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FOREWORD

One of the IAEA’s statutory objectivesisto “seek to accelerate and enlarge the contribution of atomic energy
to peace, health and prosperity throughout the world.” One way this objective is achieved is through the publication
of arange of technical series. Two of these are the IAEA Nuclear Energy Series and the IAEA Safety Standards
Series.

According to Article 111.A.6 of the IAEA Statute, the safety standards establish “standards of safety for
protection of health and minimization of danger to life and property”. The safety standards include the Safety
Fundamentals, Safety Requirements and Safety Guides. These standards are written primarily in aregulatory style,
and are binding on the IAEA for its own programmes. The principa users are the regulatory bodies in Member
States and other national authorities.

The IAEA Nuclear Energy Series comprises reports designed to encourage and assist R&D on, and
application of, nuclear energy for peaceful uses. This includes practical examples to be used by owners and
operators of utilities in Member States, implementing organizations, academia, and government officials, among
others. Thisinformation is presented in guides, reports on technology status and advances, and best practices for
peaceful uses of nuclear energy based on inputs from international experts. The IAEA Nuclear Energy Series
complements the IAEA Safety Standards Series.

Nuclear generated hydrogen has important potential advantages over other sources that will be considered for
a growing hydrogen share in a future world energy economy. Still, there are technical uncertainties in nuclear
hydrogen processes that need to be addressed through a vigorous research and development effort. Safety issues as
well as hydrogen storage and distribution are important areas of research to be undertaken to support a successful
hydrogen economy in the future.

The hydrogen economy is gaining higher visibility and stronger political support in several parts of the world.
In recent years, the scope of the |AEA's programme has been widened to include other more promising applications
such as nuclear hydrogen production and higher temperature process heat applications. The OECD Nuclear Energy
Agency, Euratom and the Generation IV International Forum have aso shown interest in the non-electric
applications of nuclear power based on future generation advanced and innovative nuclear reactors.

This report was developed under an IAEA project with the objective of providing updated, balanced and
objective information on the current status of hydrogen production processes using nuclear energy. It documentsthe
state of the art of the development of hydrogen as an energy carrier in many Member States, as well as its
corresponding production through the use of nuclear power. The report includes an introduction to the technol ogy
of nuclear process heat reactors as a means of producing hydrogen or other upgraded fuels, with a focus on high
temperature reactor technology to achieve simultaneous generation of electricity and high temperature process heat
and steam. Specia emphasisis placed on the safety aspects of nuclear hydrogen production systems.

This publication was compiled by K. Verfondern (Germany) based on evaluations of officially issued reports
and published papers and presentations from major international conferences. The draft report was reviewed by the
experts named at the end of the report. The IAEA officer responsible for this publication was I. Khamis of the
Division of Nuclear Power.



EDITORIAL NOTE

This report has been edited by the editorial staff of the | AEA to the extent considered necessary for the reader’s assistance. It
does not address questions of responsibility, legal or otherwise, for acts or omissions on the part of any person.

Although great care has been taken to maintain the accuracy of information contained in this publication, neither the |AEA nor
its Member Sates assume any responsibility for consequences which may arise fromits use.

The use of particular designations of countries or territories does not imply any judgement by the publisher, the |AEA, asto the
legal status of such countries or territories, of their authorities and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as registered) does not imply any intention to
infringe proprietary rights, nor should it be construed as an endorsement or recommendation on the part of the |AEA.
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SUMMARY

Energy has been universally recognized as one of the most important inputs for economic growth and human
development. Economic growth implies the availability of cost effective and environmentally benign energy
sources. A future energy economy will need to replace oil and reduce greenhouse gas emissions (GHGs) for climate
protection. The worldwide interest in hydrogen as a clean fuel has led to comprehensive research, development and
demonstration activities whose main objective is the transition from afossil based to a“CO, lean” energy structure.

In fact, a major hydrogen economy already exists and is expected to grow at arate of 4-10%/a. Current global
hydrogen production is estimated at around 7 x 10'® Ja, corresponding to ~52.6 million t/a (higher heating value
(HHV)) or ~630 billion Nm?®a (as of 2006), which is about 2% of the world’s total energy consumption. Significant
amounts of hydrogen are produced in the fertilizer industry for the manufacture of ammonia. In the near future,
hydrogen will play alarge and growing role in the refining of petroleum products where the reserves of high quality
light sweet crude oils are declining and the available crude stocks are becoming progressively heavier. These heavier
crudes as well as the increasing share of ‘dirty fuels' (heavy oils, cod, il shale, tar sands) require larger amounts of
both process heat and hydrogen to produce cleaner burning end point fuels with a higher hydrogen to carbon ratio.

