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Hydrogen has the potential to play an important role as a sustainable and environmentally acceptable
energy carrier in the 21st century. This report describes the scientific and technical challenges associated
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emphasis on recent developments in high-temperature electrolysis and the use of different chemical
thermodynamic processes. Economics and market analysis as well as safety aspects of the nuclear
production of hydrogen are also discussed.
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FOREWORD

Foreword

The use of hydrogen, both as feedstock for the industry (oil and chemical) and as an energy carrier, is
expected to grow substantially during the coming decades. The current predominant method of
producing hydrogen by steam-reforming methane (from natural gas) is not sustainable and has
environmental drawbacks, including the emission of greenhouse gasses (GHGs). Nuclear energy offers
a way to produce hydrogen from water without depleting natural gas, a valuable natural resource, and
without the emission of GHGs.
The OECD Nuclear Energy Agency (NEA) has conducted a number of information exchange
meetings with the objective of stimulating progress in the development of nuclear production of
hydrogen. These meetings, held in 2000 in Paris, France, in 2003 in Argonne, Illinois, USA, and in 2005
in Oarai, Japan, were well-attended and very successful. It is hoped that the information presented at
the fourth meeting and contained in these proceedings may be useful in advancing the objective of
achieving economically viable, sustainable and emission-free production of hydrogen.
The need for a sustainable supply of clean energy is one of the main problems facing the world.
Among the various energy technologies which may be considered (including hydro, wind, solar,
geo-thermal, wave and tidal), only nuclear – through the use of fast-neutron fission reactors – is capable
of delivering the copious quantities of sustainable energy that will be required. In view of this, one of
the means under consideration for achieving the objective of nuclear-produced hydrogen is enhanced
international co-operation, including the establishment of one or more OECD/NEA joint projects. In this
respect, it is worth noting that similar joint projects undertaken in the past (for example, the Dragon
Project and the Halden Reactor Project) have been highly beneficial and have provided significant
amounts of useful information to the sponsoring countries at shared costs.
In conclusion, the organising committee wishes to express its most sincere appreciation to all
those who contributed to the successful conclusion of this Fourth NEA Information Exchange Meeting
on the Nuclear Production of Hydrogen. A special word of thanks goes to the authors, the members of
the Technical Programme Committee, the members of the International Advisory Committee, the
session chairmen and the panellists.
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Executive summary

Session 1: Programme overviews
Chairs: Yoshiyuki Nemoto (OECD/NEA), Carl Sink (US DOE)
Programme overviews from USA, France, Japan, Korea, Russia and Canada were presented in
Session 1.
As less than 30% of the thermal energy from a nuclear power plant is used to generate electricity,
nuclear production of hydrogen should be developed to utilise the remaining energy. This would
especially be appropriate for some of the next generation high-temperature nuclear plants. It was
suggested that an economic and efficient use of thermal energy from a nuclear power plant would be
to utilise the surplus energy for hydrogen production during periods in which electricity consumption
is relatively low.
Outlines of research and development programmes for several nuclear hydrogen production
technologies, such as high-temperature steam electrolysis (HTE), and sulphur-iodine (S-I) and hybrid
sulphur (HyS) thermochemical processes were introduced. The panel discussion, which followed the
presentations, discussed the criteria for choosing the best hydrogen production system and suggested
that the selection would be judged mainly on economic criteria. Detailed information about the
economic analysis and considerations was presented in Session 5.
Potential future hydrogen applications were discussed. As a huge amount of CO2 is emitted from
the transport sector, it would greatly reduce CO2 emissions and prevent global warming if, for example,
hybrid automobiles could be fuelled by electricity from nuclear power plants, oil fuels made from
biomass and hydrogen produced by nuclear power plants. Other issues discussed by the panel related
to gasoline upgrading and iron production using hydrogen.
It was generally acknowledged that a sustainable energy production is required in the future.
From this point of view, the nuclear fuel cycle has to be further developed. Fast breeder reactor (FBR)
technology seems to be a good candidate for nuclear hydrogen production. However, other new reactor
concepts, such as high-temperature gas-cooled reactors (HTGR) and supercritical water-cooled reactors
(SCWR) have some advantages for hydrogen production, and further analysis is therefore required.

