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FOREWORD

At the tenth meeting of the OECD Nuclear Energy Agency Nuclear Science Committee (NSC) in
June 1999, the assessment of the technology status and the research requirements for an energy
infrastructure based on the nuclear production of electricity and hydrogen was discussed. Based on
this discussion, the NSC decided to organise an Information Exchange Meeting on Nuclear Production
of Hydrogen. The meeting would make recommendations for further actions in this field to the NSC
meeting in June 2001.
The Information Exchange Meeting was held in Paris on 2-3 October 2000, with 39 participants
from 9 countries and 3 international organisations. Twenty papers were submitted and 19 oral
presentations were made on the following themes:
•

Twenty-first century energy perspectives.

•

R&D programmes ongoing and in development.

•

Physics and chemistry of hydrogen production methods.

•

Applications of nuclear technology for hydrogen production.

Following the technical presentations, the meeting devoted one session to discussing the
conclusions and recommendations of the meeting. It was determined that the nuclear production of
hydrogen has the potential to play a significant role in energy production in the 21st century, provided
that adequate resources be allocated to support the R&D needed to develop the thermo-chemical
methods for the production of hydrogen on an industrial scale.
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EXECUTIVE SUMMARY

While contributing 17% of electricity generation world-wide, nuclear energy currently contributes
only 7% to primary energy. Save a few exceptions, including electricity generation, the diverse
applicability of nuclear energy which was envisioned at the start of the nuclear age has not yet been
put into widespread practice. With emerging issues such as sustainable development of world
economies, the capacity of nuclear energy to deliver heat that is free from greenhouse gas emissions
offers a renewed incentive to consider a broadened, energy-intensive product mix. One possibility
would be to use heat or surplus electricity from nuclear power plants to produce hydrogen through
water cracking and through conversion of fossil feedstock.
It is within this context that the OECD/NEA Nuclear Science Committee organised a first
Information Exchange Meeting on Nuclear Production of Hydrogen at OECD headquarters in Paris,
France on 2-3 October 2000. The meeting was attended by 39 participants from 9 countries and
3 international organisations. The participants’ expertise spanned the relevant areas of chemical and
nuclear engineering, as well as broad environmental and energy supply science and technology.
Nineteen papers were presented in four technical sessions:
•

Twenty-first century energy perspectives related to hydrogen utilisation.

•

Ongoing and in-development R&D programmes on nuclear production of hydrogen.

•

Physics and chemistry of hydrogen production methods.

•

Applications of nuclear technology for hydrogen production.

The first session contained four papers covering more general issues such as the global energy
situation, the possible role and acceptability of a hydrogen-based energy infrastructure and a historical
and futuristic view of decarbonisation.
The session concerning R&D programmes on nuclear production of hydrogen gave an overview
of the present status of R&D in Japan, France and Italy, as well as in other international organisations
such as the IAEA and the EU.
The third session, covering the physics and chemistry of hydrogen production methods, began
with a review paper entitled “Open questions and research topics on nuclear hydrogen”, followed by
four technical papers describing different techniques and methods for the production of hydrogen
using thermo-chemical methods.
The final session on applications of nuclear technology for hydrogen production started with a
presentation on problems related to the transportation of hydrogen, which was then followed by five
papers describing different nuclear energy systems for the production of hydrogen.
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Subsequent to the four technical sessions, the meeting reviewed possible follow-up actions and
recommendations to the NEA Nuclear Science Committee. The following conclusions were reached:
•

A large world-wide market for hydrogen already exists in the fertiliser and petroleum
industries. Hydrogen and other synthetic chemical fuels are expected to find broadening
application on world energy markets; the transportation sector will be among the first to begin
a transition to hydrogen-rich fuel.

•

Nuclear production of hydrogen holds the potential to significantly contribute to the global
energy supply in the 21st century in a sustainable and environmentally friendly manner.
Production of hydrogen through water cracking and through nuclear-assisted conversion of
fossil feedstock is technically feasible and could provide energy in a way that will diminish
global greenhouse gas production.

•

Non-electric energy services including hydrogen production are an appropriate route for a
broadening of nuclear energy applications to meet the world’s growing requirements for
sustainable energy services.

•

In recognition of these facts and trends, R&D programmes investigating the commercial,
nuclear production of hydrogen (and electricity) are experiencing a resurgence of interest in
OECD countries and world-wide.

•

Recognising that a significant time period will be required for the R&D to establish
high-temperature, reactor-driven, thermo-chemical water cracking on a commercial scale, the
nuclear production of hydrogen can also be approached in the near term by using electricity
from existing reactors and commercial electrolysers to produce hydrogen and/or to use
nuclear heat to assist in hydrocarbon pyrolysis or reforming production of hydrogen.

Recommendations were transmitted to the NEA Nuclear Science Committee for its consideration as
regards that Committee’s potential future activities for advancing the scientific aspects of nuclear
hydrogen production R&D in OECD/NEA Member countries and for interaction with other
international agencies and organisations working in the hydrogen economy arena.
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Twenty-first Century
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BUILDING SUSTAINABLE ENERGY SYSTEMS:
THE ROLE OF NUCLEAR-DERIVED HYDROGEN

Hans-Holger Rogner
International Atomic Energy Agency, Vienna, Austria
David Sanborn Scott
Institute for Integrated Energy Systems, University of Victoria, Canada

Abstract
Global climate change is the most critical environmental threat of the 21st century. As evidenced in the
preliminary draft of the Intergovernmental Panel on Climate Change (IPCC) new Third Assessment
Report (TAR), the scientific support for this conclusion is both extensive and growing. In this paper
we first review features of the 21st century energy system – how that system evolved and where it
seems to be taking us, unless there are clear and aggressive multinational initiatives to mitigate and
then reverse the contribution that today’s energy system makes to the risks of global climate change.
The paper then turns to the extensive deployment of the two non-carbon based energy currencies
electricity and hydrogen, which we will call hydricity, that we believe are essential for future
reductions in anthropogenic carbon dioxide (CO2) emissions. Of these two, hydrogen will be the
newcomer to energy systems. Popular thinking often identifies renewables as the category of energy
sources that can provide electricity and hydrogen in sufficient quantities, although much of the public
does not realise there will still be a need for a chemical currency to allow renewables to power the
market where carbon is most difficult to mitigate, transportation. Renewables, however, while able to
make important contributions to future energy supplies, cannot realistically provide the magnitude of
energy that will be required. The paper outlines the quantitative limits to the overall renewable
contribution and argues that the large-scale deployment of nuclear fission will be essential for meeting
future energy needs while limiting greenhouse gas (GHG) emissions.
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Introduction
Industrialisation has evolved around the oxidation of the carbon atom. Since the beginning of the
industrial revolution, some 300 gigatonnes of carbon (Gt C) in the form of coal, oil and natural gas
have been oxidised and released to the atmosphere. There is little evidence that the rate at which
carbon is currently added to the atmosphere (~6 Gt C/yr) is going to decrease over the next several
decades. Rather evidence suggests the opposite. Fossil energy resources are plentiful and essentially
obtained at low production cost1. The most populous developing countries pin their industrialisation
aspirations on the use of their largest domestically available fossil resource, coal. Industrialised
countries show little inclination to shift to less energy-intensive lifestyles. Meanwhile the atmospheric
concentration of oxidised carbon has increased by some 30% above pre-industrial levels posing a
serious threat to climate stability.
The Intergovernmental Panel on Climate Change (IPPC) published in March this year a Special
Report on Emission Scenarios (SRES). In the absence of any climate protection policies another
980-1 860 Gt C is likely to be emitted in the course of the 21st century leading to a several-fold
increase in the atmospheric concentration of carbon dioxide [2]. If 300 Gt of oxidised carbon already
manifests a climate problem, then clearly carbon emissions three- to six-fold higher are not sustainable.
Decarbonisation is a necessary but insufficient step for sustainable energy development2. Before
addressing the larger issue of sustainable energy development, it might be helpful to first define the
energy system.
The energy system
Figure 1 illustrates the generic architecture of the energy system as a series of linked stages
connecting various energy conversion and transformation processes that ultimately provide goods and
services. A number of examples are given for energy extraction, treatment, conversion, distribution, end
use (final energy), and energy services in the energy system. The technical means by which each stage is
realised have evolved over time and will continue to do so [4].
The current energy system comprises an energy supply sector and energy end use. The supply
sector consists of a sequence of elaborate and complex processes for extracting energy resources, for
converting these into more desirable and suitable forms of energy, and for delivering energy to
demand sites. The end-use part of the energy system provides energy services such as cooking,
illumination, comfortable indoor climate, refrigeration, transportation and consumer goods.
Modern energy services rely on manufactured or processed fuels and sophisticated conversion
equipment. In contrast, traditional energy services predominantly rely on unprocessed fuels close to their
primary form and low (or no) technology conversion devices. Low technology energy conversion usually
implies low efficiency and high pollution. Technologies processing or feeding on high-carbon fuels for
the provision of energy services compromise climate stability. This points to technology as one of the
1

2

This may sound strange given recent oil price increases. But the high oil price is a result of low investment
activity in oil production capacity during the low-price period of 1998/1999 plus OPEC production limitation
policies, and is not caused by resource scarcity or depletion.
In fact, the global energy system throughout the 20th century has shifted to progressively lower carbon energy
sources – first from coal to oil and then after the 1970s from oil and coal to natural gas. Combined with the
usually higher conversion efficiencies of gas-fuelled equipment, the average carbon emission per unit of
gas-fuelled energy service is only 40% of the coal-fired service. At least equally important in the overall
decline of carbon intensity of final energy supplies (about 10% since 1970) have been the expanded use of
hydro and nuclear power.
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most critical links between the supply of energy services and environmental compatibility, access and
affordability. Furthermore, technologies link energy sources to energy services. Technology is more than
a power plant, an automobile or a refrigerator. It includes infrastructures such as the building stock,
settlement patterns, road and transportation systems as well as industrial plants and equipment. It also
includes social and cultural preferences as well as legal and regulatory frameworks and “know-how”
investments.
Figure 1. The architecture of the energy system (adapted from [8])
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As is evident in Figure 1, a particular energy service can be supplied by various combinations of
energy sources, fuels and technologies and in the process be responsible for different levels of
greenhouse gas (GHG) emissions and other environmental pollution. Costs, reliability, convenience,
risks, infrastructure availability and, increasingly, environmental considerations are the make-it or
break-it factors guiding investment decisions in favour or against a particular source-to-service chain.
The variety of possible combinations shown in Figure 1 allows for flexibility and technical fixes to the
energy system in response to new requirements to limit the risks of climate change or other health and
environmental impacts. But technical fixes, no matter how flexible, incur transition costs and may, if
they involve substantial action, require long time horizons. These added costs and possible delayed
effects of technical fixes are a prominent reason why climate protection has been more a matter of
debate than action.
The technology links of the energy system are continuously renewed through investments in
technology replacement of existing energy capital and, of course, expansion and growth. Energy sector
technologies and infrastructure are inherently long-lived. During the 21st century, the energy system
capital stock will probably be replaced only twice. This limits the rate at which a fundamental
restructuring of the energy system can occur. It also means that delayed action, say in combating climate
change, further locks the system into unsustainable structures causing additional system rigidity later on.
Effective action to protect the climate will involve drastic reductions in GHG emissions.
A sustainable energy system, therefore, must be able to control GHG emissions, especially carbon
dioxide and methane, either by applying technical abatement and disposal fixes or shift to non-carbon
energy technologies and fuels. But as already mentioned sustainable energy development is more than
GHG mitigation.
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On sustainable energy development
Sustainable development was defined in 1987 by the Brundtland Commission as “development
that meets the needs of the present without compromising the ability of future generations to meet
their own needs” [14]. With regard to sustainable energy development, we suggest the definition can
be translated into the following seven criteria:
•

Environmental compatibility. The inputs and outputs to and from each link of the energy
system chain must minimally intrude upon nature’s flows and equilibria, e.g. do not overload
the carrying capacity of ecosystems. Decommissioning of energy technologies, fuel cycles
and infrastructures, which both returns occupied land to green space and recycles material,
must be technically and economically feasible.

•

Intergenerational compatibility. Energy services must be based on inexhaustible energy sources
or the use of finite sources that lead to the creation of sustainable substitutes (“weak
sustainability”). Wastes from the energy system must not pose a risk to future generations.

•

Demand compatibility. The quality of energy services cannot be inferior to the equivalent
services provided by the established system. Rather, it must have the potential of becoming
significantly better.

•

Economic compatibility. Sustainable energy services must be accessible and affordable. Their
prices must cover the full cost to society, e.g. external costs should be internalised.

•

Geopolitical compatibility. Energy sources should be evenly distributed geographically, allow
for secure supplies and pose no threat to the security of other countries.

•

Socio-political compatibility. The general public must tolerate the technology links of the
sustainable energy system. Satisfying the preceding criteria will prove instrumental in
influencing public perceptions and attitudes.

•

Surprise resilience. In as far as possible, the system components must be resilient to
geopolitical, technological, economic and environmental surprise, or any other type of surprise.

Naturally, each of these criteria has its limits and, for decision making, a balance between them
must be struck. Clearly, it is impossible to optimise all criteria simultaneously, especially during the
transition phase. For example, there will be transition costs temporarily affecting the economic
performance of new sustainable technologies during their initial market diffusion. Energy services
based on new technologies have yet to gain from economies of scale and technology learning and,
thus, can be more costly than those provided by established technologies. On the other hand, an
apparent price gap could disappear or even be reversed if the established system were required to
internalise all of its current externalities.
Also, there is no energy production or conversion technology without risk or without waste.
Somewhere along all energy chains, from resource extraction to the provision of energy services,
pollutants are produced, emitted or disposed of with often severe health and environmental impacts3.
The present use of fossil fuels is chiefly responsible for urban air pollution, regional acidification and
the risk of human-induced climate change. The use of nuclear power has created a number of other
3

Even if a technology is void of pollutant emissions at the point of use, emissions and wastes are associated
with technology manufacturing, installation, etc.
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concerns such as the operating safety of nuclear installations, the storage or disposal of high-level
radioactive waste, and nuclear weapon proliferation. Hydro dams affect biodiversity, sediment loading
of rivers and coastal erosion. The manufacturing of photovoltaic panels generates toxic wastes and the
present non-commercial use of biomass in developing countries contributes to deforestation,
desertification and biodiversity loss.
With regard to the architecture of the energy system (see Figure 1), the seven sustainability
criteria essentially combine to a system based on renewable non-carbon fuels manufactured from
inexhaustible or renewable sources. The resulting source-to-service chains must be built and operated
within the limits imposed by nature’s equilibria and rates of change.
Why hydrogen?
The transportation system is almost entirely powered by chemical fuels harvested from fossil
sources. Transportation is also the sector with the fastest growth in greenhouse gas emissions from
some 800 million tailpipes. Because end-of-pipe abatement is no solution to carbon mitigation from
millions of tailpipes, sustainability means transportation services must be based on non-carbon fuels.
Electricity and hydrogen (H2) are two non-carbon fuels without harmful emissions at the point of use.
They can be manufactured in large quantities, in any region of the world, from any energy source.
In fact, the only realistic way non-carbon energy sources can be harvested to manufacture chemical
fuels is via hydrogen.
Further, electricity and hydrogen are inherently renewable, environmentally non-intrusive and can,
together, energise all conceivable energy services and have the potential of powering the overwhelming
majority of civilisation’s energy transactions. Electricity is renewable in that generating stations
simply separate electrical charges which later return to charge neutrality when the electricity is used.
Analogously, hydrogen production facilities mine hydrogen from water while spinning off oxygen.
Then when hydrogen is used, it combines with oxygen to end up again as water.
In addition, the following synergies between them make electricity and hydrogen true twin fuels:
1. Hydrogen can be stored in enormous quantities. Electricity cannot4.
2. Electricity can transport energy without transporting material. Hydrogen cannot.
3. Hydrogen can be a chemical fuel or feedstock. Electricity cannot.
4. Electricity can serve the task of processing and storing information. Hydrogen cannot.
5. On Earth hydrogen is better for long-distance transmission, electricity for short-distance
distribution. In space, electromagnetic radiation (ersatz electricity) wins.
6. Hydrogen and electricity can be readily converted to one another.
The fact that hydrogen can be stored in enormous quantities confers on it a strategic role as both
the future’s staple transportation fuel and, more generally, as the system’s energy storage sponge.
The sustainable energy system will need substantial storage during times when sources can be

4

This may change if high temperature superconductivity materialises.
15

harvested but demand is low. Storage is also needed when demand exceeds supply, for example during
the night when the system needs to use energy harvested during the day by solar converters. Then,
there is the need to store energy for national security.
Turning to the second point, material lies at the root of environmental intrusion. So the fact that
electricity transport involves no material movement translates into low environmental impacts (once
power lines are in place). The third point – hydrogen as a chemical feedstock – is obvious. Hydrogen
is already involved in many chemical processes and commodities, and its use will increase
dramatically when fossil fuels are replaced by sustainable sources. The fourth point is also
straightforward, electricity is the currency for storing and processing information.
The fifth point speaks to the important issue of moving energy over long distances. Over continental
distances, energy transport in the form of gaseous fuels through pipelines is preferred to transporting
equivalent energy via electric grids. First less energy is used for pipeline transportation. Second, the
pipeline itself acts as a load levelling storage device. Distribution of electricity in cables is cheaper and
more flexible than hydrogen in pipes. In the deeper future, when energy needs to be moved through
space, it will be transported by electromagnetic radiation, thereby avoiding the high-energy
expenditure needed to accelerate and decelerate the mass of both hydrogen and oxygen.
Finally, the sixth point relates to the fact that, technically, electrolysis converts electricity to
hydrogen while fuels cells facilitate the reverse. The issue here is not that hydrogen and electricity are
mutually interchangeable but that electricity and gasoline are not. Gasoline cannot be manufactured
from electricity. This lack of interchangeability imposes enormous rigidity on the present energy
system. In turn, this rigidity has brought risks and systemic brittleness. The current oil price situation
is just one such example.
From these synergies it becomes obvious that hydrogen will become first the substitute for
oil-based liquid fuels in the transportation sector and then also replace other fossil-sourced energy
services in industries and the residential/commercial sectors. Electricity will largely continue to do
what it does today. Electricity and hydrogen, in short hydricity, also meet the environmental
(non-polluting), intergenerational (renewable and thus available to future generations), demand (able
to meet all energy services in a high quality fashion), socio-political (support socio-economic
development) and geopolitical (no supply security concerns) compatibility criteria for sustainable
development. The question of economic compatibility will be addressed later.
Why nuclear power for electricity and hydrogen production
Hydrogen can be produced by splitting water into hydrogen and oxygen by way of electrolysis or
by stripping the carbon atom from fossil or biomass sources (steam methane reforming (SMR), partial
oxidation of oil, pyrolysis of coal or biomass, or coal and biomass gasification). Except perhaps for the
feedstock biomass, these hydrogen production routes have been, to varying degrees, used in the past.
Currently, global hydrogen production is dominated by SMR followed by electrolysis. In essence, any
electricity generating technology and associated fuel can be used for hydrogen production. However,
fossil-sourced electricity, SMR and other processes based on fossil fuels both as the feedstock and
process heat source are carbon emitters. In the absence of effective carbon capture and, more
importantly, environmentally sound carbon disposal routes, the only sustainable hydrogen production
options are nuclear power and renewable sources via electrolysis or high-temperature water
dissociation and gasification or pyrolysis of biomass.
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For many environmentalists only renewable systems should be selected to produce sustainable
hydricity. In fact, they view hydrogen as the ideal solution both to the intermittent availability of
renewables, such as solar or wind energy, and their location, which is often far from population
centres. Hydrogen would store the energy and distribute it to wherever it is needed. Hydrogen from
off-peak use of hydroelectricity from run-of-the-river stations is another way to store energy, which is
otherwise forfeited. Extracting hydrogen from biomass has been advanced as a means to
simultaneously provide an energy base for rural development and income generation in developing
countries and to phase out agricultural subsidies in the industrialised world [13]. Proponents of
biomass-sourced hydrogen point to the high costs of electrolytic hydrogen no matter how it is
generated and advance their concepts for low-cost biomass hydrogen. The question, however, is how
do these “hopes” stack up in reality?
The World Energy Assessment [10] analysed the long-term availability of fossil, fissile and
renewable energy resources. Recognising that resource availability is a function of demand for that
resource and of the techno-economic performance of the technologies to convert the resource into
energy services at competitive costs, the WEA distinguishes three availability potentials – theoretical,
technical and economic. For the purpose of sustainable energy development it is the long-term
technical potentials that are of interest.
At face value the technical potentials of renewables are enormous compared to present (400 EJ)
and future global energy requirements [see Tables 1(a) and 1(b)]. However, their low energy supply
density compounded by often low conversion efficiencies drastically curbs their economic potential.
For example, the average energy supply density for the 9.4 EJ per year of global hydro power production
amounts to 6.2 kWh or 0.71 W per square meter. The best sites have been used already and further
hydro developments will, on average, yield lower supply densities.
Table 1(a). Summary of global fossil and fissile resources [7,10]
Resource
Type

Oil

Gas
Coal
Total fossil

Sub-type
Conventional
Unconventional
Total oil
Conventional
Unconventional
Total gas
Total coal

Open cycle in
c)
thermal reactors
Uranium
Closed cycle with
d)
fast reactors
a)
b)
c)
d)
e)

Resource amount (stock) in ZJ (1,000 EJ)
Consumed
Consumed
Resource
Add’l
by end
Reserves Resources
a)
in 1998
base
occurrences
1998
4.85
0.13
6.00
6.07
12.08
0.29
0.01
5.11
15.24
20.35
000045
5.14
0.14
11.11
21.31
32.42
000045
2.35
0.08
5.45
11.11
16.57
0.03
0.00
9.42
23.81
33.24
000930
2.38
0.08
14.88
34.93
49.81
000930
5.99
0.09
20.67
179.00
199.67
13.51
0.32
46.66
235.24
281.89
000975
Not
b)
0.04
1.89
10.62
12.51
002 000
estimated
–

–

113

637

Sum of reserves and resources.
Includes uranium from seawater or other fissile materials.
Calculated from the amount in tonnes of uranium assuming 1 t = 589 TJ (IPCC, 1996a).
Calculated assuming a 60-fold increase as compared with the open cycle: 1 t = 35 340 TJ.
All totals rounded.

17

750

b)

120 000

Table 1(b). Summary of the world resource base – renewable resources, in exa-jule (EJ) [10]
Resource type
Hydro power
Biomass energy
Solar energy
Wind energy
Geothermal energy
Ocean
All renewable resources

Current use
9.4
50
0.1
0.12
0.6
Not estimated
56

Technical potential
50
> 276
> 1 575
640
5 000
Not estimated
> 7 600

Theoretical potential
147
2 900
3.9 × 106
6 000
140 × 106
7 400
> 144 × 106

The density for good wind sites is 500-2 000 W/m2, with the higher densities usually located
offshore. Solar energy densities for ideal locations are 480 W/m2 assuming sun-tracking devices; the
average is much lower at 100-300 W/m2. Biomass densities vary from about 4-6 kWh/m2 annually for
most plantations suitable for energy production. With fertilisers, genetic improvements and extensive
irrigation these densities may eventually double. Add to these low supply densities the respective
conversion efficiencies to electricity and the energy needs to bridge spatially separated supply and
demand areas, and it becomes obvious that a large-scale dependence on renewables implies enormous
land requirements with potential land-use conflicts for food production and fresh water supply.
In addition, the intermittent availability of wind and solar energy makes these the only energy
suppliers without immediate capacity benefits. A large dependence on these sources would require either
back-up systems based on more reliable energy sources or extensive energy storage. The limitations of
renewables, therefore, are not the magnitudes of their natural flows – indeed these are gigantic – but
their diffuse nature and the associated difficulties of concentrating and converting these flows to
energy services at the rate demanded by the market place.
In contrast to renewables, nuclear power is a highly concentrated source of energy with no burden
on land requirements. It faces few technical siting limitations and its resource base is abundant and
sufficient to fuel nuclear power plants for thousands of years (see Table 1a). With urbanisation already
exceeding 50% globally and projected to grow to 75% by the mid 21st century, concentrated energy
supplies will be needed to serve peak energy demand densities of 1.5 kW/m2 or more [5] as observed
in modern metropolitan areas such as Manhattan (where the mean direct solar radiation is only
0.15 kW/m2 [11]). Nuclear power is well suited to serve demand densities several times larger than
1.5 kW/m2 (which is the power density of commercial and residential energy use and excludes energy
for transportation) at a high rate of reliability.
The economics of hydrogen are determined by the feedstock price and the capacity factor of the
hydrogen production infrastructure such as electrolysis, gasification, compression or liquefaction plants.
All these plants are capital-intensive and their individual economic performances improve with high
capacity factors while some of these plants, e.g. liquefaction, gasification and to a lesser extent,
compression, perform technically best under steady state conditions, e.g. base load which gives nuclear
power an important edge over most renewables5. In addition, on a full life cycle cost basis nuclear base
load electricity is cheaper than power from intermittent sources. The economics of hydrogen production
can also be influenced by the market values of the electrolysis by-products, oxygen and deuterium.
5

Electrolysis can follow load. With two generators on one shaft – one dc the other ac – one could shift load
using modern control systems to send ac down the grid or dc to the electrolysis plant. This makes electrolytic
hydrogen an ideal load-flattening approach. Nuclear hydrogen is generated during valleys in electricity
demand, with gaseous storage serving as a sponge, while liquefaction (or compression) would draw a
comparatively steady electrical load.
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Low energy supply densities, intermittent availability (and hence low capacity factors) for solar
and wind, limited technical supply potentials of hydro and biomass, and often large distances between
good supply locations and demand centres, disadvantage renewable energy supplies relative to nuclear
power in the production of sustainable base-load energy for meeting the energy service needs of
modern metropolitan areas. Renewables, however, can supplement nuclear power in many respects,
e.g. supplying energy needs in remote or low demand density rural areas, producing peak power when
peak demand and peak renewable supplies coincide and supplementing base load whenever local
conditions make this possible. Technology diversity will remain a desirable feature of a sustainable
energy system.
The missing link: hydrogen infrastructures
While the generic structure of a sustainable energy system and its persuasive attractors can easily
be visualised, it is also clear that there exists a series of barriers that could impede the timely transition
away from the current unsustainable energy system. The barriers can be divided into three categories.
First, there are barriers related to hydrogen infrastructures and technologies, their current
techno-economic performance and the rate of their market diffusion. Second, there are the barriers of
the existing fossil infrastructures, sunk costs and inexpensive fossil resource availability (externalities
excluded). Finally, there is the procrastination of governments in setting clear signals as to the
anticipated environmental performance requirements of energy service supply chains and the creation
of a level playing field for all environmentally benign supply options.
All the technologies associated with hydrogen source to service chains (outlined in Figure 1)
exist. Some are in early stages of their life cycles with little market diffusion while others are already
quite mature, thus commercially available. Clearly, the weakest technology link determines the
techno-economic performance of the entire hydrogen chain. Today, the weakest links are
economically viable and technically reliable hydrogen end-use technologies as well as the lack of
hydrogen distribution and refuelling infrastructures. As regards end-use technologies, they are all
characterised by high conversion efficiency, virtually non-polluting and deployable in applications
where electricity is difficult to use. Neat hydrogen end-use technologies such as fuel cells replacing
internal combustion engines for transportation purposes but also for distributed electricity and heat
co-generation offer the most promising deliveries of hydrogen energy services. Although different
types of fuel cells have been developed to the point of satisfying most technological performance
requirements, their economics are still wanting. Here, the past rate of technology learning, especially
through the application and production experience in niche markets, is expected to improve the
economic performance within less than ten years [6].
While end-use technologies may lack economic attractiveness today, a more serious barrier to
their fast introduction is the lack of hydrogen distribution and refuelling infrastructures. Again, the
technology experience required exists. The template is the vast infrastructures in place for natural gas
transmission, distribution and storage which, after modification, could be used for hydrogen delivery.
Long-distance transport of hydrogen is considerably cheaper than high-voltage transmission of
electricity. Gaseous hydrogen can be stored like other industrial gases. Liquefied hydrogen, the likely
winner for on-board storage on vehicles, is also a mature technological process but carries a significant
energy penalty. More efficient and potentially less costly liquefaction technologies, e.g. based on the
magneto-caloric effect rather than gas compression cycles, are under development.
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Economics of the nuclear-hydricity system
Affordable energy service supplies are essential for sustainable development. Still, the prices
charged for sustainable energy services must reflect their true cost to society, e.g. externalities.
Nuclear power costs have already internalised most of nuclear power’s associated externalities such as
the costs of safety, radiation protection, waste disposal and decommissioning. The full application of
the polluter pays principle to all energy supply alternatives, especially if applied to GHG emissions,
would therefore further improve the economic competitiveness of nuclear power.
Existing nuclear power plants generally are among the lowest cost electricity generators.
Deregulation and privatisation have forced nuclear operators to shift from a cost plus mentality to
adopt stringent cost improvement measures without compromising operating safety. During the 1990s
the streamlining of operations and improved management have increased the availability factor of
nuclear plants equivalent to 28 GW of new capacity, essentially at zero or minimal costs. New nuclear
power plants face difficulties competing in deregulated markets because of: 1) the availability of low
capital cost gas combined cycle turbines and, at least until recently, very favourable fossil fuel prices,
2) the shorter investment horizons of private investors demanding returns on investments competitive
with alternatives, 3) the economic risks associated with high unit capital investments of a nuclear
power plant, and 4) the uncertainty of being able to recover investments due to socio-political factors.
Still, generating costs of firm base load electricity of new nuclear plants are lower than those of new
renewables, which are the non-GHG emitting competitors for a sustainable energy system. As is
certainly the case for renewable technologies, technology learning and advances in reactor technology
will further improve the performance of future nuclear power plants by reducing units’ sizes and
investment costs and increasing operating flexibility.
Nuclear-generated hydrogen based on the techno-economic characteristics of current commercially
available nuclear power plant and electrolysis technologies would cost about pre-tax 13 to 31 US$/GJ
(or the energy equivalent of about 75-175 US$ per barrel of oil) assuming deregulated market
conditions and competitive returns expected from private investors (a 12% real discount rate and 20-year
project life). The lower value is based on current average nuclear generating costs of 20 mills/kWh,
the higher value on the generating costs of 62 mills/kWh for new nuclear capacities6 (see Table 2).
For comparison, the US Department of Energy estimates electrolytic hydrogen produced from grid
electricity at industrial rates of 50 mills/kWh between 25 and 30 US$/GJ [9].
Table 2. Estimated current future nuclear electricity and hydrogen production costs
Grid electricity New nuclear Current
Advanced Advanced
industrial rate
capacity
electrolysis reactor design electrolysis
Interest rate
Per cent/year
12
12
12
12
Project lifetime
Years
20
20
20
20
Load factor
Hours/year
7 500
7 900
7 900
8 300
400
Capital costs
$/kWe
2 450
600
1 120
6.43
Capital charges
mills/kWh
44.05
10.19
21.02
3.60
O&M costs
mills/kWh
10.33
7.61
1.15
38.72
Fuel costs
mills/kWh
7.39
110.46
3.64
Total electricity costs mills/kWh
50
61.77
25.81
$/GJ
25-30
30.7
13.5
Hydrogen production
costs
$/bbl
140-171
175
77
Units

6

Based on a 12% discount rate and 20-year project life. Nuclear generating costs drop to 40 mills/kWh and
54 mills/kWh if 5 and 10% discount rates and a 30-year project life are assumed.
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Compared to the current futures pre-tax price of gasoline of US$320 per tonne or 7.15 US$/GJ
(US$41/bbl), electrolytic hydrogen will remain a premium product. Here it is important to note that
the high quality of hydrogen and its true environmental benefits materialise at the point of use. Current
end-use technologies are neither geared to accommodate hydrogen nor would they be able to fully
exploit its properties.
The successful commercialisation of fuel cell powered vehicles (FCVs) would warrant for
hydrogen a market price two to three times that of gasoline because hydrogen FCVs would typically
be much more fuel efficient than internal combustion engine (ICE) vehicles having the same
performance7 and would offer substantial air-quality and GHG benefits8 [10]. Global competition has
accelerated FCV development, and nearly all major auto manufacturers are testing FCV vehicles
(see Table 3). Several auto makers have set goals to offer FCVs on a commercial basis as of 2004.
Table 3. Fuel cell test vehicles around the world [10]

Year Company
1993

1997
1997
1998

Ballard
DaimlerChrysler
DaimlerChrysler
Toyota
Ballard
DaimlerChrysler
Mazda
DC
Renault

1998

Opel

1994
1996
1996
1997
1997

1999

DaimlerChrysler
Ford

1999

Nissan

1999

Honda

1999

Honda

2000

General
Motors

1999

7

8

Fuel cell power system
Power output
Fuel storage
Auxiliary power
(kW)
120
No
Pressurised H2

Vehicle type

Range
(km)

Bus

160

Pressurised H2

54 net

No

Necar I (van)

130

Pressurised H2

50 net

No

Necar II (van)

250

Metal hydride
Pressurised H2
MeOH (onboard
reformer)
Metal hydride
Pressurised H2
Liquid H2
MeOH (onboard
reformer)

20
205 net

Pb battery
No

Car
Bus

250
400

50

No

Necar III (car)

> 400

20
190 net
30

Ultra-capacitor
No
Ni-MH battery

Car
Nebus (bus)
Station wagon

170
250
400

50 (motor)

Ni-MH battery

Minivan

–

Liquid H2

70

No

Necar IV (car)

400

Pressurised H2
MeOH (onboard
reformer)
Metal hydride
MeOH (onboard
reformer)

75

No

Car

96

10

Li-ion battery

Station wagon

–

60

Ni-MH battery

Car

–

60

Ni-MH battery

Station wagon

–

Chemical hydride

75

Ni-MH battery

Car

800

A H2 fuel cell car would typically be three times more fuel-efficient than a conventional gasoline internal
combustion engine car of comparable performance. This efficiency gain arises because, while the efficiency of
an internal combustion engine declines with decreasing load (so that the efficiency of driving a car, averaged
over all driving conditions, is modest [~ 15%]), the efficiency of a fuel cell increases as the load decreases
(so that the efficiency at average part-load conditions is high [~ 50%]).
Although H2 storage onboard vehicles is challenging, problems seem to be surmountable with existing
technologies, and some promising advanced options could make H2 storage no more challenging for fuel cell
vehicles than gasoline storage is today for ICE vehicles.
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Industrial interest is motivated largely by the prospect that FCVs will be zero or near-zero emission
vehicles, without tailpipe emission controls. The air-quality benefits provide a powerful rationale for
developing fuel cells for a wide range of vehicles, including buses, trucks, locomotives, and small two
and three-wheeled vehicles (which account for much of the air pollution in cities throughout the
developing world) as well as cars – the focus of FCV development in industrialised countries [10].
The transition to a large-scale nuclear based hydrogen system would result in accelerated
technology learning and economies of scale (in terms of units manufactured) along the nuclear
hydricity chains and reduce long-run marginal hydrogen production costs to around 12-15 US$/GJ
(see Table 2) plus 5 US$/GJ for liquefaction.
How to get from here to there
Over the next three to five decades, it seems almost certain that only nuclear (fission) could
produce hydricity in sufficient quantities, and at economically tractable costs, to build up a substantial
bulwark against CO2-induced climate risk. In the interim, however, there is the typical chicken and
egg problem. Hydrogen compatible end-use technologies such as FCVs have yet to penetrate the
market. First there is the initial cost barrier of these technologies. Second, even if this barrier could be
overcome in the short run fuel cell vehicles would face a lack of hydrogen refuelling possibilities.
However, the market diffusion of FCVs does not have to wait until neat hydrogen delivery
infrastructures are in place. Hydrogen can be produced onboard vehicles by reforming methanol or
partial oxidising hydrocarbon fuels and thus ease the market diffusion of FCVs. These fuels can be
easily supplied through the existing oil product delivery infrastructures, which is one reason why
several auto manufactures have chosen the methanol route for their first generation of FCVs.
Fleet vehicles routinely returning to a single maintenance and refuelling facility (transit buses,
taxis and delivery vehicles) could assist the introduction of dedicated hydrogen refuelling stations.
Because steam methane reforming will remain the least-cost hydrogen production route for quite some
time, SMR should be used to supply the market with least-cost hydrogen. For example, on-site SMR
could provide hydrogen to refuelling stations, which then allow these to expand beyond fleet vehicles.
The admixture of 10-15% of hydrogen to natural gas (hythane) would accommodate early large-scale
hydrogen production piggybacking on existing natural gas transmission, distribution and conversion
infrastructures. Electrolytic hydrogen could first be produced from base-load power stations,
e.g. nuclear, during off-peak hours.
All these early steps to introduce hydrogen into the energy system result in immediate efficiency
and environmental benefits. During the early transition phase, economic benefits will not generally
materialise, with the possible exception of specialised niche markets. In fact, without active policy
interventions the transition is unlikely to happen soon. Fossil energy resources are plentiful and neither
their long-term availability (see Table 1) nor production costs are likely to constrain their ability to
fuel the world throughout the 21st century. Policies targeted at the protection of the climate would first
penalise fuels with the highest carbon content and favour those with low or no carbon as well as highly
efficient end-use technologies. Among hydrocarbon energy sources, natural gas would benefit most
from climate protection policies and, in most analyses, natural gas market shares and infrastructure are
projected to grow well above the energy sector average [12]. Natural gas infrastructures – pipelines,
storage, compression and liquefaction – resemble those needed for hydrogen deliveries. All that is
needed are material adjustments to accommodate the lighter hydrogen molecule. Natural gas, the least
carbon intensive fossil fuel, and related infrastructures will pave the way for the transition to a hydrogen
age. Nuclear-sourced hydricity can gradually be phased in, in accordance with its relative economics
and environmental policy objectives.
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Conclusion
Hydrogen and electricity are the most environmentally benign, highest quality and most versatile
fuels and thus will be the cornerstones of a sustainable energy system. It has long been recognised that
an energy system without electricity is unthinkable. Similarly, with regard to hydrogen, it is not a
question of if hydrogen will come but rather when [3]. In contrast, the question of how a sustainable
energy system will manufacture the twin currencies, hydrogen and electricity, is a matter of intense
debate. The fact that hydricity can be produced from all energy sources introduces inherent system
flexibility and resilience. Systemic considerations, especially of the expected energy service demand
densities of modern metropolitan areas and the supply densities of the source candidates, set nuclear
power as superior to renewable sources – especially in its ability to produce, without unacceptable
environmental damage, the very large quantities of non-carbonaceous energy that will be required.
During the several decades long transition period, expanding natural gas infrastructures will
function as the bridge to the hydricity age. These infrastructures can play temporary host to hydrogen
thus easing its market diffusion.
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ROLE OF NUCLEAR ENERGY IN THE LONG-TERM GLOBAL ENERGY PERSPECTIVE

Masao Hori
Nuclear Systems Association, Japan

Abstract
Long-term global energy perspectives and the role of nuclear energy as the major energy source are
reviewed. Transition strategies from thermal reactors to fast breeder reactors are examined for
identifying an optimal scenario. Based on available uranium resources, it would be possible to supply
about a half of primary energy by nuclear around the end of 21st century. Nuclear energy could be
effectively utilised to produce hydrogen for non-electric application. Other important conditions for
nuclear energy to fulfil its role are also discussed.
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Global demand for energy in the long term
The World Energy Council (WEC) and the International Institute for Applied Systems Analysis
(IIASA) have issued a series of estimates on the future demand for energy. The 1998 estimates are
shown in Table 1 for various scenarios [1,2].
Table 1. Estimate of primary energy and carbon emission by the WEC-IIASA

Global primary energy
intensity improvement
Resource availability
Fossil
Non-fossil
Primary energy, Gtoe
1990
2050
2100
Net carbon emissions, GtC
1990
2050
2100
Number of scenarios

A
High growth

Case
B
Middle course

C
Ecologically driven

Medium

Low

High

High
High

Medium
Medium

Low
High

9
25
45

9
20
35

9
14
21

6
9-15
6-20
3

6
10
11
1

6
5
2
2

Gtoe = gigatonnes oil equivalent; GtC = gigatonnes of carbon

According to the WEC, Case A presents a future of impressive technological improvements and
consequent high economic growth. Case B describes a future with less ambitious, though perhaps
more realistic, technological improvements, and consequently more intermediate economic growth.
Case C presents an ecologically driven future. The scenario of WEC Case B (WEC-B) is almost the
same in total energy as the IPCC’s scenario B2 storyline that is based on intermediate levels of
economic development. It is considered that the WEC-B represents a realistic case among many
scenarios proposed.
To satisfy these demands for total primary energy, nuclear energy is supposed to supply in the
scenarios of WEC as shown in Table 2.
Table 2. Nuclear energy supply in the WEC’s scenarios (Gtoe)
Case
A
B
C

1990
0.45
0.45
0.45

2050
1.1-2.9
2.7
0.52-1.8

2100
7.3-9.9
8.3
0-3.9

The nuclear supply of 8.3 Gtoe in year 2100 of Case B is 17.5 times the nuclear supply in 1990 and
23.7% of total primary energy in 2100, and the figure corresponds to plant capacity of 5 240 GWe,
that is 5 240 units of a 1 000 MWe capacity plant, assuming a 77.5% load factor.
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Conditions for nuclear energy to fulfil its role
To fulfil the role of nuclear energy in the above WEC scenarios or more positive ones that would
give a better forecast on global climate and economy, the following conditions on nuclear energy must
be met:
•

Sustainable bulk supply capability.

•

Economic competitiveness.

•

Safety and environmental amiability.

•

Proliferation resistance.

•

Public acceptance.

In the following sections, these conditions are examined.
Sustainable bulk supply capability
It can be said that, from the studies by the WEC and the IPCC [3], the world will need a large
amount of carbon-free energy in the 21st century if the world is to avoid catastrophic climate change
while simultaneously providing energy to the growing population.
Among the various carbon-free energies, nuclear energy is the least uncertain option concerning
technological development hurdles as well as environmental and economic prospects. For nuclear
energy to play an essential part in supplying carbon-free energy, the nuclear supply share of total
primary energy should preferably be one-quarter or more. To make feasible the sustainable supply of
nuclear energy in such a large quantity, a suitable timing of the shift from conventional thermal reactors
to fast breeder reactors (FBR) is indispensable with regard to fissile resource availability [4,5].
Non-electric purposes
About 30% of the world’s primary energy is converted to electricity at present. The remaining
70% is consumed for such non-electric applications as process-heat for industry, space heating and
transportation. Although the ratio of electricity will increase to about 50% at the end of 21st century,
there still remains 50% of energy for non-electric purposes. As it is essential to reduce the use of fossil
fuels for the global environment, it is important to explore the possibility of nuclear energy replacing
fossil fuels for non-electric applications. The most promising and realistic way to fulfil this need is to
produce hydrogen, a good energy carrier, by nuclear energy. Using this method, the future demand for
nuclear energy is anticipated to be greater than for the case of electric application only. The result will be
greater recognition of uranium as an important resource.
Fissile availability
Thermal neutron reactors are of low fissile working inventory, but not sustainable. Fast neutron
reactors are of high fissile working inventory, but sustainable. For the continuous, increasing supply of
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nuclear energy, it is important to select a suitable transition strategy from thermal reactors to FBR
because of the fissile material balance. Fissile fuels are available for 235U from natural uranium and for
fissile plutonium from spent fuels.
According to the Joint Report on Uranium: Resources, Production and Demand by OECD/NEA
and IAEA [6], the world’s uranium resources are estimated as follows:
•

Known resources [Cost: < $130/kgU]: 4.3 Mt.

•

Undiscovered resources [Cost: < $130/kgU & unassigned]: 12 Mt.

The ultimate resources of natural uranium are the sum of the above, or 16.3 Mt (106 tonnes)*.
As for fissile plutonium, the world spent fuels stockpile of 0.19 Mt heavy metal by now would be
reprocessed to produce approximately 1 300 tonnes of fissile plutonium. The weapon fissile, enriched
uranium (0.17 Mt natural-U equivalent) and fissile plutonium (100 t), are added to the above resources.
Optimal utilisation of resources
By using these fissile fuels optimally, we could supply nuclear energy in amounts expected by the
WEC or more. Figure 1 shows the available nuclear supply capacities in four transition strategies from
thermal reactors to fast reactors [8]. Expected nuclear supply capacity in WEC-B is also shown for
reference. Principal parameters of these transition strategies are shown in Table 3.
Figure 1. Nuclear supply capacity as projected by the four transition strategies
Comparison with the WEC Case B
GWe
12,000

FBR2050-1.3

10,000
FBR2030-1.3
8,000

FBR2030-1.2

6,000
WEC-B
4,000

FBR2050-1.2

2,000

0
2000

2020

2040

2060

2080

2100

2120
Year

* In the 1999 version of the Joint Report on Uranium, the ultimate resources of natural uranium are 15.4 Mt.
There are geologic indications that more uranium remains to be discovered, but it is not certain that we could
recover, at reasonable cost, far greater quantities than the “ultimate” amount. Regarding uranium in sea water,
a recent study [7] estimates extraction cost of $1 250 per kg of uranium ($1 = 110 yen) excluding the disposal
of waste acid and adsorbent beds and other externalities. The cost could be decreased by increasing the uranium
adsorption rate, but it is too speculative to say that sea water uranium could be recovered at reasonable cost.
Indeed, it is questionable whether very diluted uranium can be termed a resource.
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Table 3. Principal parameters of four transition strategies

Case
FBR2030-1.2
FBR2030-1.3
FBR2050-1.2
FBR2050-1.3

FBR
introduction
(year)
2030
2030
2050
2050

Breeding
ratio
1.2
1.3
1.2
1.3

In-core
Ex-core time
residence time
periods
(year)
(year)
6.78
5
3.75
3
6.78
5
3.75
3

Reactor lifetime: 60 years, load factor: 75-80%.
Reactor composition (excluding FBR): BWR 20%, PWR 70%, HWR 10%.
Ex-core time periods for LWR: six years.
Conversion loss: 0.5%, fabrication loss: 1%, reprocessing loss: 2%.