A secondary market to develop in the medium term is that for hydrogen as a means of storing electrical
energy, for example, the steadily increasing amounts of electricity produced by intermittent renewable energy
sources. Hydrogen can be used to store this ‘ intermittent energy’ during periods of weak consumption and to restore
them during times of peak power demand.

The projection of the European Commission High Level Group shown in Fig. 1 offers a realistic scenario of
the hydrogen market and the application areas.

The figure clearly shows that the largest near term markets will be the petrochemical industries, requiring
massive amounts of H, for the conversion of heavy oils, tar sands and other low grade hydrocarbons, as well asthe
fertilizer and steel industries. Anything to liquid (XTL) processes for fuel production for the transportation sector
have been gaining attention in recent years. However, the generation of Fischer—Tropsch liquid fuels from synthesis
gas (H, + CO) — for example, derived from coal — produces significant CO, emissions. These could be reduced
with carbon capture and storage (CCS) at the plant, with the net GHG emission rate being approximately the same
asthat for the crude oil products displaced.

Furthermore, it can be seen that the decrease of hydrogen consumption in these areas after 2025 coincides
with the market introduction of new hydrogen applications such as in the transportation sector or as a distributed
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FIG 1. Hydrogen production roadmap [1].



electrical energy source through the use of fuel cells. Liquid biofuel production needs external energy sources (heat
and/or H,). Hydrogen can be an energy storage system, an energy carrier or feedstock to liquid fuels production.

Hydrogen is omnipresent but not readily available: energy isrequired to extract it from chemical compounds.
If hydrogen is to play a major role in a future energy economy, the whole spectrum of primary energies (fossil,
nuclear, renewable) for its production must be considered. Different hydrogen production methods are given in
Table 1, which lists the benefits and barriers of the different technologies.

The first step toward a hydrogen economy will always be based on existing technologies and established
processes. In the near and medium terms, fossil fuels are expected to remain the principa source of hydrogen.
Natural gas, the ‘cleanest’ fuel among the hydrocarbons, is expected to have advantages as a starting point for the
initial hydrogen market (in the transition phase) as a source of hydrogen in terms of environmental impact (highest
H:C ratio), availability and economy. In the long term, hydrogen production technologies will be strongly focused
on CO, neutral or CO, free methods.

Hydrogen could provide a link between the electricity and liquid fuels markets. It can be generated from
excess electricity produced by means of technologies with low operating costs and stored until needed. Hydrogen
produced from off-peak electricity can be used for premium markets where the unique characteristics of hydrogen
add value [2]. Peak eectricity production from stored hydrogen can be provided today from gas turbines, which
may be replaced in the future with high temperature fuel cell plants and/or liquid hydrogen (LH,)-LOX steam

generator cycles.

TABLE 1. BENEFITS AND BARRIERS OF HY DROGEN PRODUCTION TECHNOLOGIES [1]

Technology

Benefits

Barriers

Steam reforming:
Splitting of hydrocarbons with heat and
steam.

Gasification:

Splitting of heavy hydrocarbons and
biomass into hydrogen and other gases
for reforming.

Electrolysis:
Splitting of water using electricity.

Thermochemical cycles:

Splitting of water using inexpensive
high temperature heat from nuclear or
solar.

Biological production:
Algae and bacteria produce hydrogen
directly under certain conditions.

Well understood at large scale;
commercially available with proven
technology;

widely available feedstock;

highly economic at present;

CO, sequestration at large scale;
ideal for centralized production.

Well understood at large scale;
can be used for solids and liquids;
abundance of (coal) resources.

Well understood;

commercially available with proven
technology;

high purity hydrogen;

modular;

convenient for renewable electricity;
ideal for distributed production.

Potentially massive production at low cost;
no GHG emissions;

high efficiency (~50% expected);
International collaboration on R&D and
deployment.

Potentially large resource;
no feedstock required.