Session 2: High-temperature electrolysis
Chairs: Yoshiyuki Inagaki (JAEA), J. Stephen Herring (INL)
Seven papers were presented during Session 2. Dr. James O’Brien of the Idaho National Laboratory
began with a summary of the status of research on high-temperature electrolysis at the INL. He included
a discussion of the systems’ analysis results, comparing the efficiency of hydrogen production using
air, steam or nothing as the sweep gas for the oxygen. He also compared the hydrogen production
efficiency using low-temperature electrolysis, high-temperature electrolysis and the S-I process for a
range of reactor outlet temperatures from 400-1 000°C. The HTE efficiencies were between 40-60% for
temperatures above 600°C. Dr. O’Brien then reviewed the recent results from the INL Integrated
Laboratory Scale (ILS) experiment. This experiment, using three modules of 240 cells each, initially
produced 5.6 Nm3/hr at a power of 18 kW. Over the course of the 1 080-hour experiment the H2
production dropped to about 0.8 Nm3/hr due to the increase in cell resistance.
Dr. Julie Mougin of the CEA Grenoble Laboratory described research on a low-weight stack and on
materials for better efficiency and durability. The central experiment in answering both questions is
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an instrumented single repeat unit (SRU), which has been designed to identify and understand
specific conditions of the stack environment and to investigate new solutions. The low weight stack
uses stamped sheets rather than milled plates and has a power density of 2 MW/m3. The cells are
15 × 15 cm2, with an active area of 200 cm2 and a thickness of the TZ3Y electrolyte of 90 μm. The stack
has been tested at 820°C with pure steam and showed degradation rates 35% and 49%/1 000 h on the
bottom and top cells, respectively, while the middle cell showed on a 10%/1 000 h degradation rate in
the 400-hour test. The SRU was tested at 800°C with three gas mixtures at the inlet: 50, 70 and 90%
H2O, all with 10% H2 and the balance N2, but was not sensitive to the inlet gas composition. The cells
are 12 × 12 cm2, with an active area of 100 cm2 and a thickness of the TZ3Y electrolyte of 90 μm. The
SRU exceeded the performance requirements of the RelHY program for a production rate of 30 mg
H2/cm2/h through the use of improved materials for the cell and improved coatings. The single cell
produced H2 at a level better than the SRU through the use of Nd2NiO4 + δ as the O2 electrode materials.
Dr. S. Elangovan of Ceramatec, Inc. of Salt Lake City, described the history of long-term testing of
SOFC and SOEC over the last two decades. He listed the differences in fuel cell and electrolytic cell
operation and showed the performance of an SOFC button cell that operated at 1 000°C for 40 000 h in
the early 1990s and of an SOFC stack which operated at 850-900°C for 10 000 h beginning in 1996. He
also described the performance of the ILS half-module which contained two stacks of 60 cells each.
The half-module was tested for 2 040 h during the summer of 2006, but encountered a number of
external transients due to power outages, support equipment failures and exhaustion of the gas supply.
The half-module showed delamination of the oxygen electrode at the end of the 2 040 h, which had
not been seen in shorter tests. Electrolytic operating conditions also resulted in severe corrosion of the
seal materials. In the transition from short to tall stacks, the initial stack performance was reproducible,
though in both cases the early rates of degradation were not acceptable. Recent work has focused on
changes to the electrolyte composition toward a partially or fully stabilised ScSZ. They have also
tested a Fe-Co based perovskite for use as the oxygen electrode and the reduction or elimination of
reactive species such as Sr and Co.
Dr. Magali Reytier of CEA Grenoble described the development of a metallic seal for HTE stacks.
The seal replaces the present glass seal, which is brittle, corrodes and makes dismantling the stack
very difficult. The metallic seal consists of a Fecralloy outer lining, providing a softer material in
contact with the ceramics, and a hard X750 inner ring, a deflecting member which provides the
sealing force. An important aspect of this seal design is that the ceramic and metal components of the
stack are brought to the 800°C operating temperature before the stack is clamped, thereby greatly
reducing the lateral stresses between the components during stack heat-up.
Vivek Sharma, a doctoral candidate working with Professor Bilge Yildiz of MIT discussed the roles
of chromium poisoning and cation interdiffusion as degradation mechanisms in SOEC oxygen electrodes.
They found that Cr is not diffusing from the bond layer into the oxygen electrode in the solid state,
probably due to delamination between the bond layer and the electrode. This delamination allows the
electrode to remain stable, but it also prevents the bond layer from serving as an electron conductor
from the interconnect to the oxygen electrode. Sharma also showed, using TEM, the transport of Sr
and Co, for several tens of microns, to the surface of the LSC oxygen electrode.
Dr. David Carter of Argonne National Laboratory described an approach to determining the causes
for stack degradation. He showed the segregation of Sr, Mn, Cr and oxygen at the interconnect-bond
layer interface, including the formation of spinel phases in the delaminating crack. The fact that
oxygen ions flow in opposite directions in SOEC versus SOFC means that Cr is concentrated in the
bond layer in SOEC and near the oxygen electrode-electrolyte interface in SOFC. Carter also showed
that over-sintering of the electrode causes the closing of some pores near the O2 electrode-electrolyte
interface, causing an O2 pressure build-up and crack formation. In the hydrogen electrode the
formation of a Si-Mn-O capping layer can block hydrogen formation at the triple phase boundaries.
Finally, the formation of non-conductive interface layers at the interconnect/flow field boundary is an
additional source of electrical resistance in the stack.
As the final paper in the session, Dr. Charles Forsberg of MIT discussed the use of high-temperature
steam electrolysis driven by LWR for electrical generation during times of peak demand. The
hydrogen and oxygen would be stored in underground cavities, solution-mined in salt domes in order
to supply peak electrical demands on a daily, weekly and/or yearly basis. The stored energy would be
converted to electricity using either the SOEC as fuel cells or through the use of an oxyhydrogen
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steam turbine, in which a mixture of H2O, H2 and O2 are fed to a burner and thence into a steam
turbine generator. Without a larger boiler or a full-sized condenser, the oxyhydrogen turbine has a
much lower capital investment than a standard steam plant. The turbine might also have a higher
rotational speed, decreasing the size of the rotating equipment.
Overall, the papers of the session demonstrated the progress which has been made over the last
two years in the development of high-temperature steam electrolysis, particularly in the testing of
larger stacks for longer periods of times. The papers also documented the various phenomena causing
the long-term degradation in cell performance and the methods for characterising the transport of
cell materials from their original locations under the combined influences of high temperatures,
electric fields and the flux of oxygen ions. Collectively the papers reflected the wide range of problems
which must be understood and solved before the use of solid oxide cells for hydrogen production can
become a commercial reality.