In the once-through case, if we try to follow the WEC-B supply, the cumulative consumption
reaches the ultimate uranium resources by around 2070. The case of plutonium utilisation in thermal
reactors gives a little longer supply period than the once-through, although it is not sustainable.
The FBR2030-1.2 case can provide more than the WEC-B supply until 2100. The breeding ratio
of 1.2 is considered a minimum requirement to satisfy the expected nuclear supply of WEC-B.
However, the FBR2050-1.2 case cannot satisfy the WEC-B supply, indicating importance of the
timing of FBR introduction.
The FBR2050-1.3 case provides larger supply capacity than the WEC-B supply except during the
transition period of 2040-2050. The FBR2030-1.3 case shows far larger supply capacity than the
WEC-B supply. In 2100, the nuclear supply capacity of the FBR2030-1.3 case is 2.6 times that of
WEC-B. If this extra capacity of FBR2030-1.3 over WEC-B could replace the bulk of the demand for
fossil fuels, then there should be a distinct effect on the world environment.
Hydrogen production
In the WEC estimate, electricity is the only application of nuclear energy. The extra capacity
could be used by energy applications other than electricity, such as hydrogen production. While
various methods of hydrogen production via nuclear energy exist, the symbiotic method, which
utilises thermal energy from a nuclear reactor (reforming reaction of hydrocarbon), would be suitable
in a period when both fossil and nuclear energy are used as major suppliers [9]. By supplying nuclear
heat to the endothermic steam reforming reaction of natural gas, about 30% more hydrogen can be
produced by saving the natural gas feed and using it for heating. The amount of hydrogen produced
by the symbiotic method is several times more than that by the electrolysis method with the same
thermal output nuclear reactor. If the technology for medium temperature (400-600°C) steam
reforming becomes commercial, then the symbiotic method, which combines the steam-reforming and
sodium-cooled FBR, could be utilised effectively to produce hydrogen by nuclear energy. Until the
thermo-chemical decomposition method is commercially available, the symbiotic method will be used
together with the electrolysis method.
Economic competitiveness
Nuclear power plants are higher in capital cost and take longer to build than other power-generating
facilities, as well as require lengthy regulatory and licensing procedures. All these factors increase
commercial risks, and delay adjustments to changing markets. As shown in Table 4, new nuclear
29

Table 4. Capital costs (including interest during construction)
and construction times for different electricity generating options [6]
Cost per kWe Total cost for Construction Typical Typical plant
installed
1 000 MW
period
plant size
turn key
capacity
costs
US $
Billion US $
Years
MW
Billion US $
Nuclear LWR
2 100-3 100
2.1-3.1
6-8
600-1 750
1.5-4.2
Nuclear, best practice 1 700-2 100
1.7-2.1
4-6
800-1 000
1.3-2.1
Coal, pulverised, ESP 1 000-1 300
1.0-1.3
3-5
400-1 000
0.5-1.3
Coal, FGD, ESP, SCR 1 300-2 500
1.3-2.5
4-5
400-1 000
0.6-2.5
Natural gas CCGT
450-900
0.45-0.9
1.5-3
250-750
0.2-0.6
Wind
900-1 900
0.9-1.9
0.4
20-100
0.03-0.12
ESP = electrostatic precipitator, FGD = flue gas de-sulphurisation
SCR = selective catalytic reduction, CCGT = combined cycle gas turbine

plants cost two to four times more to build than fossil-fuelled plants. Therefore, nuclear power by new
plants is not economically competitive in countries where fossil fuels are abundant and cheap.
Presently, new construction activities are promoted in countries where nuclear power is economically
competitive or can contribute to a secure energy supply, as in Asia.
Nuclear plants must improve their economic performance. Currently, many governments are
promoting competitive electricity markets. Competition provides an opportunity to re-vitalise nuclear
power. Competitive markets have stimulated innovation not only in existing plants but also in new
plants. Utility requirements are guides to development activities for innovative plants. These activities
include the evolutionary designs from the LWR and HWR, and revolutionary designs of GCR and
LMR. These efforts concentrate on reducing capital cost, as one characteristic of reactor plants is that
they are capital intensive. Therefore, the possibility exists that nuclear power could become competitive
with fossil fuels in many parts of the world (not including energy security and environmental issues).
As for the costs of fast breeder reactors (FBR), Table 5 shows estimates of generation and
construction costs of a series-introduced FBR plant, as compared to those of the commercial LWR,
based on current plant designs.
Table 5. Cost estimates of series-introduced FBR as compared with LWR [10,11]
Base plant
EFR
1 500 MWe
Europe
BN-800
800 MWe
Russia
Super PRISM
2 280 MWe
US
DFR
1 500 MWe
Japan

Cost estimate as compared with
Remarks
that of LWR (approximate %)
Generation cost: +20% of
Fuel cycle cost of EFR is 0.42 times that
European PWR (EPR).
of EPR, based on 15 units of EFR for fuel
fabrication and reprocessing.
Construction cost: +10% of
Beloyarsk site: Series introduction of
Russian PWR.
three plants, total construction cost
$1.2 billion.
Generation cost: +3% of US
S-PRISM 34.2 mills/KWH (1996 $),
LWR.
LWR 33.27 mills/KWH [6].
Construction cost: +20% of
Japanese LWR.

Estimation from the 660 MWe DFR plant
by a scale-up rule.
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The FBR costs based on the current designs are estimated to be about 3-20% higher than those of
the LWRs. The economic competitiveness of FBR would be, and already is for some countries, in the
range where a strategic introduction of FBR to the energy mix is feasible. Furthermore, extensive
design studies of FBR being conducted in Japan aim at a cost target of five per cent lower than that of
future LWR plants.
Safety and environmental amiability
The nuclear energy chain possesses a good safety record as compared to other major energy chains.
Table 6 [12] shows the number of severe accidents involving fatalities and the number of immediate
fatalities per unit of electricity produced in the major energy chains. The risk in the nuclear chain is
the lowest of the energy chains listed.
Table 6. Experienced-based severe accident risks for full energy chain

Energy chain
Coal
Oil
Natural gas
Nuclear
Hydro

Number of severe accidents
involving fatalities world-wide
1969-1996
187
334
086
001
009

Number of immediate
fatalities per GWe-year
World-wide
OECD
Non-OECD
0.34
0.14
0.51
0.42
0.39
0.46
0.085
0.066
0.11
0.0084
0.00
0.053
0.88
0.004
2.2

The results of the study on external costs are useful for evaluating any damage that may arise
from power production by energy chains. The ExternE project by the European Commission developed a
common system for calculating the external costs [13]. The principal impact of nuclear energy is the
health effect caused by radioactivity released during normal operation and accidental conditions. In the
external cost calculation of the nuclear chain, the integration time of 10 000-100 000 years is chosen in
calculating the dose commitment and total damage from long-lived radionuclides. The whole fuel
cycle, from mining, fuel extraction, fabrication, reactor, transportation and reprocessing to waste
handling and disposal, is taken into account.
Table 7 shows the external costs for the different energy chains as calculated in the national
studies of ExternE, with global warming priced at 46 ECU/tonne CO2. Nuclear chain clearly yields
external costs that are lower than any of the alternatives.
Table 7. External costs of entire fuel cycles, including global warming
(mECU/kWh) [13,14]

Belgium
Denmark
Germany
Finland
France
Netherlands
Norway
Sweden

Coal
37-63
30-55
20-44
69-99
28-43

Natural gas
11-22
15-30
12-23
19-31
05-19
08-19

18-42
31

Bio-energy
12-14
28-29
8-11
6-7
4-7
2
3

Nuclear
1.1
1.7
2.5
2.1
0.5

Human health effects can be extracted from the ExternE results. Table 8 shows the health effect
due to normal operation in Germany using the unit of “days of life lost per kWe year” for the major
energy chains. One kWe is roughly average production of electricity per person in the OECD countries.
Usually, the health risk due to severe accidents in reactor plants is estimated to be far smaller in
magnitude than the risk due to normal operation in the full scope plant, according to PSA studies [12].
Therefore, this table shows the safety and environmental amiability of nuclear energy in comparison
with other energy chains.
Table 8. Health effects due to normal operation (adapted from [15])

Energy chain
Hard coal
Oil
Natural gas (combined cycle)
Nuclear
Photo-voltaic
Wind

Public health impacts
from normal operation
[days of life lost per KWe year]
0.44
1.15
0.13
0.08
0.19
0.009

Proliferation resistance
There must be international confidence that nuclear energy can be used world-wide without
increasing weapon proliferation. Concerns exist, however, regarding the fact that reactor-grade
plutonium is weapon-usable and that reprocessing of spent fuel should be minimised while
maximising the fuel disposition. However, there could be approaches to recycling and breeding
plutonium that are compatible with proliferation resistance as well as meeting economic, safety and
environmental conditions. Proliferation resistance vis-à-vis future nuclear energy systems could be
tamed by a combination of technical and institutional means. Such means would include placing fuel
cycle facilities in internationally operated complexes (like a Regional Fuel Service Centre or Nuclear
Energy Park concept), or developing integral systems of reactor and fuel cycle facility (like the
Integral Fast Reactor concept by the Argonne National Laboratory).
The time can and should be used both to strengthen non-proliferation institutions and to explore
advanced technologies that would make plutonium breeding and recycling less proliferation-prone.
An important effort needed on proliferation resistance is to define the term quantitatively and to
set pursuant goals. In nuclear safety and licensing, the “safety goals” are defined quantitatively and
subordinate regulatory guides are drawn up consistently. This approach responds to the question of
“How safe is safe enough?” On proliferation resistance, “security goals” will hopefully be defined.
Security goals should provide an acceptable level of protection from the consequences of nuclear
utilisation such that nations bear no significant additional risks to their national security.
Public acceptance
Public perception of risks associated with nuclear energy seems quite different from public
perception of other risks of the same magnitude, which are taken in everyday life. Also, the general
public and professionals in science and engineering perceive nuclear risks quite differently. One of the
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reasons for these differences may be because some members of the general public view nuclear risks
as “passive risks”, or ones we cannot control. It is said that, if we are to accept risk, an acceptable level
of passive risk is roughly one-thousandth of that of active risk.
It is important to integrate public concerns and expectations into the decision-making process on
energy policy via public participation, thus making risks associated with selected energies taken as
“active risks”, or ones over which we imagine to have some kind of control.
To facilitate the public participation into policy making, it is necessary for professionals involved
in energy policy to inform and communicate with the general public about the risks and benefits
associated with energies in an objective and comprehensive manner.
Concluding remarks
Nuclear energy could and should fulfil its role by supplying the bulk of the world’s energy in the
21st century and thereafter in a sustainable and environmentally friendly manner. Table 9 shows a
revised primary energy supply share based on WEC-B, incorporating the transition strategy results of
FBR with breeding ratio of 1.3 introduced from 2030. In this case, excess supply capacity of nuclear
energy over WEC-B would replace fossil fuels’ share and could be utilised effectively for the
production of hydrogen.
Table 9. Revised estimate of primary energy supply (Gtoe)
Base: WEC Case B

Fossil
Nuclear
Hydro + renewables
Total

1990
6.9
0.45
1.6
9.0

2050
12.7 → 11.4
2.7 → 4.0
4.4
19.8

2100
15.0 → 5.0
8.3 → 18.3
11.4
34.7

In this scheme, the supply quantity of fossil in 2100 becomes smaller than that in 1990, thus
attaining stabilisation of atmospheric carbon dioxide concentration below 550 ppmv target value.
The challenge described above is quite a big one. Advanced nations should restructure their
energy R&D programmes based on the vision that nuclear energy would become the major energy
source in the 21st century.
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ON DECARBONISATION: HISTORICALLY AND PERSPECTIVELY

Cesare Marchetti
International Institute for Applied Systems Analysis
Laxenburg, Austria

Abstract
CO2 emissions are considered a threat to earth’s climate stability. Various recipes that I proposed
during the last 30 years to cure them are reported.
The long term solution for a compact and sustainable primary energy source in the multi-terawatt
range is identified in terms of thermo-chemical hydrogen from nuclear heat.
The basic drive is that nuclear reactors and chemical plants have important economies of scale that
make Tw energy islands difficult with which to compete.
I will also show that the cessation of nuclear construction during the last decade is a natural effect of
Kondratiev cycles and that nuclear energy should be expected to resume speed in the next few years.
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When man tamed fire, perhaps a million years ago, he started interfering with the carbon cycle.
Wood, in fact, is mainly cellulose, a carbohydrate that should be defined by the formula (H2OC)n.
By gentle heating, water is separated leaving almost pure carbon, the charcoal.
Wood and charcoal have been the staple fuels for humanity until the end of the 18th century,
although the Romans were aware of mineral coal. A thousand years ago, the Chinese possessed the
capacity to drill bore holes to reach natural gas, using a technology very similar to the present one.
In both cases the problem was to carry the energy to the final consumer and the transport systems
made the mining or drilling unsuitable for the necessary large distribution. As a result, the Romans did
not develop coal mines and the Chinese used their methane only locally to make salt by boiling brines.
Trains made the difference, plus an increased consumption of energy due to industrialisation and
increasing wealth. Coal was used in large amounts starting from the beginning of the 19th century.
Its overall formula can be seen as –(HC)n–. Coal’s energy comes in part from carbon and from
hydrogen, reducing carbon emissions with respect to wood or charcoal. Decarbonisation begins.
Oil was developed first at the end of the 19th century basically to produce a substitute for whale
oil to be used in lamps. Curiously, thanks to a drilling technology taken from the Chinese via their
migrated workers in the US. Its overall formula can be seen as –(CH2)n–, thus further reducing carbon
emissions for the same amount of energy liberated.
The final contender is methane, which only recently started to extensively penetrate the market
and has a neat formula of CH4 with the maximum hydrogen content for a hydrocarbon. The history of
market penetration of primary fuels is reported in Figure 1 and the increasing ratio of hydrogen to
carbon is reported in Figure 2. Both charts are plotted fitting logistic equations.
Figure 1. World primary energy substitution
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Figure 2. Evolution of H/C in world’s fuel mix

Thus, decarbonisation has been intrinsic to the development of the mix of primary energies. Also,
increasing efficiency moves in the same direction by reducing consumption for a given task, if very
slowly (see Figure 3). However, increasing consumption (estimated at about 2% per year for the last
200 years) overcompensated both, leading to a net increase in emissions.
Figure 3. Evolution of energy consumption
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Nuclear energy, the subsequent primary energy, has zero carbon emissions. But as Figure 1
shows, penetration times amount to a century or so, and for the next century we are left in the cold.
Second law efficiency amounts now to a miserable 4%, and progress is slow (see Figure 3) and
involves only some specific technology. In spite of the critiques made by the Greens, cars are not the
real culprits (they have an efficiency of perhaps 15%), but house heating is (with an efficiency of less
than 3%).
Following the above observations during the 1970s, I made a series of proposals to technically
solve the problem of carbon emissions in the event that CO2 appears to be a threat. Because my
previous analysis had shown that technological substitution has a life of his own, I concentrated on the
introduction of new technologies that in due time may produce the desired effect.
The first proposal I made at the end of the 1960s was to produce hydrogen by decomposing water
and distribute it in the same way as methane. The technology is not new as the city gas during
La Belle Epoque was basically hydrogen. But I took nuclear reactors as primary energy sources and
thermo-chemical processes to split water. At such a scale electrolysis cannot work.
By cooling these very large reactors with seawater and extracting the uranium it carries, one
creates a sort of perpetuum mobile that fascinated the Japanese when I presented the proposal to them
in 1973. They continued working assiduously on various problems, such as HT reactors, uranium
extraction, and thermo-chemical water-splitting, and are now ready to make a demonstration on their
findings.
The solution is “final” because one can build energy islands on atolls where liquid hydrogen is
exported with tankers with zero emissions at the business end. In my proposal, the size was
appropriate with an energy export capacity per island equivalent to the Middle East. The Japanese are
near step zero, but this is only a seed that can bring fruits in a century. For instance, the very large
reactors are still to be designed.
The logistics used to fit current technological substitutions are usually predictive. In Figure 2, it
can be seen that around 2000 even the penetration of methane cannot hold the secular trend of
hydrogen substituting carbon, and a source of hydrogen (non-fossil origin) is called in. Watersplitting
with nuclear or solar power could be a perfect match.
In the meantime, if necessary, we should do something with fossil fuels. During the 1970s,
especially through my consulting work with General Electric, I was stimulated to take the shorter view
and find shorter-term solutions. Returning to the basics, CO2 thrown into the atmosphere tends to go
into the ocean, which constitutes an almost unlimited buffer.
Thermal stratification, however, allows an exchange with the atmosphere only within the first
100 meters or so of a relatively small volume that communicates with the depths through a few
“sinks”. These sinks are activated by thermo-haline disequilibria, and are located at the Weddel Sea
near the Antarctic, south of Norway, and at Gibraltar where the warm but saline waters from the
Mediterranean sink approximately 1 000 meters into the Atlantic.
By separating CO2 at some point, inevitably where energy is handled in bulk (e.g. at a refinery or
at a large power station), one can pipe it to a sink and inject it there to be carried into the middle of the
big buffer, the ocean. A paper I had published in 1977, On Geoengineering and the CO2 Problem,
could be considered the first structured proposal for large-scale CO2 management.
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Transporting CO2 by pipeline is cheaper than transporting oil or gas, but obviously it is important
to minimise the shuffling. So I devised other injection methods, which are currently studied intensively
by the Japanese. A pipeline can go to a certain depth and release the CO2. At the approximate depth of
3 000 meters, CO2 remains liquid and, being denser than water, rolls to the bottom of the ocean.
The Japanese are studying certain configurations at extreme depths in the form of huge geological
buckets in the ocean bottom where liquid CO2 can station for eons, while experimenting with the
procedures of injection. Because dissolving CO2 in water makes water denser, the Norwegians are
contemplating the idea of letting this water roll down the continental shelf.
The earth provides interesting CO2 sinks, starting with exhausted gas or oil fields, which are
exactly suited to contain gases and liquids. In various proposals I have made over time, geological
configurations of the same type were included, and usually contained water and the water table.
If these configurations contain silicate gravel or sand they react with CO2 producing carbonates,
sequestering the contents forever.
In two conferences in Moscow, I presented possible configurations to implement the principles.
An example would be steam reforming the natural gas coming from Russia to Europe, sending the
hydrogen to Europe and sinking the CO2 at the reforming site appropriately situated over old and
exhausted oil fields near Poland.
Because the reforming reaction is endothermic, I also proposed to use nuclear power to provide
heat so that the energy carried by hydrogen would be boosted with respect to that carried by natural
gas. Consequently, we would finally get chemical fuels out of nuclear energy in the form of hydrogen.
Because hydrogen can be mixed with methane up to a point, the installation could be built in
blocks to gain experience in these processing units, which should prove to be very large in terms of
chemical and nuclear technology. On top of that, requirements for hydrogen vary depending upon the
usage (e.g. combustion versus chemistry), and this may streamline the design of the plants.
Oil refineries could do the same. They disassemble hydrocarbons to reassemble other hydrocarbons
and could be conceived to finally produce just hydrogen. This hydrogen would be piped as usual and
distributed (for instance) at the gas pumps for delivery to the final consumer, the car operator.
Hydrogen cars, which are now in the pipeline, would then find a new brand of Super to tank, SH.
Looking into the next 50 years with the wisdom collected from the last 200 as sketched in
Figure 1, we see that methane is to be the dominant primary energy and, as a consequence, the dominant
source of CO2 emissions despite the fact that it is the cleanest hydrocarbon from that point of view.
Because every anti-CO2 measure will be slow to implement, the decarbonisation of methane
should have a strategic priority. For example, we can specifically desorb methane from coal seams
using the CO2 produced by its combustion at mine mouth, so to speak, to produce electricity or
hydrogen for export. The same trick could be used by decomposing methane hydrates through the
injection of CO2 that replaces methane in the hydrate providing the necessary reaction heat and finally
remaining sequestered there.
These processes have the problem of N2 from combustion air producing impediments of various
sorts. As a result, in the 1970s I put forth the bold proposal to separate N2 before burning with oxygen.
This requires a redesign of the plants, tangentially making them smaller and more efficient.
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Air separation plants would be huge, as everything in the energy system, and this in addition to
technological evolution, e.g. through the introduction of magnetic cooling, may straighten the
economics, which, at the moment, is fair but open to unilateral critiques.
At this point it is necessary to introduce our smokeless guest, nuclear energy. I am perfectly
aware that saying nuclear energy will play a role as an energy source in the medium term (the next
50 years) is not politically correct. However, I said before it was discovered that anti-nuclearism could
be a basis for a political career.
Figure 1 is an inexhaustible source of information and shows that a new primary energy is
introduced into the market approximately every 55 years. After natural gas, nuclear appears to have
been born at the appropriate time and to have grown healthily. More than 400 nuclear plants are
spinning out almost 20% of the electricity consumed. In France the figure is 80%.
It is true that nuclear plant construction has stopped, and the Greens give themselves the credit.
But a quantitative modelling of the situation shows a different picture. Figure 1 shows the market
fractions covered by primary energies (in relative terms). To look at actual consumption in absolute
terms, see Figure 3. Energy consumption grows in logistic spurts spaced about 55 years from the
centre points.
This is normal behaviour linked to the Kondratiev cycles. Cars and steel production follow a
similar pattern. Consequently, the logistics that describe penetration saturate around 1995, which is the
end of the present cycle. It happens that the logistics representing penetration of nuclear energy, e.g. as
GW connected to the grid, follow a similar cycle.
The case of Germany is reported in Figure 4. Germany is interesting because opposition to
nuclear has been particularly active and occasionally violent. But no trace is left on the facts, as GW
connected grows according to a logistic of mathematical precision. The same is true for France, where
penetration is deeper and opposition nominal.
Figure 4. BRD – nuclear plants penetration (GW)
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So according to the internal logic of this analysis, nuclear will soon restart in spite of vociferous
minorities. Another primary energy can be expected around 2025 and here the natural candidate is
fusion of some sort. Solar has too many handicaps for a large-scale application, although it can
provide an interesting array of devices in the area of small, isolated power applications.
A way of capturing CO2 with mechanisms outside the energy system is via chlorophyll. Humanity
consumes about 10 billion tonnes of coal equivalent, and forests shed about 100 billion tonnes of coal
equivalent as leaves and branches. We are still in the small league and survival may require that we
expand our horizons.
For many reasons, reforestation is advisable although the effect is ambiguous. What we really
desire is a favourable radiation balance, which is hampered by infrared absorption of CO2. Since woods
are usually darker than the ground on which they are planted, the reduction in CO2 absorption is
compensated for by a decrease in albedo, increasing energy deposition at the earth surface.
The mass of carbon sequestered by forests grows logistically and saturates for old forests (taking
into account the organics left in the soil). The Amazon has a zero balance in terms of CO2.
The suggestion that it is the lung of the Earth is purely poetic imagery, like the feeling of being
oxygenated when jogging in the woods.
Figure 5. World total energy consumption (GWyr/yr)

The oceans, however, are an immense expanse and biologically a desert with albedo less than
10%. This is because primary producers are short of traces of iron. Oil tankers leaking iron sulphate
can create a swath of life where they travel and this could generate new jobs for tankers in their back
trips. Incidentally, seas with algae are lighter in colour.
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The idea has been discussed for quite some time, but has suffered from the fact that organic
materials produced should sink below the mixing zone, or even better, to the bottom. But what
happens is that the frenetic metabolism of the system tends to burn on the spot everything in sight.
For that reason I proposed a scheme where the water is soon anoxic, providing the appropriate
preservatives.
The Black Sea is an interesting case. Due to the peculiarities of its circulation, water is anoxic and
contains sulphidic acid, say below 200 meters, so that everything falling to the bottom is not eaten by
other living things. My scheme would be to grow something macroscopic on the surface (e.g. water
lilies) whose corpses would fall down rapidly.
The whole Black Sea could absorb most of the CO2 emitted by humanity. However, in spite of the
many schemes I presented over time, most of the activity concerning CO2 management is dedicated to
the production of hot air, leaving some hope that that the problem will eventually disappear the same
way it appeared.
Why not, let’s hope.
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WILL THE NUCLEAR PRODUCTION OF HYDROGEN BE SOCIALLY ACCEPTABLE?

Alan E. Waltar
Professor and Head
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3133 TAMU
Department of Nuclear Engineering
College Station, Texas 77843-3133, USA

Abstract
Nuclear power appears well-poised as a source of primary energy to produce the prodigious amounts
of hydrogen that will very likely be needed within the new century to service our transportation sector.
But if nuclear power is to grow to the proportions needed for such a task, it is important to remove the
primary barrier that has impeded the full implementation of commercial nuclear power in the last
century, namely, wide-scale public acceptance. In this paper we focus on the four primary
impediments (safety, waste disposal, proliferation, and radiation health effects) and suggest ways that
the linkage of nuclear energy to the production of hydrogen may either exasperate or mitigate these
obstacles to public acceptance. We conclude that whereas such barriers will likely erode in time, the
primary gains to achieving public acceptance may arise from clearly articulating the incredible
benefits associated with nuclear technology as a whole. By employing modern communication
techniques such as decision analyses in articulating these benefits, and doing so early on, we believe
nuclear-generated hydrogen could become a popularly supported technology, thus ensuring the
mobility that modern civilisation has come to enjoy and demand.
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Introduction
Energy, in abundant and inexpensive supply, is unquestionably the engine that has driven the
incredible advances in modern civilisation. Study after study has clearly revealed the correlation
between energy consumption and the quality of life. Indeed, the most phenomenal coupling is between
the electricity component of total energy consumption and economic health, but there is little question
regarding the necessity for massive energy supplies in any form if humanity is to survive and thrive in
the next century.
This need for sustainable energy resources, combined with growing international concerns over
the quality of our environment, has rekindled interest in the role of nuclear energy to meet future
demands for electricity. But even beyond the need for electricity to serve the energy sectors typified
by the 20th century, it is becoming increasingly clear that a new energy conversion system will be
needed to replace the depleting fossil fuels that have serviced the gigantic transportation sector.
Hydrogen, in some form, would appear to be a major contender to fulfil this role. But energy must be
supplied to produce the hydrogen (free it from water or some hydrocarbon) and nuclear energy appears
to be a very attractive primary energy source for this function.
However, experience to date indicates that there remains one major obstacle to overcome if
nuclear power is to scale up to the type of capacity for which it is capable, namely, wide-scale public
acceptance.
It is our belief that this crucial factor was not properly recognised and addressed during the early,
euphoric period of nuclear power growth (e.g. the 1960s and 1970s). A lack of attention to this basic
problem has come back to haunt nuclear futures in essentially every nation now committed to
substantial nuclear bus bar capacity. Further, those elements of society that have succeeded in bringing
new nuclear plant construction to a virtual halt are now well-poised to seriously thwart nuclear
start-ups in those regions of the world in desperate need of new sources of electrical capacity.
Hence, we suggest that this crucial issue of public acceptance be addressed early in the
development of nuclear means to generate hydrogen. Surely the need to move toward a hydrogen
economy is apparent. Any responsible energy planner recognises the immense load that the global
transportation sector is placing on petrochemical stocks. At the present time, the United States alone
consumes about 5% of the total world energy use in fuelling its transportation sector (approximately nine
million barrels of oil per day). At the global level, about 10% of all energy consumed is devoted to the
transportation sector and this rate of consumption is growing at the rate of several per cent per year,
despite efforts to increase fuel efficiency. This consumption level is within a factor of two of the total
nuclear capacity currently being utilised to generate electricity.
Whereas advancing technology to extend known petroleum supplies will surely continue,
common sense dictates that there will come a time when the energy required to extract the oil and
natural gas remaining in the earth’s crust will exceed the inherent energy content in the recovered
resource. We may have a few more decades of relatively cheap oil and gas, but that is certainly not the
case if we extend our planning horizon much beyond the mid-point of the century. Consequently, we
must find ways to generate the hydrogen needed for fuel cells or other means to displace the depleting
petrochemical stocks. Nuclear energy is surely a major candidate for providing the quantity of
hydrogen needed.
We suggest that the same types of issues that have plagued the building of nuclear power plants
for the production of electricity will continue to arise when arguments are made to utilise nuclear
capability to produce hydrogen. These issues generally boil down to three principal concerns: safety,
waste disposal and nuclear proliferation. Underlying all three of these is a fourth concern, namely, the
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fear of radiation at any level. The fundamental reason that these elements have been so effectively
exploited by anti-nuclear groups is because they all contain an element of fear – an emotion that can
and often is substantially fanned by the media. Images of a mushroom cloud or “deadly” radiation
seeping into our water supply are easy to create by a media interested in saleable press. The anti-nuclear
establishment is well aware of this, and they continue to use the media to leverage their message in
proportions far beyond the actual size of the activist groups.
So what can the linking of nuclear energy to the generation of hydrogen do to either exasperate or
soften this public debate? The obvious negative, in addition to those summarised above, is the
“Hindenberg” phenomena. Whereas this image will surely arise in conjunction with any method to
generate hydrogen, it will undoubtedly be magnified when one mentions “nuclear” in the same
sentence as “hydrogen”. We must be prepared for this and make sure that it is openly discussed and
put to bed at the outset.
Public scepticism – concerns from the past
Let us now consider the three primary public fears listed above and reflect on how they might be
aggravated or mitigated when we consider the harnessing of nuclear energy to the production of
hydrogen.
Safety
Whereas assuring nuclear safety has always been of primary concern to the nuclear professional
community, a mild undercurrent of public fears became substantially magnified as a direct result of the
1979 Three Mile Island (TMI) accident in the United States and the 1986 Chernobyl accident in the
former Soviet Union. No substantial public safety effects ever really transpired in the TMI accident,
even though one-inch bold headlines fanned the public into a frenzy for well over a month, with
periodic reminders ever since. Chernobyl, however, was a very serious accident. Over 30 lives were
lost and substantial areas were contaminated with radioactive fallout. Despite this tragedy, however,
the actual public health effects were and will remain substantially less than portrayed by the media.
Why does the media take such an interest in nuclear accidents and why is it so powerful in
shaping public opinions?
There is no intrinsic reason why the mass media should be detrimental to the success of an
enterprise such as commercial nuclear power. Most technical people would concur that if all the facts
surrounding nuclear technology were fairly and accurately reported, the media could be one of our
most powerful forces in promoting the development of this awesome humanitarian servant. But fair
and accurate reporting does not constitute a hallmark of success for a media enterprise that relies on
advertising for its livelihood. Faced with the intense financial pressures associated with staying in
business, the free market atmosphere in the Western World forces the media industry to find ways to
capture and hold the attention of their audience. As such, the reality is that the media are
fundamentally in the entertainment business.
Any successful media venture must continually find ways to make its product more appealing
than that of its competitors. The economic forces are so powerful that in America a single point
variation in the Nielson rating of a national TV network is worth over $100 million dollars per year in
swing revenue. Careful topic selection, clever packaging, and rapid turnaround are essential
ingredients. Recognising these elements as essential for commercial viability, how well equipped are
the media for dealing with a topic such as nuclear power?
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Figure 1 summarises the key ingredients required for success in the worlds of science and the
media [1]. This comparison, first articulated by Dr. Dixy Lee Ray, former head of the United States
Atomic Energy Commission and later the governor of the State of Washington, clearly identifies the
immense differences between these two worlds. As noted from this figure, the only common element
essential to the success of either endeavour is that they must have a funding source. However, the
methods by which such funding is derived lead to vast differences in the mode of operation. Credibility
is the hallmark of good science. Consequently, a good scientist or engineer takes whatever time is
necessary to do the work required to arrive at a defensible and well-documented result. This requires
an in-depth technical background and a willingness to subject the final product to time-consuming
peer review to gain professional acceptance. The media, on the other hand, have very different
incentives. Capturing instant attention and holding it are the principal ingredients of success for
newspapers, radio and TV. Whereas credibility may be considered important over the long run, the
reality is that there is no time to submit news stories to peers for critique and correction. Deadlines are
very real. The crunch of press time is intrinsic to the media business. Furthermore, it is not practical
for any but the largest news organisations to have staff reporters with sufficient training to cover
specialised news stories adequately, particularly in the world of science.
Figure 1. Enormous differences in the driving forces for science and the media

This is not to say that either science or the media is good or bad. It is simply recognition that the
two worlds are miles apart, and it is no wonder that we often get highly distorted media coverage on
scientific matters.
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Nuclear power likely suffers more than any single enterprise in this regard. Given a hungry press,
anxious for stories that are assured to attract attention, what could provide more spice than a “problem”
within the nuclear industry? Where else can one be guaranteed of attracting an instant audience,
anxious to have imaginations stirred by hints of a core meltdown, images of a mushroom cloud, or
suggestions of “lethal” releases of radiation – a phenomenon that we cannot see, taste or smell! These
are all makings of prominent and frightening news. It is highly saleable press.
It is within this context that we must be careful when we approach the topic of harnessing nuclear
energy to produce hydrogen. Irrespective of how this is done, we can be sure that some anti-nuclear
groups will help the media to dredge up pictures of the exploding Hindenberg. We can be likewise
sure that some of the anti-nuclear extremists will attempt to link such activity with hydrogen bombs.
Absurd as this may be, technically, we need to be prepared for such attacks – for such images make
powerful press. We would do well to anticipate such attacks and be able to nip this assertion in the bud
before it develops into a mantra that cannot be easily stopped.
Waste disposal
The question of nuclear radioactive waste disposition appears to pose the most significant current
barrier to the future of nuclear power. It is ironic that this “problem” has gained such momentum since
from a scientific point of view it is one of the easiest issues to deal with. Whereas it is true that such
material remains radioactive for a long period of time, if properly recycled to maximise its energy
content, the radioactivity of this material falls below the levels of the uranium from which it was
mined within a few hundred years. Emphasising such a recycling ethic, similar to the recycling ethic
for paper, glass, metals, etc. warmly embraced by the environmental community, may eventually be
accepted by the public – assuming there is a viable mechanism to get sufficient attention to engage
them in an evaluation.
In contemplating the irony associated with this issue, it may be wise to admit to the public that we
scientists and engineers are partly to blame for the misunderstanding that has arisen. Indeed, appropriate
nuclear waste repositories could very likely have been built in many regions of the world some three
decades ago – when nuclear technology was widely accepted by the public. As scientists, many of us
did not want to go into the waste business because of its mundanity, relative to the intrigues of designing
advanced reactors, formulating new applications to spacecraft, etc. Furthermore, we all knew that there
was substantial time before the waste issue needed to be addressed because the quantities were so
small. Hence, we neglected the waste issue and dove into other, more technically challenging aspects
of nuclear technology. Alas, the repositories were not built, and we now find ourselves in the
untenable dilemma of being forced to design to essentially impossible standards, which have evolved
more from a political than a technical basis. Perhaps we should admit the truth. Scientists are not very
good politicians!
Though of debatable value from a scientific point of view, there are technologies emerging that
have the capability of transmuting radionuclides with a long-life into stable elements. This involves
1) advanced chemical partitioning schemes to isolate radioisotopes created in the fission process and
2) neutron bombardment techniques to transmute undesirable radioisotopes into more benign species.
It now appears that the technology could be developed to implement such strategies. There is most
certainly an extra expense associated with the implementation of such technologies, but it would
appear that they could be made available if the public insists on bearing this expense. It is not clear
that a “public jury” has been fully pulsed on the desirability of implementing this approach.
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So how does the combination of hydrogen production with nuclear power impact the waste
disposal issue? Clearly, large-scale hydrogen production would require considerably more nuclear
power plants than would be the case if fossil fuel were in infinite abundance to service the
transportation demands. From this standpoint, opponents will assuredly argue that nuclear waste
problems will be compounded.
On the other hand, it is important to make it clear to the public that the commercial nuclear
industry is unique among energy-producing enterprises in that it has always sought to concentrate its
wastes for disposal, in contrast to other enterprises that rely on dilution. It is well known, though not
widely publicised, that fossil fuel burning results in an incredible amount of combustion products
being dispersed directly into the atmosphere. It has been accurately said that such processes use our
atmosphere as a sewer system!
Hence, a strong technical argument exists that the primary energy source used to create hydrogen
(nuclear) intrinsically sequesters its waste in a concentrated form. Furthermore, the subsequent
combustion of the hydrogen product yields ordinary water with no side contaminants, which is quite in
contrast to the combustion of fossil fuels.
Consequently, we are logically led to the conclusion that if we look at the total waste disposal
question, the nuclear/hydrogen cycle represents a vast improvement over current systems that service
the transportation sector. The true environmentalists, if properly informed, should widely embrace the
nuclear/hydrogen cycle as both sustainable (essentially an infinite supply of uranium/thorium and
water) and environmentally friendly. We need to capitalise on this natural synergy.
Proliferation
Nuclear non-proliferation has been a legitimate concern ever since the development of the first
atomic bomb. It is important to recognise, however, that the genie cannot be put back into the bottle.
Responsible policy cannot be formulated on the basis of unwarranted fear and half-truths.
As Nobel Laureate Dr. Glenn Seaborg has repeatedly pointed out, perhaps the most egregious
fallacy continually espoused by many of the anti-nuclear groups is that we must bury plutonium to
“get rid of the problem”. Nothing could be further from the truth. It is well known that the radioactive
protective barrier surrounding plutonium in spent nuclear fuel will decay away with time. In little
more than one hundred years, the barrier is sufficiently weak that terrorists seeking to acquire
plutonium might find such repositories convenient plutonium mines. Emerging analyses associated
with long-term energy planning are now beginning to take into account the potential proliferation
effects associated with an increasing dependence on plutonium as an energy source. Such studies [2]
are beginning to confirm that the safest place for the storage of plutonium is inside nuclear reactors.
There is no intrinsic reason why long-term energy supplies based on utilising plutonium fuel cannot be
safely provided in concert with achieving responsible non-proliferation goals. Hence, adding a hydrogen
production mission to commercial nuclear power should not unduly exasperate this problem. Technical
professionals must be willing to stand up and articulate this message.
Radiation
Whereas the three technical items summarised above may be those most explicitly discussed as
public issues, the underlying concern in most instances (certainly for safety and waste disposal) is the
intrinsic fear of radiation. The public logically associates radiation with all fields of nuclear
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technology. Hence, it is only natural that an unfounded fear of radiation could effectively thwart the
future of nuclear power (or any other field associated with radiation science) from making its ultimate
contribution to the service of humanity.
It is important, therefore, to seriously ponder the way the scientific community has proceeded in
assessing the human health effects of ionising radiation. The current standards, which are based on a
linear, no-threshold hypothesis, simply assume that any amount of radiation, no matter how small, is
deleterious to the human body. Whereas this is almost assuredly a conservative approach (e.g. it overly
exaggerates the potentially harmful effects), there is growing concern among the scientific community
that such an approach could be detrimental to societal interests. The reason for this concern is that
mounting evidence strongly suggests there is a threshold below which the effects of ionising radiation on
the human body are either completely negligible or even possibly beneficial [3].
Consequently, to insist that radiation at low levels is harmful by definition is causing substantial
societal harm. It not only causes the unnecessary expenditure of billions of dollars per year for
unwarranted “protection”, but it even more detrimentally instils unfounded fear, thereby seriously
threatening the survival of a technology that may be of crucial importance in sustaining life on earth.
It is not reasonable to expect the media, and therefore the public, to minimise or possibly
disregard any negligible health effects of low-level radiation when influential members of the
scientific community themselves cling to the notion that radiation is harmful at any level. Achieving
scientific consensus on the real effects of low-level radiation to the human body is, therefore, of
utmost importance. There is no guarantee that the public will automatically accept scientific consensus
on the matter, but it would certainly constitute a major step toward easing unfounded fears.
Fortunately, progress is being made, on a cellular basis, to generate the data crucial to allowing the
technical community to achieve closure on this issue. We are hopeful that if this closure takes place,
such a consistent message will enable the public to overcome its fear of the health effects of low-level
radiation. If this comes within the next few decades, it may be in time to mitigate much of the fear
associated with a nuclear/hydrogen cycle.
Articulate the benefits
In reviewing the above discussion, some scientists and engineers may be tempted to conclude that
our public acceptance problem could be solved if only the public better understood our technology.
If only John Q. Public could be educated on how a nuclear reactor works. Alas, that is not the real issue.
For the most part, John Q. is susceptible to the fear tactics of the anti-nuclear community (as amplified
through a co-operative media) because he does not perceive any tangible benefits from nuclear
technology. If we truly wish to change public opinion, we would be well advised to find ways to
demonstrate the enormous benefits of this technology – rather than try to explain how the technology
works. In doing so, we suggest that we articulate the benefits of nuclear science and technology as a
whole.
We begin with the premise that the tolerance of the public for any risk is exceptionally small if
there are no recognised benefits. It is true that the higher the level of education, the higher the
tolerance level for the acceptance of risks. But even the most highly educated segments of any public
group are reluctant to deliberately expose themselves to a risk unless they can perceive an immediate
benefit.
This recognition formed the basis for the new nuclear advocacy group in the United States called
the Eagle Alliance. This movement came into existence when it was recognised that in 1991 the
economic impact of nuclear science and technology in the United States was over $300 billion annually,
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supporting some four million jobs. Updated figures for 1995 pushed this total to over $400 billion
annually. As such, nuclear science and technology in the United States represents about 4% of its
Gross National Product and some 5% of the total workforce. Taken in aggregate, this industry is larger
than the biggest corporation in the nation – General Motors. It is even bigger than the entire US airline
industry!
The basis for this enormous economic/jobs impact is the myriad of applications already existing
for harnessing radioactivity. The benefits of nuclear science and technology are no less than awesome
(ranging from insect control to cutting edge medical cures, and from developing new safe food to
protecting airline passengers from potential explosive devices, etc.) It is essentially impossible for any
citizen in a developed country to go thorough a day without being directly or indirectly served by the
marvels of radiation science. The problem is that very few people are aware of these present-day
benefits.
Hence, the goal of the Eagle Alliance is to articulate the enormous benefits of nuclear science and
technology in everyday life (medicine, agriculture, pharmaceuticals, energy, industry, etc.) and to
awaken Americans to the importance of further developing this technology to sustain a high quality of
life in the next century. If successful in America, this awareness movement could be constructive in the
international community as well. In fact, such groups are already at work in several nations of the world.
Getting a positive message out on the attributes of radiation is not as difficult as some may think.
In the most ambitious undertaking to date for the Eagle Alliance, a project was initiated at Texas
A&M University just over two years ago to take advantage of two things that Americans seem to
love – heroes and a chance to celebrate. Taking advantage of the 100th year since Marie Curie
discovered polonium and radium (the basis for the first Nobel Prize awarded to a female) captured this
natural combination for success. We called this project “Women in Discovery: Celebrating the Legacy
of Marie Curie”. Three of the four parts of the overall project were fairly conventional: (1) student/
teacher contests for essays, etc., (2) on-campus workshop for high school students and (3) a symposium
featuring highly successful female scientists. But the 4th element was truly unique. By special
arrangement from the Musée Curie in Paris, some of the original artefacts used by Marie Curie to win
her two Nobel Prizes were sent to Texas A&M to become the centrepiece in a marvellous museum
quality exhibition. Since this was the first time these artefacts had ever been in the United States, there
was substantial novelty associated with the exhibit. To top it off, Dr. Helene Langevin-Joliot,
granddaughter of Pierre and Marie Curie, travelled to College Station to officially open the exhibit!
The exhibition was so intriguing that the number of participants drawn during its six-week stay
numbered within the top 10% of audiences drawn to any exhibition in the history of the university.
And this was an exhibition built around the theme of radiation! As an added bonus, arrangements were
made with French authorities to allow the exhibition to traverse the United States for two years. As of
this writing, the exhibition is making its way to its third stop.
One of the most amazing aspects of this project is that it drew dedicated personnel and financial
support from a vast majority of the colleges on campus: Engineering, Science, Medicine, Veterinary
Medicine, Agriculture, Geosciences, Education, and Liberal Arts. These colleges, plus the offices of
the Provost, donated over $100 000. An additional sum of nearly $200 000 was raised by private
donations. It literally mesmerised major segments of the campus and captured the imagination and
support of scores of high school teachers and students throughout the State of Texas.
Given the success of this project, we are encouraged that there are ways to engage the interest of a
wide-range of the public for scientific issues. Once we have their attention, the benefits of technology
(and radiation, in particular) become readily apparent. We see no reason why the public could not be
equally attracted to new ways to propel their cars and vans. In fact, if they can be effectively and
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responsibly warned that the freedom provided by automobiles that they so cherish may be threatened,
due to the lack of fuels, the whole question of hydrogen production may be an easier sell than the need
for electricity. They simply need to understand the benefits that nuclear technology provides, and this
must be done in a very tangible and understandable way.
Early engagement of public dialogue
This brings us to our final point – the need to begin the dialogue early. Once a crisis develops, it
is very difficult to engage in calm and deliberate dialogue. People have an overwhelming urge to
assess blame, rather than seeking realistic solutions, when something of urgent importance is at stake.
Fortunately, we do have some time regarding the subject issue. We may suffer through substantial
price fluctuations for fuels in the transportation sector over the next two to three decades, but the
spectre of actual shortages, as opposed to politically induced shortages, are unlikely in the near term.
Hence, we have time to set up the dialogue.
That is not to say that we should pass up natural opportunities to begin the discussions. Indeed,
the recent oil price surge, with the attendant gas lines in Britain and elsewhere, provides an opportune
forum for beginning the dialogue on ways to wean ourselves away from oil. Getting the attention of
the public on an issue such as this is not easy, and when it comes along we should be prepared to seize
the opportunity.
But the point we wish to make is that employing methods of decision analysis, rather than relying
on risk analysis techniques, is likely to pay substantial dividends. Substantial progress has been made
in the more traditional approach of risk analysis over recent years, and there is much to be said for the
role of this approach in setting priorities. But we must also recognise two key factors that can severely
dampen the effectiveness of risk analysis in dealing with public policy. First, as stated above, there is
strong reluctance on the part of the public to accept any risk unless there are clearly perceived benefits.
Second, unless we are very careful, defining risk itself can be perceived as a power play. Many people
are wary of the ability of statisticians to “set the rules” in making their point.
The decision analysis approach, on the other hand, is built around all effected parties coming
together and defining up front the issues and the desired outcome. It is structured to achieve win-win
solutions. A key element of this approach is to define incentives that can draw all parties together to
achieve mutually desirable goals.
One success story in the nuclear business is the site clean up that has been achieved at the
West Valley site in New York State. Whereas embarrassingly long stalemates have been encountered
in many other cleanup sites in the United States, one of the key features of the West Valley clean-up
pact was to agree that the state would directly pay a portion of the costs. Hence, there was a built-in
incentive from all funding parties for the clean up process to move forward, rather than falling victim to
the changing standards and finger pointing that is all too often experienced at other sites.
We suggest that a structure of this type be established for engaging the public and policy-makers
in the topic of nuclear-generated hydrogen. Most parents and policy-makers have a deep-seated
concern for the type of planet that their children and grandchildren will inherit. Mobility, along with
the freedom it brings, is widely recognised as a most precious commodity. If the public can be made to
understand that this mobility could be put into serious jeopardy because of fuel limitations inherent in
fossil fuels, we submit that a decision-making kind of dialogue may be effective in flushing out the
pros and cons of nuclear-generated hydrogen in a manner that could be very constructive.

51

Conclusion
We hope it is clear to the reader that the fundamental objective of this paper has been to
encourage nuclear technology to be used in the production of hydrogen. The logic and the driving
force for such a natural extension of nuclear technology seems obvious. But in order to achieve the
ultimate service that this technology may be capable of bringing to humanity, we believe it is essential
that issues of public perception be identified and dealt with early in the process. It is crucial that the
public is part of the process in wanting to see this technology succeed, rather than opposing its
development. It is in this vein that we attempted to identify the key issues that need attention and
resolution early in the process.
To summarise, we believe the general reactor safety issue is gradually receding, thanks in many
ways to the discipline of the nuclear industry itself – having generated INPO and then WANO to
substantially upgrade its operations. If the “unfortunate” blending of the words “nuclear” and
“hydrogen” can be effectively dealt with, we suspect the safety issue can be effectively resolved.
But the other three issues remain, and the nuclear proliferation issue has ironically widened somewhat
as a result of the end of the cold war, largely because of the “loose nuke” concerns. We suggest that
both the waste disposal and the non-proliferation issues are amenable to public acceptability; however,
the technical community needs to come to closure on the merits of recycling (a widely acceptable
ecological strategy in all other environmental discussions) and agree that burying plutonium to
alleviate future concerns is a myth. In fact, the best possible place for plutonium to reside is inside a
nuclear reactor. Strong leadership by agencies such as the OECD and the IAEA could be exceptionally
helpful here. We are further convinced that the scientific community should be able to come to a
strong consensus that low levels of radiation are simply not hazardous. Fundamental studies currently
underway are expected to provide the type of scientific basis needed for this basic conclusion.
We believe it may be possible to derive considerable benefits from the linkage of nuclear
technology to the generation of hydrogen. One of the principal problems encountered in introducing
nuclear technology to the production of electricity was the lack of conviction on the part of the public
that doing so would bring real benefits. After all, the lights came on when the switch was flipped.
By and large, the public is still not aware of the benefits derived from nuclear power plants, and they
simply are not willing to take any risk if a clear benefit is not perceived.
Hence, we strongly believe that public backing can be obtained if the benefits of abundant
quantities of hydrogen are clearly articulated. Substantial progress has been made recently by projects
such as “Women in Discovery: Celebrating the Legacy of Marie Curie” (Texas A&M University) to
expose the public to the many positive facets of radiation – doing so in a way that is contagiously
inviting. If the public begins to realise the wide array of possible applications of radiation science to
such common necessities as medicine and food safety, they should be poised to recognise that the
nuclear production of hydrogen might just save their freedom to drive cars.
All of these messages will have to be delivered in clear language that the public can readily
understand. Introducing a new technology such as nuclear hydrogen production will also have to be
done using modern decision analysis techniques (where key members of the public are engaged very
early on, such that they own the remedies proposed). But if such approaches are properly thought out
up front and then implemented with the expediency demanded, we believe that nuclear hydrogen
production can and will take its rightful place in the service of humanity.