Small scale units not commercidl;

CO, emissions;

H, contains some impurities;

primary fuel may be used directly;
subject to natural gas price fluctuations;
in distributed form not yet verified.

Less hydrogen-rich than methane;

lower efficiency;

High levels of CO, emissions from coal;
feedstock requires pretreatment;

H, requires cleaning prior to use;

biomass gasification still at pilot plant scale;
low energy density of biomass.

Electricity price strongly impacts cost of H,;
efficiency of whole chain islow;

need for development of durable HTSE cells;
competition with direct use of renewable
electricity.

Not commercial;

aggressive chemistry;

much R& D work still needed on process and
materials technology;

high capital cost;

high temperature nuclear reactor deployment
needed.

Slow hydrogen production rates;
large area needed;

low efficiency;

appropriate organisms not yet found;
still at R&D level.




Similar to electricity, hydrogen decouples the energy demand from the energy resources. It can enhance
energy supply security in that individual countries can choose their own sources of energy. But hydrogen is not
always an ideal vector to carry energy from its place of production to the end user, because afairly high amount of
energy is lost during handling, storage and transportation (Table 2). If the hydrogen is packaged in liquid synthetic
fossil fuels, the overall energy consumption can be considerably lower [3].

Centralized energy production in large quantities favours the use of nuclear plants, which should operate as
the basel oad power source, whereas conventional plants would cover peak load. A principal advantage of a nuclear
based energy supply iseliminating supply uncertainty and the sensitivity of energy pricesto volatility of natural gas
and other fuel prices. Nuclear, with virtually no emissions of airborne pollutants, appears to be an ideal option for
large scale centralized H, production (Fig. 2).

TABLE 2. ENERGY AVAILABILITY [3]

Hydrogen stages of application Energy cost in % of HHV
Production: electrolysis 43
on-site production 65
Packaging: compression 20 MPa 8
compression 80 MPa 13
liquefaction 40
chemical hydrides 60
Distribution: road, 20 MPa, 100 km 6
road, liquid, 100 km 1
pipeline, 1000 km 10
Storage: liquid, 10d 5
Transfer: 20 MPato 20 MPa 1
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FIG 2. Routesfor nuclear assisted hydrogen production [4].




The future for hydrogen and the potential for nuclear generated H, will be driven by major factors such as:

— Production rates of oil and natural gas,

— Societal and governmental decisions on global climate change gases and CO, emissions;
— Need for savings of fossil resources for later usein environmentally friendly applications,
— Energy security from extended fuel reserves and independence of foreign oil uncertainties;
— The economics of large scale hydrogen production and transmission.

It is strongly recommended to extend the scope of future industrial activities on the market introduction of
nuclear reactors within the spectrum of petrochemical processes. Nuclear cogeneration of heat and power (NCHP)
can be considered, as a near term step, for avariety of existing industrial processes, which need electricity and large
guantities of steam at different pressure and temperature (up to ~600°C) levels. High temperature gas cooled
reactors (HTGRs) are the nuclear energy option to displace the use of natural gas and petroleum for industrial
process heat and to reduce dependence on imported petroleum when integrated with coal conversion processes such
as coa-to-liquid (CTL) to produce synthetic fuels. With the achievability of coolant outlet temperatures up to
950°C, HTGRs could expand the application range beyond electricity and steam generation to high temperature
process heat, which is not directly open to other reactor types. The main incentive for the R&D work on the very
high temperature reactor (VHTR) is its potential for industrial process heat applications, up to 850°C with the
existing technology and higher temperatures in the longer term.

The introduction of a nuclear heat/steam source into an existing refinery consisting of many units promises
enormous CO, reductions and resource savings, but requires on the other hand tremendous efforts. Heating furnaces
must be adjusted or even replaced. The existing, highly optimized energy and mass flow structures must be
reorganized. An important first step must be the successful operation of a chemical process plant coupled with a
nuclear heat source and demonstration of the potential benefits. While this first step of using high temperature
nuclear heat in refineries and chemical plants would primarily replace the existing use of natural gas as a heat
source, next-step applications of high temperature nuclear heat could produce commodity chemicals such as
hydrogen.