Session 3: Thermochemical sulphur process
Chairs: Jonghwa Chang (KAERI), Robert Buckingham (GA)
A total of nine papers from five organisations were presented during Session 3. It was a well-rounded
session with topics ranging from economics, experimental results, engineering thermodynamics and
status of programmes.
Dr. Philippe Carles of CEA described CEA’s assessment of the sulphur-iodine (S-I) thermochemical
cycle. CEA desired to assess the technical and economic viability of massive hydrogen production by the
S-I thermochemical cycle. Experimental results and economic analysis were the bases for evaluation.
Overviews of experimental programmes were presented, along with results of economic analysis. The
CEA experiments focused on Bunsen reaction improvement, and the collection of vapour-liquid
equilibrium data for the HI decomposition section. Flow sheet analysis resulted in a calculated
efficiency of 39.3%, based on the high heating value. Their conclusions to date suggest that S-I cycle
competitiveness will be difficult to achieve. High cost (EUR ~10/kg), and technical uncertainties are
significant challenges. CEA’s assessment is ongoing, and they will continue evaluations and maintain
international collaborations on the study of the S-I cycle.
On behalf of Dr. Benjamin Russ of GA, Dr. Robert Buckingham of GA described the present status
of the S-I Integrated Lab Scale (ILS) experimental set-up at San Diego. SNL, CEA and GA have
collaborated on an experimental demonstration of the S-I cycle, using engineering materials and
operating conditions similar to that expected in a full-scale plant. A review of the function of each
section of the experimental apparatus was presented, along with the status of each section, and
experimental results obtained to date. There have been significant technical challenges over the
course of the project, though many have been overcome. Pumping and level control of iodine was a
noted difficulty that was recently solved. The partnership was scheduled to be concluded by the end
of April 2009. Although results suggest that the process may be worthy of continued study, funding
issues will have to be resolved before significant experimental work can resume.
Dr. Robert Buckingham of GA presented on the effect of core inlet and outlet temperature on the
efficiency of the S-I thermochemical cycle. CEA and GA have undertaken a study to examine differences
between the two organisations in design and modelling that can affect calculations for energy
consumption in the S-I cycle. In particular, this paper analyses the interface between the hydrogen
process and the nuclear heat source. CEA supplies nuclear heat to both the sulphuric acid and HI
decomposition sections, while GA supplies heat to the sulphuric acid decomposition section only. The
GA design is more thermodynamically efficient, but is more complex than the CEA design. The hydrogen
process in each case was designed specifically with a particular nuclear heat supply configuration.
Efficiency for each hydrogen process suffered when an attempt was made to fit it to the other’s heat
source. It is clear that an efficient hydrogen process cannot be designed independent of the
configuration of the nuclear heat source.
Dr. Denis Doizi of CEA presented about the HIx Vapour Liquid Equilibrium (VLE) measurement.
A collection of accurate thermodynamic data for the HIx section is critical for robust modelling of the
S-I process. CEA has developed experimental techniques to obtain such data at the high temperatures
and pressures expected in a full-scale plant. A tantalum microautoclave was used to collect data, with
FTIR spectrometry used to analyse HI and H2O concentrations. UV-visible spectroscopy was used for
NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010
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iodine concentration. The experimental data suggest that existing models overestimate iodine vapour
concentration at low pressures, but underestimate it at higher pressures. HI and H2O concentrations
match current models fairly well at low iodine pressures. Hydrogen formation at higher pressures
must be accounted for while using these techniques. CEA will use the new data to construct a new
thermodynamic model for the S-I cycle.
Dr. Max Gorensek of SRNL presented on the efficiency of a recuperative bayonet decomposition
reactor for the thermochemical sulphur cycle. SRNL conducted a study to analyse heat transfer
characteristics of a bayonet-style decomposer for the sulphuric acid decomposition section. A pinch
analysis of the reactor was completed, and a statistical design of experiments was presented.
A temperature-enthalpy curve for the reactor was generated for the pinch analysis. Statistical methods
were then used to determine operating windows and conditions for minimum heat requirements.
A heuristic approach was adopted after surface response and neural network modelling techniques
failed. High temperatures, low pressures and high sulphuric acid feed concentrations led to the best
results. Reactor operating temperature may be lowered to 825°C to alleviate materials concerns, but
the potential efficiency advantage of sulphur cycle over direct electrolysis is impacted. Dropping the
reactor outlet temperature below 825°C does not lead to an efficient process.
Dr. Kikwang Bae of KIER presented on the development status of the HIx decomposition process
in Korea. The paper examined the advantages and disadvantages of the S-I cycle, and described the
programme at KIER for development of the process. KIER is implementing electro-electro dialysis (EED)
for production of super-azeotropic HI in water. Initial experimental results showed stable hydrogen
production for a period of five hours. An earlier version of an experimental device to demonstrate the
process in glass is being upgraded to increase safety and durability. Current membrane technology
does not allow for efficient use of EED alone, but KIER is studying the concept of combining EED with
reactive distillation. Cycle efficiency as a function of EED cell potential was presented, along with
results of experiments designed to optimise conditions in the Bunsen reaction section. KIER intends to
build a device similar to the SNL-CEA-GA demonstration apparatus and operate it starting in 2011.
It will be designed for a 200 litre per hour output of hydrogen.
Dr. Frikkie van Niekerk of North-West University, South Africa, presented on the situation of
South Africa. Global and South African energy concerns were outlined, followed by PBMR and SASOL
strategies to address these concerns. South Africa ranks 12th in the world for CO2 emissions per capita.
From 2006, demand for power was greater than the domestic supply. Nuclear power is expected to
supply 30% of energy needs by 2030 (currently 6%). A business plan for hydrogen production was
reviewed, as was a down-select process for determining a thermochemical cycle for implementation.
The S-I cycle, hybrid sulphur and high-temperature electrolysis were considered, with hybrid sulphur
being selected. Current efforts are under way to resolve the remaining technical challenges with
electrolysers. Preliminary work on a plasma-arc process for conversion of CH4 to syngas was
presented, with comparisons to standard SMR. Finally, steps to finalise and implement the hydrogen
business plan were discussed.
Dr. Anne Saturnin of CEA presented on behalf of Dr. Jean Leybros of CEA about the ILS experiment
for the hybrid sulphur cycle at CEA Marcoule. The paper described the CEA programme to develop the
hybrid sulphur process. CEA has operated a pilot device since April 2008. To reduce sulphur build-up
on the cathode, CEA is developing new membranes with reduced SO2 transport characteristics and
good ionic conductivity. To reduce cell voltages, CEA is testing higher activity anodic catalysts and
also porous anodes. A flow sheet has been developed with 42% thermodynamic efficiency. Capital
costs for a 1 000 mole H2/sec plant are estimated at just over EUR 1 billion. Sensitivity studies were
conducted to determine major cost drivers for the process. Future efforts will include continued
experimental work, in addition to improved simulations of the electrochemical portions of the flow
sheet. This integrated approach will assist in analysing the potential of the hybrid sulphur process in
comparison with other thermochemical cycles.
Dr. William Summers of SRNL presented on the development status of the hybrid sulphur cycle.
SRNL is studying the hybrid sulphur process. They are developing a PEM-based electrolyser design.
This leverages fuel cell technology. Stated advantages are smaller footprint, decreased cell potential,
simpler hydrogen recovery and lower capital cost. Experimentally, progress has been made in
identifying key membrane and catalyst characteristics for the electrolyser. Pt and Pt alloy catalysts
exhibit excellent performance for the oxidation of SO2 oxidation. Oxidation kinetics is the largest
contributor to overpotential losses. Single and multi-cell stacks have been operated, and reduction of
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sulphur deposition is a key technical objective. A new operating method with an SO2-limited
condition shows no voltage degradation or sulphur build-up. Flow sheet design results in a process
thermodynamic efficiency of 37%. Hydrogen costs are estimated to be in the range of USD 4.15-7.10/kg
H2. Next demonstration steps should include an integrated lab-scale experiment, followed by a
MW-scale pilot plant.
Overall, the presentations were well received, though it was clear that significant technical and
economic challenges remain for sulphur-based thermochemical cycles. For the S-I thermochemical
cycle, some ILS experiments were carried over the past few years. The HIx decomposition section
largely affects the overall efficiency and the hydrogen production cost. Currently there are significant
differences in predicted efficiency, from 39% to 43% depending on the HIx decomposition process and
the flow sheet. The cost also depends largely on the materials to be used for the HIx section.
For the hybrid sulphur cycle, current researches are focused on the SDE cell development to
overcome the sulphur deposition in cathode. The next step should be ILS experiments followed by a
MW-scale pilot plant.