52

REFERENCES

[1]

Alan E. Waltar, “America the Powerless: Facing our Nuclear Energy Dilemma”, Medical
Physics Publishing, Madison, WI, 1995.

[2]

Richard L. Wagner, Edward D. Arthur, Paul T. Cunningham, “A New Architecture for Nuclear
Energy in the 21st Century”, Los Alamos National Laboratory, 1998.

[3]

“Low Level Radiation Health Effects: Compiling the Data”, James Muckerheide, ed., Radiation,
Science and Health, Inc., 19 February 1997.

53

SESSION II
Ongoing and In-development
R&D Programmes on Nuclear
Production of Hydrogen

Chair: S. Johnson

55

PRESENT STATUS OF JAERI’S R&D ON
HYDROGEN PRODUCTION SYSTEMS IN HTGR

Shusaku Shiozawa, Masuro Ogawa,Yoshiyuki Inagaki, Shoji Katanishi, Tetsuaki Takeda,
Tetsuo Nishihara, Saburo Shimizu, Kaoru Onuki, Yoshiaki Miyamoto
Department of Advanced Nuclear Heat Technology, Oarai Research Establishment
Japan Atomic Energy Research Institute

Abstract
The present status and the future plans of JAERI’s R&D on the HTTR hydrogen production system
are described. Potential demand of nuclear heat is shown by energy flow in Japan. It is indicated that
hydrogen production by high temperature gas-cooled reactors (HTGRs) can meet the demands of
industry and transportation sectors even in consideration of a great deal of nuclear heat supplied from
one HTGR. A rough evaluation of hydrogen costs is presented in an effort to prioritise the R&D
subjects. The first goal of JAERI’s R&D is to couple a hydrogen production system (steam reforming
method) to the HTTR. In parallel, studies of the thermo-chemical IS process at the engineering stage
are being performed to produce hydrogen from water, aiming at the next HTTR hydrogen production
system following the steam reforming process. The Science and Technology Agency consigns the
R&D of the HTTR hydrogen production system.
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Introduction
Primary energy in Japan such as nuclear energy, natural energy like hydro power, solar and so on,
and fossil fuels are supplied to final energy consumers. Transportation, residential and commercial
sectors, and industry receive energy in the form of heat, electricity and town gas. Figure 1 shows the
energy flow in Japan. The numbers written in parentheses in Figure 1 denote the percentage of total
primary energy supply, and the numbers followed by a percentage sign denote the percentage of final
net energy consumed. Figure 1 shows two remarkable points in energy consumption:
•

Large losses during electricity generation.

•

Major consumption of heat energy.

As much as 65% of the energy is lost; that is to say, discharged into the environment among the
energy provided from the primary energy to generate electricity. However, heat loss, among the total
energy provided from the primary energy to the heat, is only 9%. Furthermore, heat represents 73% of
the final energy consumed. Nuclear energy, which represents 13% of primary energy supplied, is
mainly converted into electricity, thus, it is scarcely used as heat energy. Therefore, the Japan Atomic
Energy Research Institute (JAERI) has proposed to increase heat efficiency of electricity generation
by using a high temperature gas-cooled reactor (HTGR) helium gas-turbine system, and to enlarge the
nuclear application field by using the nuclear heat of HTGRs in any form except electricity [1,2].
In the present paper, nuclear heat application is mainly described. Temperature ranges are shown
in Figure 2 of various industries utilising high temperature application (e.g. glass manufacture) as well as
low temperature application (e.g. desalination and district heating). HTGRs can be utilised in industries
where the required temperature is less than 900°C. However, in order to encourage industry to adopt
HTGRs, it should be noted that: i) demand for energy is expanding, ii) HTGRs supply a large amount
of heat energy, and ii) an HTGR with larger thermal output could be more economical than an
apparatus with a lower thermal output. The energy required for gross world production of a certain
industry must be large enough in comparison with thermal nuclear power supplied from one HTGR
plant. Considering a ratio of the energy for manufacture to thermal nuclear power (here, assuming
100 MWt) supplied from one HTGR plant, industries having a ratio greater than 100 are as follows:
petroleum refinery, cement manufacture, urea synthesis (ammonia), aluminium oxide manufacture,
steel manufacture and methanol manufacture.
In Japan, steel manufacture demands large amounts of heat, and national production of hydrogen
10
is said to be about 2 × 10 tonne/y, which is equivalent to the amount of energy required by the steel
manufacturing industry. A large amount of methanol, which is produced from methane but can also be
produced from hydrogen and carbon monoxide, is imported as chemical raw material. Two times the
10
above-mentioned national production of hydrogen (2 × 10 tonne/y) is necessary to produce all of the
methane, which is currently imported, by using hydrogen. The other industries cannot consume all of the
nuclear heat supplied from one HTGR plant, but they do require a substantial heat source. At present,
they use fossil fuel as their source of heat. Therefore, there is great potential of heat demand in
industry sectors. In addition, a fuel cell (in which hydrogen is used as the energy source) is rapidly
being developed as energy for cars. A large international car company contends that they will put a
fuel cell car to practical use by 2004. If the fuel cell car were utilised, the demand of hydrogen would
increase in Japan as well as in the world. This assumption is based on Figure 1, which shows that
“car” accounts for 88% of the transportation sector in the final energy consumption. Thus taking into
account heat demand and temperature ranges used in various industries, it appears that the production
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of hydrogen via HTGRs would satisfy the above requirements as an alternative energy to fossil fuels
(which account for 82% of the primary energy supply in Japan – Figure 1), as a chemical raw material
for methanol manufacture, and as fuel for fuel cell cars.
Outline of HTTR project
JAERI has constructed a 30 MWt high temperature engineering test reactor (HTTR) with a
reactor outlet coolant temperature of 950°C. The first criticality of the HTTR was achieved in
November 1998, full power will be attained in 2001, and tests will subsequently be carried out on
safety demonstration, high temperature irradiation, etc. [1]. An HTTR project consists of R&D
on reactor and nuclear heat application technologies as shown in Figure 3. The R&D on reactor
technologies is being performed, aiming at construction of a commercial HTGR for electricity
generation with a helium gas turbine (GT) by industry in 2010-2020. Next, on the basis of reactor
technologies demonstrated in the commercial HTGR-GT with competitive economy, high safety and
environment sustainability, the second goal is a commercial HTGR for nuclear heat application.
A commercial HTGR, whose primary use would be hydrogen production, should be constructed by
industry in 2030-2040. For this goal, the R&D on nuclear heat application technologies is being
carried out in parallel with the R&D on reactor technologies in the HTTR project, as shown in Figure 3.
Final goals of the R&D on an HTGR hydrogen production system are competitive economy, high
safety and environment sustainability. The cost of hydrogen production has been roughly evaluated in
order that the R&D subjects may be prioritised to attain the above final goals. In the evaluations,
hydrogen cost is stated in terms of Japanese yen per unit of energy. Hydrogen production costs
includes cost of energy, raw materials and capital (including operational and maintenance costs).
The costs of hydrogen production via HTGR are calculated under the assumptions tabulated in Table 1.
Figure 4 shows costs of hydrogen produced by four methods: i) steam reforming process using
combustion heat of fossil fuel (SR/FF), ii) electrolysis, iii) steam reforming process using HTGR heat
(SR/HTGR) and iv) IS process using HTGR heat. The costs in Figure 4 are normalised by the cost of
SR/FF. The cost of SR/HTGR is a little lower than that of SR/FF, and the cost of the IS process is less
than that of electrolysis. The cost of nuclear heat in IS process accounts for approximately 79% of
the total cost. Figure 5 illustrates cases taking into account CO2 fixation costs of 21 Yen/kgCO2.
For example, in SR/FF it takes CO2 fixation costs of 0.12 and 0.43 for the energy (fossil fuel) and the
raw material, respectively. It is found that CO2 fixation costs are a significant portion of total costs.
Thus, the cost of the IS process is probably not expensive compared with that of the SR/FF, which is
currently the cheapest option.
The following are the R&D objectives for a competitive economy:
•

High thermal efficiency, decrease of heat loss and high energy density for reducing energy cost.

•

High conversion ratio for reducing raw material cost.

•

Non-nuclear level facility, simplification and inexpensive material for reducing capital cost
for high safety.

•

Protection of fire/explosion and radioactive material, and environment sustainability.

•

Use of carbon as material and decrease of heat discharging into environment.
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The R&D subjects are prioritised based on the results of the rough evaluation of cost. R&D
projects for an economic HTGR are often carried out at the reactor technology field as part of the HTTR
project. In the IS process, the R&D on high thermal efficiency is very effective for the hydrogen cost
compared with that on materials as shown in Figure 4. R&D for the above objectives is performed in
the following studies and tests:
•

Connection of steam reforming process to HTTR. This includes design study of the HTTR
hydrogen production system (including development of numerical calculation codes),
out-of-pile test, component tests (corrosion test, hydrogen permeation test, and integrity test
of high-temperature isolation valve).

•

IS process. This includes study on the thermo-chemical method (close cycle test, high thermal
efficiency test and material test).

The schedule of R&D performed on the steam reforming process and the IS process is shown in
Figure 6. The out-of-pile test will be conducted from 2002-2004. The hydrogen permeation test and
the corrosion test are being carried out until 2001. These tests are consigned by the Science and
Technology Agency. The integrity test of an isolation valve will be performed from 2002-2004.
The steam reforming process should be connected to the HTTR in 2008 and the demonstration test of
the HTTR hydrogen production system should then be carried out in 2009, after the check and review.
The close cycle test of the IS process was recently begun (October 2000) and will continue to 2004.
The Science and Technology Agency also consign the close cycle test. In parallel, the high thermal
efficiency test and the material test will continue until 2004. In Figure 6, items framed by dotted lines
do not yet have definite testing dates.
Present status of R&D
Connection of steam reforming process to HTTR
JAERI has adopted a steam reforming process as the first nuclear heat application process
to couple with HTTR. The reasons are as follows:
•

The hydrogen production process. Hydrogen needs are expected to expand explosively in the
future.

•

Step-by-step development and matured technology in the hydrogen production process.
We have framed a step-by-step development plan for HTGR heat application systems as
follows:
–

Establishment of connection technologies between the reactor and heat application system.

–

Establishment of innovative technologies for hydrogen production, etc.

–

Demonstration of HTGR hydrogen production system by industry.

Therefore, a steam reforming process of methane was adopted as the first nuclear heat
application process of the HTTR because it is a matured technology.
•

Process involving basic, common, inclusive and applicable technologies.

•

Process can reply immediately to needs that may arise as early as the 2030s or before.
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The following chemical reaction is used in the steam reforming process of methane:
CH4 + 2H2O → 4H2 + CO2

(1)

+ (Methane; 890 kJ <3.5>)
+ (Added energy; 253 kJ <1>)
= (Hydrogen; 1 143 kJ (= 286 kJ/mol × 4 mol) <4.5>)
In the steam reforming process of methane, the above “added energy” could be supplied either by
fossil fuel or nuclear heat. The process utilising nuclear energy releases less CO2 as compared with the
process utilising fossil fuel. Furthermore, the fossil fuel system produces <3.5 + 1> CO2 while the
nuclear system produces only <3.5>. The nuclear system can decrease down to approximately 78%
(= 3.5/4.5) in comparison with the fossil fuel system. In electrolysis, energy of <4.5> is required to
produce four-mole hydrogen. The electricity cost <4.5> would be more expensive than the total cost of
methane raw material <3.5> and added energy (combustion heat of fossil fuel) <1>.
Design study of HTTR hydrogen production system
Based on a preliminary design prepared during 1990-1995, a preliminary framework and key
design of an HTTR steam reforming plant were developed. On the basis of the results, a conceptual
design of the HTTR hydrogen production system (in which a steam reforming process is used) was
carried out from 1996-1999 [3,4]. The HTTR hydrogen production system utilising the steam reforming
of natural gas is currently being designed for construction. The main items of the demonstration test of
the HTTR hydrogen production system are: verification of high efficiency of nuclear heat utilisation,
high hydrogen productivity competitive to that of a fossil fuel system, easy operability and
controllability, and a high level of safety (meeting commercial standards). Figure 7 shows an
arrangement of main components of the HTTR hydrogen production system. The HTTR can supply
nuclear heat of 30 MW at 950°C to the IHX of 10 MW and a pressurised water cooler of remaining
20 MW. The nuclear heat of 10 MW, transferred from the IHX to the secondary helium gas loop, is
3
utilised for producing hydrogen at approximately 4 000 Nm /h. The technologies discussed here are
applicable to other HTGR hydrogen production systems because they are essential for all chemical
reactors of heat exchanger type with endothermic chemical reactions. A steam generator (SG) installed
downstream of the steam reformer (SR) in the secondary helium gas loop is designed to hold the stable
controllability for any thermal disturbances. It does this by working as a thermal absorber, and keeping
the inlet temperature at the IHX constant so that reactor scram does not happen frequently. A functional
or physical barrier is required to assure the safety of a nuclear system and public. The HTTR hydrogen
production system is designed to lower the probability of fire/explosion outside of the reactor building,
and to limit the ingress of inflammable gases from the SR through the secondary helium loop within
an allowable value.
Out-of-pile test for the HTTR hydrogen production system
Prior to constructing the HTTR hydrogen production system, the out-of-pile test is required to
confirm the safety, controllability and performance of the steam reforming system under simulated
th
operational conditions [5,6]. The facility of the out-of-pile test is designed to be approximately 1/30
the size of the HTTR hydrogen production system, and simulates key components downstream from
the IHX of the HTTR hydrogen production system as shown in Figure 8. The facility is capable of
3
producing hydrogen at the rate of approximately 110 Nm /h. The design and construction of the
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facility of the out-of-pile test began in 1996. The out-of-pile test will be performed beginning in 2002
and will last for three years, as indicated in Figure 3. Primary objectives of the out-of-pile test are:
•

Design verification of performance of high temperature components, such as SR, SG, catalyst
tube, etc.

•

Verification of a calculation code for transient behaviours.

•

Establishment of operation and control technologies so as not to allow significant reactor
disturbance caused by SR problems.

Component tests
Parallel to the out-of-pile test described above, the tests described in the three following
paragraphs are conducted to obtain detailed data for the licensing of the HTTR hydrogen production
system.
Tritium produced in the HTTR core flows with the primary helium coolant to the IHX. It then
permeates through the Hastelloy XR tube of the IHX to the secondary helium coolant and through the
Hastelloy XR tube of the SR and, at last, mixes with the hydrogen product. The Hastelloy XR is a nickel
base, helium corrosion and heat resistant super alloy developed for the HTTR in JAERI. Thus, while
tritium produced in the HTTR core permeates in to the hydrogen production system, hydrogen in the
product gases also permeates in the opposite direction from the SR to the primary helium coolant loop.
Therefore, tritium permeation must be restrained, and hydrogen and tritium concentrations in the gas
loops must be exactly predicted otherwise purification (to make tritium content as low as possible)
becomes too large a task. The aims of the hydrogen permeation test are: i) to obtain data on the
permeation coefficient of Hastelloy XR, ii) to examine the effect of mutual diffusion of hydrogen and
the tritium and iii) to examine the effect of permeation protection by coating films (e.g. oxidation film,
calorising film, etc.). Figure 9 shows an experimental model of the hydrogen permeation test apparatus.
The basic data on the hydrogen and deuterium permeation has been obtained for the Hastelloy XR
tube [7]. The effects of mutual diffusion and permeation protection are being examined this year and
next year.
The catalyst tube will be made of Hastelloy XR, whose strength when exposed to high
temperatures is nearly equal to that of alloy 800 H. In order to verify the validity of the structural
design of the HTTR hydrogen production system, the following characteristics of the corrosive gases
(such as CH4, CO, H2O and H2) simulating the SR condition are examined: i) corrosion due to metal
dusting, ii) corrosion due to oxidation, and iii) strength reduction due to hydrogen embrittlement.
Metallography and material tests on strength and creep are in progress with test specimens exposed in
the corrosive gases at temperature up to 900°C [8].
In the HTTR, isolation valves were inserted into each pipe, which penetrate the HTTR containment
vessel and act as a barrier against fission product (FP) release at the penetration location. The secondary
helium gas pipe must be drawn out to the outside of the HTTR containment vessel because the steam
reforming process is designed to set outside of it. R&D on the high temperature isolation valve
consists of the selecting of materials for valve seat with functions of hardness and high heat resistance,
a structural strength test with a partial model of valve seat, and an integrity test of the high temperature
isolation valve before setting at the HTTR (as shown in Figure 10) [9].
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Thermo-chemical method; IS process (water-splitting process)
The IS process produces hydrogen by absorbing a high temperature heat with 800-900°C supplied
from HTGRs, and is composed of the following three chemical reactions. Summation of Eqs. (2-4)
results in the water-splitting reaction of Eq. (5).
H2SO4 → H2O + SO2 + (1/2)O2

(2)

2HI → H2 + I2

(3)

2H2O + SO2 + I2 → H2SO4 +2HI

(4)

H2O → H2 + (1/2)O2

(5)

It is said that a chemical industrial plant with an innovative process such as the IS process
generally passes through four stages:
•

Laboratory scale – chemical study on principle or theory (0.001 m3/h).

•

Bench scale – close cycle test (0.05, 1 m3/h).

•

Pilot scale – out-of-pile test and the HTTR test (30, 300 m3/h).

•

Demonstration scale – establishment of technology and economy (~105 m3/h).

The numbers in parentheses described above are hydrogen production rates in the IS process
development at JAERI except for the demonstration scale, which was constructed by industry. Stable
3
production of hydrogen at the rate of 0.001 Nm /h and of oxygen (half of water) has been successfully
achieved in a laboratory scale set-up operated continuously for 48 hours without a decrease of circulating
materials such as iodine and sulphur [10].
At present, the following tests are being carried out: i) close cycle test, ii) high efficiency
component test and iii) material test. In the close cycle test, an apparatus has just been manufactured to
obtain operating data and data for simplification of the process [11,12]. The close cycle test was
started in October 2000 and will continue through 2004. In the high efficiency test, a liquid phase
separator is placed between Eq. (4) and Eqs. (2,3) at elevated temperature conditions (0-95°C). This test
is still being developed in order to achieve better separation of HI and H2SO4, and to introduce
advanced separation technologies (includes ceramic hydrogen separation membranes for efficient HI
decomposition, which is being studied to improve the process scheme [13,14]). Alongside these
3
process studies, materials for the pilot scale facility (hydrogen rate of 1 to 30 m /h) are being
developed to meet the conditions of the corrosive process, such as boiling sulphuric acid and the
SO2-SO3-H2O-O2 gaseous mixture at approximately 800°C. As for the boiling of sulphuric acid,
iron-silicon alloys and silicon impregnated SiC are the promising candidates from the viewpoint of
corrosion resistance [15,16].
Concluding remarks
JAERI is carrying out the R&D of the HTTR hydrogen production system in the HTTR project.
To establish the connection technologies between a nuclear plant and a chemical plant, JAERI is
designing the HTTR hydrogen production system based on the R&D consigned by the Science and
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Technology Agency. In the HTTR hydrogen production system, the steam reforming of natural gas
was adopted as a hydrogen production method. Prior to constructing the HTTR hydrogen production
system, the out-of-pile test of the steam reforming system will be conducted from 2002-2004, and the
results will be reflected in the design and licensing of the HTTR hydrogen production system.
The licensing and construction of the HTTR hydrogen production system is planned to start around
2002 after taking the C&R in 2001, and will be followed by the demonstration test around 2008.
In parallel with the R&D on the HTTR hydrogen production system, the study on the IS process is
being carried out. The IS process is placed as one of the future candidates of the nuclear heat application
process following the HTTR steam reforming system. The facility for the close cycle test in bench
scale has just been completed, and the close cycle test was begun in October of 2000.
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Table 1. Assumptions for calculations on hydrogen costs
Steam reforming process
IS process
= Ce × 2/3 × re/rn
= Ce × 2/3 × re/rn
Nothing
= Same as SR/FF = Cm/rm
= Same as SR/FF
= Same as SR/FF
Electrolysis
(a) Electricity cost
= Ce/rw
(c) Capital cost
= Same as SR/FF
Ce: Electricity cost of LWR = 5.9 \/kWh, rn: Heat utilisation efficiency = 0.8
Cm: Methane cost = 1.72 \/Mcal, rm: Raw material efficiency = 0.95
re: Electricity generation efficiency = 0.5, rw: Electrolysis efficiency = 0.9
(a) HTGR heat cost
(b) Raw material cost
(c) Capital cost

Note: 1.72 Japanese Yen/Mcal of import cost in 1996, in past five years: 1.3-1.8 Yen/Mcal.
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Figure 2. Temperature ranges of various industries
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Figure 3. Outline of HTTR project
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Figure 4. Ratio of hydrogen cost
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Figure 5. Ratio of hydrogen cost in the case of CO2 fixation
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Figure 6. R&D schedule of HTTR hydrogen production system
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Figure 7. Schematic diagram of HTTR hydrogen production system (steam reforming)

Figure 8. Schematic diagram of out-of-pile test facility (scale: 1/30th of HTTR system)
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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, provide the impetus
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 decentralised energy technology of the coming decades.
In order to contribute to the reduction of greenhouse gas emissions, the 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, etc.) 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, as can high temperature
thermo-chemical 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, continuing previous research and 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 create new opportunities of international collaboration and networking.
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Place of hydrogen as an energy carrier among 21rst century energy sources
Hydrogen will probably become, with electricity, one of the two major energy carriers of the future,
due to its potential to be generated from the manifold available energy sources. As a result, hydrogen
will play a key role in the evolution of the society towards a sustainable energy system, one that
minimises the use of fossil fuel to restrict the emission of greenhouse gases.
Place of hydrogen as an energy carrier and its future prospects
Today, the annual world production of hydrogen is approximately 500 × 109 Nm3. It is used for a
wide range of industrial applications, primarily in petroleum refining processes such as hydrotreating
and hydrocracking, as well as in the manufacture of ammonia and methanol. The production is
equivalent to approximately 130 Mtoe of gaseous hydrogen corresponding and accounts for 2% of
world final energy consumption. Production should increase in the short term due to the tightening of
environmental standards in OECD countries on sulphur content of fuels. While hydrogen may be
intentionally generated as a by-product of petroleum refineries and chemical plants, the principal
method for generating hydrogen on a large scale is steam catalytic reforming of natural gas. The other
main pathways for producing hydrogen include partial oxidation of heavy hydrocarbons, conversion of
coal, biomass and electrolysis of water.
Among industrial applications, the utilisation 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 of
convenient, highly efficient and environmentally benign energy technologies, which are well adapted
to future end-use and service-driven energy systems. From this point of view, fuel cells used in
stationary, transport and portable applications will probably be the most promising new decentralised
energy technology in the coming decades.
It is difficult to estimate today the absolute level of the coming decades’ final energy
consumption and which fuel will meet this demand. However, an evaluation of world and regional
energy needs through 2050 and beyond is given by the IIASA/WEC study “Global Energy
Perspectives” [1]. This evaluation includes 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 below).
The scenarios A1, A2 and A3 are characterised by high economic growth and spectacular
improvements in energy efficiency and intensity, with a 2.8-fold increase in world primary energy
consumption expected from 1990-2050, but differ in their energy strategies for oil and gas, coal and
non-fossil energy (nuclear and renewables). Scenario B is characterised by moderate economic growth
and realistic improvements in energy efficiency and intensity, with a 2.2-fold increase in world
primary energy consumption expected from 1990-2050. Scenarios C1 and C2 are ecologically driven
and characterised by ambitious policies to develop efficient, environmentally benign and decentralised
energy technologies (massive development of renewable energy), with a 1.6-fold increase in world
primary energy consumption expected from 1990-2050. The strategies differ for nuclear energy in that
scenario C1 calls for phasing out by 2100 and scenario C2 calls for the emergence of a new generation
of safe, small-scale and socially accepted reactors.
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 example, in the middle course scenario (scenario B), the world direct final consumption of hydrogen
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Figure 1. Evolution of world primary energy mix [1]
Historical development from 1850 to 1990 (triangles), and scenarios
to 2020 (open circles), 2050 (diamonds) and 2100 (closed circles).

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. However, in the case of new energy technologies, such
as fuel cells for transport, it is necessary to take into account the indirect on-board production of
hydrogen by methanol or natural gas conversion.
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, etc.). Therefore, the transition towards a hydrogen-based energy system
will depend 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 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 fuel
conversion options.
For the automotive market, the growing utilisation of on-board gasoline or methanol fuel
processors and hydrogen fuel storage tanks should be considered. Very promising developments are
taking place world-wide involving 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, using in the medium-term highly compressed gaseous
hydrogen cylinders (similar to butane cylinders) at fuel supply stations.
Increasing the manufacturing capacity will drive down fuel cell costs. Today, the cost of proton
exchange membrane (PEM) fuel cell technology, which is generally seen as one of the future dominant
technologies of fuel cell markets, is approximately $10 000 per kilowatt installed. According to
various commercialisation scenarios [2], cost equivalence with competing fossil fuel combustion-based
technologies should not be expected before 2005 for the stationary market (1 500 $/kWe) and 2010 for
the automotive market (150 $/kWe).
In the road transport sector, which accounts for half of the final consumption of petroleum
products and CO2 emissions from oil combustion in OECD countries, the high growth of the automotive
73

fuel cell market should have a major impact in the long term, assuming the market takes off in 2010
(in OECD countries). 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 will benefit from the industrialisation of fuel cell motorization
options.
IIASA/WEC contends that the final energy input for fuel cells technologies by 2050 will be
500-4 500 Mtoe, 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
petroleum products’ final consumption on the road in OECD countries today.
In the medium or long term, the growing production of centralised or decentralised 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 of 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 utilisation 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 will be discussed below.
Nuclear power and its potential for hydrogen generation
CO2 is released in more than 95% of the hydrogen production processes around the world.
Therefore, current hydrogen production on a world-wide scale is strongly linked with that of CO2,
which comes from both fossil materials used as reagent (gas, hydrocarbons or coal) and fossil fuels
used as energy sources needed by the thermo-chemical production processes.
Our society’s evolution, with the increase in industrial activity and transport world-wide and the
growing number of capitals of more than one million inhabitants, will lead to an unacceptable increase
in the emission of gas pollution. Regarding these emissions, there are two main problems:
•

Local pollution problems. Air quality in towns and resultant health issues.

•

Global pollution problems. Linked to the emissions of all the greenhouse effect gases (CO2,
etc.) and thus the risks of global warming and effects on sea level and weather.

There is a certain awareness that these problems exist, as demonstrated by the taking place of
international negotiations such as the United Nations Framework Convention on Climate Change. Part
of these negotiations included the Kyoto conference in December 1997, whose aim was to stabilise or
decrease CO2 emissions by 2010.
The work being carried out by European construction and oil companies indicate 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.
74

Transport applications contribute to 25% of CO2 emissions in the OECD countries [4]. As seen
before, this increase in transport energy consumption will be the leading factor in the increase in
demand for 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 future thermal motor vehicles are comparable. These estimates
are in 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]. Therefore, fuel cell transport development must use CO2-free
hydrogen production. The process of reforming natural gas, for example, is widely used in the industry
and 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 require the implementation of
CO2-free hydrogen production means, or the sequestering of CO2 as an intermediate option. At this time,
the reduction of hydrocarbon and natural gas economic competitiveness in meeting energy consumption
requirements will lead to the extracting of hydrogen from water or biomass (using the specific carbon
cycle) with non-fossil energies.
Possible candidate energies for these second-generation processes are 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 the production of
electricity in the longer term, and may also be considered to produce hydrogen through efficient
thermo-chemical water dissociation processes. Thermo-chemical processes are also applicable to
biomass to produce hydrogen-based fuels such as methanol (by gasification of ligneous cellulose at
high temperature) and ethanol (by fermentation of biomass at medium temperature). Making use of
heat released by thermal power plants – especially nuclear – should be seriously considered as a means
of globally increasing the effectiveness and economic performance of the co-generating plant. 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.
The 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 along with other research laboratories, has developed a special interest in exploring,
among other solutions, the potential of nuclear power to meet increasing hydrogen needs with limited
environmental impact.
Research on hydrogen generation and storage
In the past, the CEA has carried out research on hydrogen in several contexts:
•

Hydrogen project on the DRAGON HTR in the UK, with the assessment of certain
thermo-chemical cycles, was a project undertaken in collaboration with EURATOM
(1970-1980).

•

Safety studies relating to hydrogen risk prevention in LWR severe accident scenarios,
water-sodium reaction in sodium-cooled reactors, and projects on thermo-nuclear fusion
reactors (since the 1980s).
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A renewed interest in hydrogen production occurred approximately two years ago with five
research lines to investigate specific questions associated with this type of production:
1) Modelling and performance assessment of promising processes.
2) Technical and economic comparison of these processes, with the steam reforming of natural
gas used on an industrial scale.
3) Control of the technology of processes through the modelling of process engineering
(transients, thermal disturbance, etc.).
4) Proposal of safety measures applicable to production at the nuclear site.
5) Predimensioning of production units based on various processes and comparative evaluation
of their performance and cost.
Going beyond known production processes currently used by industry, the CEA has started to
draw up a state of the art on these industrial processes and to assess the performance (especially in
terms of energy balance) of certain new CO2-free processes under investigation.
These new processes may be put into two categories, depending on the current state of technical
advances:
1) H2 production processes for which power prototypes already exist:
–

Thermo-chemical cycles. While actively studied during the period of 1970-1980, later
developments (especially in Japan – JAERI’s HTTR) realised the aim of eventual
replacement of the gas-reforming unit [6]. The selected process is the iodine sulphur
process (IS), developed by General Atomics, which requires temperatures between
800-900°C. Other processes to be assessed include hybrid thermo-chemical cycles
(certain low temperature chemical reactions are aided by electrolysis) and sulphuric acid
hybrid cycles or Westinghouse process.

–

High temperature electrolysis. This is a technology that may benefit from the
development of high temperature fuel cells (solid oxide fuel cell, or SOFC).

2) H2 production processes for which development is required:
–

Gas decomposition through gliding arcs. A technology to be developed in order to obtain
hydrogen at a lower temperature (around 500°C) than the plasma process developed by
the Norwegian company Kvaerner 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. Could enable the extraction of H2 using
2 kWh/Nm3 energy following Russian data [8]. Performance is being evaluated on an
electrolyser prototype.

These assessments and their comparison with 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 nanotube structures, is also being carried out.
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Review of key questions for nuclear hydrogen generation
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.
By improving the process of electrolysis and working towards the objectives assigned to the next
generation of reactors, it is hoped that progress will be achieved in economic competitiveness, safety,
minimisation of long-lived radioactive waste, proliferation resistance and compliance with a wide
range of fuels (to save the natural fissile and fertile fuels).
The processes making use of heat from the reactor lead to a closer interaction between the reactor
and the production plant. The following questions have been identified to investigate the feasibility,
performance and safety requirements of nuclear hydrogen generation plants [9]:
•

Which hydrogen production processes are best suited to existing or next generation nuclear
plants?

•

May some of these processes be implemented on operating nuclear plants?

•

How do various reactor technologies (LWRs, HTRs, etc.) rank for dedicated hydrogen
production or co-generation with electricity and/or process heat?

•

How can the potentialities of high temperature reactors best be reached?

•

What are the additional requirements regarding standard nuclear safety criteria brought about
by on-site hydrogen production?

These questions call for research work on the development of physical and economic modelling
tools as well as consistent evaluation of the performance and economics of nuclear hydrogen production
plants based on different processes. Such research would benefit from international exchanges.
The research conducted by the CEA in this area takes advantage of the innovative tools developed
for reactors such as COPERNIC (installation prior dimensioning) and SEMER (economic assessment).
Physico-chemical modelling is carried out by the use of specialised 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 of 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, etc.), and safety systems (mitigation systems on hydrogen risk).

•

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

77

Conclusion
In OECD countries, the role of hydrogen as an energy carrier should increase in the future due to
the phasing in of highly efficient and environmentally benign energy technologies, which are
particularly well adapted to future end-use and services driven energy systems.
Concerns about emissions of greenhouse effect 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 that will be required to
meet energy needs in the medium and longer-term future. The need also exists for studies comparing
various production methods in terms of energy balance, greenhouse gas emission and other criteria
(including industrial feasibility, R&D effort and lead times).
Additional studies are needed to assess the merits of hydrogen-based systems concurrent with
generating facilities (such as stationary fuel cells versus combined cycle gas turbines for co-generation)
and to identify the optimum form of hydrogenous fuel for the various transport or stationary applications
considered.
Collaborations with actors of the national and European networks on hydrogen, and beyond, are
most welcome to help assessing the following issues: i) the need for hydrogen in the medium and
longer-term future, ii) the production means that are available and could be developed to meet these
needs, and iii) 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 thermo-chemical cracking processes operating at about 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 the use of co-generation for reforming methane or for the production
of hydrogen either through high temperature electrolysis, thermo-chemical cycles or thermo-chemical
electric hybrid cycles. Thermo-chemical processes and high temperature reactor technologies will
therefore be part of the programme.
Additional research areas will include active R&D work on fuel cell, hydrogen storage, transport
and utilisation technologies, as well as related safety aspects.
The programme on hydrogen that is being prepared is intended to reinforce the contribution of the
CEA to the national and European research efforts on non-fossil energy sources, and to provide new
opportunities of international collaboration and networking.
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THE ITALIAN HYDROGEN PROGRAMME

Raffaele Vellone
ENEA, Italy

Abstract
Hydrogen could become an important option in the new millennium. It provides the potential for a
sustainable energy system as it can be used to meet most energy needs without harming the
environment. In fact, hydrogen has the potential for contributing to the reduction of climate-changing
emissions and other air pollutants as it exhibits clean combustion with no carbon or sulphur oxide
emissions and very low nitrogen oxide emissions. Furthermore, it is capable of direct conversion to
electricity in systems such as fuel cells without generating pollution. However, widespread use of
hydrogen is not feasible today because of economic and technological barriers.
In Italy, there is an ongoing national programme to facilitate the introduction of hydrogen as an energy
carrier. This programme aims to promote, in an organic frame, a series of actions regarding the whole
hydrogen cycle. It foresees the development of technologies in the areas of production, storage, transport
and utilisation. Research addresses the development of technologies for separation and sequestration
of CO2. The programme is shared by public organisations (research institutions and universities) and
national industry (oil companies, electric and gas utilities and research institutions).
Hydrogen can be used as a fuel, with significant advantages, both for electric energy generation/
co-generation (thermo-dynamic cycles and fuel cells) and transportation (internal combustion engine
and fuel cells). One focus of research will be the development of fuel cell technologies. Fuel cells
possess all necessary characteristics to be a key technology in a future economy based on hydrogen.
During the initial phase of the project, hydrogen will be derived from fossil sources (natural gas), and
in the second phase it will be generated from renewable electricity or nuclear energy.
The presentation will provide a review of the hydrogen programme and highlight future goals.
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Introduction
The atmospheric concentration of greenhouse gases (GHG), which raises concerns because of the
potential risk of inducing climate change and global warming, has grown significantly since
pre-industrial times. It should be noted that this trend is attributed largely to human activities.
The utilisation of fossil fuel for energy production is considered one of the main sources of GHG
emissions. At present, a large part (about 70%) of world demand is met by fossil fuels (e.g. petroleum,
natural gas, coal) which, when burned, contribute to about three-quarters of man-made GHG emissions.
Predictions of the International Panel on Climate Change (IPCC) indicate that in this century the
CO2 emissions into the atmosphere will increase from 7.1 billion tonnes of C/year to more than
20 GtC/year. Although the effects of such amounts on the global climate are still uncertain, there is
general consensus that a doubling of CO2 levels could have serious environmental consequences.
The importance of preventing an uncontrolled increase of atmospheric CO2 concentration has led
to the United Nations Framework Convention on Climate Change, which has been ratified by over
175 states (1999). The Convention objective is “to achieve stabilisation of greenhouse gas concentrations
in the atmosphere at a level that would prevent dangerous anthropogenic interference with the climate
system”. While the level of GHG that represents stabilisation is still open to debate, a range of
350-750 ppm (parts per million) has been discussed. Furthermore, the CO2 concentration stabilisation
target of 550 ppm has been indicated in various programmes and is deemed reasonable by the author
(WRE 550 ppm scenario, approximately twice pre-industrial level). Figure 1 illustrates the WRE 550
scenario as compared with a reference no-stabilisation scenario (IS92A “business as usual”) defined
by the IPCC [1,2]. The WRE scenarios represent significant emissions reductions below “business as
usual”. In 2050, global carbon emissions under the WRE 550 ppm scenario would be 34% less than
the IS92A projection, and the emissions reduction requirements would increase to 70% by the end of
the 21st century. Therefore, limiting the future concentration of CO2 in the atmosphere to two or even
three times the pre-industrial level will require deep reductions in carbon emissions below what would
occur in a carbon-unconstrained global economy.
Figure 1. Comparison of CO2 emissions in the IS92A scenario
and in the stabilisation scenario at 550 ppm (WRE 550)
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Over the past 150 years, natural concentration of carbon dioxide emitted into the atmosphere has
risen from pre-industrial levels of 280 ppm to the present level of over 370 ppm, with a rate of
increase projected to continue to grow with the increasing demand for energy. The demand for energy
continues to rise because of the continuing increase in world population and the growing demand in
the developing countries as they strive for better living standards.
82

Figure 2 shows estimates of world population and world primary energy consumption, presented
in a study conducted by the International Institute for Applied Systems Analysis (IIASA) for the
World Energy Council (WEC). The study analyses the three following cases of future social, economic
and technological development in the period 1850-2100:
•

Scenario with a high economic growth and rapid technological progress, particularly in
developing countries (Case A, with three scenario variants: A1 – wide use of oil and gas,
A2 – return to coal, A3 – future non-fossil).

•

Scenario with intermediate economic growth and modest technological improvements
(Case B).

•

Scenario “ecologically driven”, includes both substantial technological progress focused on
non-fossil fuel and international co-operation centred explicitly on environmental protection
and international equity (Case C).
Figure 2. Global primary energy use and global population growth
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With a world population expected to double by the middle of the 21st century and to reach 12 billion
by the year 2100, the study envisages a 1.5 to 3-fold increase in primary energy use by 2050, and a
2 to 5-fold increase by 2100.
The IIASA-WEC scenarios cover a wide range of possibilities, from a strong expansion of coal
production to strict limits on it, from a phase-out of nuclear energy to a substantial increase in its use,
from carbon emissions in 2100 that are only one-third of today’s levels to emission increases of more
than a factor of three. For all the variations explored, all scenarios manage to match the expected
demand by consumers for more flexible, more convenient and cleaner forms of energy. This means
that all energy is increasingly transformed and converted into quality carriers such as electricity, liquid
and gas fuels (natural gas and hydrogen).
The global CO2 emissions associated with the different scenarios are reported in Figure 3.
Atmospheric CO2 concentration in scenario A3 could stabilise at about 550 ppm level, not as good in
Case C, but much better than Case B and Scenarios A1 and A2.
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Figure 3. Global energy-related carbon emissions in the
different IIASA scenarios during the period 1850-2100, GtC
50

A2

40

A1

GtC

30

B
20

A3
10

C
0
1850

1900

i

1950

2000

3 Gl b l

l

d

2050

b

2100

i i

Scenario C, however, is considered to be a politically unrealistic hypothesis. Scenario A3 is
considered more promising because the reduction of fossil source usage is based on economic
convenience coming from investments to develop new technologies that can reduce net carbon emissions
safely and cost-effectively.
The Kyoto Protocol represents a landmark event in the effort of limiting GHG emissions.
The Protocol committed the industrialised countries, individually or jointly, to reducing their overall
emissions to 5.2% below 1990 level in the period 2008-2010. Italy agrees to reduce CO2 emissions by
6.5%, equivalent in 2100 to approximately 100 Mton CO2 for the year.
It is clear that the targets achieved at Kyoto are only the first step towards the ultimate objective
of the UN Framework Convention on Climate Change. Action by industrialised countries alone will be
insufficient to stabilise concentrations of greenhouse gases, if the emissions by developing countries
grow unconstrained and substantial changes are not made in the way energy is produced and used.
There are different technical options that could help reduce or at least slow the increase of carbon
dioxide emissions from the energy sector. These include: improving the efficiency of energy conversion
and end-use process, greater use of low or no-carbon energy sources, capturing and sequestering
carbon dioxide from power plant and other sources before its emission into the atmosphere and
improving the potential of ecosystems to adsorb CO2.
In this situation hydrogen can become an important option. It provides the potential for a
sustainable energy system as it can be used to meet most energy needs, without harming the
environment. In fact, hydrogen has the potential for contributing to the reduction of climate-changing
emissions and other air pollutants because it exhibits clean combustion with no carbon or sulphur
oxide emissions and very low nitrogen oxide emissions. However, widespread use of this fuel is not
feasible today because of economic and technological barriers.
In Italy a national programme exists to facilitate the introduction of hydrogen as an environmentally
friendly energy carrier. This programme has the aim to promote, in an organic frame, a series of actions
regarding the whole hydrogen cycle. It foresees the development of technologies in the areas of
production, storage, transport and utilisation. Research also addresses the development of technologies
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for separation and sequestration of CO2. The programme is shared by public organisations (research
institutions and universities) and national industry (oil companies, electric and gas utilities, and
research institutions).
Hydrogen can be used as fuel, with significant advantages, both for electric energy generation/
co-generation (thermo-dynamic cycles and fuel cells) and for transportation (internal combustion
engine, fuel cells). Research will focus in part on the development of fuel cell technologies. Fuel cells
possess all characteristics needed in order to be a key technology in a future hydrogen-based economy.
During the initial phase of the project, hydrogen will be produced from fossil sources (natural gas
and coal), and in a second phase from other sources (new renewables and new nuclear), maintaining
the infrastructures for storage and distribution set up during the first phase of the programme.
Programme areas
In particular, the Italian hydrogen programme includes:
•

Developing of technologies to produce hydrogen from fuels containing carbon (natural gas,
oil residual, coal and biomass).

•

CO2 separation and sequestration.

•

Developing of technologies for hydrogen transport, distribution and storage.

•

Hydrogen use in various application fields (electric generation/co-generation and transportation).

Hydrogen production
The commercial technologies used to produce hydrogen from fossil fuels are well-established.
Most of the hydrogen used today is produced from natural gas with different technologies (e.g. steam
reforming and partial oxidation). The gasification of oil residual is an interesting option for hydrogen
production in the Italian system, as there are already some gasification plants and others are in the
study or design phase.
The programme provides a selection of the best production technologies and their optimisation
(making them cost-effective). The main problem to solve will be the separation and sequestration of
CO2, obtained during H2 production. A specific programme task is devoted to this topic.
Hydrogen transport and distribution
The use of hydrogen as an energy carrier requires that it be distributed, stored and transmitted using
economically attractive and efficient technologies. For this purpose, R&D activities will be aimed at:
•

Analysing the different delivery solutions (e.g. liquid, compressed gas or adsorbed on special
materials, gas pipelines or road transport) and evaluating the competitiveness requirements as
a function of distance, hydrogen quantity and end uses.

•

Evaluating technical and economic problems related to realisation of distribution infrastructures.
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•

Developing small transport/distribution networks, identifying the issues to be resolved in
making reliable and cost-effective hydrogen for use both in transport applications (small
vehicle fleets) and in plants for distributed power generation.

Hydrogen storage
Currently, different methods are being considered for hydrogen storage. These methods include:
pressurised gas storage, liquefied hydrogen, metal hydrides and carbon nanostructures. Each technology
has its pro and cons, but all of them, even if already applied, require significant effort to be reliable
and competitive.
Particular attention will be paid to the development of safe, lightweight and low-cost storage
systems for application in the transport sector. In the near to mid-term, R&D activities will be devoted
to improve the present storage solutions (pressure cylinders, hydrides and liquid hydrogen). In the
long-term, research will be concentrated on investigating advanced materials (different types of
hydrides, carbon nanostructures and metal alloys) capable of assuring operating range similar to
conventional fuels. Other activities will focus on store systems for stationary uses.
Utilisation
Apart from its current use in the chemical industry, hydrogen can be used as a fuel. As a fuel,
hydrogen offers significant advantages in efficiency and reduction of environmental effects for the
following sectors:
•

Electric energy generation/co-generation (thermo-dynamic cycles and fuel cells).

•

Transportation (internal combustion engines and fuel cells).

For these technologies, R&D efforts are required to achieve market maturity.
A key utilisation goal is the development of fuel cell technologies. In Italy, fuel cells have been in
development since the early 1980s and significant progress has been made, mainly in the development
of polymer electrolyte and molten carbonate fuel cells. Programme objectives will be:
•

For the near and mid-term, developing polymer electrolyte fuel cell systems for stationary
application in the < 1 kW to several hundreds of kW range.

•

Developing high temperature fuel cell technologies and realising and demonstrating fuel
cell-gas turbine hybrid systems for the purpose of central power generation and power
distribution.

For the transport sector, the programme foresees activities aimed at the realisation and
demonstration of vehicles with internal combustion engines and fuel cell power. Transition to
widespread hydrogen use is gradually taking place.
Early on, hydrogen will continue to be produced on-board from conventional fuels, while pure
hydrogen will be considered for small urban bus fleets, where the use of centralised refuelling stations
facilitate its use.
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CO2 separation and sequestration
The development of economic and reliable technologies for separation and sequestration of
carbon dioxide is a large programme involving:
•

Evaluation of different separation (membranes, absorption and adsorption processes, and
cryogenic processes) and transportation technologies.

•

Individuating viable solutions for long-term sequestration (exhaust natural gas or oil wells,
oceans, aquifers, rock caverns, etc.).

•

Enhancing of biologic fixation phenomena.

Other activities
The development of technologies for a hydrogen system will be conducted in parallel with
activities aimed at the following:
•

Analysing the environmental benefits achievable from a hydrogen-based energy economy.

•

Evaluating from a technical and economic viewpoint the more promising solutions, in light of
the advancements obtained in the area of production, storage and transportation and the
energy needs specific to our nation.

•

Developing safety codes and standards, and informative actions to support the implementation
of a hydrogen system and related technologies.