The main challenge at present is to include the production of hydrogen and combined heat and power
applications by means of nuclear energy into the general energy strategies and to establish transition technologies
from present industrial practice or emerging new resources (“dirty fuels’) in order to stabilize the cost for energy.
The question of which energy source is to be utilized will ultimately be decided by the individual country in line
with its domestic resources and methods on how to guarantee energy security. Cogeneration HTGR systems
produce electricity, high temperature process heat for hydrogen production or other applications, and low
temperature process steam if coupled with a desalination system. Reactor power is shared for electricity generation
and process heat supply (Fig. 3).

If nuclear power as a substitute for traditional fossil fuelsisto be realized in the future, further work is needed
to enable nuclear technology to accommodate the various industrial needs. Thereis, however, no standard solution;
each potential industrial customer needs a specific solution. Apart from demonstrating the economics of production
and end use, requirements need to be met in terms of the consumer’s perception of availability and convenience,
and last but not least, socia acceptance both by the population and by the industry itself. A nuclear reactor operated
in the heat and power cogeneration mode must be located close to the consumer and thus must have a convincing
safety concept for the combined nuclear/chemical production plant. Both parts will be separated from each other by
employing an intermediate heat exchanger as an interface component between the primary helium circuit of the
reactor and the heat consuming system, e.g. a steam reformer/steam generator facility. The intermediate circuit
serves the safety related purpose of preventing the primary coolant to flow through the conventionally designed
heat-consuming plant and, on the other hand, allowing the gas produced to enter the nuclear reactor building. At the
other end of the intermediate circuit, the thermal energy of the coolant is transferred to the hydrogen production
plant through a process heat exchanger. For economic reasons, all necessary heat exchanger plants on the process
side should be built, maintained and repaired according to conventional, not nuclear, specifications.

Although this assessment is mainly devoted to hydrogen production methods, it must be noted that, due to the
complex interaction of the different chemical processes optimized to a very high degree, the potential supply of
energy by nuclear power may not be dedicated to a specific process, but rather would cover the overall cogeneration
of process steam, process heat and electricity. Any substitution of process heat in large scale industrial productions
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FIG 3. HTGR cascade energy plant for efficient cogeneration of electricity, hydrogen, and fresh water.

by nuclear energy results in a complicated restructuring of the on-site energy supply system. But it promises
significant CO, reductions and savings of fossil resources at competitive costs, which is the dominant challenge for
future energy systems. This will include the generation of process steam and sensible heat for a variety of
applications beyond dedicated hydrogen production.

A near term option of nuclear hydrogen production which isreadily available is conventional low temperature
electrolysis using inexpensive off-peak electricity from existing nuclear power plants. This, however, is available
only if the share of nuclear in power production islarge. But asfossil fuel pricesincrease, the use of nuclear outside
basel oad becomes more attractive. The main disadvantage is the very low efficiency from today’s reactors, making
it unattractive for H, production, although it is a proven and clean technology. Optimization and adaptation of the
electrolysis process in combination with HTGR may improve the relatively low thermal efficiency of the
electrolysis path. To demonstrate the order of magnitude: a 500 000 kg/d H, generation plant capable of serving
around 1 million fuel cell vehicles, if based on nuclear power and low-temperature electrolysis, would require 500
of the largest electrolyser units available today consuming atotal of about 1 GW of electric power.

Nuclear steam reforming is another important near term option for both the industrial and the transportation
sectors, since development of the principal technologies and their demonstration in pilot-scale plants was done in
Germany and Japan. It promises a saving potential of some 35% of methane feedstock but is surely not a sustainable
method. In connection with the steam reformer development, the closed-cycle EVA/ADAM chemical energy
transportation system based on H, was successfully demonstrated.

The competitiveness of nuclear steam reforming will benefit from the increasing cost of natural gas. It is
compatible with a realistic evolution of actual industrial practice and could fully meet the process heat



requirements. The economics of this process will be much more favourable compared with electrolysis as long as
natural gasis available at areasonable cost. Although the processis not free of CO, emissions, it isjustified within
amedium (for natural gas importing countries) to long term transition period toward aless polluting approach with
inherently higher cost.

