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Vue d'ensemble des études CEA sur la production d'hydrogène et des perspectives de
l'énergie nucléaire dans ce domaine.
(document présenté à First Information Meeting on Nuclear Production of Hydrogen OECD-
NEA-NSC conférence des 2 et 3 Octobre 2000).
J.M. AGATOR DES/SEE, A. GUIGON DER/STPI, P. SERRE-COMBE DEM/SPCM

L'augmentation prévisible de la demande énergétique mondiale et la prise de conscience
du rôle des émissions des gaz à effet de serre (GHG), avec les objectifs de limitation de ces
émissions dictés par le protocole de Kyoto, prépare la base d'un développement des
combustibles fournissant I' hydrogène, et de l'hydrogène lui-même comme vecteur
énergétique. Cette tendance sera renforcée à plus long terme avec la réduction progressive
des hydrocarbures naturels. En particulier, les piles à combustible utilisées en stationnaire,
en applications transport ou portable, seront les plus performants convertisseurs
d'hydrogène et la technologie la plus prometteuse de production d'énergie décentralisée des
prochaines décennies.

Pour contribuer à la réduction des émissions des GHG, une utilisation massive
d'hydrogène pour le transport et les applications stationnaires demande un développement
des procédés de fabrication compatibles avec de faibles émissions de CO2, limitant ainsi
l'utilisation de combustibles fossiles (gaz naturel, pétrole, charbon..) comme réactif ou source
d'énergie. De plus, l'épuisement des réserves économiques de combustibles fossiles
conduira à extraire à l'avenir l'hydrogène de l'eau avec des procédés ne dégageant pas de
CO2.

Avec ces perspectives en vue, l'énergie nucléaire utilisée en base, aux côtés des
énergies renouvelables, peut jouer un rôle important pour produire de l'hydrogène avec
l'électrolyse dans un moyen terme et aussi avec des procédés thermochimiques de
dissociation de l'eau à haute température à plus long terme.
En partant de la recherche actuelle dans le domaine des piles à combustible et des
systèmes de stockage de l'hydrogène, le CEA a la volonté d'entamer un grand programme
de R et D sur l'hydrogène couvrant également les aspects de production, transport et
exigences de sûreté associées. Cet effort doit renforcer la contribution du CEA aux
programmes de recherche national et européen sur les sources d'énergie non fossiles, et
d'ouvrir de nouvelles opportunités de collaboration internationales et de travail en réseau.

Hydrogène - production d'hydrogène - cogénération - réacteurs nucléaires - piles à
combustibles - CO 2 - réacteurs haute température - HTR.
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Abstract

The anticipated growth of the world energy demand and the increasing concern about the
emission of greenhouse gases, with the objectives of limitation fixed by the Kyoto protocol, prepare
the ground for the development of hydrogenous fuels, and especially that of hydrogen as energy
carrier. The trend will be reinforced in the longer term with the progressive shortage of natural
hydrocarbon fuels. Fuel cells used in stationary, transport and portable applications will probably be
the most efficient hydrogen converter and the most promising decentralized energy technology of
the next decades.

In order to contribute to the reduction of greenhouse gas emissions, a massive use of hydrogen
for transport and stationary applications calls for the development of production processes
compatible with low CO2 emissions, thus limiting the use of fossil fuels (natural gas, oil, coal...) as
reagent or energy sources. Furthermore, the progressive exhaustion of economic fossil fuel
reserves will ultimately make it necessary to extract hydrogen from water through CO2 free
processes.

With this prospect in view, base-load nuclear energy, besides renewable energies, can play an
important role to produce hydrogen through electrolysis in the medium term, and also through high
temperature thermochemical water dissociation processes in the longer term.

Starting from current research in the field of fuel cells and hydrogen storage systems, the CEA
intends to implement a large R&D programme on hydrogen also covering the aspects of production,
transport and related safety requirements. This endeavour is intended to reinforce the contribution
of the CEA to the national and European research effort on non-fossil energy sources, and to open
new opportunities of international collaborations and networking.
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1 - Place of hydrogen as an energy carrier among 21 century energy sources

Hydrogen will probably become, with electricity, one of the two major energy carriers of the
future, for its potential to be generated from the manifold available energy sources and thus to play
a key role in the evolution of the society towards a sustainable energy system minimising the use of
fossil fuel to restrict the emission of greenhouse gases.