It is worth noting that hydrogen presents risks of the same magnitude as other fuels if not properly
handled. In many respects, hydrogen is actually a safer fuel than gasoline and natural gas, while other
characteristics could theoretically make it more dangerous in particular situations. As a matter of fact,
hydrogen has a good safety record and we should bear in mind that hydrogen-rich gases have been
used in our homes for more than a century. Town gas was a mixture of approximately half hydrogen
and half carbon oxide, and it was used in most developed countries before natural gas became
available. Thus, hydrogen is a widely used commercial gas. There have been accidents, but nothing
that can characterise it as more hazardous than other fuels currently in use.
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IAEA ACTIVITIES ON THE NUCLEAR PRODUCTION OF HYDROGEN

J.M. Kendall
Nuclear Power Technology Development Section
Division of Nuclear Power
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Abstract
High temperature process heat has long been viewed as a potential application of high temperature
gas-cooled reactors, with hydrogen production being one of the applications of primary interest.
Thus most of the IAEA activities related to nuclear production of hydrogen have taken place in the
Gas-cooled Reactor Project of the IAEA Nuclear Power Technology Development Section. This paper
provides an overview of the Gas-cooled Reactor Project and the activities of the project of primary
relevance to hydrogen production. Specific activities addressed in more detail include a co-ordinated
research project on design and evaluation of heat utilisation systems for the high temperature
engineering test reactor in Japan, and the production of a technical report providing a review of
hydrogen production by nuclear power.
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Overview of IAEA Gas-cooled Reactor Project
The IAEA project on gas-cooled reactors was initiated in 1978 in conjunction with the formation
of the International Working Group on Gas-cooled Reactors (IWG-GCR). The project is conducted
within the Nuclear Power Technology Development Section of the Nuclear Power Division of the
Nuclear Energy Department of the IAEA, as shown in Figure 1. The structure and functions of the
IWG-GCR are summarised below, followed by a discussion of recent activities of the GCR project of
direct relevance to the nuclear production of hydrogen.
International working group on gas-cooled reactors
The IWG-GCR is a standing working group within the framework of the International Atomic
Energy Agency with the purpose of advising the Director General of the IAEA and promoting the
exchange of technical information in the field of gas-cooled reactors. The first meeting of the
IWG-CGR was held in 1978, with the most recent meeting (16th) held in June 2000. The focus of
interest of this working group is on helium-cooled thermal reactors utilised in steam cycle or direct
cycle nuclear plants for electricity and/or heat production. The scope also includes carbon dioxide-cooled
thermal reactors and, to the extent not already covered by other international organisations, gas-cooled
fast reactors. Current participating Member states in the IWG-GCR are listed in Table 1.
The IWG-GCR meets approximately every 18 months to exchange information regarding
ongoing and planned activities related to gas-cooled reactor technology in participant countries.
The results and recommendations of IAEA meetings and co-ordinated research projects (CRP) related
to gas-cooled reactor technology held since the previous meeting are presented and reviewed. Other
issues and activities of current interest to the Member states are discussed along with recommendations
regarding future plans for the IAEA reactor project.
Activities of the GCR project relevant to the nuclear production of hydrogen
A technical committee meeting (TCM) on the subject of high temperature applications of
nuclear energy was held at the Japan Atomic Energy Research Institute (JAERI) in October 1992.
Representatives from China, France, Germany, Japan, Poland, the Russian Federation, Venezuela, the
United Kingdom and the United States attended the meeting. A total of 17 papers were presented in
the topical areas of industrial/user needs, potential applications of high temperature nuclear process
heat and system economics, reactor and heat utilisation system technology and safety, and component
and system design, development and testing. The papers were compiled and published as an IAEA
TECDOC [1] on the proceedings of the meeting.
The TCM discussed above was organised and conducted coincident with the initial construction
activities for the high temperature engineering test reactor (HTTR) in Japan. In recognition of the
potential application of modular HTGR technology for high temperature process heat and the potential
for international co-operation in the planning and conduct of the HTTR test programme, a new CRP
was initiated. Investigation of options for the nuclear production of hydrogen was one of the primary
activities of the CRP. The scope of the CRP along with participating Member states and the results and
conclusions are summarised in the following section.
In conjunction with the above activities, the need for a comprehensive overview of hydrogen as
an energy carrier and the options for its production using nuclear power was recognised. A study was
conducted within the GCR project to provide a global perspective on the potential, options and issues
for the nuclear production of hydrogen. The resulting report is summarised below.
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Other recent activities of the GCR project directed toward the reduction of technology
uncertainties and improvement of the economics of modular HTGR technologies are generally
applicable to electricity generation and process heat applications. Areas addressed include: general
status of modular HTGR technology [2-5], materials technology [7-9], reactor physics [10], heat
transfer [11], fuel performance [12,13], safety [14-16], system design [17] and decommissioning and
waste disposal [18]. Full text versions of the reports referenced above are available on the GCR project
web site. The web site can be accessed at http://www.iaea.org/inis/aws/htgr/index.html. The site also
contains periodically updated information about current IAEA activities, future meetings and links to
other gas-cooled reactor sites.
Co-ordinated research project on design and evaluation of heat utilisation systems for the high
temperature engineering test reactor
Construction of the 30 MWt high HTTR began at the Oarai research establishment of JAERI in
1991. JAERI offered the HTTR to IAEA Member states as a test facility for international co-operation,
initially through the design and evaluation of heat utilisation systems to be considered for demonstration
by connection to the HTTR. In 1994, in response to the JAERI initiative, the IAEA established the
co-ordinated research project on design and evaluation of heat utilisation systems for the high
temperature engineering test reactor. The IAEA’s Division of Nuclear Power and Division of Physics
and Chemistry jointly administered the CRP. Member states and institutions participating in the CRP
are listed in Table 2.
The heat utilisation systems addressed within the activities of the CRP included the following:
•

Steam reforming of methane for the production of hydrogen and methanol.

•

Carbon dioxide reforming of methane for the production of hydrogen and methanol.

•

Thermo-chemical water-splitting for hydrogen production.

•

High temperature electrolysis of steam for hydrogen production.

•

Coal gasification – hydrogasification and steam gasification.

•

Steam generation and heavy oil recovery.

•

Upgrading of high CO2 natural gas.

In addition to the heat utilisation systems above, testing of advanced intermediate heat exchangers
and coupling the HTTR to a closed cycle gas turbine for the generation of electricity were also addressed.
The goals of the CRP related to addressing the prospects for developing the above heat utilisation
system options through use of the HTTR by:
•

Defining the R&D needs remaining prior to coupling to the HTTR.

•

Defining the goals for each option to be demonstrated through the HTTR.

•

Preparation of design concepts for the coupling of selected options to the HTTR and
performance of associated safety evaluations.

•

Checking of the licensability of selected options under Japanese requirements and conditions.
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The final research co-ordination meeting (RCM) of the CRP was held in October 1999,
and the technical report documenting the results is being prepared [1].
Prioritisation of heat utilisation system options with regard to demonstration within the HTTR
testing programme was a primary topic of the final RCM. The main considerations for prioritisation
were the potential significance of industrial applications, the current state of technology development
and the capability to couple the system with the HTTR. It was determined that the major focus should
be on high temperature applications that would result in the production of hydrogen.
The reforming of methane with steam or carbon dioxide was selected as the highest priority heat
utilisation candidate. Although the primary goal would be the production of hydrogen, both processes
have proven ability for the final production of methanol (or syngas) through subsequent synthesis.
The next priority candidate was determined to be the closed cycle gas turbine because of its projected
benefits as an economic and efficient means for the production of electricity. Evaluation of the remaining
high temperature heat utilisation processes resulted in the selection of hydrogen production through
thermo-chemical water-splitting, followed by the conversion of coal into higher quality fuels.
IAEA-TECDOC-1085: “Hydrogen as an Energy Carrier and its Production by Nuclear Power”
This report [1], developed under contract to the IAEA, documents past activities as well as those
currently in progress by Member states in the development of hydrogen as an energy carrier and its
corresponding production through the use of nuclear power. It provides an introduction to nuclear
technology as a means of producing hydrogen or other upgraded fuels and to the energy carrier
hydrogen and its main fields of applications. Emphasis is placed on high temperature reactor
technology, which can achieve both the generation of electricity and the production of high
temperature process heat. The report addresses two comprehensive aspects, as discussed below.
The primary author of the report was Dr. Karl Verfondern of Forschungszentrum Jülich, Germany.
To assure an international perspective, contributors and reviewers included the following countries:
Canada, China, Germany, Greece, Japan, the United Kingdom and the United States.
Nuclear power as a primary energy source for hydrogen production
This portion of the report covers the current status, options and issues associated with production
of hydrogen using nuclear power. A chapter on nuclear power and its potential for hydrogen
generation addresses the significance of process heat applications for the industry and provides a brief
overview of nuclear power plants in relation to hydrogen production. It also discusses components and
materials requirements, present capabilities and technology development.
A chapter on safety considerations associated with process heat and/or hydrogen production by
nuclear power addresses the following topics:
• Safety design concept specific to nuclear heat utilisation systems.
• Safety considerations for process heat HTGRs.
• Safety and risk assessment for process heat HTGRs.
• Hydrogen behaviour in nuclear power plant accidents.
• Gas explosion research programmes.
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A third chapter addresses the energy situation and experimental and theoretical activities related
to nuclear production of process heat and hydrogen in a number of Member states. The Member states
covered include Canada, China, Germany, Indonesia, Japan, The Netherlands, the Russian Federation,
South Africa, the United States and Venezuela.
Hydrogen as an energy carrier and its application in a future large-scale hydrogen energy economy
This portion of the report covers the current status, issues and future prospects for the substantial
use of hydrogen as an energy source on a global scale. A chapter on conventional and advanced
hydrogen production methods addresses the following areas:
•

Decomposition and gasification of fossil fuels (natural gas, coal, oil and other feedstocks).

•

Decomposition of water (e.g. electrolysis and thermo-chemical cycles).

•

Production of liquid hydrogen.

•

Comparison of hydrogen production methods.

Additional detail on thermo-chemical cycles for hydrogen production are provided in an appendix.
A chapter on storage and transport of hydrogen addresses gaseous and liquid storage, storage as a
metal hydride, and provides a comparison of storage alternatives. Current practices and future options
for transport and distribution of hydrogen covers pipelines as well as land, air and sea vehicle-based
systems. Chemical energy transmission and chemical heat pump systems are briefly discussed with
additional detail provided in report appendices. A chapter on applications of hydrogen covers its use as
a raw material in chemical processes as well as its use as a fuel. Fuel use includes heating, fuel cells,
hydrogen-powered vehicles and stationary gas turbines.
A comprehensive assessment of the safety risks of large-scale hydrogen application is provided,
including the following topics:
•

Properties of hydrogen.

•

Safety measures and experience in handling.

•

Effect of hydrogen on materials.

•

Theoretical and experimental investigation of accidental release.

•

Combustion behaviour.

•

Safety and risk assessment of hydrogen-containing systems.

•

Environmental issues.

A chapter on past and present global activities provides a general overview and review of
11 large-scale hydrogen energy systems. Local systems, power generation and hydrogen as a fuel for
aviation and ground-based vehicles are also addressed. Another chapter addresses requirements and
issues for transition to a future hydrogen energy economy, including transition from fossil to
non-fossil energy and design of a hydrogen energy economy.
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Conclusions
The IAEA, within the Gas-cooled Reactor Project, has completed significant efforts related to the
nuclear production of hydrogen in the past several years. A co-ordinated research project assessing
heat utilisation system options for the HTTR in Japan evaluated several options for hydrogen
production. A parallel effort resulted in an internationally reviewed technical report providing a
comprehensive overview of hydrogen production in general, as well as specific considerations for the
nuclear production of hydrogen.
Industrial production of hydrogen using fossil fuel resources, primarily for the chemical industry,
has been conducted for many decades. Recent advances in hydrogen storage and end use applications,
particularly in transportation, in combination with substantial environmental benefits from the
utilisation of hydrogen as a fuel, support prospects for large future increases in hydrogen consumption.
Nuclear generation of hydrogen offers a means of producing hydrogen on a large scale with negligible
emissions to the atmosphere.
Considerable work has been done regarding technologies for the nuclear production of hydrogen,
and technical feasibility is well-established. Significant issues remain with regard to the development
of licensed, economically competitive designs, but the enormous energy market associated with
transportation alone justifies the investment of funds required to address these issues to enhance the
efficiency of hydrogen production in the long term. In the nearer term, production of hydrogen
through electrolysis using nuclear-generated electricity can be a viable option, particularly for the
distributed production of hydrogen using off-peak power.
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Table 1. Participating Member states of the IAEA
International Working Group on Gas-cooled reactors
Member states
China

France

Germany

Indonesia

Japan

The Netherlands

Poland

Russian Federation

South Africa

Switzerland

United Kingdom

United States of America

Table 2. Participants of the CRP on design and evaluation of heat
utilisation systems for high temperature engineering test reactor
Institution

Location

Member state

Institute for Nuclear Energy Technology (INET) Tsinghua University, Beijing

China

Forschungszentrum Juelich (FZJ)

Jülich

Germany

National Atomic Energy Agency of Indonesia
(BATAN)

Jakarta

Indonesia

Weizmann Institute of Science

Rehovot

Israel

Japan Atomic Energy Research Institute (JAERI) Oarai

Japan

Russian Research Centre Kurchatov Institute

Moscow

Russian Federation

General Atomics

San Diego

USA
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RESEARCH ACTIVITIES ON HIGH TEMPERATURE GAS-COOLED
REACTORS (HTRs) IN THE FIFTH EURATOM RTD FRAMEWORK PROGRAMME

J. Martin-Bermejo and M. Hugon
European Commission DG of Research

Abstract
One of the areas of research of the nuclear fission key action of the Fifth EURATOM RTD
Framework Programme (FP5) is safety and efficiency of future systems, which has as an objective to
investigate and evaluate new or revisited concepts for nuclear energy that offer potential longer-term
benefits in terms of cost, safety, waste management, use of fissile material, less risk of diversion and
sustainability. After the first call for proposals of FP5, several projects related to high temperature
gas-cooled reactors (HTRs) were retained by the European Commission (EC) services. They address
important issues such as HTR fuel technology, HTR fuel cycle and HTR materials. In the next call for
proposals (deadline January 2001) the EC expects other important HTR-related items not covered by
the first call (e.g. power conversion systems and system analysis) to be addressed. The EC also
expects proposals for strategy studies and/or thematic networks on the assessment of applications of
nuclear energy other than generation of electricity via hydrogen production.
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Introduction
The Fifth Framework Programme (FP5) sets out the priorities for the European Union’s research,
technological development and demonstration activities for the period 1998-2002 [1]. These priorities
have been identified on the basis of a set of common criteria reflecting the major concerns of increasing
industrial competitiveness and the quality of life for European citizens.
FP5 differs considerably from its predecessors. It has been conceived to help solve problems and
to respond to major socio-economic challenges facing Europe. To maximise its impact, it focuses on a
limited number of research areas combining technological, industrial, economic, social and cultural
aspects. Management procedures have been streamlined with an emphasis on simplifying the process
and systematically involving key players in research.
FP5 has two distinct parts: the European Community Framework programme covering research,
technological development and demonstration activities, and the EURATOM Framework programme
covering research and training (RT) activities in the nuclear sector. A budget of 14 960 million Euro
has been agreed for the period up to the year 2002, of which 13 700 million Euro is foreseen for
the implementation of the European Community section of the Fifth Framework Programme and
1 260 million Euro have been allocated to the EURATOM programme.
In practice, this programme is implemented either via indirect actions co-ordinated by the
Directorate General of Research of the European Commission (EC) or via direct actions under the
responsibility of the Joint Research Centre (JRC) of the EC. The indirect actions consist mainly of
research co-sponsored by DG/Research but carried out by external public and private organisations as
multi-partner projects. The direct RTD actions normally comprise research of an institutional character
that is carried out directly by the JRC using their unique expertise and facilities.
The Fifth EURATOM Framework Programme (1998-2002)
Overview
The strategic goal of the Fifth EURATOM Framework Programme for research and training
activities is to help exploit the full potential of nuclear energy in a sustainable manner, by making current
technologies even safer and more economical and by exploring promising new concepts. The specific
programme (indirect actions) comprises two “key actions” (controlled thermo-nuclear fusion and
nuclear fission), as well as generic research on radiological sciences and support for research
infrastructure.
The budget breakdown of FP5 is as follows:
•

Key action 1: controlled thermo-nuclear fusion

788 million Euro

•

Key action 2: nuclear fission

142 million Euro

•

Generic R&D activities on radiological sciences

39 million Euro

•

Support for research infrastructures

10 million Euro

•

Joint Research Centre (direct actions)

281 million Euro
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Key action 1 – nuclear fission
The main objectives of this key action are to enhance the safety of Europe’s nuclear installations
and improve the competitiveness of Europe’s industry. Within these broader objectives, the more
detailed aims are to protect workers and the public from radiation, to ensure safe and effective
management and final disposal of radioactive waste, to explore more innovative concepts that are
sustainable and have potential longer-term economic, safety, health and environmental benefits and to
contribute towards maintaining a high level of expertise and competence on nuclear technology and
safety.
Research will focus on issues that currently hinder the fuller exploitation of nuclear energy
(e.g. cost, safety, waste disposal and public attitudes) by demonstrating the availability of practical
solutions to the outstanding scientific and technical problems and public concerns. Key action 1
should bring together at the research stage different stakeholders sharing common strategic objectives.
Four principal areas of research are covered:
1) Operational safety of existing installations.
2) Safety of the fuel cycle.
3) Safety and efficiency of future systems.
4) Radiation protection.
Their objectives and main priorities are briefly described below.
Operational safety of existing installations
The objectives are to provide improved and innovative tools and methods for maintaining and
enhancing the safety of existing installations, to achieve evolutionary improvements in their design
and operation, and to improve the competitiveness of Europe’s nuclear industry. Three top research
priorities have been identified:
•

Plant life extension and management.

•

Severe accident management.

•

Evolutionary concepts.

Safety of the fuel cycle
The objective is to develop a sound basis for policy choices on the management and disposal of
spent fuel and high-level and long-lived radioactive wastes, on decommissioning and on building a
common understanding and consensus on the key issues. Three top research priorities have been
identified:
•

Waste and spent fuel management and disposal.

•

Partitioning and transmutation.

•

Decommissioning of nuclear installations.
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Safety and efficiency of future systems
The objective is to investigate and evaluate new and updated concepts for nuclear energy that
offer potential longer-term benefits from the points of view of cost, safety, waste management, use of
fissile material, risk of diversion and sustainability. Innovative or revisited reactor concepts, and
innovative fuels and fuel cycles have been identified as the top research priorities.
Radiation protection
The objectives are to help operators and safety authorities to protect workers, the public and the
environment during operations in the nuclear fuel cycle, to manage nuclear accidents and radiological
emergencies and to restore contaminated environments. Four top research priorities have been identified:
1) Governance (assessment and management) of risk.
2) Monitoring and assessment of occupational exposure.
3) Off-site emergency management.
4) Restoration and long term management of contaminated environments.
Selection of projects in FP5
Proposals for indirect actions under the specific programme were invited by the EC via calls for
proposals with fixed deadlines. Thus far there have been two of these calls for proposals with
deadlines of 17 June 1999 and 4 October 1999, and with total funding of 103 million Euro. A third call
will be made this year for another 50 million Euro with a deadline of 22 January 2001. The details of
the expected research areas and priorities are given in the Work Programme, which is updated
annually and is available on the CORDIS web site (www.cordis.lu/fp5-euratom).
In the first calls all the priority areas have been addressed. After the evaluation of the proposals
received, a number of research contracts covering the objectives of the above-mentioned areas were
successfully negotiated by the EC and different EU organisations. An overview is given in Table 1.
Table 1. Proposed research projects
Research area
Operational safety of existing installations
Safety of fuel cycle
Safety and efficiency of future systems
Radiation protection
Radiological sciences
Support for research infrastructures
Total

Proposals
received
113
72
12
34
88
13
332

Projects
accepted
39
36
8
10
39
10
142

Commission funding
(million Euro)
27
37
6
6
26
2
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The research will be implemented through shared-cost actions (the main mechanism for the key
action), support for networks and databases, training fellowships, concerted actions and accompanying
measures. These indirect actions are managed and co-ordinated by Unit DII-3 (Nuclear Fission and
Radiation Protection) of Directorate DII (Preserving the Ecosystem II) within DG/Research. The actual
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work is carried out by laboratories and research bodies, utilities, engineering companies, regulatory
authorities, small and medium-sized businesses. On the other side, the principal end-users of the
results are nuclear power stations, national regulatory authorities and industry in general.
Safety and efficiency of future systems
This is a newly identified research area for FP5 with the objectives of assessing new and updated
concepts for nuclear energy that offer potential long-term benefits in terms of safety, economy, waste
management, use of fissile material, lessening the risk of diversion and sustainability. It covers two
sub-areas, namely innovative or revisited reactor concepts and innovative fuels and fuel cycles.
Relevant work had been undertaken previously, in particular in the cluster of “INNO” projects of
area A (Exploring Innovative Approaches) of the specific programme on Nuclear Fission Safety in the
EURATOM Fourth Framework Programme (1994-1998).
After a first call for proposals in 1999, 12 proposals were received in this area, requesting about
three times more than the available budget. As a result of the external evaluation of these proposals
seven of them were selected for funding by the Commission services. In view of the proposals
received and the available budget, the approach adopted by the Commission services was to support a
sound and consistent cluster of research on HTR (four proposals) and some individual proposals
related to different reactor concepts and applications. All the contracts have been successfully
negotiated and the list of HTR-related projects is shown below.
Table 2. HTR-related projects
Acronym
HTR-F
HTR-N
HTR-M
HTR-C

Co-ordinator Number of Duration EC funding
(country)
partners (months) (million Euro)
HTR fuel technology
CEA (F)
7
36
1.7
HTR reactor physics and fuel cycle
FZJ (D)
12
48
1.0
HTR materials
NNC Ltd. (UK)
8
48
1.1
HTR programme co-ordination FRAMATOME (F)
6
48
0.2
Subject of research

Research on HTRs in FP5
A number of HTRs were developed through the 1960s-1970s (e.g. Peach Bottom and Fort St. Vrain
in the US, AVR and THTR in Germany, and Dragon in the UK) but then abandoned. However, its
inherent safety features, potential for use in high temperature industrial processes and the possibility of
using direct cycle gas turbines has kept the concept alive. In fact, there is renewed interest in other parts
of the world (Japan, China, South Africa and Russia) and their potential for deployment later on in
Europe is now being reconsidered. However, a full development programme will require a large, fairly
long-term effort for which a more proactive public R&D strategy might be necessary.
Current EC-sponsored projects
The four HTR-related projects selected by the EC form a consistent and structured cluster covering
both fundamental research and technological aspects. This section describes the objectives as well as
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the main experimental and analytical activities foreseen within above-mentioned projects. Around
20 different organisations, representing research centres, universities, regulators, utilities and vendors
from eight EU member states are involved.
Project HTR-F
This project is a shared-cost action to be carried out by a consortium of seven organisations
(CEA, FZJ, JRC-IAM, JRC-ITU, BNFL, FRAMATOME and NRG) under the co-ordination of CEA.
The foreseen duration is 36 months.
The objectives of the HTR-F project are:
•

To restore (and improve) the fuel fabrication capability in Europe.

•

To qualify the fuel at high burn-up with high reliability.

•

To study innovative fuels that can be used for applications different from former HTR designs.

The work programme includes the following activities:
•

Collect data from the various types of fuels tested in the past in European reactors (e.g. HFR,
THTR, Dragon, Osiris, Siloe, etc.) and analyse them in an effort to better understand fuel
behaviour and performance under irradiation.

•

Define experimental programmes (in-pile and out-of-pile) in order to qualify the fuel particle
behaviour under irradiation and high temperatures. A first irradiation test is planned in the
HFR reactor on pebbles from the last German high quality fuel production with the objective
to reach a burn-up of 200 000 MWd/t. Concerning the heat-up tests, the Cold Finger Furnace
(KUFA) facility, in which temperatures can reach up to 1 800°C, will be transferred from
Jülich (FZJ) to Karlsruhe (JRC/ITU) where it will be commissioned after having tested one
irradiated pebble.

•

Model the thermal and mechanical behaviour of coated fuel under irradiation and validate it
against the experimental results available. The models in existing codes (e.g. Panama, Fresco,
Coconut, etc.) will be used to develop a common European code.

•

Review the existing technologies for fabrication of kernels and coated particles, fabricate first
batches of U-bearing kernels and coated particles, characterise them and study alternative
coating materials (e.g. ZrC and TiN). Kernels and particles will be fabricated in different
laboratories (two at CEA and one at JRC/ITU) and the first coating tests will be performed on
simulated and depleted uranium kernels.

Project HTR-N
This project is a shared-cost action to be carried out by a consortium of 12 organisations (FZJ,
Ansaldo, CEA, Subatech, FRAMATOME, NNC Ltd., NRG, JRC-ITU, Siemens, and the Universities
of Delft, Pisa and Stuttgart) under the co-ordination of FZJ. The foreseen duration is 48 months.
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The main objectives of the HTR-N project are: to provide numerical nuclear physics tools (and
check the availability of nuclear data) for the analysis and design of innovative HTR cores, to
investigate different fuel cycles that can minimise the generation of long-lived actinides and optimise
the Pu burning capabilities, and to analyse the HTR-specific waste and the disposal behaviour of spent
fuel. The work programme includes the following activities:
•

Validate present core physics code packages for innovative HTR concepts (of both prismatic
block and pebble bed types) against tests of Japan’s High Temperature Test Reactor (HTTR)
and use these codes to predict the first criticality of China’s HTR-10 experimental reactor.

•

Evaluate impact of nuclear data uncertainties on the calculation of reactor reactivity and mass
balances (particularly for high burn-up). Sensitivity analyses will be performed by different
methods on the basis of today’s available data sets (ENDF/B-VI, JEFF-3, JENDL 3.2/3).

•

Study selected variations of the two main reactor concepts (e.g. hexagonal block type and
pebble bed) and their associated loading schemes and fuel cycles (e.g. the static batch-loaded
cores and continuously loaded cores) in order to assess burn-up increase, waste minimisation
capabilities, economics and safety.

•

Analyse the HTR operational and decommissioning waste streams for both prismatic block
and pebble bed types and compare them with the waste stream of LWR.

•

Perform different tests (e.g. corrosion, leaching and dissolution) with fuel kernels such as UO2
and (Th,U)O2 and coating materials of different compositions (e.g. SiC and PyC) in order to
evaluate and generate the data needed to model the geo-chemical behaviour of the spent fuel
under different final disposal conditions (e.g. salt brines, clay water and granite).

Project HTR-M
This project is a shared-cost action to be carried out by a consortium of eight organisations
(NNC Ltd., FRAMATOME, CEA, NRG, FZJ, Siemens, Empresarios Agrupados and JRC-IAM) under
the co-ordination of NNC Ltd. The foreseen duration is 48 months.
The objectives of the project are to provide materials data for key components of the development
of HTR technology in Europe including reactor pressure vessel (RPV), high temperature areas
(internal structures and turbine) and graphite structures. The work programme consists of the
following basic activities:
•

Review of RPV materials and focus on previous HTRs in order to set up a materials property
database on design properties. Specific mechanical tests will be performed on RPV welded
joints (FRAMATOME facilities) and irradiated specimens (Petten HFR) covering tensile,
creep and/or compact tension fracture.

•

Compilation of existing data about materials for reactor internals being of high potential
interest, selection of the most promising grades for further R&D efforts, and development and
testing of available alloys. Mechanical and creep tests will be performed at CEA on candidate
materials at temperatures up to 1 100°C with the focus on control rod cladding.
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•

Compilation of existing data about turbine disk and blade materials, selection of the most
promising grades for further R&D efforts, and development and testing of available alloys.
Tensile and creep tests (in air and vacuum) from 850°C up to 1 300°C and fatigue testing at
1 000°C will be performed at facilities at CEA while creep and creep/fatigue tests on helium
will be performed at JRC.

•

Review the state-of-the-art on graphite properties in order to set up a suitable database and
perform oxidation tests at high temperatures on: i) a fuel matrix graphite to obtain kinetic data
for advanced oxidation (THERA facility at FZJ) and ii) advanced carbon-based materials to
obtain oxidation resistance in steam as well as in air (Index facility at FZJ).

Project HTR-C
This project is a concerted action to be carried out by a consortium of six organisations
(FRAMATOME, FZJ, CEA, NNC Ltd., NRG and JRC) under the co-ordination of FRAMATOME.
The foreseen duration is 48 months.
This project is devoted to the co-ordination and integration of work to be performed in the three
aforementioned projects (e.g. HTR-N, HTR-F and HTR-M) and in other potential HTR projects, which
might be accepted by the EC in further calls for FP5 proposals. Moreover, HTR-C will organise a
world-wide technological watch and will develop international co-operation, with top priority to China
and Japan, which now have the only research HTRs in the world. In order to promote and disseminate
the achievements of the EC-sponsored projects, HTR-C will organise presentations in international
conferences.
Future calls for proposals
A second call for proposals will be published in October 2000 with a deadline in January 2001.
In the area of safety and efficiency of future systems, this call will be targeted to complementary R&D
activities on HTRs with emphasis on the items not covered by the first call (e.g. power conversion
systems, system analysis, licensability and public acceptability). The EC also expects proposals for
strategy studies and/or thematic networks for the assessment of applications of nuclear energy other
than the generation of electricity via processes such as heat and hydrogen production.
The “High Temperature Reactor Technology Network” (HTR-TN)
In the beginning of 2000, fifteen EU organisations signed an agreement to set up a European
network on high temperature reactor technology (HTR-TN). The operating agent and the manager of
this network is JRC-IAM and the rest of the partners are Ansaldo (I), Belgatom (B), BNFL (UK),
Empresarios Agrupados (E), FRAMATOME (F), FZJ (D), FZR (D), IKE (D), University of Zittau (D),
Delft University (NL), NNC (UK), NRG (NL) and Siemens (D). Many of these organisations had
already been working together in the INNO-HTR Concerted Action of the EURATOM FP4 (contract
FI4I-CT97-0015).
The general objective of this network is to co-ordinate and manage the expertise and resources of
the participant organisations in developing advanced technologies for modern HTRs, in order to
support the design of these reactors. The primary focus will be to recover and make available to the
European nuclear industry the data and the know-how accumulated in the past in Europe and possibly
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in other parts of the world. The network should also work on the consolidation of the unique safety
approach and the specific spent fuel disposal characteristics of HTR, providing data, tools and
methodologies that could be available for the safety assessment of the European Safety Authorities.
The EC-sponsored projects mentioned above would be the initial kernel from which the HTR-TN will
depart.
The activities of this network started officially in April 2000 at the kick-off meeting held in Petten
(The Netherlands). During this meeting, six technical task groups were created to address the following
areas: components technology, system and applications studies, material performance evaluation,
safety and licensing, fuel testing, physics and fuel cycle (including waste). In addition to these
technical task groups, some horizontal task groups were also formed to cover aspects such as strategies
for future common projects, internal and external communications and international relationships.
Research on hydrogen in EU Framework Programmes
Most research activities related to the hydrogen infrastructure (e.g. production, storage and
distribution) have been undertaken in the frame of the Community RTD Framework Programmes, and
related to non-nuclear energy, particularly in the area of fuel cell technology. Fuel cells hold great
promise in delivering very efficient and clean energy for a wide range of applications (e.g. electricity
production, transport and telecommunications), and most of them use hydrogen as fuel. The potential
of fuel cells has long since been recognised by the EC and the budget allocated to fuel cells has been
increasing in the different RTD multi-annual Framework Programmes of the EU.
Most of these RTD activities address the technical challenges and complex issues related to the
design of fuel cells themselves and tackle two main issues – cost reduction and performance
improvement. However, there are very few projects specifically related to the development of
cost-effective and large-scale hydrogen production. In all the cases they rely on traditional methods
such as decomposition and gasification of fossil fuels or water electrolysis for which renewable
sources are used to provide the primary energy required. Other promising methods, which are in the
early stages of development (e.g. water-splitting using thermo-chemical cycles), are not being
investigated.
In the EURATOM Framework Programmes, no research of any kind has been undertaken to date
on nuclear energy applications for hydrogen production. However, it appears that nuclear power could
play a significant role in the production of hydrogen on a large scale. It could be used either as
provider of electricity in water electrolysis process or as supplier of high temperature heat for both
fossil fuel conversion and thermo-chemical cycles.
In the case of HTRs, there is big potential for the application of the high temperature heat
produced for water-splitting using the thermo-chemical cycle. In this cycle, the splitting process is
subdivided into different partial reactions, each running on a lower temperature level. Some
2000-3000 potential thermo-chemical cycles have been tested and the technical feasibility of some of
them has been demonstrated. Although they are inherently less efficient than the conventional process,
the economic competitiveness of some of these cycles might be improved if nuclear heat from HTRs
could be used. This is, in fact, one of the research activities being undertaken at JAERI’s High
Temperature Test Reactor (HTTR).
As was said above, the next call for proposals of EURATOM FP5 (deadline 21 January 2001)
provides the opportunity to sponsor strategy studies and/or thematic networks for the assessment of
applications of nuclear heat for hydrogen production. They would preferably build on existing work in
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the EU and elsewhere [2]. The objective should be to provide an indication of the potential of these
applications, identify the existing capabilities in the EU, explore the potential international co-operation
mechanisms and assist the EC in the definition of future RTD needs and priorities.
Conclusions
At present, there is renewed interest in different countries of the world (Japan, China, South Africa
and Russia) regarding high temperature gas-cooled reactors. The potential for their deployment later
on in Europe is also being reconsidered. Inherent safety features, potential for use in high temperature
industrial processes and the possibility of using direct cycle gas turbines has made HTRs a very
attractive concept in the current socio-economic and political environment. However, a full
development programme will require a large, fairly long-term effort for which a more proactive public
R&D strategy might be necessary.
The EC will support a number of indirect actions for research on HTRs in its Fifth EURATOM
Framework Programme. They are aimed at investigating and evaluating the potential of this type of
reactor in terms of safety, economy, waste management, use of fissile material, risk of diversion and
sustainability. The projects accepted by the EC in the first call for proposals address important issues
such as HTR fuel technology, HTR fuel cycle and HTR materials. In the next call for proposals
(deadline January 2001) the EC expects other important HTR-related items not covered by the first
call (e.g. power conversion systems and system analysis) to be addressed. The EC also expects
proposals for strategy studies and/or thematic networks for the assessment of applications of nuclear
energy other than generation of electricity (such as hydrogen production).
The research activities, implemented mainly through shared-cost actions, concerted actions and
networks, are managed by Unit DII-3 (Nuclear Fission and Radiation Protection) of Directorate DII
(Preserving the Ecosystem II) within DG/Research. Laboratories and research centres, utilities,
engineering companies, regulatory authorities and universities carry out the actual work. This enforced
collaboration of organisations of different EU member states contributes to the improving of consistency
of the research fabric within the EU, thus making optimal use of the available resources in the present
and future EURATOM Framework Programmes.
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Abstract
Hydrogen will play an increasing role in future energy supply. Present hydrogen sources are mainly
hydrocarbons, while hydrogen from renewable energies will not be able to compete economically for the
near future. Nuclear energy can provide cheap electric energy, as well as economic heat for chemical
processing. Thermal and chemical hydrogen production processes require certain temperatures, which
are on the high end of present nuclear systems capabilities. The report shows possibilities that already
exist for the utilisation of nuclear heat, further research needed to simplify those chemical and thermal
processes, and alternate routes tested and deemed feasible in the medium term.
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Background
At the onset of the nuclear age many different uses of nuclear energy were proposed and several
of them have been tested. Today, besides some radionuclide production for technical and medical
purposes, only the production of electrical energy has remained a viable option. Even this option
meets severe public criticism and faces economic barriers due to the high initial cost of building
nuclear power plants.
As there are apparent problems to store and transport electric energy, a universal storage form
(particularly for intermittent energy sources in distant places) such as wind and solar energy, is in
demand. Therefore, storage concepts and all forms of batteries constitute a major research topic to
make renewable energy sources a viable option. Besides pumped-water storage, which requires certain
topographic preconditions, hydrogen as a storage form is considered an economic alternative in the
medium and long run. (Hydrogen would be converted to electric energy, and hydrocarbon would be
used to replace fossil fuel, mainly crude oil.) The proponents of this brilliant non-polluting energy
future frequently neglect that all those 300 billion m3 hydrogen/year used in industry (an energy
equivalent of almost one-third of all nuclear electric power produced) are made in the reverse way by
utilising hydrocarbons as the main energy source for hydrogen production, releasing roughly an
additional half a billion tonnes CO2/year in production.
It is assumed that the world’s final energy form in the future will be taken even more from grid
systems, where hydrogen will represent a major share [1].
Figure 1. World final energy form

If water is taken as the primary hydrogen source material, it must be dissociated into hydrogen
and oxygen (or the OH-ion, depending on the temperature range). The activation energy needed for
this separation is high [2]. Nature provides a multi-step solution in photosynthesis of organic matter.
Today this process can be copied, but only on a small scale in laboratory environment [3]. The process
has not been brought up to the industrial scale. Methods to activate individual molecules by radiation
(e.g. ultraviolet light) are reported, but neither the necessary separation techniques nor the nuclear
light sources, such as X-ray lasers, are not yet at hand. The whole area of molecular activation would
need a special treatment. (There might be an existing forerunner insofar as zinc oxide is considered a
candidate to an oxide-to-metal conversion in solar heat, with the potential to also be activated by other
radiation, like ionising radiation or ultraviolet light [4]).
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Still, the usual means of separation are electrolysis or thermal dissociation by providing the
activation energy and preventing the back-reaction (recombination) in separating the reaction partners
via speed and/or cooling. As the reaction conditions would require high temperatures for a one-step
process, it has been tried to split the activation energy needed into several steps, which finally lead to
hydrogen after several intermediate reactions.
High-energy options
If fission energy could be harvested in its primary form, where particles are accelerated up to the
several MeV range, nuclear energy would be almost ideal for this task. However, most of this
high-energy band is downgraded over several orders of magnitude by multiple collisions into the eV
range. Just for harvesting nuclear energy via water boiling, only a fraction of the emerging radiation
arrives as hydrogen and oxygen in the coolant water through radiolysis, which is considered an
unpleasant and corroding side effect.
It will be shown later under which frame conditions it might make sense to reverse this approach
and utilise radiolysis as a slow but cheap hydrogen production method. However, it should be stated
that nuclear fission has practically no upper temperature limit (as can be derived from nuclear
explosions) and could meet the 2 500°C level easily, where water is dissociated into hydrogen and
OH-ions at an industrially interesting level. In this context it should be mentioned that as early as the
late 1960s, nuclear propulsion engines had reached this temperature level heating hydrogen for quite
some time (minutes, hours). One of those machines is shown in Figure 2.
Figure 2. Kiwi-A reactor
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Back in 1959, this Kiwi-A reached 70 MW, heating hydrogen to 1 500°C, which was the safety
limit of the core in a graphite-niobium-carbide envelope. Later models called Nerva used (or planned
to use) tungsten-metal cladding, reaching 2 250°C and providing 1 500 MW of power in a core twice
as large [5].
As a general rule, it can be stated that temperature is limited by the capability of the barrier
(or concentric barriers) material, to keep the fission fragments from escaping, while dissipating the heat
into the reaction partners. In this sequence of “fuel-cladding-coolant/reactant” material, science finds
its major field, while neutron physics plays only a minor role (especially if fast neutrons can be used).
Material combinations [6]
The following material combinations are already established by widespread practical use:
•

Atmospheric water boiling up to 100°C: (U-met., U-alloys,UO2, U3O8, USi, U3Si,) –
aluminium – water and magnesium (and alloys) – CO2.

•

Boiling or pressurised water up to 400°C (or somewhat less): (UO2, (U,Pu)O2, U3Si,) –
zircaloy, Zr-(1-2,5)Nb, austenitic stainless steel – water.

•

Sodium to 700°C (or somewhat less) (secondary coolant up to 650°C): (UO2, (U,Pu)O2, UC,
(UPu)C, (U,Pu)(N,C), UN, (U,Pu)N, U-Mo alloys) – austenitic/ferritic steel – sodium or
sodium/potassium.

•

Helium up to 1 000°C (or somewhat more) (secondary coolant up to 900°C but at present
only steam at equal pressure): (UO2, (U,Pu)O2, U2C3) in pyrolytic carbon/graphite/SiC –
helium (80 atmospheres).

The following are optional wall materials, which can be fabricated in a non-porous form:
•

For the 400°C and up range: Platinum metals, nickel-base alloys, molybdenum, niobium
(with coating). Temperature range possible: 600 to 1 000°C

•

For the 700°C and up range: Platinum metals, molybdenum, thorium alloys, tungsten (?).

•

For the 1 000°C and up range: Dense SiC, SiN, thorium borides, chromium borides, zirconia,
alumina, beryllia, thoria, magnesia, MoSi2 (in oxidising environment).

For temperatures above 2 500°C and some lifetime only a few materials have some chance to
hold as barriers, like tungsten metal (in reducing atmosphere) and thoria (in oxidising atmosphere)
It may be tempting to cover the dissociation of water in one single step and run something like a
nuclear (fast reactor) rocket engine with a water-hydrogen mixture in a closed cycle, removing the
additional hydrogen formed by diffusion or selectively over permeable membranes. The best known
candidate, palladium (because of its selective hydrogen permeability), is limited to about 1 700°C.
Tests have proven that the diffusion speed of hydrogen and the OH ion (which is the prevailing
species at high temperature) differs by a factor of eight, which would allow separation/enrichment of
the hydrogen with relatively simple non-reactive diaphragms. An example would be porous alumina
barriers, as used in UF6 enrichment, allowing higher separation temperatures and more favourable
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equilibrium states. It will still be a major technical challenge to incorporate a high-speed steam jet, a
diaphragm set and a controllable nuclear reactor with a very high power density and some lifetime into
one machine.
Thermal efficiency, because of the recombination and rapid cooling required for the mix, is
probably lower than the competing conventional steam cycle or the conversion of energy over a
turbine to electric power followed by electrolysis. But experiments and comparing data have not yet
been published.
Process chains in steps
The next nearest aim might be to reach the temperature range for the thermo-dynamically
subdivided reactions (steps), as they were studied mainly in Ispra and Jülich in the 1970s [7-10] and
are still under search [11]. In all cases, corrosive substances like bromine or chlorine and their
compounds have to be handled. The Mark-I cycle uses mercury, which may require reliable
confinement techniques in order to be publicly acceptable.
It is again a material question, in how far the basic process underlying the Marks 2-7
characterising step processes can be confined. The presence of HCl, aggressive chlorides and water in
varying amounts and at elevated temperatures, creates a corrosion problem well known in classical
chemical industry, where steel is used as wall material. Besides enamelled vessels and sintered quartz,
recent experiences with zirconium metal may offer a suitable solution for the lower temperature range.
Also, dense silicon carbide could be used. As far as HTR heat as a heat source, the secondary heating
media (holding the helium cycle tight) for the moment could only be water vapour. Again, the heat
exchanger wall material and the technique to fabricate and fix tube bundles out of ceramic material,
which has reliably tight in end plates, are not yet far enough developed.
There may be one option to withhold chromium chloride (in the promising three-step published
by Knoche [8]) from the reactor coolant via a chromium-molybdenum-silicide/boride, as the latter
materials carry a protective silica layer and are thus chlorine-resistant.
As material development is a slow and expensive process, it pays to look for similar fields where
materials of interest are being developed or already in use. Dense material for higher temperatures is
found in gas turbine blade development (cermets, molybdenum- and tungsten-silicides, silicon-nitrides
and silico-borides). Some development is currently taking place with regard to material for disk brakes
in racing cars, e.g. the silicon metal impregnated carbon fibre material with a protective quartz layer
on the outside (Mercedes-Benz [12]), which might be an improvement for HTR heat exchangers.
Also, high temperature resistant materials are being developed for melting crucibles of special glass
(includes such materials as borosilicate glass).
While there is no real economic pressure to develop new hydrogen production methods, nuclear
hydrogen would at least be competitive through standard electrolysis because of the low base-load
costs of electric power from existing nuclear stations, compared to wind or solar electric power.
To attract support and create public awareness on the existing possibilities for nuclear hydrogen,
it might not be enough to promote far-fetched optimised solutions. In addition, one can investigate
whether the existing nuclear systems allow an improvement over the straightforward electrolysis by
the specific thermal potential they offer. Among the many possibilities that exist to interconnect
nuclear energy with standard chemical hydrogen production processes, only two versions are
discussed here.
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Version 1 – steam conversion
When looking into the methane-hydrogen equilibrium [13], according to Eq. 1 below, it is evident
that reactor coolant temperatures, as they can be reached with existing systems (described in more
detail in Table 1), might be able to shift the equilibrium on a potent catalyst (to be developed out of
the earth alkali oxides or the chromium-iron-series). The shift may be far enough to the right to allow
a palladium membrane to separate the hydrogen downstream out of the gas flow, and to cycle the gas
mixture to successively consume all the methane. Because of the chemical inertness of methane, the
success is doubtful, or, at least the kinetics are too slow. As a result, one would have to retreat to the
regenerative cycle.
→ CO2 + 4H2
CH4 + 2H2O ←
t [°C]
CH4 [%]
t [°C]
CH4 [%]

450
75
800
16

500
66
900
9.5

550
57
1 000
6

(1)
600
47
1 100
3.5

700
28

Regenerative cycle
The basic idea is described by H. Ziock’s zero emission coal idea [14] and by Gaudernack [15].
The amendment here is the use of dissociable carbonates from nuclear heat (dissociation temperatures
for Ca – 825°C, Mg – 350°C, Zn – 140°C at atmospheric pressure at different temperature and pressure
levels). If the kinetics should still be unfavourable, another alternative would be straightforward
methane cracking, as described in the proceeding section.
Figure 3. Regenerative cycle
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Version 2 – combined cycle
Here it is assumed that a standard autothermic cracking and conversion unit to convert natural gas
into hydrogen is operated [16]. Because of the large over-stoichiometric steam requirement, the need
for gas compression to keep the units small and the thermal conversion losses in heat exchangers, the
thermal efficiency of an autothermic process goes far beyond the endothermic reaction heat
requirement. The following figure shows in what steps of the process nuclear heat can be coupled in to
reduce the caloric heat otherwise necessary.
Figure 4. Combined cycle

Among the theoretical possibilities, which include the use of LWR, FBR or HTR heat levels, a
particularly favourable outset is chosen (an FBR is assumed to be operated with methane instead of
sodium as the secondary coolant, transferring most of the heat in a further cycle to water vapour).
Depending on the different operating pressures, this system would allow for a considerable reduction
in the risk of a water-sodium reaction and would also allow for the heating of methane at the
maximum temperature the system can provide (600°C).
To calculate the potential bonus, the following assumptions are made. A nuclear system with
base-loaded 300 MWe is assumed to produce electric power, which is used for electrolysis. As a
conversion electricity input of 4.5 or 3 kwh/m3 of hydrogen is assumed, dependent on whether
normal-pressure or high-pressure (150 atm) electrolysers are used.
The dotted intersection shows where the standard steam turbine cycle is connected to the methane
conversion cycle. The system pressure in the cracking and conversion section is assumed to be about
30 atmospheres. The energy requirements are, however, relatively insensitive to the system pressure.
Only investment is saved because the equipment gets smaller and the CO2 scrubber needs no extra
compressors.
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The water vapour flow is chosen so that the necessary excess steam is available in all conversion
steps and the total energy output of the nuclear system remains largely the same. The result is potential
electrolysis output from the electric power in about the same order of magnitude as the chemical
system provides it. However, the relation could vary, e.g. so that much more conversion was covered
by the same nuclear energy input.
Table 1. Combined conversion cycle
300 MWe

LWR

Thermal efficiency
MW(thermal)
Electrolytical hydrogen output:
Normal pressure (4.5 kWh/m3)
150 atm (3 kWh/m3)
Steam preheating temperature
Conversion input:
Equivalent to CH4/9 t H2/h (autothermic)
Reaction enthalpy input (MWe) (resistance heater)
Remaining electrical output (MWe)
Tonnes hydrogen/hour/45 t CH4
Surplus
MWe/t thermal H2 surplus
MWe/t electrochemical H2