Coadl is a viable option for making hydrogen in large, centralized plants [5]. Nuclear coa gasification for
conversion of coa into substitute natural gas (SNG) for direct use, synthesis gas for the production of methanol or
other hydrocarbons, heating gas for residential heating purposes, reduction gas, e.g. for the direct reduction of iron
ore, or hydrogen as araw material and universal energy carrier can be used economically under certain conditions
depending mainly on the location, the cost of coal, and the product and its price compared with the competitors,
natural gas and crude oil. A wide variety of coal gasification processes has been developed and demonstrated.
Allothermal steam—coa gasification simulating the nuclear heat source has been examined in numerous
experiments up to pilot scale.

A CO, emission free option is high temperature electrolysis, which reduces the electricity needs up to about
30% and could make use of high temperature heat and steam from an HTGR. This needs a much more complex
economic eval uation as compared to dedicated hydrogen and dedicated electricity producing plants and opens room
for significant cost reductions. Research and development needs for HTSE will surely capitalize on the solid oxide
(high temperature) fuel cell development, having some technology elements in common. In addition, coupling of
the HTSE processto CTL is of advantage because it provides both hydrogen and oxygen at elevated temperatures,
where the O, can be directed to a gasifier and the H, could be used to reduce the excess CO, produced via the
reverse shift reaction.

Coupling to HTGRs is feasible and possesses optimization potential toward allothermal high temperature
electrolysis and more efficient combined cycle HTGR designs. The use of nuclear generated el ectricity in off-peak
periods from existing LWRs may become economically competitive, but the stranded capital costs of the
electrolysers during periods of peak electricity prices may be prohibitive.

With respect to thermochemical water splitting cycles, the processes which are receiving the most attention
are the sulphur—iodine (S-), the Westinghouse hybrid and the calcium-bromine (UT-3) cycles. Efficiencies of the
SH process are in the range of 33-36% if operated at 950°C which is judged as a feasible upper temperature limit
for the reactor and related heat transfer devices. Under the same conditions, the Brayton cycle may reach ~50% and
could be combined with electrolysers having a conversion ratio greater than 90%. Thus, this process will have an
overall efficiency of greater than 45% depending on the electrolyser performance.

Process optimization and material qualification still require considerable R&D efforts with regard to the
potential of higher efficiencies and more compact chemical reactors to be optimized for commercia use. The SH
process will benefit from the medium term progressin HTGR and materials technology as well as from non-nuclear
activities on thermochemical water splitting (e.g. by solar energy) thus remaining a long term option for
commercial applications and atypical Generation IV R&D objective.

Both thermochemical and HTSE processes introduce new considerations into the design, licensing and
operation of combined nuclear—chemical plants that must also be considered in the technology selection process.
Many supporting systemswill be common to both the nuclear and hydrogen plants, while the high temperature heat
exchanger and the materials associated with thermal transfer will be specific to each production process. The final
decision on which water splitting cycle is the one with lowest cost and lowest technical risk will be dependent on
efficiency and complexity, but also on factors like excessive temperature or pressure requirements, and highly toxic
or corrosive materials. Technical and economic feasibility, however, remains to be demonstrated, since these H,
production processes have not yet been tested beyond the pilot plant scale. The study of other heat transfer media
like molten salts or liquid metals may help to adopt the chemical processes better to HTGR applications. For the
evaluation of efficiencies, both thermochemical processes and electricity generation in combination with
electrolysis are finally governed by the Carnot law, meaning that operational temperatures of the process and the
heat source should be as high as technically feasible. This makes HTGRs more appropriate than other reactor types,
because heat requirementsidealy fit with heat available from the reactor.

The most significant product that an HTGR can deliver in the near term is steam to be used in various
industries. Steam pressure is much higher than what is normally produced by LWRs and thus gives a significant
advantage to HTGRs. Decoupling of process steam can be done via a steam—steam intermediate heat exchanger, the
so-called steam converter. The average heat process needs for applications in the steam class are more in the low
power range of 2040 MW(th) for a single process. An HTGR unit in the order of 250-600 MW (th) would be used



to supply a steam network. Nuclear process steam production from an advanced HTGR may actually represent a
reasonable first step to be demonstrated on a commercial scale, before tackling the more ambitious goal of nuclear
hydrogen from high temperature electrolysis or thermochemical cycles.