Place of hydrogen as an energy carrier and future prospects

Today, the annual world production of hydrogen is approx 500 109 Nm3, for use in a wide range
of industrial applications, primarily in the petroleum refining processes such as hydrotreating and
hydrocracking and in the manufacture of ammonia and methanol. This production is equivalent to an
energy of about 130 Mtoe (Megaton oil equivalent) of gaseous hydrogen corresponding to 2% of the
world final energy consumption, and should increase in the short term, due in particular to the
tightening of environmental standards on sulphur content of fuels in the OECD countries. Hydrogen
may be intentionally generated as a by-product of petroleum refineries and chemical plants, and the
principal method for generating hydrogen at a large scale is steam catalytic reforming of natural gas.
The other main pathways for the production of hydrogen include the partial oxidation of heavy
hydrocarbons, the conversion of coal, biomass and the electrolysis of water.

Among the industrial applications, the utilization of liquid hydrogen as a fuel for cryogenic rocket
and spacecraft engines is the only main direct application of hydrogen as an energy carrier.
Nevertheless, the role of hydrogen as an energy carrier should increase in the future, due to the
phasing in new convenient, highly efficient and environmentally benign energy technologies
particularly adapted to the future end-use and services driven energy systems. From this point of
view, fuel cells used in stationary, transport and portable applications are probably the most
promising new decentralized energy technology of the next decades.

It is difficult today to estimate the absolute level of next decades energy final consumption and
which fuel will supply this demand. However, an evaluation of the world and regional energy needs
to 2050 and beyond is given by the IIASA/WEC study « Global Energy Perspectives » [1], according
to a range of six possible energy scenarios (A1, A2, A3, B, C1, C2) which diverge largely after 2020,
depending on technological developments, industrial strategies and policy choices (see Figure 1.1
below).

The scenarios A1, A2 and A3 are characterized by a high economic growth and spectacular
improvements in energy efficiency and intensity, with a 2.8-fold increase in world primary energy
consumption expected from 1990 to 2050, but differ in energy strategies for oil and gas, coal and
non-fossil energy (nuclear, renewables). The scenario B is characterized by a moderate economic
growth and realistic improvements in energy efficiency and intensity, with a 2.2-fold increase in
world primary energy consumption expected from 1990 to 2050. The scenarios C1 and C2 are
ecologically driven and characterized by ambitious policies to develop efficient, environmentally
benign and decentralized energy technologies (massive development of renewable energy), with a
1.6-fold increase in world primary energy consumption expected from 1990 to 2050 ; they differ in
strategies for nuclear energy: phasing out by 2100 in scenario C1 and emergence of a new
generation of safe, small-scale and socially accepted reactors in scenario C2.

The IIASA/WEC study gives indications on the continuation of the historical trend towards the
growing end-use of higher-quality fuels such as electricity, natural gas, methanol and hydrogen. For
information, in the Middle Course scenario (B), the world direct final consumption of hydrogen by
2050 could be as high as 300 Mtoe, three times less than methanol final consumption and nine
times less than natural gas final consumption, but it is necessary to take into account, in the case of
new energy technologies such as fuel cells for transport, the indirect on-board production of
hydrogen by methanol or natural gas conversion.
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Figure 1.1: Evolution of world primary energy mix, in percent, according to
IIASA/WEC Study « Global Energy Perspectives » [1] : historical development from 1850 to 1990

(triangles) and scenarios to 2020 (open circles), 2050 (diamonds) and 2100 (closed circles).

Keys issues for the transition towards a hydrogen-based energy system

The future prospects for hydrogen consumption are largely connected to the increase of fuel
cells market shares inside the energy markets for residential and industrial stationary applications,
for automotive and other transport applications and, to a lesser extent, for portable applications
(cellular phones, personal computers...). Therefore, the transition towards an hydrogen-based
energy system will be dependent on the capacity of fuel cells to reach economic competitiveness
with conventional energy technologies, to meet more conveniently and efficiently end-user energy
requirements and to reduce strongly local atmospheric pollutant and global greenhouse gases
emissions. While the non-energy hydrogen market is not adapted to a massive demand, the existing
energy supply infrastructures for fossil fuels should be used in the middle term for fuelling fuel cells
with hydrogen from fossil fuels conversion options.

For the automotive market, the growing utilization of on-board gasoline or methanol fuel
processors and of hydrogen fuel storage tanks should be considered. Very promising developments
are performed worldwide on these options. An advanced concept of composite hydrogen storage
cylinder, as the one developed by IMPCO Technologies, should allow a more rapid
commercialisation of hydrogen powered engines as fuel cells, by using in the middle term highly
compressed gaseous hydrogen cylinders (similar to butane cylinders) at fuel supply stations.