FBR

HTR

33%
1 000

42%
715

45%
670

6 t/h
9 t/h
400°C

6 t/h
9 t/h
600°C

6 t/h
9 t/h
750°C

37.8
42
240
12
3
13
35-50

33.8
41
230
13.6
4.6
11.4

30.0
40
220
15.6
6.6
8.9

Autothermic

45.0

9

For simplicity’s sake it is assumed that the heat input, which the nuclear system because of
present temperature limitations cannot provide in the top temperature region (750-1 050°C) and in
order to cover the reaction enthalpy, either an electrolytically produced oxygen flow is added, which
adds some hydrogen too (this would be the practical technical solution for a unit of the 300 MWe in
size, while for units of larger size or several units in compounds a deep-temperature air separation unit
would be more economic and would save some electric energy(0.5 kWh instead of 9 kWh/m3 oxygen),
while the specific total energy (including the burnt methane) tends also to be less, if the nuclear energy
contribution fraction increases.
As the steam quality is downgraded by the several heat exchanger steps (Figure 4), electricity
output is reduced accordingly, which the turbine generator can finally deliver. Light water nuclear
systems (and their turbines) in general have been adapted to those less favourable steam conditions,
thus this should not be a technical problem.
From the data above it is obvious that the thermal input from the nuclear reactor increases
considerably the hydrogen output in the conversion system. It is also evident that the thermal energy
input is more efficient than electrolysis. What is even more important, is the limited input the top
temperature range needs, even including the reaction enthalpy, in comparison to the energy requirement
for the conversion as a whole. While it might be nice to reach a temperature certain level, which also
covers the 1 050°C range to complete the methane conversion, it saves only half the total energy
required (e.g. in the case of the existing HTR temperature level). This saving occurs when the process
is amended with resistance heaters, as most of the heat input is required as steam in the lower
temperature area.
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If large-scale hydrogen production were attempted, a mix of cheap natural gas conversion with
cheap base-load nuclear energy would be a useful combination and an attractive forerunner for a
development towards higher temperatures. Today, in the above case of the HTR, 42.6% of the carbon
dioxide emission could be prevented. If, for example, all hydrogen was produced from methane (given
a mix of coal, crude and natural gas with some hydropower as sources is about correct) world-wide by
this supplementary nuclear heating, another 100-120 million tonnes of CO2 could be saved using
today’s technology. Hydrogen then could be provided at an attractive price level, certainly by factors
less than the present-day price of solar hydrogen.
It should be mentioned that the synthesis gas produced with the nuclear energy amendment is
equally useful for producing hydrocarbons (Fischer-Tropsch process and others), with an even higher
reduction in firing fossil fuel to provide the enormous steam quantities for those production chains [17].
Other reaction chains
Since the 1970s, research was conducted in part to improve existing chains but also to develop
new chains with lower top temperatures. Work was done in the sulphur-iodine cycle [18] and in the
catalytic splitting of HCl and H2S [19].
Under-tunnelling the thermo-dynamic equilibrium was tried in the form of an uphill diffusion on
palladium membranes in the group, Pd-Ag-Ni, by special foils or layers [20] and by catalytic activated
zeolithes [21] and on nickelII ferrites [22]. (Many other studies, like the ones on microbial conversion
or photo-ionisation are out of the main scope here.)
Radiolysis
Activation energy introduced from fission spikes or from any ionising radiation is capable of
breaking the chemical bonds, depending on their strength. For hydrogen-hydrogen bonds, like in
human protein chains, the energy required is small. To break the hydrogen-oxygen bond, however, the
energy required is much larger. Again, as in thermal dissociation, a stepwise loosening of the bond
requires less activation energy for the individual step than if the dissociation is to be managed in one
step. Little literature exists on intermediate compounds and the reduction of ionisation energy.
The all-in-one ionisation, splitting water into hydrogen and the OH-ion, is well documented because it
is being used in all moderators and coolants in nuclear power stations as well as in cooling ponds and
radioactive solutions. The most promising source of strong radiation is the alpha energy, as available
from all alpha emitters in the 4-5.5 MeV band. The G-value, which determines the number of
molecules split into radicals per 100 eV, is also well documented with 0.44 [23]. If water is irradiated,
this G-value normally is not reached because the recombination of the radicals has only heat as a net
result. Salts, alkalis or acids can reduce this value to the limits of detectability. If the products of the
irradiation are found, they are normally H2 and H2O2, which in turn act as strong oxidisers in statu
nascendi. If most or all of the G-value is to be harvested, recombination reactions must be limited.
This can be achieved by lowering the reaction rate and separating the molecules as they form.
The simplest method is stirring because this reduces the laminar (Oeholm) layer on the surface of the
alpha-emitter. However, the reach of the alpha radiation in liquid water is limited to some 0.4 mm,
which gives the layer adherent to the alpha emitter a good chance at recombination. Another method
would be to increase the lifetime of the radicals by cooling the substrate, and thus increasing the
viscosity. Liquid water increases in viscosity upon cooling with about 2.5%/°C, which does not effect
much down to freezing, and the reduced mobility enhances recombination. A much more promising
solution is dilution with inert media, such as irradiating a flow of water vapour under reduced pressure
or, more simply but somewhat less effective, to irradiate wet argon gas.
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The strongest alpha emitter presently available in industrial quantities is plutonium. While pure
Pu has only 2 GBq/gram, the industrial LWR mix runs up to 30 GBq/g and the less available 238Pu
outdoes this several hundred times. There are known methods to affix this toxic material in very thin
layers (only a few molecular layers thick) solidly on metal surfaces, like aluminium or stainless
steel [24]. If large surfaces would be in contact with some of the above-mentioned water forms in
order to reduce recombination, hydrogen could be produced over the lifetime of those sources, which
may well be for centuries. One tonne of plutonium makes in such a dilution on a 10 micrometer-thin
aluminium foil a compound of about 250 tonnes. When contacted with about 10 000 litres of water a
day in a pumped cycle, a 180° geometry of the emitter results in 1.13 to 12.5 × 1015 Bq/sec (depending
on the plutonium used). This would produce about 2.3-15 m3 hydrogen per day. This is not very much
but the flow would be steady over very long periods and needs only minimum pumping energy to
move the fluid over the surface. Considering the fact that as of today the world’s leftovers in spent fuel
are approximately 1 500 times as much plutonium and that the ionising radiation from the other
nuclides in fission products act along a similar mechanism and with a source strength by orders of
magnitude above that, a long-term storage concept making use of such a formidable source would at
least be a possibility to make limited use of what people fear so much – ionising radiation. Water
dissociation is not the only reaction that can be enhanced or performed by such a system. The number
of subsystems that may also lead to hydrogen as a final product, have not yet been investigated.
239

Gaps in know-how and needed experimental proofs
While the basic physics of nuclear systems are generally well known, the biggest challenge lies in
material development. It might not be the best approach, to base all material development on a reactor
type, which may – for entirely different reasons – take awhile to be introduced commercially. It is the
opinion of the author that breeders should be given an equal opportunity to the HTR. As already
mentioned, high temperature resistant, dense tubing for heat exchangers above 900°C should be the
foremost topic. Gaseous atmospheres, when water vapour is the main constituent, could be chosen for
increasing reduction or oxidisation, as the cycling of gases provides the possibility of replenishing the
reactants and removing the products. However, the two-sided diffusion barrier must be maintained in
order to keep low the risk of contamination of the reactor’s first loop. The same priority would apply
for corrosion resistant materials at temperatures around and above 1 000°C, particularly against the
aggressive pairing of halogens and water vapour.
Before starting indigenous projects, a careful search of literature on existing solutions may help in
redirecting experiments. Furthermore, science, like many other modern fields, needs advertising to
attract research money due to tough competition with other fields. One might be well advised to
pursue a demonstration in existing plants of the combined cycle, however simple, boring and
self-evident this may sound.
The most promising area would be a search for a catalyst to speed up the methane hydrolysing
reaction, as described in Version 1. Ideas described similar to the zero emission coal concept [1] may
induce a combination of carbonates dissociable under operating pressure, but with the right mix and
the right carrier, the crumbling of oxide/carbonates in repeated composition change may be prevented.
For example, the coating of reactive oxides on high-fired MgO pebbles or bricks is area that needs to
be developed. Also, the optimisation of pressures and temperatures in view of saving the nuclear
energy contribution needs to be found. It might also be tempting to investigate radiolytic reactions of
methane-steam mixtures either in-pile or with activated thoria as catalyst. A large research field would
be other activation mechanisms, including photon activation on different substrates, directed mainly
along the already known activation systems in UV and radiation sensitive substances (e.g. fluorides,
oxides and sulphides of zinc, cadmium, rear earth and transition metals).
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Abstract
Today, steam reforming of methane is the most common hydrogen production technology. The process
takes place through the following well-known reactions:
CH 4 + H 2 O → CO + 3H 2
CO + H 2 O → CO2 + H 2

The produced CO2 must be separated and processed for its final disposal in order to reduce its
environmental impact.
On the other hand, in a natural gas (methane) pyrolysis, only black carbon and hydrogen are produced
according to the reaction CH4 = C + 2H2.
Theoretically, methane bubbled in a liquid metal heated to about 800°C could decompose over 90% of
the methane with only negligible CO2 emissions anticipated. However, the complexity of the phenomena
should be noted as related to heat transfer from liquid metal to a bubbling gas, fluid dynamics of
bubbles in a liquid metal, mass transfer and kinetics of reaction. These must be carefully evaluated in
order to make possible a reliable scale up to an industrial scale process.
In order to test the process, an experimental device, in which methane is bubbled into a molten lead
bath, will be realised at the ENEA site of Brasimone. The guidelines for the design are presented and
discussed.
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Introduction
It is well known that the two main methods for the decarbonisation of natural gas are the steam
reforming of methane [1] (SRM), followed by CO2 separation and sequestration, and the thermal
decomposition of methane (TDM), followed by the separation of elemental carbon. The net thermal
efficiency of the two processes are similar (each close to 60% [2]).
If well developed on industrial scale, SRM would have two main disadvantages compared to the
TDM process. The first one is the need for a technologically heavy process for the separation between
hydrogen and carbon dioxide, independent of the adopted technology (solvent absorption and stripping
or pressure swing adsorption on microporous/mesoporous adsorbent materials). The second problem is
that in order to reduce CO2 emissions, the SRM process requires the sequestration of CO2 in the ocean
or in gas wells. With regard to this last step, environmental impact and safety concerns may arise.
These problems are not present or, at least, are less relevant in the TDM process. Another
advantage of TDM over the SRM process is connected to the by-product value, which is potentially
high in this case.
Among the different kinds of TDM reactor concepts, one of the most interesting consists of a
molten metal (copper, tin or lead) bath in which the natural gas is bubbled. Advantages in this case
come from the improved heat transfer and the relatively easy separation of carbon, exploiting the big
difference in density between the molten metal and carbon.
On the basis of these considerations, an experimental device is presently under design at ENEA.
The device’s aim is to evaluate the efficiency of conversion of methane into hydrogen, adopting a
TDM reactor with a molten lead bath. The general layout of the apparatus is subsequently presented
and discussed.
Chemical physical parameters for the gas liquid system
The decomposition of methane is an endothermic reaction:

CH 4 ↔ C + 2 H 2 − 76.6kJ

(1)

The equilibrium constant [3] of the reaction is reported in Figure 1and given by:

kp =

p H2 2

(2)

pCH 4

The theoretical conversion of methane into hydrogen, based on pure thermo-dynamics, starts to
become significant at temperatures above 700°C. Of course the real reaction yield depends on different
parameters that determine the interface specific area and contact time between gas and liquid lead.
Liquid metal parameters
The dynamic viscosity of liquid lead, expressed in SI unit, can be estimated using the
relationship [4]:
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 8.657 
µ = 0.4486 ⋅ 10 −3 exp

 RT 

(3)

which is valid in the temperature range of 600-1 400°C.
The liquid lead density, expressed in g•cm-3 is given by [4]:
ρ = 10.665 − 12.665 ⋅10 −4 ⋅ (T − Tm ) + 10.08 ⋅10 −8 ⋅ (T − Tm )

2

(4)

where Tm is the melting point.
The surface energy in SI units is [3]:
σ = 0.471 − 0.156 ⋅10 −3 (T − Tm )

(5)

Methane parameters
The methane density, given by Van der Waals’ state equation for real gases, is 0.473 kg/m3 at
600°C [5]. The dynamic viscosity can be evaluated by correlating data available in [5]. The obtained
equation is:
logµ = 10 −4 (0.821 ⋅ logT − 2.987 )

(6)

where the dynamic viscosity is expressed in SI unit.
Gas bubbling
In a liquid metal TDM bath, methane is decomposed while bubbling in the liquid metal.
The phenomenon can be subdivided into different phases:
•

Bubble formation at the orifice.

•

Gas bubble heating while rising through the liquid metal.

•

Chemical reaction at the gas-liquid interface.

•

Transport of reaction products through the liquid.

The bubble fluid dynamics is of basic importance because it determines the heat exchange
coefficient and, as a result, affects the rate of reaction.
Assuming that the gas liquid system will be operated in the single bubble regime, the bubbles are
produced one at a time and their dimension Db are determined by the orifice diameter D. Thus, the
following represents the surface energy of the gas-liquid film and the gas and liquid densities [5]:
1

3
Db 
6σ
= 2

D  D (ρ l − ρ g )
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(7)

The bubble dimension is independent of the gas flow rate and, as a consequence, the frequency of
bubble formation is proportional to gas flow rate Q:

f =

Qg (ρ l − ρ g )

(8)

πDσ

Eqs. (7) and (8) result from a balance of bubble buoyancy against interfacial tension. If the orifice
diameter becomes too large, the bubble diameter will be smaller than the orifice diameter and instability
results. These two relationships are valid up to a gas flow with a Reynolds number of 200. The liquid
viscosity has very little effect on the bubble volume up to a value of 200 cP [5].
It must be pointed out that these equations have been experimentally tested with a high level of
accuracy only for liquids of low density, thus the extension to heavy liquid must be verified.
Other types of relationships have been used for applications in heavy liquid metals. One of these
applied to size of the tritium extractor in bubble columns Pb-17Li/He is [6]:
Db
= 26 ( Bn )−0.5 ( Ga )−0.12 ( Fr )−0.12
D

(9)

where Bn, Ga and Fr are respectively the Bond, Galilei and Froude dimensionless numbers. In this last
model a simple equation for the determination of the gas hold-up in the liquid metal bath is available.
Description of the experimental device
The schema of the apparatus is located in Figure 2. Methane is bubbled through the molten lead
bath by a mass flow controller (MFC). The MFC is necessary in order to keep constant the methane
mass flow rate at the reactor inlet independent of the pressure drop in the downstream circuit which
can increase during the test because of the possible elemental carbon accumulation on the filter at
the reactor outlet. The filter is kept at a high temperature to prevent methane recombination.
A turbomolecular pump allows for the baking of the apparatus before starting the experiment.
The apparatus is designed to operate in a high vacuum or at atmospheric pressure in an inert gas
atmosphere. When operating in a high vacuum, a quadruple mass spectrometer is connected to the
pump inlet line to determine the partial pressures of hydrogen and residual methane. The turbomolecular
pump continuously operates during the test, keeping a constant pressure in the reaction chamber of
10-2 Pa.
When operating in an inert gas atmosphere with a continuous flux of argon, which is pre-heated
before entering the reactor, the hydrogen and the residual methane from the liquid surface is removed
and analysed by a hydrogen meter and/or gas chromatograph.
As the heat exchange parameters between liquid lead and gas and the real bubble diameter are not
precisely known, the height of the liquid metal in the reaction chamber must be varied with a good
amount of accuracy. To do this, a level indicator acts on a solenoid valve that controls the flow of
liquid metal from the storage tank to the reaction chamber. The liquid metal is then admitted into the
permeation chamber by argon pressurisation.
Different methane injection systems could be used in the reactor. The simplest one consists of a
single orifice submerged in the liquid to produce one bubble at a time. A more complex one consists
of four different admission lines that are cross-disposed. The last injection system is one with a ring
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with twelve orifices and a pitch of one order of magnitude greater than the bubble diameter. In this
case, the gas admission geometry allows for the maintenance of constant pressure and flow for all the
orifices.
The methane mass flow rate to be injected into the liquid metal reactor has a lower limit
represented by the accuracy of standard MFC and an upper limit determined by the need to avoid a gas
jet through the liquid. Therefore, using orifices with a diameter on the order of 1 mm, the methane
mass flow rate to be adopted will be in the range of 0.5-6 Nl/h.
The experimental apparatus will not, at least in the first phase, have a carbon separator in the
liquid metal which would be necessary in an industrial plant to enhance the rate of production. As a
consequence, the hydrogen production will be discontinuous. When the concentration of carbon in
lead increases above a level for which a reduction in the production rate is detected, the reaction
chamber is emptied and the liquid metal filtered in a separated circuit.
A temperature controller allows for the maintenance of a liquid lead temperature in the range of
800-900°C. The reaction chamber, heated using electrical resistance, is realised in inconel and covered
with alumina to reduce hydrogen leaks through the reactor vessel, acting at the same time as a corrosion
barrier.
Conclusions
Due to the increasing interest in hydrogen production as an energy vector, the process of methane
decomposition at high temperatures seems to be worth significant R&D effort. As a matter of fact, if
not already well developed on an industrial scale, the TDM process presents theoretical advantages
with respect to the steam reforming of methane.
In this ambit, an experimental device where methane is decomposed in a molten lead bath is
under design. The experimental campaigns are aimed at gaining a better understanding of the complex
phenomena related to gas bubbling in liquid metal, heat transport from liquid to gas bubbles, kinetics
of reaction and material compatibility. All these investigations, which are necessary for process
optimisation, may be carried out using a flexible experimental device developed on laboratory scale.
The results obtained during the experimental tests will be used as a scale up basis for a prototype
reactor.
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Figure 1. Equilibrium constant of methane dissociation
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Figure 2. Experimental apparatus schema
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Abstract
The present status of R&D at Japan Atomic Energy Research Institute on thermo-chemical IS process
for large-scale hydrogen production is described. Following the successful demonstration of continuous
hydrogen production by the process in laboratory, studies are being carried out on three topics, which
is scheduled until 2004. First, a new glass-made apparatus is now being assembled in order to
demonstrate hydrogen production under more efficient conditions and to acquire knowledge of the
closed-cycle operation technique. Second, a process improvement using membrane technologies is
under study for the hydrogen production step. Thirdly, selection and/or development of construction
materials for scale-up are under study, mainly from the viewpoint of corrosion resistance.
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Introduction
IS process for thermo-chemical hydrogen production is composed of the following three chemical
reactions:
I2 + SO2 + 2H2O → 2HI + H2SO4

(1)

2HI → H2 + I2

(2)

+) H2SO4 → H2O + SO2 + 0.5O2

(3)

H2O → H2 + 0.5O2

(4)

Figure 1 shows a schematic flowsheet of the process and the characteristic temperature of the
reactions. The first reaction, the so-called Bunsen reaction, produces two kinds of acids, e.g. hydriodic
acid and sulphuric acid. Thermal decomposition reactions of these acids produce hydrogen and oxygen.
Combination of the three reactions results in the production of hydrogen from water. The sulphuric
acid decomposition proceeds endothermically at 800-900°C, while the Bunsen reaction proceeds
exothermically at temperatures lower than 100°C. Thus, the process works like a chemical engine to
produce hydrogen by absorbing high temperature heat while releasing low temperature waste heat.
The high temperature gas-cooled reactor is a suitable heat source to drive the process.
The process has been studied since the 1970s and the researchers at General Atomic Co.
contributed a lot to the process development [1]. Their significant contributions may be summarised as
follows: a) the finding of a liquid-liquid phase separation phenomena of the mixed acids in the
presence of an excess amount of iodine, b) the development of an extractive distillation scheme for
separating HI from HI-I2-H2O mixture (so-called HIx solution) and c) making a flowsheet suggesting
thermal efficiency of over 45% for the hydrogen production. Professor Knoche’s group at RWTH
Aachen [2] and Professor Bilgen’s group at University of Montreal [3] have also made important
contributions, mainly on the optimisation of the process flowsheet.
At the Japan Atomic Energy Research Institute (JAERI), the process has been studied since the
late 1980s. Our first target was to demonstrate continuous hydrogen production. After a successful
demonstration using a laboratory scale apparatus, we are now carrying out R&D on the following
three topics: 1) closed-cycle operation technique for continuous hydrogen production, 2) process
improvement using membrane technologies and 3) materials of construction for scale-up. This paper
presents the outline of these activities. The R&D plan is also described briefly.
Achievements
The laboratory scale demonstration experiments were carried out using an apparatus made of
glass and Teflon. The separation of the mixed acids (HI and H2SO4) was carried out utilising the
liquid-liquid phase separation, by which sulphuric acid solution and HIx solution were produced.
The purpose of the experiments was to show the feasibility of carrying out the water-splitting reaction
in continuous operation mode. As a result, only fundamental reactors and separators of IS process
were used and the simplest operation conditions were adopted. For example, the addition of iodine
was controlled so that its concentration did not exceed solubility at room temperature. Also, the
distillation of the HIx solution was carried out by conventional atmospheric distillation instead of
extractive distillation using phosphoric acid [1].
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The results of experiments were reported elsewhere [4]. Briefly, continuous hydrogen production
was carried out with a stable production rate of 1 NL/h for 48 hours. The production ratio of hydrogen
to oxygen was controlled to the stoichiometric ratio of water-splitting, 2/1. Also, the fluctuation of the
composition of the process solution was controlled to be lower than a few percentage points.
In order to realise a stable production rate, it is important to maintain stable operation conditions,
e.g. temperature and transportation rate of the process fluids. Since in the IS process every reactant
except water is utilised iteratively (the so-called “closed-cycle” characteristics), the feedback effect of
the fluctuation of operation conditions is very important. In fact, the knowledge on process control [5]
was one of the important fruits of the demonstration study. The distillation of HIx solution and the
related transportation of process solution provide an example. Figure 2 shows a simplified flowsheet
around the distillation column. There were two kinds of solutions flowing out from the column: the
bottom solution and the distillate. If the flow rates of these solutions had changed due to the
fluctuation of operation conditions, it would have affected the composition of the liquid-liquid
phase-separated solution, which might have resulted in fatal troubles such as the disappearance of the
phase separation phenomena. These troubles were avoided by considering the effect of flow rate
fluctuation on the phase separation behaviour as shown in Figure 3.
State of the art
Closed-cycle operation technique for continuous hydrogen production
Based on the knowledge obtained in above-mentioned demonstration experiments, a new apparatus
was designed and is now being assembled. The apparatus was designed to produce hydrogen at the
rate of 50 NL/h, and is made of glass and Teflon. A higher iodine concentration of HIx solution will
be handled with the apparatus. The higher iodine concentration results in better process efficiency
because higher acid concentration and better separation are expected with the increase of iodine
concentration. Also, the apparatus is equipped with flow rate control, liquid-level control and on-line
monitoring systems of composition in order to develop the closed-cycle operation technique for
continuous hydrogen production. The experiments will start in November of 2000. The work is being
carried out at JAERI under a research contract between JAERI and the Science and Technology
Agency (STA) of Japan.
Process improvement using membrane technologies
As for the hydrogen production step (the HIx processing step of IS process), it is important to
develop an efficient scheme for the separation of HI from HIx solution and for the decomposition of
HI. As for the former, because of the presence of azeotropic composition in HI-I2-H2O system,
conventional distillation results in distilling HI-H2O mixture, which requires too large a thermal
burden. As for the latter, the relatively low equilibrium conversion requires an excess amount of the
feed, namely HI. Therefore, the extractive distillation [1] or a reactive distillation [6] has been
proposed. However, these methods introduce a complex flowsheet due to the use of new chemical
and/or a very corrosive process condition against the construction materials.
We are currently pursuing an alternative scheme using membrane separation. Figure 4 illustrates
the concept. Electrodialysis is used to concentrate the HIx solution before distillation so that pure HI
can be separated. Also, a membrane reactor equipped with hydrogen separation membranes is used for
HI decomposition. The resultant selective hydrogen separation from the reaction mixture should
enable the attainment of higher one-pass conversion than the equilibrium one. So far, the feasibility of
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concentrating the HIx solution by electrodialysis has been verified at room temperature and at
relatively low iodine concentration [7]. As for the membrane reactor, a new ceramic membrane was
test-fabricated, which showed superior permselectivity to hydrogen against HI and also relatively high
hydrogen permeance (Figure 5). A simulation study clarified that one-pass conversion higher than
90% was expected using the membrane at 450°C [8].
Materials of construction for scale-up
Special consideration is required for the materials of construction due to the corrosive nature of
the process environments. The screening of commercial materials was carried out at GA [9] and
JAERI [10] from the viewpoint of corrosion resistance. Since sulphuric acid and hydriodic acid have
been used in many other thermo-chemical processes, other research institutions [11-13] also reported
on the corrosion resistance of materials.
Based on existing knowledge, corrosion resistance of the candidate materials is under study in
more detail at JAERI. In the boiling sulphuric acid condition, one of the severest environments of the
IS process, Fe-Si alloy [14] and SiSiC [15] are the candidate materials. As for the Fe-Si alloy, Si
content was found to determine the corrosion resistance. The critical amount of Si for passivation was
about 10 wt.% in boiling 95 wt.% sulphuric acid, whereas it was about 15 wt.% in boiling 50 wt.%
sulphuric acid. In any case, passivation occurred due to the formation of a silicon oxide film. A weak
point of these Fe-Si alloys as construction materials is its brittleness. Therefore, fabrication of
functionally gradient materials is now being examined using surface modification techniques such
as CVD, centrifugal casting, etc. Figure 6 shows the composition profile of a CVD-modified test
piece [16]. The Si content was approximately 15wt.% at the surface, whereas that of the substrate was
3 wt.%, which showed ductility. The modified material showed no detectable weight change after
immersion in boiling 95 wt.% sulphuric acid for 300 hours, although micro-cracks were observed by
SEM observation.
R&D plan
Figure 7 shows JAERI’s R&D plan for the IS process. Studies on closed-cycle operation techniques
and process improvement will be carried out until 2004 to acquire knowledge on process control and
to establish the detailed process scheme required for the scaled-up experiment that will demonstrate
hydrogen production at the rate of 1 Nm3/h (bench scale demonstration No. 2). The flowsheet of bench
scale demonstration No. 2 will represent the important part of an engineering flowsheet where the
expected thermal efficiency of hydrogen production is higher than 45%. Also, the important reactors
and separators of the apparatus will be fabricated using the materials selected and/or developed for
large-scale plants.
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Figure 1. Schematic flowsheet of IS process
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THE PYROLYSIS OF METHANE OVER LIQUID
METAL TO FORM HYDROGEN AND CARBON

Christopher L. Marshall, Michele A. Lewis, Leonard Leibowitz and David Lewis
Chemical Technology Division, Argonne National Laboratory
9700 South Cass Avenue, Argonne, Illinois 60439 USA

Abstract
A calculational and experimental study was undertaken to determine whether a liquid metal could be
used as a heat source for the pyrolysis of methane to form carbon and hydrogen. The thermodynamics
and energetics for production of hydrogen by methane pyrolysis, followed by the generation of
electricity in a fuel cell, were determined to be favourable. The financial penalty from the sequestration
of carbon is only about $100 per tonne of carbon produced. Substitution of this process for combustion
of natural gas by a turbine would contribute in a major way to the reduction of greenhouse gas
emissions.
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Introduction
We are investigating whether the molten Pb-Bi eutectic under consideration for the Generation IV
nuclear reactor could be employed as a heat source for converting carbon and hydrogen to methane.
The hydrogen could be used as a chemical feedstock or as fuel in an electrochemical fuel cell.
The carbon could be used as a fuel or could be sequestered in an effort to abate greenhouse gas
emissions.
With respect to the important international issue of reducing greenhouse gas emissions [1,2] this
pyrolysis process would leave the carbon content of the methane uncombusted and sequester it as
elemental carbon. This would appear to be much more attractive than the conventional wisdom that
would call for burning the carbon, recovering the carbon dioxide and immobilising the carbon dioxide
in some manner yet to be identified. The development of methane pyrolysis is consistent with other
activities of the energy industry where, with time, the C/H ratio of fuels approaches zero (wood to coal
to natural gas).
This paper presents calculations related to methane pyrolysis, discusses some previous experiments
by others and concludes with some encouraging results from our preliminary experiments.
Thermodynamics
Figure 1 shows the equilibrium concentrations of hydrogen, carbon, methane and higher
hydrocarbons resulting from the pyrolysis of one mole of methane. The calculations [3] were
performed using as input the free energies of methane, ethane, ethylene and higher hydrocarbons in the
temperature range 0-2 000°C. The calculations show that in this temperature range only methane,
hydrogen, carbon and acetylene are significant. At 250°C, about 5% of the methane is present as
carbon and hydrogen, at 500°C about 35% of the methane is converted to these elements, and at
1 000°C over 95% of the methane is decomposed. Above 1 500°C, 1% of the carbon and hydrogen is
present as acetylene.
The thermodynamics for producing hydrogen from methane are encouraging. We determined the
heating values (Q273K) of methane and the hydrogen in methane from the following reactions:
CH 4 + 2O 2 = CO 2 ( g ) + 2H 2O ( g )

Q 273 K = −191 kcal
Q 273 K = −98 kcal

CH 4 + O 2 = C( s ) + 2H 2O ( g )

Pyrolysis of the methane and use of the hydrogen leaves the carbon unbent and reduces the heat
available from methane combustion by about 50%. However, this is not the final answer since we need
to consider the efficiency of converting methane (energy) to electrical energy before we can identify
any penalty. We next compare the efficiency of methane combustion with a gas turbine and use of
hydrogen from methane conversion in a fuel cell.
Combustion of methane in a high efficiency gas turbine
Mitsubishi Heavy Industries, Ltd. [4] claims high efficiency with its 501G gas turbine.
A 330 megawatt (MW) power plant being tested achieved what the company said is the world’s
highest level of heat efficiency, 49.5%, with this turbine. The combustor operates at 1 500°C to
maximise efficiency and to produce low NOx emissions. With the heat generated by combustion of
methane at 191 kcal/mol, the electrical energy produced through this system is 94 kcal/mol.
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Conversion of methane to hydrogen and its use in a fuel cell
The best polymer electrolyte fuels cells using pure hydrogen fuel and operating at 0.9 V have
energy conversion efficiencies of 77.5% [5].
Combining this efficiency with the 98 kcal/mol energy available from hydrogen, the electrical
energy produced by this system is 76 kcal/mol.
While the calculations above are crude, with no allowance given for balance-of-system issues, it
is not an unreasonable conclusion that methane can be converted sequentially to hydrogen and
electricity at about 80% the efficiency of 501G technology.
Using the more conservative operating efficiencies of 30% for the gas turbine and 55% for the
fuel cell, we obtain electrical outputs of 57.6 kcal/mol and 53.9 kcal/mol, respectively. Clearly, in the
worst case comparison, the pyrolysis of methane and sequestration of carbon reduce the available
electrical energy production by 20%. In more conservative cases, the electrical energy production
approaches the same value for both systems.
Volume and value of carbon produced
An Energy-Environment Policy Integration and Co-ordination Study by the Electric Power
Research Institute [1] suggests that in 2020 the United States will produce almost 500 GW of electrical
power from natural gas.
For our purposes it is assumed that all of that production would be through gas turbines.
If, instead, this production were to be through methane pyrolysis to form pure hydrogen followed by
the generation of electricity using a high-efficiency fuel cell, then we estimate the following:
•

One metric tonne of carbon will be produced for each 2 MWh of power generated and
2 × 108 metric tonnes of carbon will be produced per year.

Additionally, we estimate that the revenue loss from not burning the carbon within the methane
would be about $100 per metric tonne, assuming that the value of each kWh not generated is $0.05.
This “value” is close to the $240 estimated value [6,7] of a tonne of carbon emissions calculated by
Ellerman and his associates. In these studies, Ellerman considered a free market trading model to
calculate the price of a metric tonne of carbon emissions where the carbon emission right was traded in
order that the host country meet the 1997 Kyoto Protocol requirements [1,2].
Previous experiments
Since the work of Kassel [8] and Storch [9] in 1932, methane has been a popular subject for
gas-phase kinetics studies. Their experiments were concerned with decomposition mechanisms, but
because there are two initiation steps and the decomposition operates through a chain mechanism,
which is accelerated by the pyrolysis of the reaction products, the mechanisms and energetics were not
clearly elucidated.
During the 1940s, 1950s and 1960s hydrocarbon research was driven by the need to understand
petroleum refining and combustion processes. The tools to identify mechanisms and energetics were
provided by mass spectrometry, shock tubes, mercury photosensitisation and flash photolysis [10,11].
Complete pyrolysis was a problem to be avoided since carbon or coke blocked tubes and reactors.
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The mechanism for pyrolysis of methane includes the following steps and, depending on the
conditions and reaction time, will yield hydrogen and hydrocarbon compounds with hydrogen to
carbon ratios ranging from 3 to 0 (e.g. ethane to coke):
CH 4 → CH 3 + H
H + CH 4 → CH 3 + H 2
CH 4 → CH 2 + H 2
2CH 3 → C 2 H 6
C2H6 → C2H5 + H
C 2 H 5 + CH 3 → C 3 H 8 → products

With a shortage of high-quality liquid hydrocarbons and an available surplus of natural gas, the
emphasis shifted to methane pyrolysis using short residence times and rapid quenching of the product
stream [12-14]. Not surprisingly, this approach was not completely successful. The autocatalytic
nature of the reaction in which the products of the pyrolysis catalyse the chain initiation step causes
the reaction rate to be very sensitive to reaction conditions, leading to an unstable process.
Processes for pyrolysing methane to create liquid hydrocarbons were found to be unsatisfactory
not only because the reaction conditions were irreproducible, but also because the formation of coke
plugged the reactor.
Our experiments
The experimental system is shown in Figures 3 and 4. The apparatus is simple. Two process
controllers, FIC 200 and FIC 300, control the reaction gas, which is a mixture of argon and methane.
The reaction gas is introduced into a quartz chamber, where it flows over liquid metal, and is shielded
from the quartz tube by a flow of argon controlled by FIC 100. The reaction temperature is measured
by thermocouple, TI510. The bulk of the products are vented through PSV630 with a small fraction
sampled through valve V620. This sample undergoes gas analysis using a quadrupole mass spectrometer.
Details of the reactor design are shown in Figure 3.
Results
Preliminary results for hydrogen production are shown in Figure 1. These initial experiments
were performed at atmospheric pressure, with 100% methane feed. The space velocity was high so that
little autocatalysis would occur from further reaction of the products. A significant yield of hydrogen
(2%) is formed under these conditions, even at temperatures as low at 500°C. Concomitant quantities
of C2+ compounds accompanied the formation of the hydrogen.
Conclusions
Our calculational and experimental results show that it is possible to use lead-bismuth eutectic at
900°C as a heat source for the complete dissociation of methane into carbon and hydrogen. With this
reaction, the heat transfer medium currently under consideration for the Generation IV nuclear reactor
could be used directly to convert methane into hydrogen and carbon.
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The thermodynamic data in Figure 2 show that the equilibrium concentration of hydrogen at
temperatures as low as 400°C is attractive. The question is whether sufficient concentrations of methyl,
and other alkyl radicals, can be produced from intermediate hydrocarbon products to catalyse the
dissociation of methane at such a low temperature. If this reaction will work at 400-500°C, then
opportunities exist for using degradation heat from a Generation IV nuclear reactor or primary heat from
reactors such as EBR-II. In the near future the catalytic effects of recycling and the potential for the
insertion of catalytic compounds will be examined.
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Figure 1. Hydrogen produced from methane pyrolysis as a function of temperature.
The hydrogen produced is expressed as a percentage of the methane feed.
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HYDROGEN PERMEATION BARRIER DEVELOPMENT AND CHARACTERISATION

A. Aiello, G. Benamati and C. Fazio
ENEA, C.R. Brasimone, 40132 Camugnano (BO), Italy

Abstract
The control of hydrogen losses in a hydrogen production industrial plant is of crucial importance
especially for its safety implications. The high temperatures and pressures required in hydrogen
production processes as well as the corrosive process fluids can enhance drastically the intrinsic
permeation characteristics of metals and alloys. To reduce hydrogen permeation and a subsequent
mechanical degradation of structural materials, hydrogen permeation barriers can be applied.
As shown by previous works performed in the frame of the European Fusion Technology Programme,
satisfactory hydrogen permeation reductions were achieved using alumina-rich coatings.
Several deposition techniques were investigated and coatings were obtained by chemical vapour
deposition (CVD) and hot dipping, and these processes seem to have exhibited a better TPB efficiency
with respect to the coatings obtained by spray techniques. This work contains a review of the
deposition techniques and the efficiency of the different hydrogen permeation barriers developed in
the frame of the EU Fusion Programme.
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Introduction
For several years, hydrogen-related problems for fusion applications have been studied at the
ENEA Brasimone centre. A special action is currently being taken to develop a tritium permeation
barrier (TPB) in the European Fusion Technology Programme. For instance, in the water-cooled lead
lithium (WCLL) blanket design, in which the ENEA is strongly engaged, the fabrication of TPB is
aimed to reduce the tritium leakage from the breeder to the coolant. In the same way, the containment
of hydrogen losses, especially in a high safety risk industrial plant, requires high technology materials
and safety systems. A method to reduce the hydrogen permeation could be the use of coatings, acting
as a hydrogen permeation barrier (HPB) [1].
For fusion applications several types of coatings have been tested in order to assess their
effectiveness as permeation barriers. The ENEA, along with other European associations, was
involved in the development and characterisation of aluminised coatings obtained by various
techniques and alternative coatings, such as TiN/TiC obtained by PVD and other metallic materials
(e.g. W). The main result of this wide research programme is that aluminium-rich coatings, which
form Al2O3 at their surface, appeared to be a very promising solution and they are presently considered
as a reference coating [1]. This result was obtained by the evaluation of chemical, physical and
metallurgical parameters of the coatings and technological and economical aspects of the deposition
techniques. With regard to the chemical/physical parameters, in the frame of a huge TPB characterisation
programme and performed in collaboration with other European associations, several analytical
methods were properly developed. The most relevant methods for the TPB characterisation with
respect to permeation, developed in the ENEA Brasimone centre, were the gas-gas phases technique
(PERI) and the gas-liquid phases technique. Extensive work was performed on the optimisation of
hydrogen flux measurements from a liquid metal (LM) through coated materials. The evaluation of the
hydrogen flux from LM is not a trivial topic since the test section must be designed in order to contain
LM and contemporary prevent hydrogen leakage. The work performed in the ENEA Brasimone
laboratories was aimed at improving the efficiency of such a testing system. In fact, from the first
gas-liquid phases installation, named CORELLI I, several subsequent design improvements were
accomplished passing through the CORELLI II device to the newest one, which is called VIVALDI.
In the meantime, it was possible to demonstrate, both with the gas-gas phases and the gas-liquid
phases permeation experiments that the most promising aluminised coatings were those produced by
the hot dipping (HDT) and chemical vapour deposition (CVD) techniques. At present, further works
are in progress with the VIVALDI device in order to confirm these results and to evaluate the
hydrogen permeation parameters through coated materials in a corrosive environment.
From the evaluation of the technological and feasibility aspects of the two most promising
deposition techniques, it seems that hot dipping offers better chances for coating large components.
In the following sections of this work, a brief review of the investigated deposition processes and
a description of the installations (PERI, CORELLI I and II and VIVALDI) designed and constructed
for the TPB characterisation in the ENEA Brasimone centre is provided. Moreover, a review of the
results obtained with the devices is reported.
Deposition techniques
Hot dipping
The hot dipping aluminising procedure, specifically developed for fusion applications in FZK
(Germany), consisted of dipping samples in an alumina crucible filled with Al and heated up to 700°C.
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After 30 seconds of exposure, the samples were removed from the melt and cooled down in a
controlled atmosphere (further details are reported in [2]). In order to optimise the coating structure and
to achieve better performance as a tritium permeation barrier a heat treatment as described in [2] was
carried out after aluminising.
CVD technique
The CVD deposition, performed in CEA Grenoble laboratories, consisted of inserting the sample
to be treated into a box, which is in contact with cement. The box was closed and then placed in the
CVD reactor. The optimised CVD process was comprised of two steps, the Fe-Al deposition
performed by pack cementation and the Al2O3 top layer deposition performed by MOCVD. The powder
mixture for the Fe-Al deposition was composed of 47.5 wt.% of donor (70 wt.% Fe + 30 wt.% Al),
5 wt.% of activator (NH4Cl) and 7.5 wt.% of Al2O3 [3].
The Al2O3 deposition was performed in an industrial CVD reactor or Pyrosol® furnace [3] at
400-500°C for 1-2 hours at atmospheric pressure.
Spray techniques
The spray techniques used were detonation jet [4] and vacuum plasma spray (VPS) [1].
The detonation gun contained a barrel in which a mixture of oxygen, acetylene gas and a pulse of
powder were introduced. As the powder particles exited the barrel, their velocity was high and their
temperature was usually above their melting point.
In the VPS process, the powder material was heated to near or above its melting point,
accelerated and the molten or nearly molten droplets directed against the surface to be coated.
The detonation jet and VPS coatings were obtained by spraying Al and performing a post-deposition
heat treatment [1,4].
PVD technique for the production of TiN coating
For the TiN coating, the reactive radio frequency (RF) magnetron sputtering method was used.
In this method Ti acted as the target and N2 was added to the Ar gas in the deposition chamber.
A detailed description of the technique is given in [4]. The obtained TiN coating exhibited a columnar
structure and a high density. As a result, the efficiency as a TPB was strongly enhanced [5].
Hydrogen permeation barrier efficiency characterisation
Gas-gas technique, PERI device
The Permeazione di Idrogeno (PERI) device was developed in the ENEA Brasimone laboratories
in order to evaluate hydrogen transport and inventory parameters. The permeation apparatus was
constructed from standard stainless steel UHV components (Figure 1). A detailed description of the
PERI installation is given in [6]. After the bakeout of the system, a residual pressure less than 10-7 Pa
was obtained before any experiment in the two sections separated the sample. Hydrogen gas was
admitted to the sample via a control valve, which worked together with a pressure transducer and a
Baratron with a full scale reading of 103 Pa (10 mbar). With this system it was possible to set the
pressure at any value between 1-1.5 105 Pa (10-2 to 1 500 mbar). A resistance furnace heated the
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sample and the temperature was set at values up to 873 K. The sample holder was designed in order to
seal the disk samples between two stainless steel flanges by compression sealing using two gold
“O” rings. A chemical analysis of the high-pressure gas and the permeated gas was made with a
quadrupole mass spectrometer.
The volume of the low-pressure side of the sample was measured by the Sieverts’ method using a
calibrated volume, which was permanently attached to the apparatus. A computer-controlled system
was used for data acquisition.
After the evacuation of the apparatus to an ultra high vacuum, one side of the sample (the
high-pressure side) was instantaneously exposed to hydrogen or deuterium gas at a known fixed
pressure. The gas that permeated through the sample was released at the other side (the low-pressure
side), where it caused a pressure rise in the initially evacuated, calibrated volume. The pressure rise
was measured using two methods: a pressure rise method (PRM) and a continuous flow method (CFM).
For the PRM method the pressure rise could be measured using the two Baratron capacitance
manometers (with full scale reading of 10 Pa and 130 Pa, respectively) on the test section. The calibrated
volume was sealed off from the turbomolecular pump at the same time that hydrogen gas was
introduced into the high-pressure side. Since the volume was calibrated, the pressure rise could be
converted into an amount of gas in moles permeating through unit area of sample per second.
The CFM consisted of pressurising the high-pressure side as in the PRM above and, instead of
sealing the low-pressure side, it was left open and continuously pumped. The hydrogen (or deuterium)
partial pressure rise was then measured with the mass spectrometer. The partial pressure of hydrogen
measured at any particular time was proportional to the permeation flux (J(t)), assuming that the
pumping efficiency is not related to the pressure.
Liquid-gas phases method CORELLI (I and II) and VIVALDI devices
The experimental installation, CORELLI I, was constructed with ultra high vacuum (UHV)
components [5]. The test section was a cylindrical container, which hosted a cylindrical hollow
specimen. The geometry of the specimen was chosen in response to the WCLL design requirement.
The container was joined to a feed tank for its filling up with the lead alloy. Further on the test section,
a UHV line with a calibrated volume for the measurement of hydrogen pressure inside the specimen
was foreseen as well as a UHV line for measuring hydrogen in the test section and a UHV line to
supply hydrogen to the test section. Hydrogen gas was admitted in the test section using a MKS valve
controlled by a Varian CeramicCel vacuum gauge with a full scale reading of 1.3 105 Pa. All the UHV
lines were connected with a turbomolecular pumping group. A power unit allowed for the setting of
fixed temperatures on the test section.
The measurements performed on the CORELLI I device were both in gas-gas phases and
liquid-gas phases conditions. In the first case, after bakeout and evacuation the inside of the specimen
reached a pressure of 10-6 Pa and the cylindrical test section was filled with hydrogen gas. The hydrogen
that permeated through the specimen was realised inside, where it caused a pressure rise in the
calibrated volume. This pressure rise was measured with a Varian CeramicCel vacuum gauge with a
full scale reading of 1.3 105 Pa. Analogous to the PERI device, the pressure rise detected in the
calibrated volume was converted in amount of hydrogen mole permeated per unit area of specimen per
unit second, and the results obtained were compared with those of PERI. The gas-liquid phases
condition was realised by filling the test section with the liquid lead alloy and the hydrogen gas was
admitted in a continuous flow. The experimental procedure was the same under both the conditions
and a detailed description of the experimental procedures is given in [5].
148

In comparing the results obtained with CORELLI I and PERI, it was possible to suppose that
hydrogen leakage through the sample holder affected the measures of CORELLI I. In order to reduce
this leakage the test section of CORELLI I was changed. The main modification in the new test
section design (called CORELLI II) concerned the sample holder [7]. Since in CORELLI I the sample
was welded to the holders with the consequence of a higher permeation area, in CORELLI II the
sample was designed such that it was welded directly to the test section and the holders were
eliminated. Results obtained with the CORELLI II device showed that the parasitic effects were
effectively reduced but not completely eliminated. However, it was possible to evaluate the
effectiveness of TPB using the hot dipping aluminising procedure.
In order to confirm the results obtained with CORELLI II and to evaluate the TPB effectiveness
directly by testing coated and un-coated specimens in the same operating conditions, the VIVALDI
apparatus was designed and constructed (Figure 2). The first tests on VIVALDI are in progress.
With VIVALDI it is possible to perform comparative evaluation of permeation fluxes, determining
directly the TBP. The gas lines of the VIVALDI installation were the same as those of CORELLI.
Two hollow cylinder specimens were welded on a standard CF 16 flange, realised with the same
material as the specimen. The coupling between the samples and the upper and lower counterflanges
was realised with a standard Cu “O” ring. The design of the specimens was optimised to reduce
parasitic flux using a truncated cone shape welding area, partially covered with alumina when using
coated samples. As for CORELLI/VIVALDI, the experimental tests can be performed in gas-gas
phases and in liquid-gas phases. The measurement lines and the pressure transducers of the two
specimens are perfectly symmetric to guarantee the same measurement precision.
With regard to the experimental procedure, after evacuating the apparatus to an ultra high
vacuum, the permeation chamber is filled with hydrogen. The external side of the samples is
instantaneously exposed to hydrogen gas at a known, fixed pressure. Gas that is permeated through the
sample and is released in the inner volume causes a pressure rise in an initially evacuated, calibrated
volume. The pressure rise is measured using the pressure rise method (PRM).
Comparing the gas flux through the two samples (coated and un-coated) it would be possible to
determine directly the TBP in the same operating conditions. The same testing procedure could be
realised in the liquid-gas phases condition by filling the test section with liquid Pb-17Li. In this case, it
is possible to have a small, continuous flow of hydrogen gas bubbling through the liquid or flowing on
the liquid surface while maintaining constant pressure in the section. The measurement procedure will
be the same as that illustrated above.
Theory
It is possible to obtain an expression for the permeation flux J (moles of gas m-2 s-1) of hydrogen
atoms through a membrane of uniform thickness d (m), where the driving hydrogen pressure is
increased instantaneously from zero to p (Pa) (always much higher than the pressure on the
low-pressure side), and where the initial concentration throughout the solid is zero (the experimental
conditions used for the present work). Here J(t) is given by the one-dimensional solution of Fick’s law
and can be expressed as:
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where D (m2 s-1) is the diffusion coefficient of the membrane and KS (mol m-3 Pa-1/2) its Sieverts’
constant. It is also assumed that the diffusion coefficient D is independent of concentration within the
experimental range and no surface effects are present, e.g. the rate limiting process is diffusion
through the material rather than surface reactions. At steady state (e.g. t → ∞) Eq. (1) becomes J = P/d
p1/2 where P = DKS (mol m-1 s-1 Pa-1/2) is defined as the permeability of the material. To calculate the
permeated flux through a cylindrical hollow sample, at steady state condition, the following formula
for a hollow cylinder is used:
J=
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The total amount of gas, Q(t) moles of gas, which has permeated after time t in the
one-dimensional case, is given by:
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In the PRM, Q(t) is obtained experimentally from the pressure rise data, using the ideal gas law
(Q(t) = p(t)VeffR-1 T-1). The values of P and D can be obtained by fitting to the experimental data for
each permeation run using Eqs. (1) and (2) above for CFM and PRM measurements, respectively.
Then, having obtained the permeability P and the diffusivity D, Sieverts’ constant is determined
directly from the relationship Ks = P/D.
Review of the results obtained with the PERI device
The data obtained with the PERI device was the amount of hydrogen gas that permeates through a
disc sample at a given temperature. As described earlier, the amount of hydrogen versus time allows
for the evaluation of permeation flux, permeability, diffusivity and solubility of tested material. With the
PERI device austenitic and martensitic steels [8], W and W-Re [9], were qualified in terms of
hydrogen permeability and diffusivity. Furthermore, at low temperature the onset of hydrogen trapping
effects on martensitic steels was also evaluated [6]. The hydrogen trapping behaviour in steel is of
great interest due to its relation with the resistance to hydrogen embrittlement [10].
For the coating qualification procedure, the hydrogen flux obtained from bare materials is usually
compared with the one obtained from the coated materials. As an example, the permeated rate of
deuterium measured at several temperatures through T91 steel samples aluminised with the CVD
process together with the permeation rate of the bare materials, is given in the Arrhenius plot of
Figure 3. The measurements were performed with the PRM and CFM techniques and more details are
given in [4]. The permeation reduction factor (PRF) achieved with the CVD coating is about 5 000 at
673 K and 2 500 at 773 K.
Detonation jet [4] and hot dipping [2] aluminised coatings were deposited on MANET steel.
The two coatings were qualified and it was observed that the hot dipping coatings exhibited a better
TPB efficiency [2,4]. The evaluated PRF is about 300 in detonation jet-coated MANET steel and
about 1 000 in hot dipping coated samples at 723 K.
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The VPS coating was characterised at the JRC Centre of Ispra [1], with a gas-gas phases method
applied on a device similar to that of PERI. The results indicated that VPS coatings obtained by
spraying Al and performing a post-deposition heat treatment could act with relatively good efficiency
as TPB [1]. The average PRF factor was about 400 at 723 K.
The TiN coating was deposited both on the austenitic AISI 316L steel and on the martensitic
F82H steel [4]. In Figure 4, the relative efficiency of the TiN coating acting as TPB can be observed,
with a PRF of about 150 at 723 K.
Review of the results obtained with the CORELLI I and II devices
In CORELLI I, installation CVD coated MANET steel was analysed. The results have been taken
from Ref. [5] where a detailed description of the experimental procedure is reported. The first
measurements of CORELLI I were performed on bare MANET II steel in gas phase and in liquid
lead-lithium. It was observed that the hydrogen permeation rate through MANET in gas phase was
lower than the one in LM. The lower permeation rate could be due to oxidation of the sample surface.
The PRFs measured on the CVD coatings were lower than the PRFs extrapolated from PERI.
The observed differences were related to hydrogen leakage through sample holders [5]. Further works
were accomplished with the CORELLI II device. The hot dipping-coated MANET II tube sample was
tested with and without the lead alloy [12]. The evaluated hydrogen fluxes are depicted in the plot of
Figure 5. The two lines reported in the plot were recorded during the heating up and the cooling down
of the specimen. These lines laid one upon the other and the PRF measured at 573 K was 620, lower
by about a factor of 1.7 with respect to those evaluated with the PERI method. The lower PRF could
be due to hydrogen leakage through the welded area. Taking into account that similar measurements,
performed both with the CORELLI I device and at JRC-Ispra, presented lower PRFs than those of
CORELLI II, it could be assumed that the parasitic effects were efficiently reduced (if not completely
eliminated). Lines a, b and c represent the gas-liquid phases permeation rate values. The three lines
were obtained sequentially by heating up and cooling down the sample. As it could be observed during
the liquid-gas phases measurements, a decreasing of hydrogen fluxes after each run occurred, even
though the PRFs are lower than those measured in gas-gas phases, and the measurement is about one
order of magnitude lower than in the gas phase. As far as the lower PRFs are concerned, similar results
were also observed at JRC-Ispra [1]. The PRF reduction could be due to the microcracks observed on
the surface of the sample after its extraction from the test section [7,12]. However, a permeation rate
reduction was observed, as shown by the decreasing of the permeation rate from line a to line c. It was
supposed that this trend could be due to a self-healing process that occurred on the surface sample.
Conclusion
As described in this work, a great effort has been made in the EU to encourage the development
of TPB. Several investigated materials could act as TPB, however, Al2O3-based coatings, TiC/TiN-based
coatings and W and W-alloys seem to offer the best performance.
Through the European Fusion Technology Programme framework significant work was
performed on the evaluation of deposition techniques and TPB characterisation of Al2O3-based
coatings. From the obtained results it was concluded that the CVD and hot dipping techniques appear
promising for the coating of large components.
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The study of materials compatibility with hydrogen in the framework of hydrogen production
plants could be conducted with techniques similar to those presented in this work. Moreover, the
coatings discussed here should be suitable for use to prevent corrosion phenomena due to the presence
of corrosive fluids and liquid metals in high temperature hydrogen production plants.
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Figure 1. Schematic of the permeation apparatus