Session 4: Thermochemical copper chloride and calcium bromide processes
Chairs: Karl Verfondern (FZJ), Paul Pickard (SNL)
Session 4 focused on recent advances in the thermochemical copper chloride and calcium bromide
cycles. Much of the current research on thermochemical cycles for hydrogen production involves the
sulphur cycles (sulphur-iodine, hybrid sulphur), however, these cycles require very high temperatures
(~800-900°C) to drive the acid decomposition step. The interest in the Cu-Cl and Ca-Br cycles is due to
the lower peak temperature requirements of these cycles. The peak temperature requirement for the
Cu-Cl cycle is about 550°C, which would allow this cycle to be used with lower temperature reactors,
such as sodium- or lead-cooled reactors, or possibly supercritical water reactors. Ca-Br requires peak
temperatures of about 760°C. Both of these cycles are projected to have good efficiencies, in the range
of 40%. Work on Cu-Cl is ongoing in France, Canada and the United States. Work on Ca-Br has been
done primarily in Japan and the US, with the more recent work being done in the US at ANL. The
papers presented in this session summarised the recent advances in these cycles.
Five papers were given on the Cu-Cl cycle, focusing on the key technical issues for this cycle.
Canadian research activities on Cu-Cl include study of the chemical processes and also the development
of component designs, material corrosion studies, and the development of heat exchanger technologies
for coupling the nuclear heat source and the hydrogen production plant. Work on the important
hydrolysis reaction of the Cu-Cl cycle was reported in CEA and ANL papers. Since the hydrolysis
reaction requires excess steam to obtain high yields, these papers describe parametric studies to
quantify the steam to Cu molar ratio and minimise the formation of the unwanted CuCl reaction
product. The high steam to Cu ratios also imply higher capital costs to deal with the higher volumetric
flows, and preliminary engineering approaches to mitigate these costs were also discussed. Penn State
researchers summarised recent work on the development and characterisation of the electrolyser
for the Cu-Cl cycle. Several commercially available options for the anion exchange membrane were
evaluated for membrane swelling, ion exchange capacity and conductivity. The membrane that
displayed the highest conductivity was used to fabricate membrane electrode assemblies for
electrolysis tests. These MEA showed current efficiencies of 98%. The last Cu-Cl paper in this session
summarised the recent CEA analysis of the energy efficiency of this cycle.
Recent advances on the Ca-Br cycle were presented in an ANL paper. The original concept for this
cycle involved solid phase reactions in a semi-continuous batch operation. The ANL paper reported
on experiments that used a direct sparging reactor in the hydrolysis reaction to allow continuous
production of HBr which is then electrolytically decomposed to produce hydrogen. The sparging steam
was introduced into the molten bath of CaBr2 which yielded HBr in a stable and continuous operation.
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Session 5: Economics and market analysis of hydrogen production and use
Chairs: Franck Carré (CEA), Jan van Erp (ANL)
Economics and market analysis are the basis for assessing the commercial viability of new technologies
and for deciding to support their development up to commercialisation. This includes:
•

the assessment of economic competitiveness with alternative technologies;

•

the assessment of whether deployment and operational risks are acceptable in today’s
business context.

Economic and market analyses presented in this session appropriately complement previous
technical sessions and address crucial aspects that will determine which processes of nuclear hydrogen
production will be developed beyond lab-scale experiments and may be ultimately commercialised.
They contribute in particular to orient decisions to be taken in 2009 about the selection of hydrogen
production process to be tested with the NGNP and about the creation of a consortium to support the
next phases of the project.
In order to address these important issues the panel of speakers in this session gathered a group
of distinguished representatives of varied organisations involved in such analyses: industry (Entergy,
AREVA), national laboratories (FZJ, DOE/INL-ANL, CEA) and universities (Stanford, MIT, TIT).
Dan Keuter (Entergy) presented “a utility perspective about nuclear hydrogen production”. As the
second largest nuclear/operator in the United States, Entergy supports the expanded use of nuclear
energy beyond the traditional application of electricity generator. This is motivated by both supporting
national energy policy goals (reduction of oil imports and reduction of greenhouse gas emissions) but
also by the fact that Entergy’s nuclear power plants in the Southwest of the United States are located
in a region crossed by a hydrogen pipeline.
Entergy’s evaluations of hydrogen production processes currently lead to the following vision:
•

Unless progresses are made in conventional electrolysis, it is not likely to compete with steam
methane reforming for the bulk of the market.