The decrease of fuel cells costs will be driven by increasing the manufacturing capacity. Today,
the cost of proton exchange membrane fuel cell technology (PEM), which is generally seen as one
of the future dominant technologies of fuel cells markets, is around 10 000 $ per kilowatt installed.
According to commercialisation scenarios [2], the cost equivalence with competing fossil fuel
combustion-based technologies should not be expected before about 2005 for the stationary market
(1 500 $/kWe) and 2010 for the automotive market (150 $/kWe).

In the road transport sector, which is responsible for half of the petroleum products final
consumption and CO2 emissions from oil combustion of OECD countries, the high growth of
automotive fuel cells market should have a major impact in the long term, assuming a take-off of the
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market from 2010 in the OECD. An initial market share of about 1 000 000 vehicles could be
expected in 2010 [3], representing 2% of the world annual production of private cars (50 000 000
vehicles). Nevertheless, it will be necessary to take into account the take-off of the alternative hybrid
gasoline vehicle market which will probably occur earlier but benefit the industrialization of fuel cells
motorization options.

The IIASA/WEC gives an indication of 500 to 4 500 Mtoe final energy input for fuel cells
technologies by 2050, while keeping open the opportunities for hybrid and transitional technologies,
such as on-board partial oxidation of gasoline to provide hydrogen. The lower value represents
about half of the petroleum products final consumption on the road in the OECD countries today.

In the middle or long term, the growing production of centralized or decentralized non-fossil
hydrogen should result from the development of advanced competing technologies for water
electrolysis using nuclear or renewable electricity, while the sequestration of CO2 emitted by
hydrogen production from fossil fuels could be an alternative option. As an example, Proton Energy
Systems has recently developed a promising advanced small-scale proton exchange membrane
electrolyser able to generate high-pressure hydrogen without mechanical compression.

An intermediate option consists in providing energy storage and transport solutions while using
the cheap off-peak electricity generated by nuclear or hydro plants or the intermittent electricity
generated by decentralised wind or solar installations. Therefore, the utilization of nuclear energy,
particularly in the case of France, with a share of 75% of nuclear electricity, appears to be a
promising sustainable option to produce both electricity and hydrogen in the future, as it will be
discussed below.

2 - Nuclear power and its potential for hydrogen generation:

CO2 is released in more than 95% of the hydrogen production processes around the world.

Current hydrogen production on a worldwide scale is therefore strongly linked with that of CO2,
which comes from both the fossil materials used as reagent (gas, hydrocarbons or coal) and fossil
fuels used as energy sources needed by the thermochemical production processes.

Our society's evolution, with the increase in industrial activity and transport on a worldwide
scale and the growing number of capitals of more than 1 million inhabitants on a local scale, all lead
to an unacceptable increase in the emission of gas pollution. With regards to these emissions, there
are two main problems:

- Local pollution problems, that is to say, air quality in towns and effects on health,
- Global pollution problems, linked to the emissions of all the greenhouse effect gases

(CO2...) with the risk of global warming and effects on sea level and weather.

Awareness that these problems exist was demonstrated by international negotiations in the
scope of the United Nations Framework Convention on Climate Change, of which the Kyoto
conference in December 1997, whose aim was to stabilise or decrease CO2 emissions by 2010.

All the works, being carried out by European construction companies and oil companies, show
that almost all European towns, by 2010, will respect the strictest standards relating to air quality
where hydrocarbons (HC) and NOx are concerned. However, the risk of global warming due to CO2
appears to be by far more important and more problematic.

Transport applications contribute to 25% of the CO2 emissions in OECD countries [4]. As seen
before, this increase in transport energy consumption will be the leading factor for increasing the
demand of hydrogen, especially with the development of fuel cell powered vehicles.

However, estimates of CO2 emissions "from the well to the wheel" (considering the global cycle
balance) for fuel cell driven vehicles and the future thermal motor vehicles are comparable, being in
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the order of 100 g of CO2 per km, as the penalty paid by the fuel cells stems from hydrogen
production using fossil fuels [5]. Fuel cell transport development must therefore use CO2 free
hydrogen production. The reforming of natural gas process, for example, widely used in the
industry, releases as much CO2 through the primary heating energy as through the chemical
reaction.