Figure 2. Schematic of VIVALDI apparatus
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Figure 3. Arrenhius plot of permeation fluxes in CVD coated steels
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Figure 4. Arrenhius plot of permeation fluxes in TiN coated stainless steels and martensitic steels
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Figure 5. Arrhenius plot of permeation fluxes in MANET steel and CVD-coated MANET steel
T ( °C)
450

350

400

300

1E-4

J (mol m-2 s-1)

1E-5
a
b
c

1E-6
1E-7

1E-8
bare MANET II

1E-9

a

b

c
in gas phase
in Pb-Li phase

1E-10
1,3

1,4

1,5

1,6

1000 / T (K)

155

1,7

1,8

SESSION IV
Applications of
Nuclear Technology for
Hydrogen Production

Chair: M. Lecomte

157

HYDROGEN FOR TRANSPORTATION: AVAILABLE CANADIAN TECHNOLOGY

A.I. Miller
Atomic Energy of Canada Limited, Chalk River Laboratories
Chalk River, ON K0J 1J0
Phone: 1-613- 584-8811, + 3207
E-mail: millera@aecl.ca
R.B. Duffey
Atomic Energy of Canada Limited, Chalk River Laboratories
Chalk River, ON K0J 1J0
Phone: 1-613- 584-8811, + 6272, Fax: 1-613-584-4269
E-mail: duffeyr@aecl.ca

Abstract
To cut greenhouse gas (GHG) emissions deeply while allowing sustainable development, only nuclear
power offers an emissions-free way to provide electricity for traditional applications and to provide
energy for the transportation sector (using nuclear-produced hydrogen). Applying hydrogen generated
from nuclear energy (supplemented where appropriate by other near-zero GHG-emitting energy
sources) to transportation doubles or triples nuclear’s leverage in reducing GHG emissions.
Hydrogen (H2) produced by the steam reforming of natural gas offers little advantage in total cycle
GHG emissions over hybrid ICE technology.
The technology for replacing hydrocarbons with non-GHG-emitting H2 is available in electrolysis and
fuel cells, using existing electric grids to provide distribution. No technical obstacles are evident and
the world should be moving urgently towards total emissions-free transportation.
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Background
The human impact on the global ecosystem (air, earth and water) is now well established, and
includes increased atmospheric CO2. The concern over this build-up of CO2 (and, to some extent, of
other gases with the ability to absorb IR radiation) arises from its potential to cause an increase in the
earth’s surface temperature. The size of the effect is uncertain, but the latest Intergovernmental Panel
on Climate Change (IPCC) projects an average increase of one to five kelvins in the 21st century.
The uncertainty is unsurprising given the diversity of influences and inherent lags in many of their
effects as well as natural variation in terrestrial temperatures. But despite the uncertainty, the risk of
severe disruption (or worse) of the earth’s climate has been accepted by the world’s governments as
great enough to warrant stabilising and then reducing GHG emissions.
There are some precedents that give hope that the build-up of CO2 and other GHGs can be
effectively tackled. Collectively, the world’s governments have already achieved reasonable success in
acting to control emissions and atmospheric build-up of chlorofluorocarbons and other persistent,
ozone-depleting gases. Similarly, we should be encouraged that the IPCC, established jointly by the
World Meteorological Organisation (WMO) and the United Nations Environment Programme (UNEP),
has been created to assess the current state of scientific, technical and economic knowledge regarding
climate change. Having an international body to provide expert assessment of the impact on the earth’s
climate of changes in atmospheric composition was an essential prerequisite to addressing the
problem. The effect of the IPCC is already evident in the United Nations Framework Convention on
Climate Change (UNFCCC) and the Kyoto Protocol, although it is clear that even the modest global
emissions goals will not be met. The Canadian position is that GHG reduction is urgently required and
Canada has agreed to target significant CO2 reductions, albeit with much continuing and vociferous
discussion. Neither the world nor we can wait for the development of radical new technologies while
measurable ice cap melting and climate changes occur.
The remit of the IPCC is broad enough to include analyses of different economic pathways [5].
These analyses accept that large-scale divestiture of prosperity by the developed world is not a
practical option. Policies that would achieve reductions in GHG concentrations in the atmosphere
through a proportionate reduction in world product would be unacceptable and, even if applied, would
likely serve only to allow the atmosphere’s CO2 concentration to move above the historic atmospheric
CO2 versus Gross World Product (GWP) correlation. We must instead find ways to decouple the
historic correlation between GWP and CO2 accumulation in the atmosphere (Figure 1), which is
caused by the underlying global reliance on carbon energy to fuel economic and social growth.
Economically, the period of abundant, cheap energy (oil) is ending while the rising price of natural gas
indicates that its current vogue will be ephemeral. However, if it were not for the GHG concern, the
link in Figure 1 could be maintained by switching toward coal as a fuel source. Since coal produces
around 50% more CO2 per unit of energy than oil, any moves towards greater use of coal would be
unwelcome unless linked to an effective means of CO2 sequestration, an idea still early in the
conceptual stage but could ultimately become a carbon cycle requirement.
Careful examination of Figure 1 shows that GWP does not have a simple causative effect on CO2
concentration. Even when the world economy has briefly slowed, CO2 concentration has continued to
rise. The residence time of CO2 in the atmosphere likely exceeds 100 years and so, as noted by the
IPCC, only a major switch on the order of 60% away from carbon fuel-based economies will have a
sufficiently beneficial effect. The best that can be hoped for in the medium term is a reduction in CO2
concentration versus GWP slope. Changes in lifestyles toward lowering the intensity of energy use per
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Figure 1. Global economic and atmospheric CO2 concentration trends from 1958-1994
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unit of GWP are necessary but will be insufficient in offsetting the reasonable economic aspirations of
the developing world. A large-scale switch toward energy sources with very low CO2 emissions is
essential. This paper addresses the changes needed in the transport sector.
Low CO2-emission alternatives
Various non-carbon, sustainable sources of energy are being developed but only nuclear power
and electricity from mature hydroelectric dams have track records of proven, large-scale reduction in
GHG emissions. In 1995, Canada’s CANDU®* reactors reduced GHG emissions by approximately
100 million tonnes, which equals a reduction of approximately 14% from all Canadian man-made
sources. As a result of world-wide nuclear usage today, CO2 emissions are lessened by well over
one billion tonnes each year. However, if applied solely to base-load electricity generation, nuclear
usage would quickly saturate the potential for emissions avoidance in this sector, and world CO2
emissions would grow as automobile, truck and industrial fuel use expands.
Figure 2 shows the importance of the transport sector in Canada (as in many industrialised
countries). This sector is both nearly 30% of the energy used and GHG emitted [15].
With the rise of a global economy transport needs are becoming more important. In order to avoid
throttling the transport sector, we must deploy a flexible, storable energy currency to utilise near-zero
GHG electric sources. Despite huge development efforts, rechargeable batteries have not achieved a
breakthrough for storage of electricity in electrochemical forms. While electrochemical cells will
likely grow slowly as an energy currency, it is H2, particularly when used in a fuel cell, that can offer a
viable alternative to oil as an energy currency in the transport sector.
Although the opportunity for H2 is not confined to transportation, this is the sector that provides
the largest opportunity for the synergism of H2 and near zero GHG electricity. An extensive US study
on this topic [1] states that, “As the ultimate fuel, H2, once established, will provide a single transition
* CANDU® is a registered trademark of Atomic Energy of Canada Ltd.
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Figure 2. Typical projections for the future
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to a stable alternative fuel, protecting long-term development and investment in alternative-fuel
vehicles and infrastructure ... a transition to hydrogen vehicles … would last for the foreseeable
future”. Intrinsic in the vision of H2 as a vehicle fuel is its conversion to mechanical energy via a fuel
cell with 50% efficiency or more.
Neither the idea of H2 as a fuel for transportation nor the use of nuclear energy are new. However,
the transition to H2 faces three major surmountable obstacles: 1) source, 2) supply and 3) suspicion,
which must be addressed.
Source
The source of H2 must have low CO2 emissions. Leaving aside energy costs in distribution and
using a fuel cell efficiency of 50%, the traditional H2 source – steam-methane reforming – emits about
0.12 g CO2/kJ. However, if one distributes the H2 as methanol – a route often favoured by fuel cell
developers – a double penalty in SMR conversion from CH4 is incurred and a 50% efficient fuel cell
causes the emission of 0.17 g CO2/kJ. In comparison, the burning of original methane at 15%
efficiency in an internal combustion (IC) engine emits 0.37 g CO2/kJ but a 45% efficient IC-hybrid
engine emits only 0.12 g CO2/kJ. Obviously, as a means to reduce GHG emissions, conversion of CH4
to H2 by SMR offers little benefit over the ICE-hybrid, while double SMR conversion of CH4 via
methanol would actually increase CO2 emissions. (In none of the above has allowance been made for
the effect of CH4 escape to the atmosphere. CH4 is a potent GHG in its own right.) Unless CO2
produced by an SMR can be sequestered, SMR-produced H2 fails as a GHG-reducing technology.
There is, however, a second technology widely used to produce H2 – electrolysis of water.
Though rarely employed on the scale of SMRs, electrolysis is a well-established technology. Table 1
shows the potential of various routes to electrolytic H2 and compares them with internal combustion
engine (ICE) technology for an average Canadian vehicle covering 21 000 km/a.
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Table 1. Vehicle emissions (tonne/a vehicle)
Primary
power source
Gasoline
Gasoline
Gasoline
Natural gas-electric
Wind-electric
Solar-electric
PWR-electric
CANDU-electric

Intermediate
power source
None
None
Some electric
H2 by electrolysis
H2 by electrolysis
H2 by electrolysis
H2 by electrolysis
H2 by electrolysis

Power train
1995 ICE
Improved ICE
Hybrid ICE
Fuel cell
Fuel cell
Fuel cell
Fuel cell
Fuel cell

CO2 emitted
(tonne/vehicle)
5.4
4.4
2.0
6.5
0.6
1.2
0.15
0.025

Table 1 (adapted from [3]) clearly shows that the use of a carbonaceous fuel to produce H2 by
electrolysis would be counterproductive regarding CO2 emissions. Coupled with a technology of
electricity generation that emits little CO2, however, electrolysis provides an H2 source with the
desired characteristics. The table shows several electricity-generating technologies with low CO2
emissions*. Technologies involving wind-electric and solar-electric (where emissions are associated
with the materials of construction) should improve with time but nuclear power is decisively the
superior choice for scale of deployment, with minute CO2 emissions and large-scale availability and
provability.
Supply
The supply obstacle concerns development of a new infrastructure to distribute H2. Berry’s “once
established” [1] highlights the issue of the possible need for a new H2 fuel distribution system.
However, it is an obstacle that disappears if the H2 is generated by conventional electrolysis on a
distributed basis. This is the second major attraction of using conventional electrolysis as a source
of H2. The distribution is handled by the existing power grids and much of the electrolysis will
naturally occur during periods of low power demand and lower power cost, minimising any need for
expansion of the power grid and favouring commitment of base-loaded electricity generation. While
electrolysis is somewhat inefficient on an energy conversion basis, this is of little importance for GHG
emissions where the electricity source produces close to zero CO2 emissions.
The average 21 000 km/a Canadian vehicle would consume around 0.4 kg H2/d using a fuel cell.
This would require 20 kW⋅h/d. At 7 ¢Can/kW⋅h, the annual cost is just over $500. The capital cost of
the electrolyser has to be added but is expected to be only a few thousand dollars [2]. In comparison, a
conventional gasoline-powered ICE with gasoline at 72 ¢Can/L and a typical 10 L/100 km, current
fuel costs are approximately 1 500 $/a. Of course gasoline costs are distorted by taxes but the fuel cost
for electrolytic H2 does not appear to be a large barrier. More importantly, this is an eminently
* Hydroelectric power is not included in the comparison because its GHG-emission implications are variable and
poorly understood. Dams release substantial amounts of CO2 and CH4, particularly in the years immediately
after flooding. While mature hydroelectric dams have been considered fait accompli in this respect, recent
work suggests that dams can continue to produce substantial GHG emissions through the anaerobic decay of
organic material fed to the dams by their water supply [14]. In any case, new large-scale hydroelectric capacity
(e.g. other than low-head, run-of-the-river) would be a questionable source of GHG terms of electricity to
produce electrolytic H2.
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Figure 3. Effect on emissions reduction of H2-fuelled vehicles produced by 20 CANDU 6 reactors
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practical approach for migration to a non-CO2 emitting power source. Deploying 20 CANDU 6
reactors (690 MW(e) net) would fuel 13 million vehicles with effects of CO2 emissions from
transportation shown in Figure 3 [3].
The attractiveness of this distributed approach relies entirely on proven or near-proven
technologies as well as the CANDU reactor. Canadian companies are world leaders in the development
of component technologies for application of H2 to transportation. Ballard’s fuel cells are the reference
design for most of the world’s carmakers and Global Thermoelectric are commercialising a different
type. Stuart Energy Systems has demonstrated a low-cost electrolysis unit for consumer use, also in
collaboration with major carmakers. Dynetek is a world leader in low-weight, high-pressure cylinders
for H2 storage – a simple approach to in-vehicle storage that seems far more practical than metal
hydrides. While more advanced technologies may ultimately emerge, this proposed approach offers
the advantage of widespread deployment in the very near future. Major auto manufacturers partake in
large-scale partnerships with fuel cell manufactures, with the aim of mass production by 2002-2005 [2].
However, they state the vehicle is “zero emissions”, and while they may claim to be H2 manufacture
process independent or neutral, the whole cycle is not emissions free. Thus the GHG emissions are
shifted to the SMR, or to the source of electricity for the personal or central electricity-powered H2 gas
stations.
Not all electrolytic production of H2 will necessarily be widely dispersed. Large-scale applications
can be foreseen where a nuclear reactor would be committed to provide the primary energy supply.
With centralised electrolysis, heavy water (D2O) can be produced using combined electrolysis and
catalytic exchange (CECE), the simplest and lowest cost (when added to an electrolytic facility) of the
D2O production processes [6].
One natural opportunity for this approach would be replacement of diesel-electric locomotives by
H2 fuel cell-electric locomotives [7]. Canada is an example of a country of low population density and
large distances. This makes the electrification of railways largely uneconomic. However, there is a
good case for fuel cells powered by liquid H2 to displace diesel fuel, preferably leveraged by transfer
of freight away from roads and onto rail. Unlike electrification, this is again a flexible technology able
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to mix unconstrainedly with existing technology. While other parts of the transportation sector could
use H2 to displace hydrocarbon fuel, rail freight is a good place to develop public confidence in H2 as
a fuel.
Suspicion
The last obstacle that H2 must overcome is public suspicion and unease over an unfamiliar fuel
that is vaguely perceived as dangerous. Safety perceptions are driven by images of the uncontrolled
burning of the large air ships or exploding tankers. In reality, modern safety standards are entirely
adequate. The use of H2 in large rocket propulsion is an everyday occurrence and natural gas is already
accepted without question, despite its flammability and explosive hazards.
Encouragingly, extensive news media coverage of the prospects for fuel cells has not stirred up
much evident public paranoia. This may be because environmental lobby groups are not opposed to H2
and so see no reason to foster public disquiet. In reality, other than unfamiliarity, when compared to
gasoline, the enhanced risk factors associated with H2 (easy ignition, invisible flame and possible
detonation) do not outweigh its reduced risk factors (rapid dispersion, very low density and localised
flame). With familiarity, use of H2 can reasonably be expected to extend to fuelling aircraft, where the
benefit of hydrogen’s low weight has long been recognised.
Even DOE in its latest assessment of fuel cell technology and climate change [2] states that
“safety issues are a concern with H2 storage”, and raises technical issues with fuel cells while at the
same time indicating large future increases in GHG emissions.
Nuclear, hydrogen and renewable energy sources
It appears that nuclear (likely augmented by some other renewable energy sources) and H2 are
uniquely synergistic in reducing potential costs, electricity generation emissions and end-use
transportation emissions. This synergism is largely unexplored today due to existing patterns of
carbon-based fuels and the competing self-interests of the various proponents of alternatives.
The potential for switching to H2 as a transportation fuel needs to be fully exploited. Scott [11] notes
that the designation of H2 use in transportation as “green” is vital, and can be endorsed only if it is
matched with non-carbon H2-generation power sources.
Nuclear energy everywhere is currently in a paradoxical situation. Although the only technology
so far to have produced large reductions in GHG emissions in Canada and the world, nuclear energy is
not seen as the obvious solution but is relegated in the emissions debate to one option in a whole set of
possible future scenarios [5]. Yet it is the only non-carbon source with the capability of significantly
replacing demand for carbon sources. While pure renewables will gradually grow within the energy
mix, without additional nuclear capacity, GHG emissions will not even be held near current values
without enormous economic disruption. Nuclear electric is the largest proven non-carbon-emitting
source in the world today. Only recently have reports begun to include significant nuclear energy in
future energy scenarios or emissions reduction measures [5,10,15]. Large claims, however, are made
regarding unproved measures. And, while taxation and legislation have increased to protect the
environment, the word nuclear is not considered or admitted to be “green”, or to have an enabling role
in the transition to a sustainable future. The reasons for this omission are usually vague and on the
grounds of safety, waste disposal or economics, objections that are unsupported by facts but related
more to the exploitation of fears and misperceptions [4].
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As noted in [3], “Compromise is impossible with those whose only agenda is the cessation
(absolute and entire) of nuclear power, and in whose estimates and visions of the future nuclear power
does not figure or appear at all. To many, nuclear power lives in the shadow of nuclear weapons, and
is unacceptable on those grounds alone. This view prevails, despite nuclear power providing some
17% of the entire world’s electricity generation and some 7% of total energy consumption”.
As humans sharing the planet, preservation of our environment is in all our interests, and the
needs of the environment must be balanced with the needs of all people and societies to grow and
prosper in a sustainable manner. We must be inclusive in our selection and use of energy technology,
not exclusive; and we will need to deploy all the energy sources that are both environmentally and
economically viable.
The effects of nuclear power on future emissions reductions are estimated to be large [5]. Natural
gas plants with reduced capital costs are seen as the alternative power sources, and in a “competitive”
power market, with no penalties or taxes for carbon emissions, gas turbines will be selected unless
natural gas prices rise to even higher levels than current ones.
With respect to safety, by any conventional or relative measure, the record of the nuclear industry
has been and continues to be excellent and personal risk is extremely low. The perception of nuclear
safety is still influenced in many people’s minds by the Chernobyl accident. It is not usually
appreciated that this accident occurred with an uncontained plant design and standards of safety in
design and operation not matching those adopted by other countries for power generation. The risk of
a large accident in a modern western reactor is quite remote, and the chance of any large release highly
improbable. The recent Canadian review (and others world-wide) validate the use of secure containers
in deep geological storage for waste disposal. Implementation is embroiled in a continuing
socio-political discussion on siting and future generation risks. In fact, nuclear energy waste satisfies a
sustainable criterion for energy sources because the waste decays naturally to the level of the original
uranium after 300-400 years, leaving little more than a geological curiosity.
On cost and relative economics, the generating costs for nuclear energy remain highly competitive
with all other sources, even despite the current short-term glut of relatively cheap oil and gas, and the
inclusion of the total life cycle costs of decommissioning and waste disposal [4].
Thus, H2 production by electrolysis is economically viable, when produced along with other
process streams of D2O, steam and heat, oxygen and electric power.
Hydrogen is also in a paradoxical situation. As a carbon-free energy source, it is widely accepted
as “green” but it is currently produced by the use of processes that consume carbon-based fuels with
emission of CO2. The total cycle, therefore, cannot claim significant emissions reductions unless the
production process becomes carbon-free. Indeed, the inefficiencies introduced by production,
distribution, and the end-use of H2 may increase overall emissions. So H2 is largely ignored as a
potential energy currency when emissions reductions are needed.
Off-peak electricity, or renewable (electricity-producing) energy sources are often claimed as the
appropriate source of energy needed to produce H2 [1] using wind farms and solar photo voltaics,
though the economic viability of H2 production by electrolysis would be significantly weakened by
poor capacity factors. As shown in Figure 4 [3,12], the comparative cost of renewable sources is likely
to stay significantly above current competitive market prices. If H2 supply were to be based on
renewable sources such as wind or solar, extensive use of H2 in transportation end-use would be
further delayed, even before considering that it would be competing with existing transportation
infrastructure.
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Figure 4. Comparative current and projected electrical generation costs
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Thus, H2 introduction in transportation has to rely on low-cost electric power, requiring
significant deployment of additional H2-producing plants. Based on the evolution of today’s Canadian
technology, the future trends for nuclear usage are low capital cost, low operating cost, low fuel-cycle
costs and low GHG emissions. These trends must result in even greater world-wide use.
Conclusion
Since the dawn of civilisation, humanity has left marks of change on the earth’s biosphere.
Gradually, forest clearings evolved into large-scale agricultural developments. Mining moved from
initial localised depletion of the richest and most accessible mineral deposits to larger-scale extraction
of lower-grade ores. However, only in the 20th century have these trends reached such a level of
damaging global impact. Global effects are usually spread through the agency of atmospheric
dispersion – e.g. the spread of heavy metals, radioactive nuclides and numerous organic compounds.
But the greatest concern should not be over what passes through the earth’s atmosphere but over what
remains in it and changes its composition. From that perspective, the 20th century was the CO2
century, with the atmospheric concentration rising from just under 300 ppm to just over 370 ppm.
Converging trends strongly suggest that the 21st century will either be the H2 century, or the century in
which the world’s climate experiences severe disruption (or worse) with significant impacts on the world
economy.
H2-based technology, such as that outlined in this paper, is largely capable (and proven to be so)
of being deployed on the extremely large scale needed to wean the global economy off CO2 emission.
Its adoption would be no more radical or disruptive than the shift from coal to oil. It is affordable,
flexible, sustainable and safe. Above all, the use of available technology has to be stressed or the
political decision takers will plead a need for further R&D as an excuse for inaction. Global build-up
of GHG emissions is already a cause for grave concern and the situation is worsening with the
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aspirations of developing nations to enjoy the high lifestyles of the global economy. The only
available, coherent route away from hydrocarbon-based energy that stands up to rigorous scrutiny is
switching to H2 derived largely from new nuclear reactors. The reasons for deferred action seem to be
the hopes that unproven sequestration, hugely improved energy efficiency, unparalleled reduction in
personal and industrial energy demand, and extensive deployment of intermittent renewable energy
sources will somehow work.
Over time, reliance on existing nuclear designs for the energy source may diminish and be
replaced by radically different nuclear designs or non-nuclear sources, possibly even by carbon-based
technologies that sequester CO2. Many of these will likely contribute and they should all be fostered
along with near-term palliatives such as high-efficiency hydrocarbon-burning engines. But these are
back-up support for what should be the world-wide political priority of adoption of a hydrogen
economy largely powered by available nuclear and other non-carbon based technology.
Existing nuclear power designs include the predominant non-CO2-emitting source of energy in
the world today and they are the only energy source currently available with the capability to launch
an effective cutover to H2 fuelling. If we eschew this technology, we will fall back on token, ineffectual
measures. And so we would condemn our children and grandchildren to near-passive observation of
whatever effect GHG pollution will have on the planet.
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Abstract
A system is proposed for the utilisation of nuclear energy to produce hydrogen, electricity, potable
water and other marketable resources in a self-contained, modular plant featuring zero carbon emissions.
The reference process for hydrogen production (and oxygen by-product) is the sulphur-iodine
thermo-chemical water cracking cycle. This cycle requires process heat at up to 900ºC, a temperature
that is provided by a fast neutron spectrum, heavy liquid metal cooled converter reactor designed for
near autonomous operation during a 15-year refuelling interval. The reactor is radically simplified and
of modular construction for economic competitiveness, and is additionally designed for proliferation
resistance and passive safety. It features maximum fission conversion of fuel and actinides for long
core operating lifetime, minimum waste and sustainability. The reactor heats a gaseous heat transport
medium for operation of the water cracking cycle, “waste” heat is used for desalinisation and process
heating. The potable water produced is used for local consumption and to feed the water cracking
process. A fraction of the hydrogen and oxygen products in this process are used to power a
combustion turbine cycle for high efficiency base or load-following electricity generation. The main
portion of the hydrogen is available to power fuel cells envisioned for use in the transportation sector.
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Motivation and overview
The goals of the proposed concept are to achieve an expanded role for nuclear energy, to extend
its applicability into the non-electric two-thirds of the primary energy market, and to provide a
sustainable global energy supply architecture with fission-generated heat coupled to those modern
energy converters (gas turbines and fuel cells) that will already be in widespread use in the decades
following 2020 [1]. The architecture will employ dual energy carriers (electricity and hydrogen),
which avoids reliance on economy of scale, makes suitable for modularization, and achieve very high
conversion efficiency of energy resource for end use. In addition, potable water and other process heat
products will be generated.
Hydrogen and water distribution favours regional-sized networks and thus is well suited for
modular sizing of distributed regionalised production sites. The concept proposed here comprises a
nuclear-based energy supply system suitable for deployment in 300 MWth increments in developing
economies. For industrialised economies, modular batching can be used for larger increment additions
because economy of serial fabrication is used in place of economy of scale.
The concept employs a fast neutron spectrum reactor, passively safe and having a 15-year
refuelling interval, which supplies high temperature (~900ºC) heat to an integrated process heat cascade.
The cascade then drives a thermo-chemical water cracking plant and hydrogen-fuelled combustion
turbine cycle to generate dual energy carriers – electricity and hydrogen – and has integrated capability
for potable water production from brackish or salt water desalinisation. The reactor is cooled with
heavy liquid metal (Pb or Sn). High-temperature gas (He, N2, CO2, etc.) is used for the heat transport
from the reactor to the process heat plant. Water cracking for the hydrogen production process is
integrated with electricity and potable water manufacture and tied to a fast neutron spectrum reactor
specifically to achieve long-term energy sustainability on the basis of no carbon emission, no
competition for potable water and using only plentiful feedstock (U238 and/or Th232) for the purpose of
achieving many centuries of energy supply capability. The overall concept is illustrated in Figure 1.
Plant design approach
A fast-spectrum, fissile self-sufficient converter reactor using heavy liquid metal coolant is
proposed for the nuclear heat source. This type of reactor, by employing fission consumption of
virtually all actinides feedstock, is capable of achieving a high utilisation of the known nuclear
multi-century fuel resource base, and for minimising the radioactive waste stream. The use of a heavy
liquid metal coolant (lead or tin) preserves the traditional benefits of liquid metal coolant (compact,
low-pressure system and separate coolant and working fluids). Moreover, its use realistically enables
ultra-long core-refuelling intervals (15 years) to achieve proliferation resistance and a high capacity
factor. These coolants also facilitate reaching the high temperature (~900ºC) required for coupling to a
thermo-chemical hydrogen production process, and doing so with sustainable fast spectrum reactor.
As economic competitiveness is the crucial prerequisite to market penetration, attractiveness to
investors requires low capital cost and short construction time. This concept relies on simplification,
standardisation, modularization, and fast, simple construction and start-up. Radical simplification is
incorporated in the nuclear heat supply to lower capital cost including elimination of primary coolant
pumps, the intermediate coolant heat transport system and the on-site refuelling equipment. It relies on
factory fabrication of modular-sized plants to lower construction cost and installation time interval and
on passive safety to limit safety-grade equipment and construction practice to the reactor but not the
balance of the plant.
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For low operating cost, the concept relies on high-energy conversion factor, extremely high
capacity factor and reduced staffing. Operating cost will be reduced by the ultra long refuelling
interval (15 years), base loading or load-following the plant electricity production using energy
products produced and stored on site (hydrogen, oxygen and potable water), the maximum fission
conversion of the fuel (U238 or Th232) feedstock; and semiautonomous operation which reduces operating
staffing levels.
The approach to safety is based on exploiting the low (ambient) pressure and large thermal inertia
conditions attainable with liquid metal coolant, extensive reliance on passive safety response,
exploitation of the chemical inertness of heavy liquid metal (lead or tin) coolant, and passive channels
for decay heat removal using atmospheric air as the inexhaustible heat sink. This passive safety
approach allows for standard industrial practice in the balance of the plant – with safety functions
consigned to the nuclear island only.
Proliferation resistance features of the concept are based on a long refuelling interval with no
on-site fuel handling equipment, cartridge refuelling and front and back-end (including waste
management) fuel cycle services conducted exclusively at large regional facilities under international
oversight.
Reactor heat source design approach
The reactor module design is based on the STAR-LM Pb-Bi cooled modular reactor design,
which is currently under development at Argonne [2]. For the proposed water cracking application, the
STAR-LM coolant will be changed from Pb-Bi to Pb, the outlet temperature will be raised, and the
in-vessel steam generators will be replaced by in-vessel Pb to gas heat exchangers. Due to the fact that
the already-completed STAR-LM work has established neutronics and thermal hydraulics feasibility
and applies directly to the proposed high temperature reactor module concept, it is described briefly
below.
The configuration of the STAR-LM concept is illustrated in Figures 2 and 3. The elevation view
of the pool system (Figure 2) illustrates the extreme extent of system simplification. There are four key
modular elements: 1) the core cartridge module, 2) the core fuel assembly, 3) the heat exchanger
(steam generator) modules and 4) the coolant module.
Core cartridge module
The core cartridge module is functionally a “flow-through fuel cartridge”, which is assembled at
the factory, transported intact, and inserted in the coolant module at the client’s site. It consists of the
fuelled core assembly, coolant inlet diffuser plate, steel shielding/reflector structures, and the core
barrel/coolant riser. The module forms the vertical (heated) leg of the natural circulation heat transport
path. The module, containing the fuelled core assembly, is inserted into the larger coolant module as
shown in Figure 2. It is removed for replacement at end of life (goal B 15 years) and returned to the
regional front- and back-end fuel cycle support facility. The module is a welded, ferritic steel structure
that affords no access to any core materials. Its bottom head is perforated with holes for passage of
coolant into the core, and its upper wall is perforated with holes for flow of coolant to the steam
generators (SG) and for communication of the cover gas region. The module is suspended and sealed
to the coolant module from its top head. The main top head penetrations are for instrumentation and
control; there are no penetrations enabling access of the fuel. The outside diameter of the core
cartridge module including its integral steel shielding is presently 2.8 m.
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Fuelled core
The fuelled core consists of an array of fuel pins (elements). Ducted fuel assemblies are not
required and are not provided, albeit there is a provision for multiple core enrichment zones. Reference
core parameters have been established based on criteria for achieving natural circulation heat transport
and avoidance of channel blockages. The fuel pin lattice is open and the power density is low.
The reference parameters for the 300 MWt low power density core include: 2.5 m core diameter,
2.0 m active fuel height, 0.5 m fuel element plenum height, 12.7 mm fuel element outside diameter
and 1.47 pitch-to-diameter ratio in triangular lattice. The fuel is uranium nitride (UN) with LBE bond
fluid. Grid spacers support fuel pins. Core upper structural materials and cladding for STAR-LM
operating at 550°C is ferritic-martensitic steel*,consistent with the Russian practice. Presently, 0.2 m
thick steel surrounds the core, augmenting the coolant as reflector material and functioning as
shielding to protect the coolant vessel.
Coolant module
The coolant module consists of the reactor vessel, vessel liner, internal structures for positioning the
core cartridge and steam generator modules, top head penetrations for inserting and sealing the reactor
and SG modules, and piping to accomplish the coolant conditioning function (Figure 2). The coolant
vessel presently has overall dimensions of 5.5 m outside diameter and 14 m height. (These dimensions
are significantly smaller than the criteria for overland transportation of factory-fabricated vessels.)
Both the SGs and the core cartridge module are supported from the top head of the coolant vessel.
Internal steel structures provide lateral support and hydraulic sealing for the various modules. There is
a coolant vessel liner that extends above the coolant level into the cover gas region to a specified
height. This liner serves several purposes: 1) it elevates the system cold leg to the entire height of the
coolant vessel so that, consistent with Russian practice, the vessel material can be austenitic stainless
steel, 2) it provides a pathway for steam leaked into the coolant at the bottom of the SGs to rise into
the cover gas region while preventing coolant bypass of the SGs during normal operation†, and
3) it increases heat loss from the vessel under accident conditions when the coolant inventory is heated
to the extent that it spills over the top of the liner and convects heat to the passive vessel cooling
system over the entire vessel height.
The coolant module is sized to allow for factory fabrication and transport and rapid installation at
the client’s site. There are two subsystems of the coolant module important to the viability of the
concept, which require further development and testing:
1. Passive overpressure protection†. As a design basis accident, system overpressurisation due
to steam generator tube rupture (SGTR) should be prevented. This is accomplished by
providing passive overpressure relief consisting of a rupture diaphragm, a vent pipeway, and a
sparge tank for steam condensation and retention of radioactive species. The system is located
within the reactor containment boundary. Steam generator isolation terminates the blowdown
into the reactor vessel.
2. Coolant conditioning. There exists a requirement to maintain coolant purity while controlling
oxygen in the proper range for corrosion protection. This task must be accomplished on-line
during normal operation. Accordingly, two (redundant) trains of conditioning loops are
provided, each loop having a capacity of approximately 10% of the normal natural circulation
* The materials for the proposed high temperature Pb-cooled concept have not yet been selected.
†
The same approach will be used for He leaks in the proposed high-temperature reactor.
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flow rate. This requires the use of pumps in trains. These trains consist of cold traps to control
purity plus oxygen sensors and control systems to maintain oxygen in the required range.
In Russian naval practice, oxygen is added by dissolving PbO balls into the coolant, and is
lessened via injecting a microdispersion of bubbles of hydrogen gas in a helium diluent.
Impurities are removed as solids/precipitates trapped in a fibreglass-like filter medium [3].
In contrast, for STAR-LM, the approach has been to prevent the formation of precipitates
using cold traps and to remove solid particulate (e.g. flakes of surface oxide) via the filtering
effect of the cold traps or via flotation to the coolant surface since such particulate is less dense
than the coolant itself. The cold trap technology is well known. In fact, it was developed for
sodium systems to prevent Na2O and NaH from reaching levels of precipitation at the heat
transport system’s minimum temperature. During normal operation, the trains are aligned to
take suction from the cold leg and discharge to an outlet manifold beneath the SG seal plate
(also in the cold leg). The design of this outlet manifold satisfies the requirement to avoid
stagnation in a pool configuration. By aligning the trains to take suction from the hot leg,
these pumps can also be used by the operator to accelerate the time to reach full, natural
circulation coolant flow rate.
Guard vessel
The coolant vessel is contained in a guard vessel, which, as in PRISM [4], is also the containment
boundary (Figure 3). The guard vessel fulfils the requirement to retain any leaked coolant and prevent
coolant loss to the extent that the normal heat transport path would be interrupted. The gap between
the coolant vessel and the guard vessel is inerted and is monitored for coolant leakage. The gap is sized
for in-service inspection equipment. Analysis is underway exploring the possibility of using “venetian
conductors” in this gap, which would introduce the following benefits: 1) increasing the effective mass
of the system thereby reducing transient effects without increasing the Pb-Bi (LBE) coolant mass,
2) providing conduction heat transport between the coolant and guard vessels which benefit the
auxiliary heat removal function, and 3) enabling in service inspection upon temporary removal.
Reactor auxiliary cooling system (RVACS)
Redundant passive heat removal is provided by cooling the outside of guard vessel, in the event
that all steam generators are unavailable for heat removal. This system is based on natural circulation
heat removal using atmospheric air as the ultimate heat sink (Figure 3), as developed for PRISM.
There is very little heat loss from the system unless the bulk coolant heats up during a transient such
that hot coolant flows over the top of the vessel liner in the cover gas region (by thermal expansion)
and flows down along the entire height of the coolant vessel. Preliminary analysis has indicated that
design goals can be accomplished using cooling fins on the exterior of the guard vessel.
Containment
The containment boundary is the guard vessel in the reactor silo and the interior surface of the
head access region above the silo. The head access region contains the steam collector and feedwater
distribution piping, the blowdown quench tank for the overpressure relief system (for accommodation
of SGTR and retention of Po), and the trains of coolant conditioning (Figure 3).
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Seismic isolation
The nuclear island consisting of the modular reactor system, steam and feedwater piping, RVACS
system, and containment volume is supported by seismic resistor paths for seismic isolation where
required by site conditions, as illustrated in Figure 3 (analogous to PRISM A approach).
Preliminary core neutronic design
Neutronics analysis has been performed to investigate the viability of the ultra-long life, low
power density STAR-LM core [5,6]. The objective was to explore the viability of various candidate
fuel forms, explore various options for fissile feed material, and scope the required levels of enrichment
and reflector configurations. The meritorious figures were mainly burn-up reactivity swing, end-of-life
fuel burn-up and end-of-life module fluence. Limited evaluation of reactivity coefficients has been
performed. The reference parameters for results presented here are consistent with the open lattice, low
power density thermal hydraulic parameters. Some examples include 300 MWt power, 2.5 m OD × 2 m
high active fuel region, core composition about 0.20 fuel/0.12 cladding/0.68 coolant, 25 cm thick
peripheral steel reflector (for shielding benefit), and open lattice with two enrichment zones. For this
study, the goal lifetime was 15 years with 80% (rather than 100%) capacity factor.
The performance characteristics and material distributions for a once-through equilibrium fuel
cycle were performed using a 3-D (hexagonal-Z) nodal diffusion method and a 21 energy group
structure. The depletion calculation utilises burn-up chains for nuclides ranging from 234U to 246Cm.
The region dependent broad group cross-sections are based on ENDF/B-V.2 data. Reactivity feedback
coefficients were evaluated using the finite difference diffusion theory option of the DIF3D code and
21 group cross-sections.
An extensive series of trade studies was performed to develop a favourable configuration for the
low power density natural circulation design [5]. The results of these trade studies provided numerous
insights:
1) The neutronics impact of various lead alloys was evaluated. Bismuth is not as good a neutron
reflector as lead, and LBE has a ~1% ∆k penalty in burn-up swing compared to pure lead.
2) The importance of accurate fission product modelling was demonstrated. Because of the
single batch refuelling of the core, the impact of fission products on the EOC reactivity is
magnified.
3) Two-region enrichment zoning reduces burn-up swing by 1.5% ∆k compared to a one-zone
design. The optimal enrichment split for the geometries investigated in this study was 1.40.
A unique aspect of LBE-cooled designs is the sensitivity to modelling of the reflector regions
surrounding the active core. Because LBE is a better reflector than steel, the enrichment and burn-up
swing can be reduced considerably by utilising LBE reflector zones. However, LBE reflectors are not
effective in shielding the in-vessel structures, and when the innermost steel region is located near the
core edge, the damage was estimated to be 40 dpa for a 15-year lifetime; whereas, a design limit of
about 10 dpa will likely be required. Preliminary results indicate that roughly 25 cm of steel shielding
are required to hold to reasonable damage levels for the 15-year lifetime core cartridge vessel.
Therefore, the superior LBE reflection could not be exploited in the outer regions.
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Performance comparisons are presented in Table 1 for nitride, metal, and oxide types of fuel
using weapons-grade Pu as the fissile feed. The metal fuel (with 10% Zr) has the most favourable
characteristics owing to its very high heavy metal density. The peak burn-up and peak fluence values
are both within the exiting database range of 150 MWd/kg and approximately 4 × 1023 n/cm2,
respectively. The burn-up reactivity loss over the 15-year cycle is a relatively modest 2.44% ∆k,
although the ultimate goal is to reduce this to an even smaller value. The oxide fuel has a much lower
fuel density that results in large increases in enrichment and burn-up swing (18% ∆k); oxide fuel is not
considered viable for a long-life core design. The nitride fuel has a heavy metal density of 13.1 g/cm3,
only about 10% less than metal fuel.
Results in Table 1 indicate that the burn-up swing increases from 2.4 to 7.9% ∆k. These results
are preliminary and do not reflect ongoing analyses intended to minimise the burn-up swing (with a
goal of zero swing) in the fast spectrum converter core.
The 14N present in the nitride fuel has two adverse effects: spectral softening and neutron absorption
(compared to the metal fuel zirconium diluent). In addition, the generation of 14C via the 14N (n,p)
reaction makes the inclusion of 14N undesirable; thus, 15N enrichment has been proposed for nitride
fuel application. Results in Table 1 indicate that the burn-up swing decreases to 4.5% when 15N is
utilised.
The reference analyses utilised the most favourable fuel loading: high density metal fuel and
weapons plutonium isotopics. These results are also summarised in Table 1 for light water reactor
(LWR) discharge plutonium (LWR TRU) and enriched uranium fissile material cases. The LWR
transuranic feed increases the burn-up swing from 2.4 to 6.0% ∆k because the less favourable isotopics
require an enrichment increase (by 3.5%), displacing fertile 238U. In a similar manner, the enriched
uranium case has a higher enrichment requirement, and the burn-up swing increases to 4.75% ∆k.
It can be seen that peak burn-up and fluence are not presently limiting for the 15-year core, but
rather that the burn-up reactivity swing is placing the greatest limitations on the neutronics design.
Approaches to fully exploit established fuel endurance capabilities will be explored in the future.
Initial results were obtained for the kinetics parameters and reactivity coefficients. Fuel form and
fissile material, the most favourable combination for these calculations, correspond to Case 3 in Table 1.
Results are presented in Table 2. The delayed neutron fraction is 3.62E-3, which is characteristic of a
plutonium-fuelled fast reactor. The beginning-of-cycle (BOC) excess reactivity was calculated from
the burn-up swing (Table 1). The use of LBE has a generally favourable effect on coolant void worth;
nevertheless, the result for the low power density core is a positive $3 owing to relatively small
leakage. In general, these reactivity coefficients are comparable to those calculated for other small fast
reactors, designs that proved to have good passive safety characteristics.
Passive safety response is a result of reactivity feedbacks driving a favourable core response to
postulated initiating events, such as loss of heat sink. Under such circumstances, the reactor responds
by inherently shutting itself down and passively rejecting decay heat. The feedbacks indicated in
Table 2 are in a range which will assure passive safety response. Core designs having positive void
coefficients have been accepted by licensing authorities in the past owing to their prevention of
coolant boiling attributable to this passive self-shutdown response [7]. Furthermore, with the LBE
coolant, the prevention of boiling is inherent owing to its very high boiling temperature (which
exceeds cladding melt temperature). Such a passive safety strategy makes it possible to remove all
safety functions from the process heat cascade. The process heat cascade can, therefore, be built and
operated to conventional industrial standards.
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The results described above for the STAR-LM design have shown that the neutronics and the
thermal hydraulics design targets will be technically feasible for the newly proposed high-temperature
reactor. Therefore, the remaining (and very significant) reactor design issues will revolve around finding
acceptable structural materials for the 900°C service conditions.
Process heat cascade design approach
The process heat cascade is proposed to include a thermo-chemical water cracking cycle at high
temperature and a water desalinisation plant at low temperature. Heat recovery equipment will be used
to increase thermal efficiency of the plant; both electricity generation and auxiliary process heat
products will be investigated for usage of the recovered heat. Product streams will include hydrogen,
oxygen, electricity, potable water and optional energy-intensive auxiliary products.
Working fluid
The reference working fluid to carry the heat from the reactor to the integrated process heat
cascade is helium, although other candidates are also being considered. Helium can be used directly to
feed the water cracking and desalinisation processes. Heat exchangers similar in size to the steam
generators of STAR-LM are proposed for insertion in the reactor coolant pool for heating the helium
(Figure 4). Use of the heat exchanger assures that no radioactive materials are transported from the
reactor to the process heat equipment in the plant. We have performed scoping calculations, which
indicate that immersed U-tubes can be practical for this application. In the analysis, the helium inlet
temperature is 425°C. (This is based on a criterion that the working fluid inlet temperature be
approximately 100°C higher than the Pb coolant freezing temperature, eliminating the possibility of
coolant freeze-up in the event of a cooling transient.) The analysis was based on a reactor outlet
temperature of 900°C and total thermal capacity of 300 MWt. The tubes uniformly occupy the pool
annulus using the same tube size and pitch as for STAR-LM (Figure 5). In this case, we found that the
helium would be heated to an outlet temperature of 890°C (10°C lower than the coolant outlet
temperature) using tube immersion lengths of about 5.2 m total U length. This will readily fit into the
same (transportable) coolant module size as developed for STAR-LM, demonstrating the feasibility of
this reference case approach.
Multiple products – hydrogen, electricity, fresh water and oxygen
The object of this concept is to deliver hydrogen, electricity, fresh water and oxygen. Since the
1970s, the sulphur-iodine (S-I) thermo-chemical water cracking cycle considered here (see Figure 6)
has been a leading contender among the numerous thermo-chemical water cracking cycles studied.
It is currently under development at ENEA (Italy), JAERI (Japan) and elsewhere. The UT-3 cycle is
also being considered; potentially operating at a lower temperature (~700°C). It could be expected to
reduce R&D efforts on the materials of construction for the reactor module.
While hydrogen and electricity will be the high value products from this cycle, oxygen at ~25%
the value of hydrogen will also be produced in quantity (at one-half the molar value of the hydrogen
production). Historically, the US demand for oxygen exceeding 8.5 × 109 nm3 annually has been
threefold the demand for hydrogen. Hence, we see this as a valuable product of the cycle.
Employing “waste” heat for desalinisation is a key element of the concept. Fresh waster is already
a premium commodity that will increasingly over the next century have a high value similar to energy.
It will represent a market of significant growth and can be foreseen to co-develop with the hydrogen
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infrastructure and market. Moreover, in a world increasingly demanding fresh water for crops and
human consumption, it is appropriate to use the waste heat from the energy plant with non-potable
ocean or brackish waters as a means to derive the water feedstock needed for the nuclear-driven
hydrogen cycle. A cost comparison of nuclear desalination with the traditional thermal and membrane
methods favours a desalinisation design based on a multistage flash evaporator (MSF). We believe this
design is especially adaptable to integrating the waste heat from the nuclear heat/thermo-chemical
hydrogen production. (Non-condensable gas removal equipment is the major ancillary component.)
For electricity production, we currently favour the hydrogen-fuelled combustion turbine cycle [8].
This combustion Rankine cycle is said to be capable of greater than 70% efficiency using near-term
technology and even higher efficiency in the longer term (20 years) based on the development and
implementation of improved high-temperature materials. The system combusts H2 and O2 (produced
and stored on-site for this purpose). The high-temperature reaction product, steam, is diluted using
low-temperature turbine-cooling steam to appropriate operating temperatures for the various turbine
stages, 600-1 600°C for the near-term reference plant. Excess condensate can be delivered back to the
input stream of the water cracking cycle. This reference approach inherently separates the electricity
generation from the nuclear heat source. It takes advantage of the very high efficiency of the
combustion turbine cycle for either base-load or load-following duty; and, owing to on-site storage of
H2, O2 and potable water, electricity production can continue through periods of reactor and water
cracking plant outages.
Outline of required R&D
The plant concept proposed here builds on and markedly extends work already in progress at the
proposer’s institutions and elsewhere. As described above, the reactor design is an extension to Pb or
Sn coolant and to higher outlet temperature of the STAR-LM modular, lead-bismuth-cooled reactor
design currently under development at Argonne National Laboratory. The design draws on the
demonstrated passive safety approaches used for the integral fast reactor and on the heavy liquid metal
coolant technology recently declassified after 30 years of Russian nuclear submarine experience [3].
The factory fabrication/modular construction approach rests on the General Electric technology for
their advanced liquid metal reactor offering.
The multi-product process heat cascade will integrate process design as well as waste heat
recovery and usage to aid in developing an economically attractive system. Integrated process design
candidates will be developed upon the latest release of the ASPEN process design simulation program
originally developed by MIT, and economic evaluations will be developed consistent with Stermole [9].
Several schemes are under consideration that will be able to employ the oxygen generated in massive
quantities by water cracking to improve the overall process efficiency and economy.
Many technical challenges remain. The materials-related technical database for high temperature
Pb coolant draws on two main areas: 1) the development, testing and experience gained in Russia
during the past four decades on coolant, cladding and structural materials technology for successful
operation of LBE-cooled reactor systems, and 2) the early US work on high temperature liquid metal
corrosion of structural materials. An extensive programme of R&D will, nonetheless, be required
to establish a licensing database for coolant/structure compatibility at the 900°C temperature range.
Because the same situation exists for any heavy liquid metal cooled innovative reactor, no matter what
temperature is chosen, we have elected to set our goal accordingly. A step change in the future role for
nuclear power should be attained by initiating development of a sustainable, nuclear-driven hydrogen
economy achievable only with higher coolant temperature. Basic materials compatibility tests have
been launched at ANL based on testing previously conducted in the US in the 1950s [10]. In one set of
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tests, quartz static capsule tests are being conducted using specimens of various alloys at temperatures
up to 1 000°C. In another set of tests, quartz thermal convection harps have been constructed for the
study of non-isothermal corrosion and mass transport in circulating LBE. The first test was initiated
using HT-9 steel (similar in composition to the Russian EP-823 steel used for LBE service at up to
around 600°C). This first test operated between 600°C (hot leg) and 400°C (cold leg) for 4 500 hours.
These basic facilities are providing early “hands-on” experience with LBE coolant while programmatic
directions become clearer before launching into larger test facilities.
The thermo-chemical water cracking cycles, whether S-I or UT-3, will also require substantial
R&D to move from bench scale to an industrially deployable state. As reported in other papers at this
meeting, efforts are already in progress at several laboratories. We can rely on substantial in-house
experience regarding the water desalinisation component of the plant.
Conclusion
The proposed concept, which uses a sustainable fast neutron spectrum reactor approach, is at a
very early stage of development. Its design goals will likely take several decades to achieve. In the
meantime, as discussed in other papers at this conference, near-term opportunities already exist, based
on thermal spectrum reactors where nuclear heat or electricity is applied for the production of
hydrogen, to begin developing the long-term nuclear-based hydrogen economy.
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Table 1. Performance comparison for variation of fuel type and fissile feed
Case
Fuel type
Fissile fuel
HM density (g/cm3)
Enrichment (wt.% fissile/HM)
Inner
Outside
Burn-up reactivity swing (%k)
Peak linear power (W/cm)
Average burn-up (MWd/kg)
Peak burn-up (MWd/kg)
Peak fast fluence (1023n/cm2)
a
b
c

1
2
3
4
Nitride
Nitridea
Metal
Oxide
Weapons Weapons Weapons Weapons
Pub
Pub
Pub
Pub
13.1
13.1
14.3
9.35
11.7
16.3
7.86
62
64
97
2.70

10.5
14.7
4.46
62
63
105
2.97

9.2
12.9
2.44
59
58
101
3.56

16.4
23.0
18.23
62
89
136
2.62

5
Metal
LWR
TRUc
14.3

6
Metal
235
U

12.8
17.9
6.04
60
58
100
3.45

13.1
18.3
4.75
58
59
92
2.95

14.3

15

With 100% N enrichment.
239
240
241
241
93.7% Pu, 5.7% Pu, 0.3% Pu and 0.3% Am.
238
239
240
214
1.01% Pu, 50.8% Pu, 19.9% Pu, 13.4% Pu,
isotopes.