Inindustrial processes, energy supply is of the utmost importance. The market for process heat is huge and
hardly penetrated by nuclear. With respect to the large variation in the quantity of energy demand and to the wide
spectrum of operational parameters, a small modular type size and aflexible design of a nuclear unit are necessary
to meet customers’ requirements. Also the security of energy supply is essential, demanding a very high degree of
reliability and availability. Particularly in large establishments, the supply of heat/steam must be highly reliable,
with basically not more than a month of maintenance within afive year operation period for the petrochemical and
refining industries. This can only be ensured by sufficient reserve capacity, which makes a modular arrangement of
electricity or heat producing plants appropriate.

There will aso be astrong demand of high reliability for desalination plants, but it will be lower compared to
process heat. Methanol, as an example, is a convenient energy carrier to handle. If the CO, needed for its synthesis
is taken from other processes where it was released (‘ double use of CO,’), CO, emissions could be further reduced.

Coolant outlet temperatures of up to 1000°C have been discussed but are considered to be beyond the current
capability of metallic materials. A reasonable interim step in VHTR development is a plant at a reduced gas outlet
temperature of 750°C. Reduction in the outlet temperature to 750°C relieves the impact on materials and changes
the safety marginsfor fuel quality compared to the higher temperatures. Higher temperatures may be considered but
will be at the expense of a significantly reduced lifetime for the respective components.

A new, perhaps revolutionary nuclear reactor concept of the next generation will offer the chance to deliver,
besides the classical electricity, also non-electrical products such as hydrogen or other fuels (e.g. methanal). In a
future energy economy, hydrogen as a storable medium could adjust to a variable demand for electricity by means
of fuel cell power plants and also serve as spinning reserve. Both together offer much more flexibility in optimizing
energy structures (e.g. substitution of natural gasfired peaking plants by hydrogen). Prerequisites for such systems,
however, would be competitive nuclear hydrogen production, large scale (underground) storage at low cost and
economic fuel cell plants. The utilization of oxygen (rather than air) co-produced in the water splitting processes
would improve the efficiency of fuel cell operation significantly, thus further reducing costs.

In various countries, ambitious programmes are ongoing within the Generation IV International Forum (GIF)
initiative, with the main objective being to bring nuclear hydrogen production to the energy market. Numerous
institutions are active in thefirst stage of demonstrating the viability of nuclear hydrogen production, to be followed
by the stages of performance testing and demonstration of the pursued technologies. Both China and Japan are
operating HTGR test reactors and offer international collaboration on utilizing these tools to further demonstrate
HTGR principles and, at alater stage, nuclear hydrogen production.

Future activities on nuclear process heat could also benefit from a re-evaluation of the studies conducted in
the past on HTGR process heat applications by comparing against current technologies and market conditions. The
goal should be to select promising applications under the current industrial practice within existing and evolving
markets. Superior safety features and high reliability are considered prerequisites for the introduction of nuclear
process heat and nuclear combined heat and power.

The coupling of a nuclear reactor to a hydrogen production plant located in a chemical complex requires
special attention with regard to safety, regulatory aspects and licensing. There is a need for nuclear process heat
reactors to have a common international approach to safety issues related with hydrogen such as explosions and
fires, confinement and limits of contaminants (e.g. tritium); and reliable isolation of both nuclear and chemical
plants. To minimize tritium contamination, it will be essential to keep the fraction of defective/failed TRISO coated
fuel particles and the level of *He and Li impurities as low as possible, and to properly design the purification
system capacity. Current safety requirements, basically orientated to LWR nuclear plants, must be modified to
Generation |V and new reactors for hydrogen production which are inherently safe, reliable and simple to operate.
This will help the industrial deployment, coordinate the licensing process, and reduce the uncertainties to obtain
agreement by national and local authorities of the hydrogen/nuclear facilities.

The introduction of nuclear energy into the heat or combined heat and power (CHP) market is of a global
dimension, since both nuclear and potential end users are already global players. Thus, the demonstration of the
coupling of anuclear heat source to an industrial complex should take place on a global level. This needs political
and co-funding support for R& D and effortsto establish an international public/private partnership and to overcome
the ‘cultural gap’ between the nuclear and the end user communities.



Whatever the nuclear technological and political challenges are, the public needs to be assured that the highest
standards of safety, security and environmental protection will continue to be applied. This is achieved through
extensive research, development, demonstration and deployment programmes conducted by an aliance of
researchers, vendors, operators, customers and politicians.

