEJTBUJPO

Numerous international norms are applicable to hydrogen vehicles, i ncluding the ISO 23828:2013

norm on measuring the energy consumption of hydrogen vehicles; the curre  nt NF EN ISO 17268
norm on connecting devices for the refuelling of land vehicles with gaseou s hydrogen; the ISO

19881:2018 norm on on-board tanks.

3FHVMBUJPO

JZESPHFO QPXFSFE DBST IBWF CFFO DFSUJcFE JO 'SBODF TJODF %FDFN(

New models of hydrogen vehicles undergo severe tests before they are putont he market (crash
tests) IUUQT A& XXX ZPVUVCF DPN XBUDIAZ W 8 2//' QUM

*O BEEJUJPO UP DPOWFOUJPOBM DFBNCVIRIUPROOWSMWEBM FGTPB OO BV SIG B MG |

UP UIF FMFDUSJcDBUJPO PG UIF QSPIRDMFIPB®STFZIMNUENF DE&VEM DEFMM dDF&V S

SFHVYMBUJPOT JODMVEJOH &% 3FHVMBEWIWPIDOH $PNBOETJBPDO ENPOPWNFOU
BQQMJIDBCMF UP UIF BQQSPWEM PG IZESPHFO WFIJDMFT

These two regulations require, notably, proof of the operati ng safety of the hydrogen system
as well as a “type approval” for the most sensitive (where the pressure of gaseou s hydrogen is
greater than 3 MPa) components (or technical entities), guaranteeing t heir safety by means of
test cycles.

Thus, in addition to the containers with their mountings, regulators, v alves or solenoid valves,

QSFTTVSF IZESPHFO UFNQFSBUVSKF | BDIEQEHFXT THFOH RBTSBG IZESPHFO IPT
UIF FOUJSF cMMJOH MJOF QSFTTVU$P BFM)J G RAMBAIWE-OE TZAESIPRHEFTO | FE
detectors are subjected by regulation to a set of tests for pressure cycles , tightness, wear and

tear and corrosion resistance.

105 .FTVSFT EMFY¥DVUJPO EV S¥HMFNFOU &$ Ol

106 5IF SFHVMBUJPOT XJMM CF SFQMBDFE P®&6 CD' BRY®6B0AK"/ 1"3-*".&/5
AND OF THE COUNCIL of 27 November 2019 on type-approval require ments for motor vehicles and their trailers,
and systems, components and separate technical units intended for such ve hicles, as regards their general safety
BOE UIF QSPUFDUJPO PG WFIJDMF PDDVQBBUNF BEIOWBHAOVFEBOMNFOSREBE VTFSTPG UIF
&VSPQFBO 1BSMJBNFOU BOE PG UIF $PVODAOM BOE/BFQFBMJ&@H 3IFHVMB U
IlUUQT FVS MFY FVSPQB FV MFHERM&IPOUFOU GS 595 VSJ
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*O UIF FWFOU PG BO BDDJEFOU JOUFSWFOUJPO BOE SFTDVF TFSYV

In parallel with the development of safety regulations governing the use o  f hydrogen, appropriate
procedures for intervention by emergency services have been establishe d.

5SBJOJOH DPVSTFT GPS ¢cSFcHIUFSIFB RO BQSEHBEEZD B QRBRMFEHF PG UIFT
VTFT *O QBSUJDVMBS UIF /BUJPOBMJAVUEG FRIPSSZIDBPRMAGPSBTEE JXH

"JY FO 1SPWFODF QSPWJEFT USBJOJPHF®PSSFOUFBWFNBISABODX IZESWIDFT
worldwide.

These training courses were developed as part of the European HyResponse programme in -
volving seven French (the consortium leader ENSOSP, Air Liquide, AREVA SE English and Italian
partners. The aim of this project, which ran from June 2013 to September 2016, w as to develop
B SFBM USBJOJOH QMBUGPSN EFEJDRUHFES WFQFSSPHHAG SSFEHIBBSISTUWAQBODF
within the framework of the FCH JU, simulation workshops or simulation exerc ises in virtual reality
FOBCMFE UIF WBMJEBUJPO PG B HPPE QBEBD B GEGDE HYBEG JEDAHEPBIFSEFRXE @JJT cF N

*U TIPVME CF OPUFE UIBU UIF ¢cSF CSJHBHFFRG QOQFEBXODJIFIZEBPPIEG @ QP X
ered vehicles for their daily interventions.

'"JHVSF Hpdragenpowered vehicle for the French Manche department

source : https://lwww.automobile-entreprise.com/Les-pompiers-de-la-Manc  he-roulent,4593
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5SBJOJOH JO JOUFSWFOUJPO PO IZESPHFO cRWIFBWP$IF &P B8 B HBEFIPOBREFT TVQ¥SJ
&/4041 "JY FO 1SPWFODF

Figure 21 b—Hydrogen vehicle and *OUFSWFOUJPO PO IZESPHFO c¢SF

Summary and Recommendation

Hydrogen has been used industrially for many years with a very satisfacto ry level of safety despite its potential risks of
ignition and explosion.