242

3.88% Pu, 5.4%

237

Np, 2.51%

241

Am, 2.48%

243

Am and 0.62% Cm

Table 2. Reactivity coefficients for lead-bismuth eutectic-cooled system
Delayed neutron fraction
Prompt neutron lifetime (s)
BOC excess reactivity ($)
Driver leakage fractiona
Coolant void worth ($)
Coolant density (cents/°C)
Doppler (cents/°C)
Radial expansion (cents/°C)
Axial expansion (cents/°C)
CRD expansion ($/cm)
a

3.26 E-3
4.53 E-7
7.21
20.3
3.12
0.239
-0.098
-0.160
-0.135
-0.04

Ratio of net leakage to fissile production for EOC driver zone.
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Figure 1. Integration of elements of nuclear and hydrogen-based energy supply/carrier system

Figure 2. Concept for simplified, modular, small reactor featuring flow-through fuel cartridge
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Figure 3. Seismic isolation approach for nuclear island (also shows RVACS)

Figure 4. Modularised, natural circulation reactor concept for the
nuclear heat source with modular in-vessel He heat exchanger
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Figure 5. Top view of simplified, modular, small reactor

Figure 6. Temperature requirements for steps of sulfur-iodine water-cracking process
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CONTRIBUTIONS TO A SAFETY ANALYSIS FOR
A HYDROGEN PRODUCTION SYSTEM WITH HTGR

Karl Verfondern and Rainer Moormann
Jülich Research Centre, Germany
Wolfgang Breitung and Anke Veser
Karlsruhe Research Centre, Germany

Abstract
Some examples of research activities will be described that cover parts of a safety and risk analysis
(PRA) for a hydrogen production plant combined with a high temperature gas-cooled reactor (HTGR).
In the 1980s, the Jülich Research Centre conducted safety analyses for two conceptual designs of an
HTGR under the modified operating conditions of process heat applications. At the Karlsruhe Research
Centre, an experimental programme has been started to investigate the combustion behaviour of
H2-CO air mixtures under different conditions. Both H2 and CO gases are components of the product
gas after the steam reforming of methane. An impact from the outside to an HTGR hydrogen
production system could be given by the explosion of flammable gas clouds in the open atmosphere.
The proceeding step would be, for example, the inadvertent spillage of the cryogenic liquid LNG.
The results of a predictive study will be given, in which the behaviour of different cryogenic liquids,
LH2, LN2, LOX and LNG, were compared.
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Introduction
A probabilistic safety and risk assessment (PRA) is characterised by probabilistic methods to
identify the hazardous potential of a plant to construct and classify event sequences and estimate their
frequencies. Furthermore, the PRA includes deterministic methods to simulate the physical phenomena
during an accident sequence by applying state-of-the-art calculation models validated against
experimental data and quantifying the consequences and impacts on health and the environment.
In this presentation, several research activities will be described that cover some parts of a
quantitative safety and risk analysis for a hydrogen production plant combined with an HTGR.
The first deals with the nuclear system and describes the results of a safety analysis for the design of a
modular-type HTGR for process heat applications. The chemical complex of steam reforming for H2
production is the subject of subsequent examples. The desired components – H2 and CO – of the
product gas are potentially hazardous when forming with air a flammable mixture inside the nuclear
containment. Hazards in unconfined regions of the system arise under the conditions of an accidental
release of liquid natural gas via the source of the feed gas of the steam reforming process. The behaviour
of cryogenic liquids upon release will be discussed in the third example.
Nuclear hydrogen production system with HTGR
The production of hydrogen requires a substantial amount of primary energy, which should be
non-fossil in the future. Nuclear energy is one of the candidates to provide heat and/or electricity,
offering the advantages of a large resource base, the absence of most air emissions, and the conservation
of existing fossil resources. Furthermore, it can be combined with most H2 production methods such as
steam reforming, oil recovery, coal gasification, electrolysis and thermo-chemical cycles.
The unique potential of HTGRs is given in the combined heat and power (CHP) operation mode,
where the hot helium coolant can be directly routed to high temperature (HT) process heat components.
Furthermore, the high temperature, high pressure level on the secondary side allows for a whole
variety of process steam applications. These features can be used for the production of storable and
transportable secondary energy carriers, thus being able to service both the heat market and the traffic
sector (see Figure 1).
Design and safety features of a nuclear process heat plant with HTGR
Various designs of nuclear process heat HTGRs of different sizes have been proposed in the past.
They include the process heat reactor concepts PNP-3000 and PR-500, as well as modified versions of
the HTR module and the AVR reactor. All are characterised by a supply of energy at high temperature
levels on the order of 950°C, which allow the yield of high chemical reaction rates. The main
components in the primary circuit for decoupling the HT heat are a steam reformer with a steam
generator installed in series or a He/He intermediate heat exchanger (IHX).
In comparison to the electricity generating nuclear plant, several modifications are necessary for
the process heat variant:
•

Reduced power density to compensate for the higher core outlet temperature level (for the
HTR module: 3 → 2.55 MW/m3, 200 → 170 MW(th)).

•

Reduced system pressure as a compromise between high pressure (desired for its favourable
effect on operating and accident conditions of the nuclear reactor) and low pressure (desired
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for chemical process reasons in the secondary and tertiary circuit). The pressures in the
different circuits should be in the same range, slightly increasing towards the outside (for the
HTR module: 7 → 5 (4 with IHX) MPa).
•

Two fuel zones in the pebble bed to minimise the occurrence of hot/cold gas strains in the
core to achieve a radial temperature profile as uniform as possible.

•

Ceramic (graphite) liner to replace the metallic liner because of the higher temperatures.

Since focusing more and more on small-sized HTGRs, strong emphasis has been put on the fuel
element as the most efficient barrier against radioactivity release. The level of fuel quality that has
been reached in the German HTGR fuel qualification programme is summarised in Table 1. The data
is based on the examination of 3.3 M manufactured coated particles with 102 defects observed.
Of 276 680 irradiated cp in 19 fuel elements, not a single case showed a failed particle generated under
partly extreme operating conditions. Of 180 000 cp exposed to core heat up accident conditions (up to
a maximum temperature of 1 620°C), three particle failures were observed. Fuel failure mechanisms
that are considered insignificant in an electricity generating plant become more relevant in a process
heat plant due to higher operating temperatures and temperature gradients. These effects include
kernel migration (amoeba effect) and interaction with the coating, the attack of fission products on the
SiC layer and pressure vessel failure.
Safety and risk analysis for nuclear process heat plants
In the 1980s, the Jülich Research Centre conducted safety analyses for two conceptual designs of
HTGRs under modified conditions for the process heat applications, the 50 MW AVR-II and the
170 MW variant of the HTR module. The focus was the analysis of nuclear hazard potential. For the
example of the HTR module, the most important results will subsequently be provided in more detail.
The process heat HTR module consists of a pebble bed core with 360 000 spherical fuel elements
to produce a thermal power of 170 MW. Helium coolant gas inlet/outlet temperatures are 300 and
950°C, respectively. The system pressure is 4 MPa. The connection to the secondary circuit is given
by an He/He intermediate heat exchanger. The safety concept considers two nuclear shutdown systems,
a set of six reflector rods for reactor scram and power control and a “KLAK” system of small absorber
balls for cold and long-term shutdown. Decay heat removal is made via the heat exchanger, an
auxiliary cooling system, and the panel cooling system inside the concrete cavern, or, in case of a
failure of these systems, passively by heat transfer via the surface of the reactor vessel.
Events identified that could possibly initiate an accident with the release of radionuclides from
the core are a small or large leak in the primary circuit, the loss of the main heat sink or the panel
cooling system, and the loss of off-site power. The event tree analyses have led to the classification of
all accident sequences into four release categories with frequencies ranging between 1.8 × 10-5/yr and
5 × 10-8/yr. For those scenarios with the largest fission product release expected, deterministic studies
applying conservative input data have been conducted. In the most severe case, a core heat up in the
depressurised system is predicted to result in a maximum core temperature of 1 525°C and a
(maximum) core average temperature of about 1 000°C. From the radiologically relevant nuclides
under such temperature conditions, no caesium or strontium release from the core is expected due to a
high sorptivity of the graphitic core structures. Only silver escapes from the primary circuit in a
considerable quantity. The release of iodine is determined by the fraction of free uranium in the core,
which depends on fuel quality. 131I quantities released are predicted to be 111 GBq in a slow
depressurisation (small leak) and 46 GBq in a fast depressurisation (large leak).
187

The calculation of the fission product release during normal operation of the reactor determines
the contamination of the primary circuit and thus the source term in case of a depressurisation or a water
ingress accident. The predicted release of the metallic fission product isotopes, 137Cs, 90Sr and 110mAg,
from a spherical fuel element under the (predicted) normal operating conditions of a 170 MW(th)
process heat HTR module is shown in Figure 2. Data is based on the assumption of a temperature
ranging from 400-1 200°C with a total of 15 reshuffling periods for the fuel spheres. The fractional
release curves are characterised by the three processes of radioactive decay, build-up of the inventory,
and diffusive transport. The figure reveals the typical sequence in the release of radionuclides with
silver to come first followed by caesium and strontium. A more detailed study of silver behaviour may
be needed, since its release fraction even from high-quality fuel has significant maintenance
implications for the primary circuit components outside the core.
Fuel temperatures on the high end of the spectrum under normal operating conditions compared
with the electricity generating variant result in a higher fission product contamination of the primary
circuit outside the active core; a factor of 3 for iodine and a factor of 4 for caesium. In the case of
depressurisation through a large leak, it is the dust-borne caesium and strontium that dominate the
activity release. Depressurisation through a small leak makes coolant activities enlarged by desorbed
plate-out activity escape from the primary circuit. The quantities, however, are about two orders of
magnitude lower.
Hazardous potential of synthesis gases in the nuclear containment
In the nuclear hydrogen production system, a link exists between the chemical and nuclear system
via the secondary helium circuit, thus enabling feed/product gases in case of respective pipeline
ruptures to accumulate inside the nuclear containment jeopardising the nuclear primary circuit in the
event of an explosion. The scenario of a process gas ingress into the nuclear containment has been
studied in the past as part of the PNP safety programme. In the steam-reforming process, the product
gas will be a mixture of H2, CO, CO2, residual H2O and unreformed methane.
Combustion tests at FZK tube
At the Karlsruhe Research Centre, an experimental programme has been started in the 12 m
Hydrogen Combustion Test Tube Facility to investigate the combustion behaviour of H2-CO air
mixtures under different conditions.
Regimes of premixed combustion
Different regimes are realisable in premixed combustion. They are not only influenced by the
mixture composition (e.g. H2, CO and steam concentration in air) but also by details of the geometrical
structure (e.g. obstacles and free volumes). There is a complicated interplay between hydrodynamics
flow and chemistry.
Figure 3 shows Schlieren pictures of different combustion modes in homogeneous H2 air
mixtures. Dark areas indicate high-density gradients. Figure 3(a) depicts a laminar flame in which
unburned and burned gases are separated by a smooth, very thin flame front. The flame surface travels
with a constant velocity up to the top. The continuity of the combustion is maintained by diffusion of
heat and radicals. Figure 3(b) shows a typical fast turbulent flame. Instead of a smooth flame surface,
pockets of unburned and burned gas are surrounded by the respective other medium. The heat and
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mass transport are governed by turbulence, not by molecular diffusion. The turbulent combustion
velocity St may often be described by the laminar combustion velocity SL and the turbulent fluctuation
velocity u′ according to:
St/SL = 1 + u′/SL(u′/SL < 40)
where u′ is a measure for the mean turbulent kinetic energy per mass. At very high turbulence levels,
quenching causes a decrease in the turbulent combustion velocity. An even faster combustion form, a
so-called quasi-detonation, can be seen in Figure 3(c). The movement of the flame-front is extremely
fast so that the associated shock wave causes a temperature rise beyond its ignition temperature in the
unburned gas in front of the flame within microseconds. The pressure waves were created by the rapid
expansion of the burned and compressed gas during combustion. The complex of fast flame and
pressure waves reaches in lean H2 air mixtures velocities of about 1 300 m/s (15% H2). In stoichiometric
H2 air mixtures, well-developed stable detonations with coupled flame and shock structures reach
about 2 000 m/s.
FZK experiments
FZK experiments performed thus far have concentrated on the turbulent combustion in fully
confined, partially obstructed geometry. To this end, the tube was equipped with an array of obstacles
with a blockage ratio (BR) of 45% and a distance of 0.5 m. Mixture composition and initial pressure
are the parameters the test series.
By varying the hydrogen concentration in the mixture with air, the three combustion regimes
described above can indeed be observed in the experiments. The results of these experiments are
displayed in a velocity-distance diagram (Figure 4). Lean H2 concentrations (9-10% H2 in air) lead to a
subsonic flame (v < 200 m/s) with almost no flame acceleration. This regime can be regarded as an
intermediate state of the situations displayed in Figures 3(a) and (b). An increase in the H2 concentration
(12% H2 in air) entails, after an initial acceleration phase a fast turbulent combustion, comparable to
the one depicted in Figure 3(b). The maximum flame speed is close to the sound velocity in the burned
gas (shoked flow). By further increasing the H2 concentration (15% H2 in air) after an acceleration
phase, the flame speed reaches the level of a quasi-detonation [comparable to Figure 3(c)]. Mixtures
with even higher H2 concentrations (> 20% H2 in air) develop into a stable detonation with a velocity
close to the theoretical Chapman-Jouquet speed.
Starting from these previously obtained results for H2 air mixtures, experiments were performed
in the FZK tube in order to quantify the influence of CO concentration on the combustion process of
H2-CO air mixtures. In Table 3, the initial conditions of these experiments are listed. So far H2-CO air
mixture experiments have been performed with 11% and 18% fuel gas concentration; the results are
presented in the v-x diagrams below (Figures 5 and 6). Replacing half of the H2 with CO
(5.5% H2 + 5.5% CO = 11% fuel gas) results in a subsonic flame (< 200 m/s), with no acceleration, in
contrast to the combustion of pure hydrogen in air, which reaches after an acceleration phase the
regime of a choked flame (500-700 m/s flame speed).
Some influence of the initial pressure can be observed. An increase in the initial pressure
(0.05, 0.1, 0.2 MPa) leads to a decrease in the flame speed and finally results in an unstable flame
propagation due to local flame quenching near the end of the tube. Analogous experiments with
18% fuel gas concentration reveal a different picture in the v-x diagram (Figure 6). The combustion of
pure H2 causes a rapid flame acceleration up to the quasi-detonation regime, while more moderate and
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longer-lasting acceleration up to detonation speed is the outcome of the experiments with 9% H2 and
9% CO. The influence of an initial pressure rise (0.05, 0.1 and 0.2 MPa) is noticeable only at the
beginning of the experiment through a faster acceleration of the flame front with increasing pressure.
Conclusions from the H2-CO air experiments
The results obtained thus far clearly demonstrate a dampening effect of CO on the turbulent
combustion speed of H2-CO air mixtures when compared to turbulent combustion in pure H2 air
mixtures. This effect is probably caused by the relatively long induction and reaction time of the
complicated oxidation mechanism of CO. This process requires as an initiating component OH
radicals, which have to be provided in a sufficient amount by the H2 oxidation. The resulting time
delay between hydrogen and CO oxidation could be detected in the H2-CO air experiments with the
installed photodiodes, which showed two spatially separated flame zones moving along the tube.
With respect to safety analysis, the mitigation effect of CO additions on the observed flame speed
and the resulting pressure loads should be taken into account. Treating CO simply as H2 in the analysis
would lead to overly conservative load estimates.
Behaviour of cryogenic liquids after accidental release
Physical phenomena
The potential impact from outside on an HTGR for process heat applications is the possible
formation and explosion of a flammable gas cloud in the open atmosphere. For the example of the
Japanese HTTR, which is planned to be connected to a hydrogen production system with steam
reforming, the accident conditions may arise from leakages in the chemical complex, including the
main components steam reformer and storage tanks for LNG or hydrogen.
The preceding step of the evolution of a methane-air gas mixture is, for example, the spillage of the
cryogenic liquid LNG after a pressure vessel failure of the storage tank or pipeline rupture. The pressure
relief from system to atmospheric pressure results in spontaneous or flash vaporisation of a certain
fraction of the liquid. Depending on leak location and the thermodynamic state of the cryogen, a
two-phase jet is being created, leading to the formation of aerosols that vaporise in the air without
touching the ground. The cryogenic liquid eventually reaching the ground accumulates and forms a
pool, which, depending on the volume spilled and the release rate, expands radially away from the
releasing point.
The moment the cryogen is released it starts to vaporise due to the heat transfer from its
surroundings into the pool. A growing pool surface area implies an enhancing vaporisation rate.
After an initial phase, a state is reached that is characterised by the incoming mass equalling the
vaporised mass. A cut-off of the mass input results in a break-up of the pool from the central release
point creating an inner pool front. The ring-shaped pool then recedes from both sides until it has
completely died away.
Numerical simulation of pool spreading and vaporisation
A state-of-the-art calculation model, LauV, has been developed at FZJ, which allows for
description of the transient behaviour of the cryogenic pool and its vaporisation. It addresses the
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relevant physical phenomena in both instantaneous and continuous (at a constant or transient rate) type
releases onto either solid or liquid ground. A system of non-linear differential equations that allow for
the description of pool height and velocity as a function of time and location is given by the so-called
“shallow-layer” equations, which are based on the conservation of mass and momentum. Heat
conduction from the ground is deemed the dominant heat source for vaporising the cryogen; other heat
fluxes are neglected. The friction force is chosen considering distinct contributions from laminar and
from turbulent flux.
The code was validated against cryogen (LNG and LH2) spill tests from the literature and our
own experiments with the release of liquid hydrogen. The post calculations have shown solid
agreement between the computer simulations and experimental data. These validation calculations
demonstrated the code’s ability to realistically simulate the initial phase of an accidental release of
cryogenic liquid and to provide an adequate source term for the subsequent analysis steps for dispersion
and combustion of the flammable gas cloud.
Scenario of a tank truck load release accident
As an example, the results of a predictive study will be given, in which the behaviour of cryogenic
liquids, LH2, LN2, LOX and LNG, were compared to demonstrate the differences in spreading
behaviour. The case assumed is the complete release of a tank truck-load of 40 m³, either instantaneously
or continuously at a rate of 1 m³/s on solid ground (macadam). The results of maximum pool radius,
vaporisation time and maximum vaporisation rates are summarised in Table 2. The pool radius as a
function of time elapsed after release of all four liquefied gases is given in Figure 7 (for the case of a
continuous release over 40 s) and in Figure 8 (for the case of an instantaneous release). A remarkable
difference is the small size and the short lifetime of the LH2 pool, compared to the other cryogenic
liquids, due to their higher densities, which causes a larger gravitational force. With a maximum radius
of about 20 m after the instantaneous spill, the LH2 pool covers a surface area which is smaller by a
factor of 4 than the respective LOX and LNG pools, and vaporises within 13 s. It should be noted that
the corresponding periods of time for LOX and LNG are larger by a factor of 5. LN2 takes a somewhat
intermediate position corresponding to the lower latent heat of vaporisation per m³ of liquid compared
to LNG and LOX. In the continuous case, the LOX with the largest density develops by far the largest
pool and thus exhibits a maximum vaporisation rate that is similar to LH2. The liquid pool with the
largest lifetime is again LNG.
Future work
Major tasks for the future are seen in both the nuclear and the chemical part of a nuclear hydrogen
production plant. An important aspect to be investigated on the nuclear side is the release behaviour of
silver during normal operating conditions to allow for a better source term assessment. On the process
side, it is the hazardous potential of the feed and product gases that needs to be looked at in more
detail and by applying state-of-the-art CFD tools. The accidental release of LNG, the evolution and
explosion of a methane-air gas cloud should be studied quantitatively in terms of extension,
combustion mode and possible impact on the HTTR building. Inside the building, focus should be put
on small and medium-sized leaks in process gas ducts, which are more difficult to detect and may
result in longer times to flammable mixtures.
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Table 1. Characteristics of German high quality fuel
Item

Expected failure fraction

Design limit failure fraction

3 × 10-5
1 × 10-6

< 6 × 10-5
< 5 × 10-6

2 × 10-5

< 2 × 10-4

5 × 10-5

< 5 × 10-4

Manufacture
Defective SiC coatings
Heavy metal contamination
Normal operation
End-of-life failure fraction
Design basis accident
Incremental failure fraction

Table 2. Predicted maximum pool radii, vaporisation times and maximum vaporisation rates
After a 40 m³ instantaneous spill and continuous spill (1 m³/s over 40 s) on solid ground (macadam)

Cryogen

LH2

LN2

LOX

LNG

Maximum pool radius [m]

20

32

38

38

Vaporisation time [s]

13

48

63

65

Maximum vaporisation rate [m³/s]

4.0

1.2

0.9

0.8

Maximum vaporisation rate [kg/s]

280

970

910

340

Instantaneous release of 40 m³

Continuous release of 40 m³ at a constant rate, spill time 40 s
Maximum pool radius [m]

12

26

37

33

Vaporisation time [s]

45

84

55

94

Maximum vaporisation rate [m³/s]

1.0

0.6

1.0

0.5

Maximum vaporisation rate [kg/s]

70

480

1 140
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Table 3. Initial conditions of experiments with H2-CO air mixtures
Experiment

H2 [%]

CO [%]

Air [%]

p0 [MPa]

BR [%]

R0799_10

11

–

89

0.1

45

R0799_11

5.5

5.5

89

0.1

45

R0999_35

5.5

5.5

89

0.05

45

R0999_34

5.5

5.5

89

0.2

45

R0999_00

18

–

82

0.1

45

R0999_01

9

9

82

0.1

45

R0999_37

9

9

82

0.05

45

R0999_36

9

9

82

0.2

45
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Figure 1. Schematic of a high temperature gas-cooled reactor for
process heat application for the production of hydrogen or other fuels

Figure 2. Prediction of metallic fission product fractional release from a fuel sphere
during its lifetime in a 170 MW(th) process heat HTR module (based on design values)
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Figure 3. Schlieren pictures of: a) laminar deflagration, b) turbulent
deflagration and c) quasi-detonation [F-J. Wetzel, DLR, 1993.]

Figure 4. V-x diagram of FZK tube experiments with various H2 air mixtures (BR = 45%)
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Figure 5. V-x diagram with 11% fuel gas
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Figure 6. V-x diagram with 18% fuel gas
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Figure 7. Predicted spreading behaviour of an LH2, LN2, LNG and
LOX pool after a 40 m³ instantaneous spill onto solid ground (macadam)

Figure 8. Predicted spreading behaviour of an LH2, LN2, LNG and
LOX pool after a 40 m³ instantaneous spill onto solid ground (macadam)
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University of Liège, Belgium

Abstract
The exploitation of nuclear energy produces radioactive waste. However, many radioactive waste
treatment processes can be adapted to generate hydrogen as a by-product, thereby helping to further
decrease CO2 emissions through the use of hydrogen as an energy vector. Two examples are given:
1) the aggressive decontamination of metallic pieces, and 2) the electro-mediated oxidation of organic
radioactive waste. Preliminary results obtained at the SCK•CEN in collaboration with the University
of Liège indicate that hydrogen production can often be technically and economically combined with
waste treatment, although the hydrogen production rate remains marginal with respect to large-scale
water electrolysis. Further R&D work is needed in the field, but the resulting know-how would allow
for an increase in the competitiveness of the electrolytic production of hydrogen in general (especially
whenever membrane processes are being considered).
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Introduction
Constantly increasing attention is being paid to nuclear waste treatment activities. Several treatment
processes can be set up, which are able to produce hydrogen. For safety reasons, one generally tries to
avoid hydrogen production whenever possible. However, the opposite approach of using hydrogen as
energy vector may also be considered. Additionally, the association of hydrogen production with
waste treatment processes should be recommended because the economics of the said processes would
be favoured through the valorisation of hydrogen, thereby increasing the competitiveness of the waste
treatment. The paper stresses this possibility through two examples, both involving electrochemical
techniques. The first example addresses the case of the decontamination of metallic pieces arising
from either the exploitation or the dismantling of nuclear installations. The second example focuses on
the destruction of organic waste by electrochemical mediation.
Decontamination of metallic pieces
For this purpose, one very efficient process consists of dissolving approximately 8-20 µm of the
thickness of the metallic surface, using a solution containing 0.025 mol.L-1 Ce4+ and 0.025 mol.L-1
Ce3+ in 1 M sulphuric acid. This method allows oxidising stainless steels under controlled conditions.
During the decontamination, Ce4+ is reduced to Ce3+. To minimise the waste effluent, the solution is
recycled through a regeneration unit in which Ce3+ is re-oxidised. When designing the process,
SCK•CEN examined two possible regeneration techniques, namely, electrochemical oxidation and
chemical reaction with ozone. The latter option has been selected mainly to avoid the risks associated
with hydrogen production. But the opposite approach could be considered as well, especially for the
possible valorisation of hydrogen as energy vector. Indeed, the electrochemical process delivers
hydrogen at the cathode without impairing the oxidation efficiency of the cerium regeneration.
This was demonstrated at laboratory scale through a model describing anodic selectivity [1-4].
Figure 1 illustrates the complete decontamination process, including electrochemical regeneration.
The process installed at SCK•CEN is devoted to the decontamination of metals produced during the
dismantling of a small 10.5 MWe PW reactor. If the electrochemical regeneration had been chosen, it
would have produced 0.47 Nm3 of hydrogen per hour. This throughput was estimated at the design
stage and corresponds to the regeneration of 8.10-3 mole.s-1 of cerium1. A comparison of the essential
figures of the regeneration techniques is given in Table 1. We refer here to the regeneration rate
corresponding to the effective process installed at SCK•CEN. Focusing exclusively on the regeneration
section, we observe that the electrochemical option allows for the production of hydrogen while
suppressing the need to destroy the excess of ozone. We also observe that the electrochemical
approach requires less energy than the ozone process. This is because the production of ozone is not
very efficient while the electrolytic regeneration of cerium combined with the production of hydrogen
does not require excessive cell voltages. (We measured a steady-state voltage equal to 2.8 V, using an
anodic current density of 300 A.m-2.)
However, the cost of this energy remains marginal with respect to the total cost of the process.
The reason is because the treatment of radioactive waste requires expensive safety measures while the
cost of the waste itself often represents a major portion of the total cost. Therefore, the ozone option
remains perfectly convenient and competitive, especially if one prefers to avoid hydrogen production.
1

Note that a scale-up by a factor of 30 would allow for the reduction of the treatment duration. Such a scale-up
remains realistic when using multiple decontamination reactors, the size of each reactor being increased with
respect to the existing installation. A scale-up factor of 30 would lead to the production of about 13 Nm3.h-1.
The electrolytic regeneration unit would remain quite compact while the whole process could be used for
dismantling bigger reactors.
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Figure 1. General configuration of the decontamination process
(1) Load of metal to be decontaminated, (2) Decontamination vessel, (3) Transfer of decontaminated
metal to rinsing unit; (4) Anodic loop; (5) Filter-press electrolyser, (6) Filter; (7) Cathodic loop;
(8) Storage tank for sulphuric acid; (9) Electrodialysis unit, (10,11) Concentrate loop (12) Eluate loop
(13) Filter and (14) Transfer of the residual effluent to further waste treatment and conditioning.

Table 1 shows two additional important differences between both approaches. First, the investment
cost for the electrolytic system is expected to be higher than the ozone option. Next, the electrolyser
will be contaminated, which means that it will become itself a radioactive waste after the lifetime of
the process. This increases the full cost of the electrolytic approach. However, it would not impair the
competitiveness of the process because the electrolyser is quite compact. It will not become a significant
part of the full installation to be dismantled. A more important aspect tied to the contamination of the
electrolytic unit is that the cathodic part might also become slightly radioactive. This raises questions
about the acceptability of the hydrogen being produced. We identify two ways of coping with the
situation. For instance, the hydrogen might be used on-site to produce electrical energy. The latter
might be valorised on-site or off-site. The alternative is to purify the hydrogen, which can be done
easily by permeation through a Pd/Ag membrane.
Considering all these factors together with the valorisation of hydrogen, we conclude that the
electrolytic option offers the opportunity to produce hydrogen without increasing the total cost of the
waste treatment. This is especially true when the throughput of the treatment process increases.
The electrochemically mediated oxidation of organic waste
In this process, strong oxidising Ag++ species are generated anodically in nitric acid, using an
adequate electrolyser. Next, the oxidising fluid is brought into contact with the organic waste. If the
latter is miscible with the anolyte, the oxidation reactions involving the organic waste can occur
everywhere in the anodic loop, including in the electrolyser. It is known [5] that many organic molecules
are completely oxidised to CO2 and H+ by the Ag++ species, which are reduced to Ag+. Maintaining a
current flow through the electrolyser ensures the regeneration of the argentic species and the further
reaction with organic molecules until the latter are completely oxidised. The whole process runs at
below 100°C and may be used even for oxidising dangerous materials (e.g. explosives or PCBs).
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Table 1. Electrochemical vs. chemical regeneration of Ce4+
Comparison of key figures

Process characteristics
Consumed chemicals
Regeneration rate of
cerium

Regeneration efficiency
Effective consumption of
required chemicals
Hydrogen production rate
Excess ozone

Power required for the
regeneration, excluding
cooling requirements
Power required for the
regeneration, including
cooling requirements
Investment cost
Waste considerations

Explosion risks

Other safety
considerations

Reference value
or remark
Process dependent
0.0081 mol.s-1

70%
Process dependent

Electrochemical
process
Ozone
Electrons
Minimum rate of ozone Minimum current
consumption: 700 g
required (based on
single cell
O3.h-1
configuration): 782 A
70%
70%
1 117 A
1 000 g O3.h-1
Ozone process

Process dependent
May not be released;
requires integrated
destruction unit
Process dependent

None
300 g O3.h-1

0.47 Nm3.h-1
None

23 kW

3.13 kW

Process dependent

28.4 kW

4.65 kW

Process dependent

5.13 MBEF

Estimated around
7-10 MBEF
The electrolyser will be
contaminated

Concerning the
The ozone production
installation exclusively unit will not be
contaminated
Process dependent
No, except when
decontaminating carbon
steel (hydrogen is
produced)
Process dependent
Ozone is toxic; requires
adequate monitoring

Yes, but requires
adequate measures
(hydrogen technology)
Leaktightness requires
special attention (filterpress electrolyser)

Here also a second reaction occurs in the cathodic compartments of the filter-press electrolyser.
Generally, one chooses nitric acid as the electrolyte in both the cathodic and the anodic compartments
while a Nafion® membrane is used as the separator. This means that the cathodic reaction leads to the
formation of huge amounts of NOx. An interesting idea is to replace the nitric acid by sulphuric acid
in the cathodic compartments. As a result, the cathodic reaction becomes the reduction of protons and
hydrogen is again formed. However, using different electrolytes at both sides of the gas separator can
lead to complications at the level of the membrane. An addition, replacing a strong electroactive
oxidant like nitric acid by sulphuric acid in the cathodic compartments allows for the production of
hydrogen instead of NOx, but this is at the cost of an increase in cell voltage for a given current
density (shown in Figure 2). These measurements were carried out using the experimental device
depicted in Figure 3. They indicate that additional energy is required to produce hydrogen. For a current
density of 300 A.m-2, the voltage increase is as high as 2 V, a value that is very close to the best cell
voltage observed when electrolysing water under much higher current densities. The concentration of
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Figure 2. Current density vs. total cell voltage; comparison between
nitric acid 6 M and sulphuric acid 4.5 M solutions as catholyte
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Figure 3. Experimental cell used for lab-scale investigation of the H2SO4/HNO3 system
The cell body is in PTFE. The anode is in pure platinum while the cathode is in Incoloy 825 (an alloy that is well-suited
to withstand corrosion when exposed to sulphuric acid). The cell is equipped with several feedthroughs, allowing for
the introduction of reference electrodes as well as platinum wires. A magnetic stirrer is present in each compartment.

HNO3 is 6 M in all experiments. This value corresponds to the nominal concentration used in the
classical mediation process, although higher concentrations might also be used. The sulphuric acid
concentration is 4.5 M. This concentration results from the experimental minimisation of the transport
of water through the membrane under both the osmotic and the electro-osmotic effects.
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Using the same experimental set-up, we further investigated the system in order to locate the
potential of each electrode in the NHE scale, and to examine the potential jump across the membrane.
By scanning the range of current densities up and down between 0-225 A.m-2, we observed a hysteresis
affecting the total cell voltage as well as the potential of both electrodes. This behaviour tends to
disappear after a few scans thereby indicating that the electrodes have to be conditioned before any
reproducible measurement can be taken. We attributed this effect to the presence of an initial oxide
layer on the cathode and to the growth of another oxide layer on the anode, although this should be
verified by additional dedicated experiments (e.g. electrochemical impedance spectroscopy based on
frequency response analysis). Next, using two reference electrodes, we calculated that the potential
jump across the membrane should be around 0.3 V for a current density equal to 88.4 A.m-2. However,
under the same experimental conditions, the potential of two platinum wires located at each side of
(but quite close to) the membrane appeared to be as high as 0.85-0.9 V. We suspect that an
experimental artefact must be responsible for the discrepancy between the observed and the measured
values. Again, further experimental work is needed to more precisely assess the behaviour of the system.
As soon as the current was flowing through the cell, we also observed a fast colour change of the
anodic side of the membrane, the latter turning white. The phenomenon does not seem to build up
constantly and does not prevent the system from reaching its steady state. When exposing the whitened
anodic side to light, the membrane turns blue. We suspected that a finely divided insoluble salt of
silver was formed during the electrolysis. This assumption could explain the sensitivity of the
membrane to light, with the salt being reduced into finely divided silver. However, this would be
expected to happen on the cathodic rather than anodic side of the membrane. Indeed, the Nafion®
membrane is a proton selective cation exchange material, but small amounts of silver could pass
through and combine with sulphate ions on the cathodic side. This was definitely the case when the
current densities increased, but when this occurred, we observed the direct reduction of silver to its
elemental form in the cathodic compartment. It is less likely, but not impossible, that sulphate or
hydrogenosulphate ions pass from the cathodic to the anodic side. Other explanations of the observed
phenomenon could rely either on electro-osmotic effects or on a bipolar phenomenon happening at the
surface of the membrane. Samples taken from the anodic side of the membrane were analysed by
infrared spectroscopy. We did not detect the presence of sulphate ions. Therefore, additional efforts
are required to explain the reported results. Particular attention must be paid to the separator. Related
R&D efforts would also be useful in the general cases of large-scale water electrolysis and fuel cells
based on solid polymer electrolytes.
Conclusions
Electrochemical techniques can often be applied in the framework of radioactive waste treatment.
When this is the case, it is generally possible to combine the waste treatment process with the
production of hydrogen. Depending of the nature of the process, the production of hydrogen may
appear to be quite cheap (e.g. in the case of the decontamination of metallic pieces) or involve
additional but acceptable costs (e.g. in the case of the electrochemical mediation process). In both
examples discussed here, the rate of hydrogen production remains quite low and cannot be compared
with the direct use of nuclear electricity to dissociate water electrolytically. Finally, the combination of
hydrogen production with radioactive waste treatment processes requires additional R&D efforts.
Such R&D efforts are necessary and would be useful since the related questions to be solved are also
relevant to the electrolytic production of hydrogen in non-nuclear environments as well as to the
production of electricity through the use of fuel cells.
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Abstract
This report describes work accomplished during the first year of a three-year project to evaluate
thermo-chemical processes that offer the potential for efficient, cost effective and large-scale production
of hydrogen from water. The primary energy input is high temperature heat from an advanced nuclear
reactor and it remains to select one for further consideration. Literature was scanned exhaustively to
locate cycles, which were screened to select two as the most promising candidates: the adiabatic UT–3
cycle and the sulphur-iodine cycle. The UT–3 is being pursued in Japan. During Phases 2 and 3 of
this study, we will pursue the sulphur-iodine cycle, developing flowsheets and making preliminary
engineering estimates of the size, cost and efficiency of the plant as well as of the cost of producing
hydrogen.
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Introduction and summary
Combustion of fossil fuels used to power transportation, generate electricity, heat homes and fuel
industry, provides 86% of the world’s energy [1,2]. Drawbacks to fossil fuel utilisation include limited
supply, pollution and carbon dioxide emissions. Carbon dioxide emissions, thought to be responsible
for global warming, are now the subject of international treaties [3,4]. Together, these drawbacks argue
for the replacement of fossil fuels with a less polluting, potentially renewable primary energy such as
nuclear energy. Conventional nuclear plants readily generate electric power but fossil fuels are firmly
entrenched in the transportation sector. Hydrogen is an environmentally attractive transportation fuel
that has the potential to displace fossil fuels. Hydrogen will be particularly advantageous when coupled
with fuel cells. Fuel cells possess higher efficiency than conventional battery/internal combustion
engine combinations and do not produce nitrogen oxides during low temperature operation.
Contemporary hydrogen production is primarily based on fossil fuels and most specifically on natural
gas. When hydrogen is produced using energy derived from fossil fuels, there is little or no
environmental advantage.
Currently, no large-scale, cost effective and environmentally attractive hydrogen production
process is available for commercialisation nor has such a process been identified.
Hydrogen produced by thermo-chemical water-splitting, a chemical process that accomplishes the
decomposition of water into hydrogen and oxygen using only heat or, in the case of a hybrid
thermo-chemical process, by a combination of heat and electrolysis, could meet the goal of a
low-polluting transportable energy feedstock.
Thermo-chemical water-splitting cycles have been studied, at various levels of effort, for the past
35 years. They were extensively studied in the late 1970s and early 1980s but have received little
attention in the past 10 years, particularly in the US. While there is no question about the technical
feasibility and the potential for high efficiency, cycles with proven low cost and high efficiency have
yet to be developed commercially. Over 100 cycles have been proposed, but substantial research has
been executed on only a few.
The purpose of the project is to determine the potential for efficient, cost effective and large-scale
production of hydrogen utilising high temperature heat from an advanced nuclear power station.
The benefits of this work will include generation of a low-polluting transportable energy feedstock in
a highly efficient manner from an energy source that has little or no affect on greenhouse gas
emissions and whose availability and sources are domestically controlled. This will help to ensure
energy supply for a future transportation/energy infrastructure that is not influenced/controlled by
foreign governments.
This report describes work accomplished during the first year (Phase 1) of a three-year project
and was performed as a collaborative effort between General Atomics (GA), the University of
Kentucky (UK) and Sandia National Laboratories (SNL) under the Department of Energy, Nuclear
Energy Research Initiative (DOE/NERI) Grant Numbers DE-FG03-99SF21888 (GA and UK) and
DE-FG03-99SF0238 (SNL). The emphasis of the first phase was to evaluate thermo-chemical
processes which offer the potential for efficient, cost effective and large-scale production of hydrogen
from water, in which the primary energy input is high temperature heat from an advanced nuclear
reactor and to select one (or, at most, three) for further consideration.
An exhaustive literature search was performed to locate all cycles previously proposed. The cycles
located were then screened using objective criteria, to determine which can benefit, in terms of
efficiency and cost, from the high temperature capabilities of advanced nuclear reactors. Subsequently,
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the cycles were analysed as to their adaptability to advanced high temperature nuclear reactors,
considering, among other things, the latest improvements in materials of construction and new
membrane separation technologies. Guided by the results of the secondary screening process, two
cycles were selected: the adiabatic UT–3 cycle and the sulphur-iodine cycle.
The UT–3 cycle was invented at the University of Tokyo, and much of the early development
occurred there. The cycle has been studied extensively in Japan by a number of organisations,
including Tokyo Engineering and JAERI. The predicted efficiency of the adiabatic UT–3 process
varies between 35% and 50% depending upon the efficiency of membrane separators (under
development) and the assumption of electricity co-generation along with the production of hydrogen.
A significant amount of engineering development work, such as pilot plant operation, materials studies
and flowsheet development has already been performed for this cycle in Japan.
The sulphur-iodine cycle remains the cycle with the highest reported efficiency based on an
integrated flowsheet. In addition, various researchers have pointed out improvements that should
increase the already high efficiency (52%) of this cycle and lower the capital cost. In Phases 2 and 3,
we will investigate the improvements that have been proposed to the sulphur-iodine cycle and will
generate an integrated flowsheet describing a thermo-chemical hydrogen production plant powered by
a high temperature nuclear reactor. We will then size the process equipment, calculate the hydrogen
production efficiency, and estimate the cost of the hydrogen produced as a function of nuclear power
costs.
In Phases 2 and 3, which are to follow, the required flowsheets will be developed and preliminary
engineering estimates of size and cost will be made for major pieces of equipment. From this
information, a preliminary estimate of efficiency and cost of hydrogen will be made. This follow-on
effort will perform the work scope and follow the schedule of the original (amended) proposal.
Literature search and screening
Project databases
An important part of the process identification and preliminary screening effort dealt with the
details of organising and presenting data in a easy to use form, e.g. the organisation of project specific
databases. An EndNote [5] database was used to maintain the project literature database and a
Microsoft™ Access© database was required to keep track of all the thermo-chemical cycles.
In our approach, a cycle represents a complete series of chemical reactions to produce water
thermo-chemically (as in the University of Tokyo, UT–3 cycle) and reactions are the discreet reaction
steps within a specific cycle. The cycles were all uniquely identified by a primary identification (ID)
number that was assigned automatically by the database, in the order that they were entered. Names
were assigned to ease referencing in discussions when ranking the cycles. The names associated with
the cycles were created from either given names in the references or names created from the
compounds used in the cycle. The cycle database contains the details of the chemical reactions and
process conditions, as well as the abbreviated bibliographic information/literature references that
describe or refer to the cycles. Many of the cycles have been the subjects of previous review articles.
Data for these cycles was entered directly into the cycle database and, as the literature search
identified additional cycles, they were also added to the cycle database. Basic bibliographic data for
each additional literature source, referring to a particular cycle, was added to the literature database
and linked to the cycle database.
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Literature search
The literature survey was designed to locate all thermo-chemical water-splitting cycles that have
been proposed in the open literature.
Interest in thermo-chemical water-splitting has varied greatly with time. Figure 1 indicates when
the references in the database were published. The initial interest in the early 1960s [6] was by the
military, which was interested in the use of a portable nuclear reactor to provide logistical support, but
interest quickly switched to civilian uses. Interest boomed in the 1970s at the time of the oil crisis but
petered out with the onset of cheap oil and plentiful natural gas. The last review of the subject was
published in 1988 [7], just as the major funding in this area decreased world-wide. Since that time,
about eight thermo-chemical water-splitting related papers have been published per year. Most of the
continuing work takes place in Japan where dependence upon foreign energy sources continues to be
of national concern.
Figure 1. Publications by year of issue

Preliminary screening criteria
The literature search turned up a large number of cycles (115), far too many to analyse in depth.
In order to reduce the number of cycles to a manageable number, it was necessary to establish
meaningful and quantifiable criteria. Table 1 gives the basis for selecting objective screening criteria
as well as the metrics chosen.
The translation of each metric to a score based on the metric is given in Table 2. Where possible,
the metrics are calculated from data, otherwise they are a consensus judgement made by the principal
investigators. Equal weighting was given to each criterion in calculating the final score for each
process.
We decided that environmental, safety and health (ES&H) concerns would be taken into account
on a case-by-case basis after the list of cycles was limited using the numerical screening process.
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Table 1. Rationale for development of first round screening criteria
Desirable characteristic
1. Higher ranked cycles will have a
minimum number of chemical
reactions steps in the cycle.
2. Higher ranked cycles will have a
minimum number of separation
steps in the cycle.
3. Higher ranked cycles will have a
minimum number of elements in
the cycle.
4. Higher ranked cycles will employ
elements which are abundant in
the earth’s crust, oceans and
atmosphere.