1. INTRODUCTION

1.1. WORLD ENERGY SITUATION

In 2007, the world's total primary energy supply was more than 12 billion tonnes of oil equivalent (toe)!. The
breakdown by energy resources as given in Fig. 4 (left) shows a dominant contribution of 81% by the fossil fuels.
Nuclear represented 6% of the total energy supply, thereby reducing global CO, emissions by nearly 10%, which
means that worldwide more than 80% of the total primary energy consumption increased CO, emissions. From the
total amount of primary energy supply, about 8.5 Gtoe was transformed into final consumption energy, the remainder
being conversion and distribution losses or use by the energy industries. Breakdown of the final energy consumption
was mainly accounted for by the transport sector (28%), the domestic sector (34%) and the industrial sector (36%). In
terms of fuels consumed, the share of ail ison the decline (43%), while electricity generation is strongly rising, having
reached a share of 17% in 2007 [6]. All countries have their own specific energy requirements, which differ in
demand, growth, aternatives, financing options and preferences, and therefore prefer their own energy mix.

Therole of electricity isincreasing because it is an extremely versatile energy carrier which can be generated
from awide range of fuels. Theworld’stotal electricity generation in 2007 was about 19 800 TW-h with fuel shares
of 41% from coal, 20% from gas, 6% from ail, 14% from nuclear, 16% from hydro and the remaining 2% from
other renewables (Fig. 4 (right)). These figures also show a strong carbon based economy character, with
worldwide 67% of the electricity generated from fossil fuels, and thus increasing CO, emissions. According to the
reference energy scenarios of the International Energy Agency (IEA), coa will remain the dominant fuel
worldwide, but natural gas based electricity generation will rapidly increase. In the Organisation for Economic Co-
operation and Development (OECD) countries, about 2000 GW of new generating capacity will be needed, with
about one third to replace old plants.
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FIG 4. 1EA key world energy statistics 2007 [7].

11 toe corresponding to the energy content of 7.4 barrels of oil = 1.428 tce (tonne of coal equivalent) = 39.68 million Btu
(British thermal unit) =41 868 MJ= 11 630 kW:h.
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Al: rapid economic growth and rapid introduction of new and efficient technologies
(A1F1: fossil-intensive; A1T: non-fossil resources; A1B: balance across all sources)
AZ2: high population growth, slow economic development, slow technological change
B1: more rapid changes in economic structures toward a service and information economy
(SRES = IPCC Special Report on Emissions Scenarios, 2000)

FIG 5. Global emission of GHGs (CO,, CH,, N,O, F gases) (Ieft); average of surface warming projection (right) for six IPCC emission
scenarios which do not include climate policies in addition to current ones[8].

Since the electricity sharein final energy consumption is less than 20% worldwide, as mentioned above, CO,
emission free sources of energy may find new markets, for example, in the transportation sector, whether directly
(electric cars) or indirectly (fuel cells). Nuclear power may play here a mgjor role in the non-electric sector in
delivering €electricity, but also may become important as a provider of process heat in a great variety of industrial
processes, including the large scale production of hydrogen.

Energy demand in the world depends on population growth and economic development; it will therefore be
inhomogeneous in terms of quantity and quality. World primary energy breakdown by application is 18%
electricity, 55% heat and 27% transportation. Energy sources have to be considered from the perspectives of
pollution, the gradual depletion of natural resources and import dependency. The most realistic scenario of the IEA
for 2050 is as follows: the world population will be approximately 8.5 hillion and the primary energy supply will
almost double, compared to 2007, to reach 23 Gtoe.

The strong influence of global energy use on economic devel opment became obvious with the global financial
crisisin 2008-2009 and the subsequent recession. World energy demand, and consequently CO, emissions, plunged
with the economic contraction, for the first time since 1981. Under current policies, however, it will quickly resume
itslong term upward trend once economic recovery is under way.

Greenhouse gas emissions are being studied by the Intergovernmental Panel on Climate Change (IPCC),
which was established by the World Meteorological Organization and the United Nations Environment Programme
to assess scientific, technical and socioeconomic information relevant for understanding climate change, its
potential impacts, and options for adaptation and mitigation. With publishing their 4th assessment report in 2007
[8], intensive public debates were restarting on the effects of anthropogenic emissions of GHGs on the climate.
Based on continued current climate policies with a dominant role of fossil fuels, the IPCC emission scenarios
project a