•

HTGR with advanced hydrogen production processes appear to be competitive with steam
methane reforming even without the added benefit of being emission-free.

With its experience of economically viable business ventures, Entergy has supported the
development of HTGR for years for their potential to expand the application of nuclear energy to
broader energy marketplace. Entergy’s evaluations also indicate that HTGR can compete with premium
fossil fuels in supplying process heat for industrial processes. In conclusion, Entergy believes that
nuclear hydrogen production is of vital importance for the United States’ energy security and that this
will make business opportunities emerge.
Jerome Gosset (AREVA) presented the results of an economic comparison made by AREVA on
nuclear hydrogen production processes. The study emphasises the merits and readiness of alkaline
electrolysis for producing nuclear hydrogen in time to mitigate climate change. The cost of hydrogen
produced under such conditions already affords producing economically viable synthetic fuels
(typically USD 140/bl vs. USD 120/bl with hydrogen produced by traditional steam methane reforming).
High-temperature steam electrolysis at 800-950°C offers prospects of improved technical and economic
performances in the medium term. Candidate reactor technologies able to power such high-temperature
electrolysis include a high-temperature reactor at 600°C with an electric superheating. However,
the high temperature does not significantly reduce the need of electrolysis for electric power (3.2 vs.
4 kWh/Nm3) thus leading to reduced margins for competitiveness with alkaline electrolysis. Moreover
making high-temperature steam electrolysis industrially viable calls for significant research and
development to overcome current materials issues and the subsequent low reliability of present solid
oxide electrolysers. In conclusion, AREVA states that technologies exist today to de-carbonise
transportation massively from well to wheel through a variety of applications.
Karl Verfondern (FZJ) presented a vision of solar and nuclear energy as significant carbon-free
high-temperature heat sources (800-1 000°C) to produce hydrogen by steam methane reforming,
thermochemical cycles or hybrid cycles. Reference is made to the Abengoa concentration solar plant
in Spain (10 + 20 MWe). Operating the steam methane reforming process with a solar heat source
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affords saving 35% of the feedstock. It can also be adapted to produce syngas. The coupling of nuclear
power with steam methane reforming was already one of the prime demonstrations of the Power
Nuclear Project conducted by Germany in the 1980s. The current context opens renewed prospects of
demonstrations of these potentially efficient carbon-free hydrogen production processes.
Paul Kruger (Stanford University) presented a vision of sustainable energy supply in the world by
2050 for economic growth and automotive fuels. This vision is based on displacing fossil fuels by
electricity and hydrogen for transportation. The study shows in particular that a sustainable electricity
supply can be achieved with equal contributions of renewable energy sources for large numbers
of small-scale distributed applications, and nuclear energy resources for the smaller number of
large-scale centralised applications.
Vincent Blet (CEA) presented the project of French industrial platform PROHYTEC for
demonstrations of massive hydrogen production. This platform is meant to conduct research and
technology development on high-temperature processes for carbon-free hydrogen production. It will
be equipped with a heat source of 1-5 MWth and contribute to tests of reactive heat exchangers, of
high-temperature electrolysis modules and thermochemical processes. It will be put into operation in
2011 and will proceed in 2012-13 with tests of high-temperature electrolysers with steam at 800°C and
superheating at 850°C in a second stage.
Daniel Allen (Technology Insights) presented the current status of cost and risk assessment
studies of hydrogen production processes that have been conducted by the Shaw Group for a possible
demonstration with the NGNP. Current studies assume a reactor of 550 MWth that co-generates
60-75 MWe and 345 tonnes H2/day. The study was conducted with DOE’s H2A economic model that
derives an estimate of the generating cost from various constitutive cost items. Cost items considered
include capital cost, operating cost and energy cost. The latter (thermal and electric energies) are treated
parametrically (USD 60/MWhe and USD 20/MWhth). First results yield USD ~6/kgH2 for high-temperature
electrolysis, USD ~7/kgH2 for hybrid sulphur cycle, and USD ~10.5/kgH2 for the iodine-sulphur
thermochemical cycle. At this stage, large uncertainties still stem from the preliminary nature of the
advanced technologies required. Reactor optimisation will come in a second stage. Other criteria
considered include efficiency, durability, technology readiness and uncertainties.
First estimated costs lie in the same range for all processes as the efficiency is assumed to be
~40% for all processes and the cost of energy is the largest single component.
Audun Botterud (ANL) presented an original study dedicated to quantifying the value of product
flexibility in assessments of market viability of nuclear hydrogen technologies. This study aims at
supplementing comparisons of production processes based on estimates of levelised costs of hydrogen
while accounting for uncertainties and risks for investors. In particular, it addresses the profitability
of varied nuclear hydrogen production processes in evolving hydrogen and electricity markets. The
range of cogenerated HTR products includes hydrogen for fertilisers, hydrogen and heat for tar sands
and synthetic fuels from coal, and electricity for peak power supply. The model quantifies the value of
the possibility to switch between hydrogen and electricity production to enhance profitability.
Conclusions acknowledge substantial value of switching capability between electricity and hydrogen,
thus constituting an advantage for high-pressure water or high-temperature steam electrolysis over
thermochemical or hybrid cycles. Flexibility in output product is then likely to add significant
economic value for an investor in nuclear hydrogen.
Yukitaka Kato (TIT) presented an original study about an active carbon recycle energy system
(ACRES) that makes use of nuclear energy to reduce CO2 emissions and establish carbon supply security
for coal- or oil-poor countries such as Japan. ACRES consists in closing the carbon cycle through three
processes: i) CO2 recovery and separation; ii) regeneration of hydrocarbon fuel; iii) utilisation of
regenerated hydrocarbon. The regeneration of the hydrocarbon resources (CO, CH3OH, C2H5OH) is
effected with non-carbon-emitting energy sources (primarily nuclear energy). Carbon monoxide is
the most applicable medium for ACRES because its high enthalpy and reactivity fit well with the
HTR operating temperature range. Methanol and ethanol have potential as recycled media for
transportation. ACRES is believed to be competitive with open carbon cycle systems and to be efficient
as energy transfer system. It is expected to enable a near zero CO2 emissions energy system (as
opposed to the hydrogen system).