In the second half of the 21st century, the wide use of fuel cells will crucially require to
implement CO2 free hydrogen production means, or to sequester CO2 as an intermediate option. At
this time, the reduction of hydrocarbon and natural gas economic competitiveness to meet the
energy consumption requirements will lead to rather extract hydrogen from water or biomass (using
the specific carbon cycle) with non-fossil energies.

Candidate energies for these second generation processes may be nuclear and renewable
energies. Base-load nuclear power could be used in the medium term to produce hydrogen through
electrolysis and high temperature reactors, which offer margins of progress for production of
electricity in the longer term, may also be considered to produce hydrogen through efficient
thermochemical water dissociation processes. Thermochemical processes are also applicable to
biomass to produce Hydrogen-based fuels such as methanol (by gasification of lignous cellulose at
high temperature) and ethanol (by fermentation of biomass at medium temperature). Making use of
the heat released by the thermal power plants - especially nuclear - should be seriously be
considered as a means to increase globally the effectiveness and the economic performances of the
generating plant by cogeneration. In this respect, ethanol production could readily be envisaged
using process heat from LWRs, and methanol production may be realisable in the long term by
using process heat from high temperature reactors.

Next generation of reactors capable of saving natural fuel resources and minimising the
production of long-lived radioactive waste, may appear as a promising and sustainable option for
the production of both electricity and Hydrogen-based fuels for centuries, especially when natural
hydrocarbon and natural gas reserves become scarce. Given the extensive use of nuclear energy in
France, the CEA, with other research laboratories have developed a special interest in exploring,
among other solutions, the potential of nuclear power to meet increasing hydrogen needs with
limited environmental impact.

3- Research on hydrogen generation and storage:

In the past, the CEA has carried out research on hydrogen in several contexts:
• In the period 1970-1980, mainly in the scope of the Hydrogen project on the DRAGON

HTR in the United Kingdom, with the assessment of certain thermochemical cycles, a
project undertaken in collaboration with EURATOM,

• Since the 1980s, with safety studies relating to hydrogen risk prevention in the LWR
severe accident scenarios, on the water-sodium reaction in sodium cooled reactors, and
in projects of thermonuclear fusion reactors,

A renewed interest in hydrogen production occurred about two years ago with five research
lines to investigate specific questions associated with this type of production:

a) Modelling and performance assessment of promising processes

b) Technical and economic comparison of these processes with the steam reforming of natural
gas, used on an industrial scale,

c) Control of the technology of processes through the modelling of the process engineering
(transients, thermal disturbance...)
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d) Proposal of a safety approach applicable to the production on the nuclear site,

e) Predimensioning of production units based on various processes and comparative evaluation
of their performances and cost.

Going beyond known production processes currently used by the industry, the CEA has started
to draw up a state of the art of these industrial processes and particular new CO2 free processes
are under investigation to assess their performances (especially in terms of energy balance).

These new processes may be put into two categories depending on the current state of
technical advances:

H2 production processes for which power prototypes already exist:

• Thermochemical cycles (actively studied in the period 1970-1980), in view of later
developments especially in Japan with the aim of the eventual replacement of the gas-
reforming unit provided for the HTTR of JAERI at O'ARAI [6]. The selected process is
the Iodine Sulphur process (IS) developed by General Atomics, which requires
temperatures between 800 and 900°C. Other processes such as hybrid thermochemical
cycles (certain low temperature chemical reactions are aided by electrolysis) such as
the sulphuric acid hybrid cycles or Westinghouse process are to be assessed.

• High temperature electrolysis for which a large bibliography exists, technology which
may benefit from the development of high temperature fuel cells (Solid Oxide Fuel Cell -
SOFC),

H2 production processes for which development is required:

• Gas decomposition through gliding arcs, for which prototypes exist, would be a
technology to be developed in order to obtain hydrogen at a lower temperature (in the
order of 500°C) than the plasma process developed by the Norwegian company
Kvaemer Engineering SA which operates at 1,600 °C. The gas used may be natural gas
or synthetic gas ; carbon is discharged in the form of carbon black [7],

• Water decomposition in plasma phase, which could enable the extraction of H2 using
2 kWh/Nm3 energy following Russian data [8]. These performances are under checking
on an electrolyser prototype.

These assessments and their comparison with the industrial processes will be carried out in
collaboration with national and international partners from research and industrial organisations.

Research and development work on hydrogen storage technologies, including high-pressure tanks
and carbon nanotubes structures, is being carried out besides.