Existing standards and regulations will have to be adapted to the increas ing number of uses, particularly by the general

public, and to take account of feedback from experience, it being recogni  sed that the technologies to prevent and limit

SJTLT BSF BWBJMBCMF 1SF OPSNBUJWHFSUJPBIPKWIENE | BSOEGPEHVEB DP®L FOVFE BU UIF &\
level, in particular for the safety of consumer or semi-consumer applicat ions. In pursuing current practices, regulatory

XPSL NVTU JOWPMWF UIF BENJOJTUSBUJPO BGEIBNINMBMUBEBIPIEF SHR ¢ $G NFDIH BIBOTV GB D UV S
operators, users, etc.).

Under this condition, safety issues are not prohibitive for the developme nt of hydrogen.
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Conclusion

Safety issues are essential for public or semi-public utilisation suc h as mobility.

Therefore, it is a priority to achieve international standards and regu lations.
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Chapter 7

With net zero carbon
emission policy, a roadmap
for hydrogen; benchmark
France, Europe and China

Issues and context

Issues

This chapter aims to quantify the main uses of hydrogen at the 2030 and 2050 horizon s, as well
as the production methods that will be implemented. This chapter will pro  vide approximate data
for the two main ways to produce carbon-free hydrogen: 1) electrolysis an d 2) the traditional

way + CCS.

The provided information includes estimates on the electrical power an d energy required for

the production by electrolysis, and on the geological storage needs of CO » (CCS) according
to the production methods envisaged for hydrogen.
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Context
3PBENBQ CFODINBSL

Europe and China have decided a carbon zero emission net policy, 2050 for Europe and 2060
for China; hydrogen will play a role in these policies.

-JLF PUIFS BEWBODFE BSFBT JO UIF XPSME &VSPBEBBE $1JOB EFWFMP

#FODINBSL USBKFDUPSZ GPS EFDBSCPOJTFE |ZESPHFO

2030 2050

France 0.7MtHy ZFBS 4-6MtH, ZFBS
Europe(EU+UK) 10MtH, ZFBS 65MtHy ZFBS
China ~5.6MtHy ZFBS _ E.Y2IFBS

China Hydrogen Energy and Fuel Cell Industry Development Report (2020) C hina Hydrogen
Alliance, People’s daily press

Technologies

There are two main mature technologies to massively produce decarbonised h ydrogen:
- $$64 DBSCPO DBQUVSF VUIJMJTBUJPO TUPSBHFM&FSHZHEPHFO QSPE\
— Electrolysis of water by decarbonised electricity, hydro, nuclear an d intermittent renewable

energies.

Infrastructure investment

The above trajectories will need huge infrastructure investments ; for example, the French ob-
KFDUJWF PG .U ZFBS IZESPHFO JO FMBBUSRDBME X R\S\WE \NIFBHO ONP SF U
A58l ZFBS J F BQQSPYJNBUFMZ PG UIF UPWSBM BWOEBNBQEFTFOU
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Alternative H , generation methods

CPOTJEFSJOH UIF IVHF BNPVOU PG FMFDWBIDJOHA BEEEFEBM RBMRIQB BFIPO
with CCUS should also be developed.

Experience with CCS is expanding; several industrial projects are under development, for example:

*O &VSPQ® UIF /PSUI 4FB /PSUIFSO -JHIUTF®SR$d6rage by 2080, UP .U

EFWFMPQFE CZ &RVJOPS 5PUBM&OFSHBFTIEGEQSIFKMD URES /BB ;F.8P:BEBS
CO», storage.

Emerging technologies such as methane pyrolysis technology could al so reduce electricity
demand and would require less than half of the energy needed for electrolysi  s.

The strategy

5IF &6 IZESPHFO TUSBUFHZ EFTDSJCFT BTUBEMWMITURH BFQEFRBOME PI £
ESPHFO BU UIF IFBSU PG UIF IZESPHFO FDPOPNZ

Figure 22 Three-step approach of the EU hydrogen strategy

Source: Hydrogen for Europe study

Some EU Member States as well as Norway and the UK have already established natonal Ho
TUSBUFHJFT USBOTMBUJOH JOUP cSN WFBENBPIZB/MDBOSEBIOBIFT)BOE IVS
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EMFT QFSTJTU *O QBSUJDVMBS UIFTUNFOWJIBRISEITUJTMIW SPMB-TSTIOMF PMON
projects, retarding innovative technology development and deploy ment that could lead to sub -
stantive cost reductionforH , QSPEVDUJPO 5IF RVFTUJPO PG KFIDBIXCUHOGSPN HSF
hydrogen is still open as the price of CO o emission permits in order to reach the 2050 target

of net-zero emissions is still too low and focused incentive schemes are stil | missing. However,

the EU Hydrogen Strategy has a strong link to the European Clean Hydro gen Alliance, counting

BMSFBEZ NPSF UIBO Y, with\ifreNk€yFainTof identifying and building up a clear

pipeline of viable investment projects by bringing together public and p  rivate stakeholders.