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

15

EXECUTIVE SUMMARY

Conclusions: economics and market analyses of hydrogen production and use are subjects of
active studies, in spite of uncertainties due to the developmental stage of the technologies:
•

IAEA offers a tool (HEEP) and a framework for such analyses.

•

DOE-NE also proceeds with such analyses (H2A) to document the selection of hydrogen
production processes retained for future work in the United States and possible demonstration
with the NGNP.

•

Entergy and AREVA express encouraging positions about the commercial viability of nuclear
hydrogen production.

•

Universities address other interesting issues such as the value of product flexibility and active
carbon recycle systems for sustainability.

Such analyses are essential inputs to the decision-making process about R&D orientations and
pre-industrial technology demonstrations.
Works in this field presented during the session by two prominent representatives of the nuclear
industry (a utility and a vendor) expressed encouraging visions about the commercial viability of
nuclear hydrogen already today.
•

Entergy, which is known to take up challenges and participate in FOAK endeavours, supports
HTGR technologies to widen applications of nuclear production with encouraging views on
the potential performance of high-temperature steam electrolysis and thermochemical cycles.

•

AREVA is convinced that technologies could be implemented today with little developments
to de-carbonise transportation fuels massively in the short term with limited developments.
Alkaline electrolysis powered by nuclear electricity can already be a viable option in certain
conditions and sets a lower bound for other technologies to compete.

Major criteria to direct future work on more advanced processes include flexibility (load
following…) and sustainability.