Rationale
A smaller number of chemical
reactions indicates a simpler process
and lower costs.
A smaller number of chemical
reactions indicates a simpler process
and lower costs.
A smaller number of chemical
reactions indicates a simpler process
and lower costs.
Use of abundant elements will lower
the cost and permit the chosen
technology to be implemented on a
large scale. There may be strategic
availability issues.
5. Higher ranked cycles will
Improved materials of construction
minimise the use of expensive
may slow consideration of processes
materials of construction by
previously dismissed yet the effect of
avoiding corrosive chemical
materials cost on hydrogen
systems, particularly in heat
production efficiency and cost must
exchangers.
be considered.
6. Higher ranked cycles will
Chemical plant costs are considerably
minimise the flow of solids.
higher for solids processing plants.
Flow of solid materials also
corresponds to increased
maintenance costs due to wear and to
increased downtime due to blockage
and unscheduled equipment failure.
7. Higher ranked cycles will have High thermal efficiency cannot be
maximum heat input temperature realised without a high temperature
comparable with high
heat input to the water-splitting
temperature heat transfer
process. The limit on temperature
materials.
will be the thermal and mechanical
performance of the heat transfer
material separating the reactor
coolant from the process stream
requiring the highest temperature.
8. Higher ranked cycles will have Cycles that have been thoroughly
been the subject of many papers studied in the literature have a lower
from many authors and
probability of having undiagnosed
institutions.
flaws.
9. Higher ranked cycles will have Relatively mature processes will have
been tested at a moderate or large had their unit operations tested at a
scale.
relatively large scale. Processes for
which the basic chemistry has not
been verified are suspect.
10. Higher ranked cycles will have A significant amount of engineering
good efficiency and cost data
design work is necessary to estimate
available.
process efficiencies and production
costs. Note: cost estimates in the
absence of efficiency calculations are
meaningless and will not be
considered.
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Metric
Score is based on number of
chemical reactions.
Score is based on number of
chemical separations, excluding
simple phase separation.
Score is based on number of
elements, excluding oxygen and
hydrogen.
Score is based on least abundant
element in cycle.

Score is based on the relative
corrosiveness of the process
solutions.

Score is based on minimisation of
solid flow problems.

Score is based on the high
temperature heat input to the process
being close to that delivered by an
advanced nuclear reactor.

Score will be based on the number of
papers published dealing with the
cycle.
Score will be based on the degree to
which the chemistry of the cycle has
been actually demonstrated and not
just published.
Score will be based on the degree to
which efficiencies and cost have been
established.

Table 2. Metrics used to score processes. For each metric, the process receives
the score indicated. The process score is the sum of the individual scores.
Metric Ï
Score Í
1. Number of chemical
reactions.
2. Number of chemical
separation steps.
3. Number of elements.
4. Least abundant
element in process.

0
6

1
–

2
–

3
5

4
–

5
–

6
4

7
–

8
–

9
3

10
2

10

9

8

7

6

5

4

3

2

1

0

7
Ir

Rh, Te, Os,
Ru, Re, Au

6
–
5
–
4
–
Pt, Bi, Pd, Ag, In, Cd, I, Tb, W, Th, As, Gd, Nb, Be, Nd, Cu, Zn, Zr,
Hg, Se
Sb, Tm, Tl, Ho, U, Ta, Dy, Sm, Pb, La, Ga, Y, Ni, B, Ba,
Lu
Mo, Eu, Cs,
Pr
Ce, Co, Sc, Li, Br, Cr,
Yb, Er, Hf,
Rb
V, Sr
Sn, Ge
–
–
Moderately corrosive,
–
e.g. sulphuric acid.

3
Mn, F, P

2
1
S, Ti, C, K, Ca, Mg, Cl,
N
Na, Al, Fe,
Si

210

5. Relative
Very corrosive,
–
–
Not
corrosiveness
corrosive.
e.g. aqua regia.
of process
solutions*.
6. Degree to which
Batch flow
–
–
Continuous
–
Flow of gases or liquids
–
Continuous flow of
process is continuous of solids.
flow of
through packed beds.
liquids and gases.
and flow of solids is
solids.
minimised.
< 300 or 300-350 or 350-400 or 400-450 or 450-500 or 500-550 or 550-600 or 600-650 or 650-700 or 700-750 or 750-850
7. Maximum
<1 300
1 250-1 300 1 200-1 250 1 150-1 200 1 100-1 150 1 050-1 100 1 100-1 050 950-1 000
900-950
850-900
temperature in
process (°C)
8. Number of published One paper.
A few papers.
Many papers.
Extensive literature base.
references to cycle*.
9. Degree to which
No
–
–
Test
–
–
Bench scale
–
–
–
Pilot
chemistry of cycle
laboratory
tube scale
testing.
plant scale
has been
work.
testing.
testing.
demonstrated*.
10. Degree to which
No efficiency
Thermodynamic
Thermodynamic
Thermodynamic
Detailed cost calculations, based on
good efficiency and
estimate available.
efficiency estimated from efficiency estimate based efficiency calculation detailed flowsheets available from one
cost data are
elementary reactions.
on rough flowsheet.
based on detailed
or more independent sources.
available*.
flowsheet.
* Interpolate scores between defined scale points.

Preliminary screening process
The preliminary screening process consisted of applying the metrics to each process and
summing the scores to get an overall score for each process. Some of the metrics can be easily
calculated but for others, value judgements are required. The three principal investigators jointly went
over all 115 cycle to generate a consensus score for each cycle and metric, requiring judgement calls.
First stage short list
The screening criteria were applied to all 115 cycles and the results were sorted according to the
total number of screening points awarded to each process. We had hoped that the totals would cluster
into high and low-scoring cycles to make the down selection easy, but this was not the case. As a
result, we somewhat arbitrarily used 50 points (out of 100 total possible points) as the cut-off score.
The original goal was to retain 20-30 cycles for more detailed evaluation. Using 50 points as the
cut-off gave over 40 cycles, which allowed us room to apply ES&H considerations as well as other
“sanity checks”.
Three additional go/no-go tests were applied to the short list. Two cycles were eliminated for
ES&H reasons; they are based on mercury and we do not believe that it would be possible to license
such a plant. Three cycles were eliminated because they require temperatures in excess of 1 600°C,
which places them outside the scope of processes that are compatible with advanced nuclear reactors
contemplated in the next 50 years. Additionally, use of the program HSC Chemistry 4.0 [8] allowed us
to analyse cycles for thermodynamic feasibility earlier in the screening process than we had originally
foreseen. Seven cycles were eliminated because they had reactions that have large positive free energies
that cannot be accomplished electrochemically. The final short list of 25 cycles is given in Table 3,
along with their scores. One literature reference is included for each cycle.
Second stage screening
The goal of the second stage screening was to reduce the number of cycles under consideration to
three or less. Detailed investigations were made into the viability of each cycle. The most recent
papers were obtained for each cycle and, when not available from the literature, preliminary block-flow
diagrams were developed to help gain an understanding of the process complexity. Thermodynamic
calculations were made for each chemical reaction over a wide temperature range using HSC
Chemistry 4.0 [8]. Each chemical species was considered in each of its potential forms: gas, liquid, solid
and aqueous solution. Once all the background work was completed, the final selection was relatively
easy. The three principal investigators independently rated the viability of each cycle. The 25 cycles
were considered without reference to their original score and re-rated. Each principal investigator
independently assigned a score to each cycle based on their rating of the cycle to be favourable (+1),
acceptable (0), or unfavourable (–1). Cycles tended to be down-rated for the following reasons:
1. If any reaction has a large positive Gibbs-free energy that cannot be performed
electrochemically or shifted by pressure or concentration.
2. If it requires the flow of solids.
3. If it is excessively complex.
4. If it cannot be well matched to the characteristics of a high temperature reactor.
5. If it required an electrochemical step.
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Table 3. Short list of cycles and their scores

#seps

#Rxns

Rxns

Seps

Elems

Abund

Corr

Solids

Temp

Pubs

Tests

Data

Total

S
Br, S
Br, Ca, Fe
I, S
Fe, S
Fe, Mn, Na
Cl
K
Fe, Ni, Mn
Cr, Cl
Br, Ca, Cu
C, U
Cl, Mn
Cl, Cr, Fe
Cl, Fe
Cl, V
C, Na, Mn
C, Mn
Cl, Fe
Cl, V
Cl, Fe
S
Sl, Cu
Cl, Fe
Cl, Cr, Cu, Fe

#elem

850
850
750
800
800
1 000
800
825
1 000
800
900
700
900
800
800
800
800
977
1 000
700
1 000
850
993
450
800

Elem

H
H
T
T
T
T
H
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T

Max T

Class

Name

Cycle #
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1. Westinghouse [12]
2. Ispra Mark 13 [13]
3. UT–3 Univ. of Tokyo [8]
4. Sulphur-iodine [14]
5. Jülich Centre EOS [15]
6. Tokyo Inst. Tech. Ferrite [16]
7. Hallett Air Products 1965 [15]
8. Gaz de France [15]
9. Nickel Ferrite [17]
10. Aachen Univ. Jülich 1972 [15]
11. Mark 1C [13]
12. LASL-U [15]
13. Ispra Mark 8 [13]
14. Ispra Mark 6 [13]
15. Ispra Mark 4 [13]
16. Ispra Mark 3 [13]
17. Ispra Mark 2 (1972) [13]
18. Ispra Co/Mn3O4 [18]
19. Ispra mark 7B [13]
20. Vanadium Chloride [19]
21. Ispra Mark 7A [13]
22. GA Cycle 23 [20]
23. US-chlorine [15]
24. Ispra Mark 9 [13]
25. Ispra Mark 6C [13]

1
2
3
2
2
3
1
1
3
2
3
2
2
3
2
2
3
2
2
3
2
2
2
2
4

2
3
3
3
3
2
3
3
0
3
4
3
3
4
4
3
3
3
5
5
5
4
3
8
5

2
3
4
3
3
2
2
3
2
3
4
3
3
4
4
3
3
3
5
4
5
5
3
3
5

10
9
6
9
9
10
10
9
10
9
6
9
9
6
6
9
9
9
3
6
3
3
9
9
3

8
7
7
7
7
8
7
7
10
7
6
7
7
6
6
7
7
7
5
5
5
6
7
2
5

10
9
8
9
9
8
10
10
8
9
8
9
9
8
9
9
8
9
9
8
9
9
9
9
6

9
7
7
4
9
8
10
9
7
7
7
4
8
7
10
7
8
8
10
7
10
9
7
10
7

5
5
5
5
9
10
5
5
10
5
5
10
5
5
5
5
5
9
5
5
5
5
6
5
5

10
10
6
10
6
10
10
6
6
6
10
6
3
6
0
0
0
6
10
6
6
10
5
3
6

9
9
10
10
10
6
10
10
6
10
8
9
8
10
10
10
10
7
6
9
6
9
7
4
10

10
10
10
10
3
2
0
2
0
2
2
1
3
2
3
2
2
0
0
3
3
0
0
2
2

6
6
10
6
3
2
0
2
3
2
3
3
2
3
3
3
3
0
3
2
3
0
0
3
3

8
8
10
8
3
0
0
2
0
2
3
0
3
3
3
3
3
0
3
2
3
0
0
3
3

85
80
79
78
68
64
62
62
60
59
58
58
57
56
55
55
55
55
54
53
53
51
50
50
50

The scores of the three principal investigators were summed and are shown in Table 4.
Two cycles stood out from all the others with a score of +3. The most highly rated cycles were the
adiabatic version of the UT–3 cycle and the sulphur-iodine cycle.
Table 4. Second stage screening scores
Cycle
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Name
Westinghouse
Ispra Mark 13
UT–3 Univ. of Tokyo
Sulphur–iodine
Julich Centre EOS
Tokyo Inst. Tech. Ferrite
Hallett Air Products (1965)
Gaz de France
Nickel Ferrite
Aachen Univ. Jülich (1972)
Ispra Mark 1C
LASL–U
Ispra Mark 8
Ispra Mark 6
Ispra Mark 4
Ispra Mark 3
Ispra Mark 2 (1972)
Ispra CO/Mn3O4
Ispra Mark 7B
Vanadium Chloride
Mark 7A
GA Cycle 23
US–chlorine
Ispra Mark 9
Ispra Mark 6C

SNL UK
1
0
0
0
1
1
1
1
1
-1
-1
0
1
-1
-1
-1
-1
0
0
-1
-1
-1
1
-1
0
-1
-1
-1
0
-1
0
-1
1
-1
-1
0
-1
-1
0
1
-1
-1
-1
-1
0
1
0
-1
-1
-1

GA Score
0
1
0
0
1
3
1
3
-1
-1
0
-1
0
0
-1
-3
0
-1
0
-1
-1
-3
-1
-1
-1
-2
-1
-3
-1
-2
-1
-2
-1
-1
0
-1
-1
-3
-1
0
-1
-3
0
-2
-1
0
-1
-2
-1
-3

University of Tokyo 3 (UT–3) cycle [8]
(1) 2Br2(g) + 2CaO(s) → 2CaBr2(s) + 1/2 O2(g)

(672°C)

(2) 3FeBr2(s) + 4H2O(g) → Fe3O4(s) + 6HBr(g) + H2(g)

(560°C)

(3) CaBr2(s) + H2O(g) → CaO(s) + 2HBr(g)

(760°C)

(4) Fe3O4(s) + 8HBr(g) → Br2(g) + 3FeBr2(s) + 4H2O(g)

(210°C)

Sulphur-iodine cycle
(5) H2SO4(g) → SO2(g) + H2O(g) + 1/2O2(g)

(850°C)

(6) I2(l2) + SO2(aq) + 2H2O(l2) → 2HI(l) + H2SO4(aq)

(120°C)

(7) 2HI(l) → I2(l) + H2(g)

(450°C)
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Adiabatic UT–3 cycle
The basic UT–3 cycle was first described at University of Tokyo in the late 1970s and essentially
all work on the cycle has been performed in Japan. Work has continued to this date with the latest
publication having come out last year. Over time the flowsheet has undergone several revisions.
The most recent revision, based on the adiabatic implementation of the cycle, was published in 1996.
A simplified flow diagram of the adiabatic UT–3 cycle matched to a nuclear reactor is shown in
Figure 2. Four chemical reactions take place in four adiabatic fixed, packed bed chemical reactors that
contain solid reactants and products. The chemical reactors occur in pairs – one pair contains the
calcium compounds and the other pair the iron compounds. The nuclear reactor transfers heat through
a secondary heat exchanger into the gas stream which traverses through four chemical reactors, three
process heat exchangers, two membrane separators and the recycle compressor in sequence before the
gases are recycled to the reactor secondary heat exchanger.
Figure 2. Adiabatic UT–3 process flow diagram

At each chemical reactor, the gaseous reactant passes through the bed of solid product until it
reaches the reaction front where it is consumed creating gaseous and solid product. The gaseous
product traverses through the unreacted solid and exits the chemical reactor. After some time, perhaps
an hour, the reaction front has travelled from near the entrance of the reactor to near the exit. At this
point, the flow paths are switched and chemical reactors, in each pair, switch functions. The direction
of flow through the reactor also switches so that the reaction front reverses direction and travels back
toward the end that had previously been the entrance. The direction must be switched before the
reaction front reaches the end of a reactor to prevent large temperature swings, but it is desirable for
the reaction front to approach the ends of the reactor to reduce the frequency of flow switching.
The gas stream is conditioned, either heated or cooled, before entering the chemical reactor. Since
the gaseous reactant/product cannot carry sufficient heat to accomplish the reaction, a large quantity of
inert material (steam) comprises the majority of the stream. The total stream pressure is 20 atm and the
minimum steam pressure is 18.5 atm. The inert flow provides the additional function of sweeping the
products away from the reaction front and thus shifting the reaction equilibrium towards completion.
This is necessary since the Gibbs-free energy is positive for some of the reactions.
The operation of the semi-permeable membranes is somewhat more involved than shown.
The partial pressure of hydrogen and oxygen are 0.2 and 0.1 atm, respectively. Each gas must be
substantially removed from its stream; as a result, counter-current operation of the permeator is
necessary. This is accomplished by flowing steam past the backside of the membrane. The steam is
condensed and separated from the product gas before the product gas is compressed.
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The efficiency of hydrogen generation, for a stand-alone plant, is predicted to be 36-40%,
depending upon the efficiency of the membrane separation processes. Higher overall efficiencies,
45-49%, are predicted for a plant that co-generates both hydrogen and electricity. It is not evident
from the published reports if these numbers are based on steady operation or if they take into account
the additional inefficiencies associated with the transient operation which occurs when the flow paths
are switched.
Sulphur-iodine cycle
The sulphur-iodine cycle was first described in the mid-1970s. It was rejected by early workers
due to difficulties encountered separating the hydrogen iodide and sulphuric acid produced in reaction 6.
Attempts to use distillation were futile as sulphuric acid and hydrogen iodide react according to the
reverse of reaction 6 when their mixture is heated. The key to successful implementation of the cycle
was the recognition that using an excess of molten iodine would result in a two-phase solution, a light
phase containing sulphuric acid and a heavy phase containing hydrogen iodide and iodine. Figure 3
shows a block flow diagram of the cycle based on this separation. Several investigators have studied
the sulphur-iodine cycle and while the process as a whole is well defined, there is some uncertainty
about the best way of accomplishing the hydrogen iodide decomposition step.
Figure 3. Sulphur-iodine cycle process flow diagram

All the early work on the cycle assumed it was necessary to separate the hydrogen iodide from the
iodine and water of the heavy phase before performing reaction 7 to generate hydrogen. Bench-scale
experiments were made of the total process and the process was matched to a high temperature nuclear
reactor in 1978 and 1980. The latter flowsheet, which was optimised for maximum efficiency,
indicated that hydrogen could be produced at 52% efficiency. This is the highest efficiency reported
for any water-splitting process based on an integrated flowsheet.
Subsequent to the cessation of development of the sulphur-iodine process in the US, other
workers made several attempts to improve the efficiency of the cycle by modifying the hydrogen
production section of the cycle. In particular, researchers at the University of Aachen demonstrated
experimentally that the hydrogen iodide need not be separated from iodine before the decomposition
step. Based on their work, they predicted significant increases in efficiency and a 40% decrease in the
cost of hydrogen compared with the standard flowsheet. The cost decreases not only because the
efficiency increased, but also because the capital-intensive heavy phase separation was eliminated.
These proposed improvements have never been incorporated into an integrated flowsheet of the
sulphur-iodine hydrogen process with a nuclear reactor.
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The sulphur-iodine cycle should be matched to a nuclear reactor, incorporating the latest
information and thinking. It is the cycle that is almost always used as the standard of comparison as to
what can be done with a thermo-chemical cycle. It was the cycle chosen by LLNL in their conceptual
design of a plant to produce synthetic fuels from fusion energy. The Japanese continue to consider the
sulphur-iodine cycle to be a back-up for the UT–3 cycle and have carried on chemical investigations
although they have not published any flowsheets matching the cycle to a nuclear reactor. The cycle
has never been matched to a nuclear reactor considering co-generation of electricity. The Japanese
found that co-generation gave a 10% efficiency improvement (40-50%) for the Adiabatic UT–3
process. If similar improvements are found with the sulphur-iodine cycle, and considering the
improvements projected by the University of Aachen, the sulphur-iodine cycle could co-produce
hydrogen and electricity at over 60% efficiency.
Plans for Phases 2 and 3
The sulphur-iodine cycle remains the cycle with the highest reported efficiency, based on an
integrated flowsheet. Various researchers have pointed out improvements that should increase the
already excellent efficiency of this cycle and, in addition, lower the capital cost significantly.
In Phases 2 and 3 we will investigate the improvements that have been proposed to the sulphur-iodine
cycle and generate an integrated flowsheet describing a thermo-chemical hydrogen production plant
powered by a high temperature nuclear reactor. The detailed flowsheet will allow us to size the
process equipment and calculate the hydrogen production efficiency. We will finish by calculating the
capital cost of the equipment and estimate the cost of the hydrogen produced as a function of nuclear
power costs. The scope of the work is shown in Table 5.
Table 5. Tasks for all three phases
Task number
1.1
1.2
1.3
1.4
1.5
1.6
2.1
2.2
2.3
2.4
2.5
2.6
3.1
3.2
3.3
3.4
3.5

Task description
Literature survey of new processes
Develop screening criteria
Carry out first round screening
Short report on conclusions
Carry out second round screening
Write Phase 1 report
Carry out detailed evaluation of few processes to select one
Define reactor thermal interface
Preliminary engineering design of selected process
Develop flowsheet
Conceptual equipment specifications
Write Phase 2 report
Develop concepts for auxiliary systems
Refine flowsheet
Size/cost process equipment
Evaluate process status
Write final report

Phase 2 begins with a detailed process evaluation and a specification of the nuclear reactor
thermal interface. The emphasis of Task 2.1, “Detailed process evaluation”, will be upon the various
methods of accomplishing the hydrogen iodide decomposition step as the down selection to one
process has already been accomplished. The reactor will be specified (Task 2.2) only to the degree
necessary to define the thermal characteristics of the stream(s) powering the thermo-chemical process.
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The preliminary engineering design of the process (Task 2.3) defines the connectivity of the
chemical flowsheet. Each piece of process equipment is indicated and each flowstream is specified as
to chemical constituents and an initial estimate of composition, temperature and pressure. Where heating
or cooling is indicated, appropriate streams will be paired in heat exchangers. Included in the pairing
will be the heat input from the reactor coolant and waste heat to the cooling water flows as well as
process-to-process recuperative pairings.
The major effort of Phase 2 will be in developing the material and energy balances for the process
(Task 2.4). A chemical process simulator (e.g. AspenPlus) will be the primary tool used in this effort.
The full process will be simulated and the flowsheet optimised, insofar as possible, to minimise
hydrogen product cost. A process simulator can automatically optimise the process flowsheet
to minimise a specified cost function, but only for a given specification of process connectivity.
The process connectivity will be modified progressively and the flowsheet re-optimised as time and
funding permit.
As portions of the process design mature, we will define equipment specifications for the
chemical process equipment (Task 2.5). These specifications will form the basis for the cost estimates
to be made in Phase 3.
The result of Phase 3 will be an evaluation of the process and an estimate of the cost of hydrogen.
A key to minimising the hydrogen cost is to maximise the efficiency of energy utilisation. Task 3.1,
“Develop auxiliary system concepts”, will investigate the effects of power-bottoming and power-topping
systems. These are the areas in which the adiabatic UT–3 process was able to significantly increase the
overall efficiency of hydrogen plus electricity co-generation. Meanwhile, the effort of flowsheet
optimisation will continue (Task 3.2) with an emphasis on incorporating the auxiliary systems.
The key components in estimating the hydrogen production costs are the capital costs of the
chemical plant and the nuclear power costs. The capital equipment costs will be estimated using
standard chemical engineering techniques based on process equipment sizes and materials (Task 3.3).
All the information necessary to specify the process equipment, to this level of detail, will be available
from the optimised mass and energy balance. Since the cost of the advanced nuclear reactor will not
be available, the cost of hydrogen will be estimated as function of nuclear power costs.
Finally, the overall status of the process will be evaluated (Task 3.4). During the course of this
investigation, we will have evaluated all the available data on the cycle and its chemistry. We will be
able to recommend the steps necessary to bring the process to the point of commercialisation.
Collaboration with Japan
It would be advantageous if some form of joint collaboration can be established with Japan.
Although we are concentrating our effort on the sulphur-iodine cycle, we retain our interest in the
UT–3 cycle. The work we have proposed, and which we will carry out for the sulphur-iodine cycle
has, to a large part, already been performed in Japan for the adiabatic UT–3 process. We would
encourage our Japanese colleagues to perform the required non-steady state analysis. After the work
on the UT–3 process and the sulphur-iodine process has been completed, we will have two processes
from which to select a means of producing hydrogen using nuclear power.
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Abstract
Nuclear energy is the only effective alternative energy source to fossil fuels in the next century.
Therefore future nuclear power plants should satisfy the following three requirements: i) multiple
energy conversion capability with high temperature not only for electricity generation but also for
hydrogen production, ii) extended siting capability so as to eliminate on-site refuelling, and iii) passive
safety features. An aim of this paper is to describe the basic concept of the multi-purpose liquid
metallic fuelled fast reactor system (MPFR). The MPFR introduces the U-Pu-X (X: Mn, Fe, Co) liquid
metallic alloy with Ta and Ta/TaC structural materials, and satisfies all of the conditions listed above
based on the following characteristics of the liquid metallic fuel: high temperature operation between
650ºC (sodium-cooled system) and 1 200ºC (lead-cooled system), a core lifetime of 15-30 years
without radiation damage of fuel materials, and enhanced passive safety by the thermal expansion of
liquid fuel and the avoidance of re-criticality due to local core fuel dispersion at fuel failure events.
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Introduction
Requirements for nuclear energy in the future
Nuclear energy will be the only effective candidate to compete with fossil fuels over the next
century. In order to establish an alternative energy source through the utilisation of nuclear energy,
future nuclear power plants should satisfy the following requirements:
•

Multiple energy conversion capability, under higher temperature conditions than those of
current nuclear power plants, not only for higher-efficiency electricity generation, but also for
the production of hydrogen so as to provide an alternative fuel for the various means of
transportation.

•

Extended siting capability close to the energy consumption area so as to realise the elimination
of on-site refuelling.

•

Enhanced passive safety features so as to avoid core disruptive accidents and to eliminate
re-criticality events during severe accidents.

Liquid metallic fuelled fast reactor to meet the requirements
The small fast reactor with liquid metallic fuel [1] satisfies all of the conditions above based on
the following characteristics:
•

Multiple energy conversion capability with a high temperature system ranging from
650ºC-1 200ºC requires that the liquid metallic fuel be combined with Ta and Ta/C structure
materials, due to the tolerance capability of the liquid fuel against damages induced by high
temperature and high neutron irradiation.

•

Extended siting capability requires the long life core and transportable power unit based on
the fast neutron system with compact core geometry to realise the off-site refuelling with the
interval over 15-30 years.

•

Enhanced passive safety features require large intrinsic negative reactivity feedbacks during
accident conditions, based on the thermal expansion of liquid fuel during scram failure events
and the avoidance of re-criticality due to local core fuel dispersion during fuel failure events.

Potential of the MPFR as a nuclear hydrogen system
An aim of this paper is to describe the basic concept of the multi-purpose liquid metallic fuelled
fast reactor system (MPFR). The MPFR introduces the U-Pu-X (X: Mn, Fe, Co) liquid metallic alloy
with Ta and Ta/TaC structural materials, and satisfies all of the conditions above.
As already discussed, one of the major characteristics of the MPFR is its high temperature operation
between 650ºC and 1 200ºC, which has been a blank zone in the previous utilisation of the liquid
metallic fast reactors (LMFRs) with solid fuelled cores, as shown in the Figure 1. The MPFR will be
developed using a step-by-step approach. The first step will be the creation of a sodium-cooled MPFR
with a core outlet temperature of 650-750ºC to confirm the principle of hydrogen production [2].
The second step will be the development of a lead-cooled system capable of operating between
1 000-1 200ºC, which is the target plant of the MPFR applicable to hydrogen production through the
use of H2O thermal dissociation [3].
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Figure 1. Temperature range of hydrogen production system
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From the viewpoint of hydrogen production, the potential of the MPFR can be summarised as
follows:
•

For the sodium-cooled system operated at 650-750ºC, the hydrogen is produced by the fossil
fuel improvement such as the thermal decomposition of the oil, coal and CH4, and by lower
temperature thermo-chemical reactions, i.e. the Mg-I cycle [1].

•

For the lead-cooled system operated at 1 000-1 200ºC, the hydrogen is produced through
thermo-chemical reactions such as UT cycle and the AMTEC in a highly efficient manner.

System concept of the MPFR
Plant system
The MPFR is a small reactor with a thermal power of 150 MW for the sodium-cooled system and
300 MW for the lead-cooled system. It consists of a separated “energy unit” and “core unit” jointed
with a short piping system equipped with isolation valves as shown in Figure 2. The energy unit can
be applied to the steam generator for the electricity production and chemical reactor system for the
hydrogen production dependent on the energy requirement at the siting point.
The concept of the separated two units, aiming toward an extended siting capability which would
be near the area of energy consumption, assures the elimination of on-site refuelling. The MPFR is
transportable for the core unit with reactor internals, after the separation between core and energy unit,
from the factory to the site in the completely fabricated form. It should be emphasised that the used
core unit can also be transported after the completion of the core lifetime with the concrete reactor
vault used as the radiation shield during the transportation. The total mass of the core unit and reactor
vault is smaller than about 200 tonnes for the sodium-cooled system.
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Figure 2. Configuration of the MPFR
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Energy unit
The energy unit can be used as IHX, SG for electricity generation and as a thermo-chemical
reactor for hydrogen production, which is optionally applicable to the required energy conversion
dependent on the siting condition. As described above the development of the MPFR will be
conducted using a step-by-step approach employing different coolant materials dependent on the
reactor operation temperature.
Figure 2 shows an example of the energy unit applied to the hydrogen production thermo-chemical
reactor operated at 650ºC using the Mg-I cycle as the initial test plant with relatively low efficiency.
This example describes the system concept of the sodium-cooled MPFR with a core outlet temperature
of 650ºC, which is the first step of the hydrogen production unit with minimum temperature using the
thermo-chemical reactor. The Mg-I cycle reactor with an H2 and O2 separator coupled with an H2O
super-heater is operated by a hot sodium coolant prepared by the core unit through the isolating piping
system. The typical geometry of an energy unit is about 13.5 m in height and 3.5 m in diameter as
shown in Figure 2. In the case of the thermo-chemical reactor using Mg-I cycle with low efficiency,
the volume of the H2 reactor for one energy unit is insufficient to convert the thermal power prepared
with a core unit. The core unit can be thus jointed with a number of energy units.
Core unit
The typical geometry of the core unit is about 6 m in height and 3.5 m in diameter, as shown in
Figure 2. The core unit is a bottom supported structure consisting of a reactor vessel, a strong back
with fuel subassemblies surrounded by the core former, and is settled in a concrete reactor vault with
the cooling system. It should be emphasised that the core unit is extremely simple because of the
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elimination of upper core structures such as rotational plug, fuel handling machine, the reactor deck
and the control rod drive machine, which is massive equipment but is indispensable for the reactor
operation of the ordinary LMFRs.
The total mass of the core unit and reactor vault is evaluated to be smaller than 200 tonnes for the
sodium-cooled MPFR system. The core unit is thus transportable to bring the fresh fuel assemblies and
core internals from the factory to the site in completely fabricated form. The used core unit is also
transported after the completion of the core lifetime with the concrete reactor vault used as the
radiation shield during the transportation. This transportable situation is shown in Figure 3.
Figure 3. Transportable core unit of the MPFR
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Fuel concept of the MPFR
Liquid metallic fuel
The metallic fuel of the sodium-cooled MPFR is charged into the fuel pin structure with double
layered Ta clad holding the thin gap charged with Xe gas. The fuel pins are installed in the fuel
assembly in the same manner as for LMFRs with solid fuel. In the case of the lead-cooled MPFR,
however, the liquid metallic fuel is charged into the Ta tank penetrated with a number of coolant
channels.
The schematic diagram of the fuel pin with double layered Ta clads is shown in Figure 4.
The metallic fuel alloy can be maintained in the liquid state in the fuel pin structure even in the lowest
fuel temperature region at the active core bottom. The double layered cladding with gas gap plays an
important role in providing thermal resistance between fuel and coolant materials, and to control the
fuel temperature during the reactor operation.
In the typical case of the sodium-cooled MPFR, the liquid metallic fuelled core with U-Pu-X
alloy is operated at the inlet/outlet coolant temperature condition of 495/650ºC. The candidate
component metal X in the fuel alloy will be the transition metals such as Mn, Co and Fe. In the case of
the U-Pu bi-metallic alloy, the melting point ranges from 1 000-1 100ºC depending on the level of Pu
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Figure 4. Fuel pin structure of the sodium-cooled MPFR
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enrichment between 10-20% as shown in the phase diagram of Figure 5. By mixing the transition
metals Mn, Co and Fe, the fuel melting temperature falls to the range between 750-800ºC. Figure 6
indicates the axial fuel temperature distribution for the case of U-Pu-Mn fuel pin located at the MPFR
core centre. The melting point of U-Pu-Mn alloy is about 750ºC, and the fuel is in the liquid state over
the total length of the active core region.
Figure 5. U-Pu phase diagram
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Figure 6. Axial temperature distribution of liquid metallic fuel pin at the steady state
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Natural FP separation mechanism
The core lifetime of the MPFR is prolonged by introducing the following concepts of natural FP
separation:
•

Selective venting fuel pin to escape the rare fission gas.

•

Effect of the density separation between fuel alloy and FP elements produced in the fuel
matrix.

The concept of natural FP separation is schematically illustrated in Figure 7. The selective
venting of the rare gas from the top of the fuel pin structure through the porous media will decrease
the inner pressure of the fuel pin and avoid the thermal creep failure of the fuel cladding. In the fuel
design of the current FBR, the lifetime of the fuel pin is mainly determined by both the in-pin pressure
due to rare gas migration and the cladding swelling due to neutron irradiation. By employing the
selective venting of the rare gas, the fuel pin will be free from one of the major limitation factors of the
cladding material.
Figure 7. Effect of the in-pin natural FP separation
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Although the effect of the density separation between fuel and FP elements is not experimentally
confirmed at the present time, this effect should expand the effective core lifetime of the liquid fuelled
core. Preliminary evaluation gives the following results on the efficiency of the density separation by
introducing the “FP importance” defined as the product of the atomic fraction multiplied by the
neutron absorption cross-section for each FP nuclide during the core operation time.
•

The importance of the rare gas and volatile FPs, Xe, Kr, I, Cs and Ce is 16% of the total FP
importance, and these elements will be separated from fuel and diffuse to the gas space of the
fuel pin.

•

The importance of the non-volatile and light element FPs with high melting temperature than
fuel alloy, Rh, Pd, Ru, Tc, Mo and Gd, is 52% of the total FP importance, and they are
deposited near the surface area of the fuel pin.

•

The importance of the non-volatile and light element FPs with lower or near melting
temperatures as the fuel alloy, Sm, Nd, Pr, Eu, Pm, La and Cd is 32% of the total FP
importance, and they are resolved and mixed with fuel alloy in the fuel pin.

These preliminary evaluations indicate that about 70% of the total FP importance will be decreased
due to the natural separation mechanism. In order to confirm the natural FP separation mechanism, the
experimental investigations will be indispensable to understand the mass transfer mechanism of
various FP elements in the metallic fuel alloy.
Core concept of the MPFR
Sodium-cooled MPFR
Core characteristics and effect of FP separation
The core cross-section of the sodium cooled MPFR is shown in Figure 8, and the MPFR core
performances are shown in the Table 1. The equivalent core diameter is 148 cm with a height of
100 cm. The core consists of 19 fuel subassemblies, 18 radial blanket assemblies and 24 radial
shielding elements. In order to increase the fuel volume fraction, the fuel pins are bundled in the
large-scale hexagonal fuel assembly with an effective diameter of about 30 cm and an inter
subassembly pitch of 324 mm, as shown in the Figure 8. The volume fractions for fuel, structure and
sodium are 50%, 20.8% and 23.3%, respectively.
The outer diameter of the fuel pin is 10.9 mm with a double layered cladding thickness of
0.6 mm × 2. The diameter of the liquid fuel is 9.7 mm. The number of fuel pins is 570 for the
subassembly with the control rod and 631 for the assembly without the control rod. The average Pu
enrichment is 14.2% with a breeding ratio of 1.0 and an average fuel burn-up of 78 000 MWd/t.
Based on the previous study on the solid metallic fuelled core [4], the MPFR is estimated to have
an incineration capability covering the minor actinide elements and ULFP with a lifetime of over
105 years (ULFP) such as 129I, 107Pd, 93Zr, 99Tc, 137Cs.
The major characteristic of the sodium-cooled MPFR core is a long lifetime – over 15 years.
The long lifetime of the core is attained by the reduction of the core average power density to about
85 w/cc with an average linear heat rate of 120 W/cm. Figure 9 shows the relationship between
effective multiplication factor Keff and core operation time as the parameter of Pu enrichment.
As shown in the Figure 9, the core lifetime, i.e. core operation time, is sensitive to the Pu enrichment.
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Figure 8. Core concept of sodium-cooled MPFR
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Table 1. Core performance of the MPFR
Item
Thermal output
S/A pitch
Number of S/A
(w/o B4C/with B4C[P]/with B4C[B])
Core diameter
Outer duct flat-to-flat
Cladding material
Volume fraction (%)
fuel/coolant/structure
Average power density
Average linear heat rate
Average burn-up
Breeding ratio
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Specification
150 MW
324 mm
19
(13/3/3)
148 cm
295 cm
SS (with Ta liner)
50/23/20
85 W/cc
120 W/cm
78 000 MWd/t
1.0

Figure 9. Effect of FP separation on the core lifetime
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In the case of a Pu enrichment of 14.2%, the core lifetime reached 15 years. This evaluation indicates
that the exchange of the MPFR core unit without on-site refuelling is required one or two times during
a plant lifetime of 30 to 45 years.
Figure 9 also shows the effect of the FP separation reflected on the relationship between effective
multiplication factor Keff and core operation time for the case of a Pu enrichment of 13%. The result
clearly shows that the value of Keff is increased from 5% (BOC) to 2% (EOC) and that noticeable
prolongation of the core lifetime should be expected.
Power control system
The reactor power control system is shown in Figure 8, indicating the gas line for the operation of
the BCR. The fuel assemblies in the second row, six subassemblies, have central coolant channels
containing the floating type B4C rod as the reactor power control and reactor scram. Two types of B4C
rod are installed in the MPFR core. One of the B4C rods is a floating unit operated by external gas
pressure, and the other type is the floating B4C rod controlled by the coolant flow in the central coolant
channel. The coolant flow control B4C rod is used as the primary control rod (PCR) for reactor
operation, and the gas drive B4C rod is used for the back-up control rod (BCR) for reactor scram.
Lead-cooled MPFR
Core characteristics and effect of FP separation
For the lead-cooled MPFR, the liquid metallic fuelled core with U-Pu alloy is operated at the
inlet/outlet coolant temperature condition of 950/1 150°C. In the case of the U-Pu alloy, the melting
point range is between 800°C and 900°C depending on the Pu concentration. The core mechanical
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structure configuration of the proposed concept is rather different from the structure of conventional
reactors. The liquid plutonium-uranium metallic fuel alloy is contained in a Ta tank and cooled by lead
supplied through a number of coolant channels assembled within the fuel tank.
An additional portion of the fuel is located above the active core in the so-called fission products
separation region, where the volatile and light weight FPs are partly sustained or separated to be
processed. A modified-loop (modular-type) system scheme is implemented in the design to make the
system compact and transportable. The core system is connected to the heat exchanging system though
the number of valves and can be separately replaced by new one. Liquid lead (Pb), which was selected
for the coolant due to its excellent neutronic characteristics discussed in different sources, is pumped
by electromagnetic pumps located within the unit for hydrogen production and heat exchanging.
The schematic figure of the total system is presented by Endo, et al. (1999) and the core concept under
investigation is shown in Figure 11. The reactor power is controlled by a number of rods with neutron
absorber located in the core. The control rods are inserted from the core bottom, because of the
proposed modular-type system scheme.
Figure 10. Power and reactivity change during the core disruption phase of ULOF accident
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Neutronic characteristics of the lead-cooled MPFR core were investigated. The study was
performed for a core of 300 MWt power with Pu-U binary alloy fuel, where the natural uranium mixed
with LWR discharged plutonium is considered as one of the candidates for the fuel composition.
The main design parameters are presented in Table 2. The calculations of thermal-hydraulics,
criticality search and burn-up showed that the 135 cm diameter and 70 cm height core satisfies our
requirements for the core operational lifetime of over 30 years without refuelling.
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Figure 11. Core concept of the lead-cooled MPFR
Primary Loop
Outlet

Primary Loop
Inlet

Containment
Coolant
FPs
Separation
Region
Fuel
Guard Vessel
Containment Coolant
Control Rods

Control Rods
Safety Rods

Core Bottom
Support

Table 2. Reactor core design specifications
Item
Thermal power
Average core power density
Fuel material
Coolant material
Structural material
Control mechanism
Active core height
FP separation region height
Core diameter ID/OD
Radial reflector thickness
Coolant channel OD/ID
Pin pitch-to-diameter ratio
Number of coolant channels
Coolant temperature out/in
Coolant mass flow rate
Core material volume fractions
Coolant velocity in the channel
Core operational lifetime

Specification
300 MW
186 W/cc
Pu-U alloy
Lead
Coated tantalum
7 B4C control rods
700 mm
700 mm
1 350 mm/1 390 mm
400 mm
10.0 mm/7.6 mm
1.4
7 816
1 150°C/950°C
10 183 kg/sec
F60%/C25%/S15%
2.6 m/sec
Over 30 years

The burn-up calculations showed that extremely high fuel burn-up of about 308.4 MWd/kg can be
achieved by employing a fuel with relatively high uranium content. The goal of this survey was to
reach high conversion of fertile material with reduced fissile in the fuel, and a breeding ratio of 1.1 has
been obtained. We suggested that the resident time of the fuel in the core could be extended without
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adding any special burnable absorber nuclide, such as 237Np or 231Pa, but by removal of some major
fission products from the liquid fuel. The calculated importance of several fission products on reactor
poisoning is shown in Figure 13. The density of several fission products is lower than the density of
fuel and the volatile and gaseous FPs will migrate upward the core to the FPs separation region.
Thus, the prolongation of the core life in our concept is achieved by the elimination of major FPs
from the core region through density separation, which occurs in the liquid fuel, and thermal diffusion
of FPs after they form conglomerates. The influence of the removal of the main fission products on the
behaviour of the effective multiplication factor and fuel burn-up were evaluated and shown in
Figure 12. Two extreme cases can be seen: one corresponds to the case without FPs in the active core
and the other is with all FPs being present in the core. In this calculational model the initial concentration
of the major FP under survey was supposed to be zero at the beginning of each next step of the
burn-up calculation. Consequently, we considered that all of this FP material would be separated from
the active core region. The real situation is currently unclear, and the study of this question is ongoing.
However, it can be seen from Figure 12 that the operational time without refuelling can be prolonged
by several years if the main FP poisons were selectively removed.

Effective Multiplication Factor

Figure 12. Performance of the lead-cooled MPFR
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Figure 13. The importance of fission products on reactor poisoning
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The main merit of such a concept is that by operating on liquid fuel we can simultaneously reach
high levels of fuel burn-up without fuel shuffling procedures and constructing large facilities.
The possibility of removal of at least volatile and gaseous FPs from the core makes it possible to
maintain the core under low gas pressure, and prevent creep damage of the core structure. The most
critical point of the liquid metal technology is the corrosion resistance of the cladding material against
liquid fuel, which penetrates through grain boundaries and shortens the core life. Nevertheless, we
expect that this problem will be solved in the near future.
Safety features of the MPFR
In the future nuclear system, the harmonisation between active, passive and inherent safety
features is the basis to obtain public acceptance. In particular, the stratified safety structure will be
important to establish the proper harmonisation. For the case of the MPFR, following stratified safety
concepts are constructed for the core safety system:
•

Active safety feature: high reliability active control of the reactor system is introduced by
employing the floating B4C rod driven by coolant flow and external gas pressure.

•

Passive safety feature: negative reactivity feedback mechanism, self-controllability [5] during
the beyond design accident such as ATWS, is prepared by utilising the large thermal
expansion capability of the liquid fuel to eliminate the core disruptive accident.

•

Inherent safety feature: reactor termination reactivity insertion mechanism, self-terminability [5]
during the hypothetical core disruptive accident, is prepared by utilising the inherent liquid
fuel discharge from the failed fuel to the out-of-core region to avoid severe re-criticality or
super-prompt criticality events.

Figure 10 shows the calculation results of the power and reactivity change for the hypothetical
core failure events initiated by the unprotected loss-of-flow (ULOF). Once the core coolant flow is
reduced by the pump trip without the reactor scram, the coolant temperature is increased and the
sodium boiling is initiated. The fuel cladding is assumed to fail after the dry-out, and liquid fuel is then
discharged at about 15 s after the ULOF initiation. The fuel discharge from the core region introduces
the negative reactivity insertion with about -4$, and shuts the reactor down to the permanent
sub-critical state. It should be noted that the core disruptive accident is terminated under the condition
of the partial core damage due to the inherent physical nature of the liquid fuel.
Conclusion
The basic concept of the multi-purpose liquid metallic fuelled fast reactor system (MPFR) has
been investigated. This concept introduces the U-Pu-X (X: Mn, Fe, Co) liquid metallic fuel.
It was found that the following design characteristics of the MPFR should reveal the potential of
hydrogen production as an alternative energy source to fossil fuels over the next century:
•

Multiple energy conversion capability not only for electricity generation with high efficiency
but also for hydrogen production as an alternative fuel for various means of transportation,
based on the high coolant temperature of 650ºC for the sodium-cooled system and 1 100ºC for
the lead-cooled system.
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•

Extended siting capability closed to the energy consumption area assured by the elimination
of on-site refuelling, based on the separated energy unit with the transportable core unit
containing the long-life core with an operation time of 15-30 years.

•

Harmonisation between active and passive safety features such as self-controllability to
eliminate the core disruptive accident and self-terminability to avoid re-criticality events
during hypothetical severe accidents.
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