In September 2020, 'SBOMBROOPVODFE B OFX IZESPHFO TUSBUFHD GPMMPXJOH UIF
XJulrB ACIMMIPO Z PG JOWFTUNFOU VOUJM UP BDDFMFSBUF

Three priorities:

— decarbonise the industry and create a new industrial sector for electrol ysis.
51F JOEVTUSJFT UP EFDBSCPOJTF BBFMSFCHIH B IE VY FNWBII O MIAZ NFPD
JOEVTUSJFT MJLF BNNPOJB BOE NFUIBO®NMNcDNFEBWMMMS/TISHY DB O E
as electronics, agri-food.

OOF PG UIF HPBMT JT UP JOTUBNMM 51JT(8OFP% FMVMEDTUSFIIBAM FE D
is emerging at a European scale (see above) not only on electrolysers but on othe r
components (Fuel Cells, tanks...)

— The second priority is to develop a heavy-duty mobility, taking advantage o f the autonomy
BOE UIF SFEVDFE UJNF UP ¢cMM VQ UIF UBTHE P)& EBWHA IJINRBIM UEB JJ TD PMI
EJTUBODF USVDLT CPBUT dFFUT PG IWWRIODMFT UP BWPJE .U PG $0
— The third priority is about developing research and innovation all along th e hydrogen chain.

These priorities have been implemented in France in harmony with the Euro pean strategy such
BT UIF DMFBO IZESPHFO BMMJBODF BCMF UP cOBODF OFX QSPKFDUT

Regarding the transport and use of hydrogen, several avenues are possibl e: blending hydrogen
with natural gas in existing pipelines or developing a new hydrogen trans fer and service station
network. For the latter to be realized, very little is known regarding the opt  imization of such net -
works. Policymakers are now in the bind to facilitate the transition towar ds a hydrogen economy
in selected sectors of the economy with appropriate regulations.

107 Including companies such as Linde, Air Liquide, Air Products, Airbus, Siemens, Bosch, BMW, Renault, Vee
lia, Thyssenkrupp, EDF (Electricité de France), Danfossjust to name a few
IlUUQT FD FVSPQB FV EPDTSPPN ERIDWNFOUS$BOTMBUIPMINFO SFOEJUJPOT OBUJWF
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At the same time, achieving climate neutrality by 2050 nece ssitates a substantial acceleration

of decarbonisation measuresinthe &6 FOF SH Z .TEeTpoEW¢tion of green hydrogen

requires renewable energy resources. This may include biogas, but the a vailable quantities will

remain modest. While costs in crucial power technologies such as wind and s olar are steadily

EFDSFBTJOH BT OFX XJOE BOE TPMBS @B &EN&DB/SVUIOH GBPNMTFEF DUFSFFWBWV UJP
of renewable electricity prices even in the short term, which dep end on market mechanisms,

not to mention the longer term.

In the future, hydrogen might also be obtained by combining Steam methane ref orming (SMR)

XJUIl $BSCPO DBQUVSF BOE TUPSBHF $848T BWSBKPE ERPFITIJOPUIEHRMSTUSBUFHZ
Another potential avenue is pyrolysis of methane to hydrogen and carbon b lack, which does not

directly produce CO 2 emissions.

In 2019, within the EU, the currently functioning 300 electrolyser oper ations produced less than
4% of total hydrogen production.

The European Commission has announced the following capacities needed f or hydrogen pro -

EVDUJPO *OTUBMMBUJPO PG AJBTHFNEFPU SHFFXBL MB FBORIJEZSIDJUZ UP QS
.U PG IZESPHFO CZ BOE JOTUBMMBUS D@ @BD JEL{SXBEMFDUSFBIMFFIBSBD

teristics to produce 10 Mt of hydrogen by 2030. In a third phase , from 2030 onwards and towards

2050, renewable hydrogen technologies should reach maturity and be dep loyed at a large scale

to reach all hard to decarbonise sectors where other alternatives might not be f easible or have

higher costs 108, Statkraft states that green hydrogen will account for 20% of European pow er

demand by 2050 109,

Furthermore:
- B OFX TUVEZ CZ UIF &VSPQFBO IZESPHF®ICBDLCPABSICRIG IJBRBSWIHFFROTUJN
EFNBOE JOAE&6 6, CZ DPSSFTQPOESPR®BOE 6,PROBYM¥ EFNBOE

- BDDPSE