Session 6: Safety aspects of nuclear hydrogen production
Co-chairs: Jozef Misak (UJV), Theodore Krause (ANL)
The licensing and operation of a nuclear power plant to provide heat and electricity to a chemical
plant that produces hydrogen will require a regulatory licensing framework and will introduce safety
issues which are different from those associated with the licensing and operation of a nuclear power
plant to produce electricity for grid power applications. Although there are instances of nuclear plants
operating in close proximity to chemical plants and even presence of hydrogen in proximity of
nuclear plant is not a completely new issue, the deployment of a nuclear hydrogen production facility
will be the first example where the operation of the nuclear power plant and the chemical plant are
integrated. Releases from the chemical facility may represent a certain risk for the nuclear power
plant, close coupling between nuclear and chemical plant leads to specific transients, and transport of
radioactive product from the nuclear part potentially affects operation of the chemical plant.
Given that the development of nuclear hydrogen production technologies is still in the early
stages of pilot-scale testing, nuclear regulatory agencies responsible for licensing nuclear reactors,
such as the Nuclear Regulatory Commission (NRC) in the United States, have not yet fully considered the
requirements and defined the protocols that will be required to license a nuclear hydrogen production
facility. Nevertheless certain nuclear safety considerations associated with hydrogen production are
already available, e.g. in NUREG/CR-6844. In the future it would certainly be appropriate to develop at
the international level (e.g. by IAEA) more specific safety standards applicable for the given issue.
Safety engineers and experts are now being asked to conduct the risk assessments required to
understand the impact of component and structural failures, uncontrolled radiation or chemical
releases, transient operations and unanticipated shutdowns occurring at the chemical or nuclear plant
on the safe operation of the other plant. Based on these assessments, control systems and mitigation
actions are being developed to minimise the impact of a component or structure failures. Finally,
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safety assessments often define design and performance specifications that critical components and
structures as well as lead to process improvements or new process designs to assure the safe
operation of a nuclear hydrogen production facility.
A panel of experts representing nuclear regulatory agencies (US NRC), government national
laboratories and agencies (DOE/ANL and JAEA) and universities [Purdue University (USA), National
Autonomous University of Mexico, and Kyushu University (Japan)] was convened to present advances
in understanding the safety aspects of nuclear hydrogen production.
William Reckley (US NRC) presented a description of the methodology that the NRC may employ
to develop the framework required for licensing a nuclear reactor at a hydrogen production facility.
The NRC is currently developing the needed infrastructure and knowledge base to prepare to license
high-temperature gas-cooled reactors, which are being developed as part of the US Department of
Energy’s (DOE) Next Generation Nuclear Plant (NGNP) programme. The NRC will then build upon
existing guidelines related to hazards posed by nearby industrial facilities and the use of hazardous or
flammable materials at the nuclear site when reviewing license applications for nuclear hydrogen
plants. Tools such as phenomena identification and ranking tables (PIRT charts) will be used to
identify issues, assess safety significance, and define research and development needs for developing
the licensing guidelines.
Nicholas R. Brown (Purdue University) presented the development of transient control volume
models for the sulphur-iodine (SI) and the hybrid sulphur (HyS) cycles in his paper titled, “Transient
modelling of sulphur iodine cycle thermochemical hydrogen generation coupled to pebble bed modular
reactor.” These models are based on heat and mass balances in each reaction chamber coupled to the
relevant reaction kinetics (in the case of the HyS cycle, the Nernst equation is used for the reaction
model). The models indicate that the rate-limiting steps are hydrogen iodine decomposition for the S-I
cycle and the sulphuric acid decomposition for the HyS cycle. Brown then uses the transient control
volume model for the S-I cycle coupled to a THERMIX model of a 268 MW pebble bed modular reactor
(PBMR-268) and a point kinetics model to evaluate the impact of various component failure scenarios
on the nuclear reactor in his paper entitled “Proposed chemical plant initiated accident scenarios in a
sulphur iodine cycle plant coupled to a pebble bed modular reactor.” Component failure scenarios in
the chemical plant such as intra-reactor piping failure, inter-reactor piping failure, reaction chamber
failure, and heat exchanger failure, can be reduced to two types – discharge rate limited failures related
to the SO3 decomposition reaction and discontinuous reaction chamber failures. It is concluded that a
reaction chamber failure, such as a rupture, will result in an increase in the average and maximum
fuel temperatures of the nuclear reactor coupled with a decrease in power.
H. Sato (JAEA) presented a paper discussing detection methods and system behaviour assessments
for a tube rupture of the intermediate heat exchanger (IHX) for a sulphur-iodine based nuclear
hydrogen plant. A rupture could be detected by monitoring the secondary helium gas supply using a
control system that monitors the differential pressure between the primary and secondary helium gas
supply. Isolation valves would be used to reduce the helium flow between the primary and secondary
cooling systems. The study showed that the maximum temperature of the reactor core does not
exceed its initial value and that system behaviour did not exceed acceptance criteria.
Alexander Mendoza-Acosta (National Autonomous University of Mexico) presented the use of
probabilistic safety assessment (PSA) as a tool for evaluating the impact of accidental releases of
highly toxic chemicals, such as sulphuric acid, used in the S-I cycle on the health and safety of both
the plant operators and residents in the vicinity of the plant and then designing safety systems to
mitigate the consequences of such releases. In this presentation, the impact and mitigation of a toxic
gas cloud resulting from the uncontrolled leakage of concentrated sulphuric acid from the second
section (Bunsen reaction) of the General Atomics S-I cycle was investigated. Mitigation systems based
on the isolation of the leak followed by neutralisation and flushing of the sulphuric acid leak were
proposed and analysed using PSA. A toxic cloud mitigation system was proposed which consisted of a
system for isolating and neutralising the leakage coupled with a secondary electrical backup system
which will reduce the frequency of cloud formation to less than 1 × 10–9 events per year.
Satoshi Fukada (Kyushu University) expounded upon a chemical heat pump system employing
hydrogen-absorbing alloys comprised of Zr-V-Fe to more efficiently use heat and produce hydrogen in
a nuclear hydrogen production facility that couples a high-temperature gas-cooled reactor integrated
with a sulphur-iodine thermochemical cycle (HTGR-IS). The objective of this research is to increase
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the overall efficiency of a HTGR-IS system from about 50% to 55% to justify the use of nuclear heat to
produce hydrogen instead of electricity. Zr-V-F alloys were chosen because they have among the
largest enthalpy changes of the hydrogen-absorbing alloys. The heat pump is incorporated into the
three decomposition reactions in the cycle (H2SO4, HI and SO3), in essence converting the enthalpy
change of the He coolant into enthalpy changes in hydrogen production thus leading to the higher
overall utilisation of the reactor heat.
Richard Vilam (DOE/ANL) presented a series of papers towards mitigating structural and
component failures in the heat transfer system and tritium migration between the nuclear reactor
and a high-temperature electrolysis (HTE) plant for producing hydrogen through the use of control
systems designed to minimise temperature differentials and more efficiently manage heat transfer
and the use of ceramic materials in place of metals. In his paper titled “Heat exchanger temperature
responses for duty-cycle transients in the NGNP/THE”, Vilam presented a control system for
moderating the differential temperature spatial distribution in the (IHX) during duty-cycle transients.
A dynamic systems simulation code was used to predict the plant response to transients such as
changes in the electric generator load during normal operation and loss of load when the electrolysis
plant goes off line. The study concluded that the plant load schedule could be managed to maintain
near-constant temperatures over the load ranges anticipated for both the nuclear and chemical plant
by use of a primary flow controller that forces flow tracked flow in the power conversion unit and a
turbine bypass control for responding to step changes in the generator load. The proposed control
scheme was shown to be effective in limiting temperature variations in the IHX during transients;
however, it was determined that more stable operation meant operating at points on the operating
curve that resulted in lower overall cycle efficiencies. In his paper titled “Alternate VHRT/THE
interfaces for mitigating tritium transport and structure creep”, Vilam noted that about 90% of the
heat transferred to the chemical plant is used at temperatures of below 250°C and described an
alternative interface between the nuclear and chemical plants which operated at temperatures
around 250°C. The small amount of high-temperature heat required by the HTE plant is obtained by
using either electric heaters or hydrogen combustion. By lowering the interface operating temperature,
both creep of structures and tritium migration were significantly reduced as well as structural
materials and maintenance costs. Overall plant efficiency for the alternative interface design was by
about 1.5% greater than that of a plant based on the conventional high-temperature interface design.

Closing session
Co-chairs: Yoshiyuki Nemoto (OECD/NEA), Theodore Krause (ANL)
The two co-chairmen expressed their great appreciation on behalf of the Organising Committee for
the interest and co-operation received from the authors, session chairman, panellists and audience.
It was unfortunate that some authors were unable to participate because their request for a visa for
entry into the USA could not be processed in time.
David Wade (ANL) briefly described the history of this series of OECD-NEA meetings. The
increasing number of papers submitted indicates a growing interest and greater awareness of the
importance of the topic. The first meeting held on 2-3 October 2000 in Paris, France, had a total of
20 papers. The second meeting held on 2-3 October 2003 at Argonne, IL, USA, had 22 papers. The third
meeting held on 5-7 October 2005 at Oarai, Japan, had 35 papers and the fourth meeting held on
14-16 April 2009 at Oakbrook, IL, USA, had 50 (46 oral + 4 poster) papers.
It was noted that the OECD/NEA has a long history of sponsoring joint projects of many types in
addition to information exchange meetings. Such projects have produced peer-reviewed databases,
calculational benchmarks, and special studies – many of which were very influential. The primary
objective of such joint projects is to share the costs of expensive projects and to provide access to the
information gained for the participating parties. Certain areas of the research and development for
the production of hydrogen from nuclear energy could be considered for such joint projects, and the
participants were encouraged to contact their national representative to the NEA Science Committee
if they wished to propose a project.
The audience indicated that the meeting had been found to be very useful. It was suggested that
in the future greater emphasis should be placed on the use of hydrogen, e.g. in the oil and chemical
industries.
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The question was raised whether the meeting series should be continued. The meeting
participants unanimously recommended that a fifth meeting should be planned by the OECD/NEA
within a time frame of approximately two or two-and-a-half years.
Jozef Misak, speaking on behalf of the Nuclear Research Institute-Rez (Czech Republic), indicated
that his institute would be willing to serve as host if the OECD/NEA were to decide to organise and
conduct a fifth meeting. If this offer is be accepted, it is proposed that the meeting be held in the
beautiful and historic city of Prague.
The meeting was then officially closed by OECD/NEA representative Yoshiyuki Nemoto and ANL
representative Theodore Krause.
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Changing the world with hydrogen and nuclear:
From past successes to shaping the future