4 - Review of key questions for nuclear hydrogen generation:

The processes exclusively based on electricity make it possible to uncouple the production of
hydrogen from the nuclear site and candidate power plants are not subject to additional constraints.
Progress may be sought both in improving the process of electrolysis and working for the objectives
assigned to the next generation reactors to progress in economic competitiveness, safety,
minimisation of long-lived radioactive waste, proliferation resistance and compliance with a wide
diversity of fuels to save the natural fissile and fertile fuels.
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The processes making use of heat from the reactor lead to a closer interaction between the
reactor and the production plant, and the following questions have been identified to investigate the
feasibility, the performances and the safety requirements of nuclear hydrogen generation plants [9] :

• which hydrogen production processes are best suited to existing or next generation of
nuclear plants?

• may some of these processes be implemented on operating nuclear plants?
• how do various reactor technologies (LWRs, HTRs...) rank for dedicated hydrogen

production or co-generation with electricity and/or process heat?
• how can the potentialities of high temperature reactors best be used?
• what are the additional and specific requirements put by on-site hydrogen production on

standard nuclear safety criteria?

These questions call for research work in the following areas, which may be the subject of
valuable international exchanges :
• development of physical and economic modelling tools for a consistent evaluation of

performances and economics of nuclear hydrogen production plants based on different
processes.
The research conducted by the CEA in this area takes advantage of the innovative tools

developed for the reactors such as COPERNIC (installation prior dimensioning) and SEMER
(economic assessment). Physico-chemical modelling is carried out by the use of specialized
modules within the frame of industrial-type PROSIM software,

• development of international standards for safety, design, construction, operation, and
maintenance of nuclear hydrogen production plants, with the participation in "ad-hoc" European
standards (CEN) or international (ISO) groups,

• development of key technologies such as specific materials (standards of testing method,
dimensioning, corrosion and long-term behaviour),

• evaluation of the needs for a specific safety approach and associated instrumentation (detection
of hydrogen leakage...) and safety systems (mitigation systems of hydrogen risk ),

• investigation of adequate technologies for large storage facilities and massive hydrogen
transport.

5 - Conclusion:

In the OECD countries, the role of hydrogen as an energy carrier should increase in the future,
due to phasing in highly efficient and environmentally benign energy technologies particularly
adapted to the future end-use and services driven energy systems.

Concerns about emissions of greenhouse effects gases offer a great synergistic opportunity
between massive hydrogen production and non fossil energy sources such as renewable energies
and nuclear power.

Therefore the CEA decided to build on its current hydrogen related research such as PEM and
SOFC fuel cells, and hydrogen storage systems (in pressurised composite tanks or carbon
nanotubes), to launch a large research programme on hydrogen production, transport, storage and
conversion.

Prospective studies are needed to better identify the share of hydrogen to meet the energy
needs in the medium and longer-term future, as well as to compare the various production methods
in terms of energy balance, greenhouse gas emission and other criteria including industrial
feasibility, R&D effort and lead-times.



osa DRN DER NT - STPI/LEET - 00-072
REFERENCE

0
INDICE

10/11
PAGE

Indice

Additional studies are needed to assess the merits of hydrogen-based systems with concurrent
generating facilities (such as stationary fuel cells versus combined cycle gas turbines for
cogeneration) and to identify the optimum form of hydrogenous fuel for the various considered
transport or stationary applications.

Collaborations with the actors of the national and European networks on hydrogen, and beyond
Europe, are most welcome to help assessing :

- the needs for hydrogen in the medium and longer ferm future,
- the production means that are available and could be developed to meet these needs,
- and finally the most appropriate R&D contributions that CEA could bring to the international

research effort.

Beyond the hydrogen generated as a by-product of the petrochemical industry, additional
hydrogen production may be achieved in the medium term through electrolysis of water powered by
base-load operating reactors, thus opening research opportunities on high performance electrolysis
methods.

The possible development of thermochemical cracking processes operating around 800°C may
add to the current interest in high temperature technologies for future generating facilities, enabling
high conversion efficiency and correlative advantage on waste reduction. The use of high
temperature reactors may for instance enable to use cogeneration for reforming methane or to
produce hydrogen either though high temperature electrolysis, thermochemical cycles or
thermochemical electric hybrid cycles. Thermochemical processes and high temperature reactor
technologies will therefore be part of the programme.

Additional research areas will include active R&D work on fuel cells technologies, hydrogen
storage technologies, transport and utilisation technologies and related safety aspects.

The programme in preparation on hydrogen is intended to reinforce the contribution of CEA to
the national and European research efforts on non-fossil energy sources, and to provide new
opportunities of international collaborations and networking.
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