Frank Carré
CEA, Nuclear Energy Division
France

I wish first to thank the organisers of this meeting who took the risk of inviting me to deliver this
speech. I hope you have appetite for hydrogen and nuclear as by chance this is the subject of my talk.
I took a great pleasure in reviewing the past history of hydrogen and nuclear energy, while
considering how they had been important forever, how they have been used to change the world when
they were discovered and understood, and how they will likely shape our future to face specific
challenges of the 21st century. I hope I can make you share this interest and pleasure.
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Mother Nature provided hydrogen and nuclear, both instrumental to support the development
of life and the advent of man
The universe and supernovae
Hydrogen and nuclear reactions have been at the origin of the universe.
Hydrogen is the simplest atom (made of only one proton and one electron). It was synthetised
first and it is by far the most abundant in the universe.
It is at the origin of the energy of stars that are both energy sources of the universe and factories
of heavier atoms released into the space by supernovae.
Of these heavier atoms, uranium is the heaviest, so that together with hydrogen, the lightest, we
may think they both surround all elements of the universe, including those that constitute the Earth,
ourselves and the items of our daily life. Hydrogen and uranium are this sort of alpha and omega that
Mother Nature invented to energise our universe and to support the development of life.
Since the beginning of life on Earth, our comfort here stems from hydrogen and nuclear and our
ancestors have been enjoying them for long before they understood why. This is an example of what
the French mathematician, physicist and philosopher Blaise Pascal summarised in the 17th century in
saying, “We always understand more than we know.”

The sun
Our beloved sun that warms up the Earth from above burns hydrogen in a cycle of fusion reactions
that was discovered by Hans Bethe, a German scientist who received the Nobel Prize in physics in
1967 for his understanding of nucleosynthesis in the sun.

The blue planet
Geothermal heat that warms the Earth from underground originates from the radioactive decay of
atoms such as uranium, thorium, radium, potassium… and provides significantly milder conditions
than those that would result from the mere heat balance between the heat flux from the sun and the
heat loss by radiation to the deep black space.
In the 19th century, the time of the British naturalist Charles Darwin, most people believed that
the age of Earth was about 6 000 years, as estimated by Bishop Ussher in the 17th century from his
reading of the Bible. In 1862, the physicist William Thomson (who later became Lord Kelvin) published
calculations that fixed the age of Earth at between 20 and 400 million years. He assumed that Earth
had been created as a completely molten ball of rock, and determined the amount of time it took for
the ball to cool at its present temperature. His calculations did not account for the ongoing source in
the form of radioactive decay, which was unknown at the time. Biologists had trouble accepting such
a short age for Earth. After radioactivity was discovered at the end of the 19th century, Lord Rayleigh
developed the thought that radioactive materials present in the Earth are generating more heat than
is leaking out and that the temperature must be rising. This vision led him to first estimate the age of
the Earth at about 2 billion years. Realities of nature surpass human imagination…
Beyond radioactivity, nuclear energy occurred spontaneously on Earth when sustained fission
reactions developed spontaneously in the uranium mine of Oklo in Gabon in Africa, showing the path
towards fission reactors about 2 billion years ahead.

The evolution of man
Hydrogen in the sun and in the waters of our blue planet, together with nuclear in the sun and in the
soil under our feet provided conditions that were appropriate for the development of life on the Earth
4 billion years ago. Humans arrived after a long chain of evolution of living beings that included
simple and multiple cell organisms, fish, insects, amphibians, reptiles, birds, mammals… with whom
we still share an important part of our genes.
The chain had to survive terrific events such as the fall of a meteorite that caused the end of the
dinosaurs and I wish to share with you a personal thought at this opportunity. At the secondary era
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dinosaurs were by far dominant and mammals, whose descendents we are, were a tiny minority.
Conditions created by the fall of the meteorite 65 million years ago caused the disappearance of
dinosaurs and survival of small mammals that were the odd part of the Earth population at that time.
This means that we need a fraction of odd members in a society to make it robust.
I hope we have a sufficient share of odd participants here!
Coming back to the advent of man, our ancestors could enjoy life on Earth at least 2 million years
before understanding how hydrogen and nuclear had been instrumental in supporting the
development of life, the advent of humans and their well-being.

Understanding and first uses of hydrogen
The discovery of hydrogen
Hydrogen was first identified as a distinct element in 1766 by the British scientist Henry Cavendish
after he evolved hydrogen gas by reacting zinc metal with hydrochloric acid. In a demonstration to
the Royal Society of London, Cavendish applied a spark to hydrogen gas yielding water. This discovery
led to his later finding that water (H2O) is made of hydrogen and oxygen.
Since then, hydrogen’s unique physical and chemical properties were at the origin of many
innovations that changed the world.

Hydrogen balloons
The first property of hydrogen that led to change the world in 1783 is its extremely light weight, when
Jacques Alexander Cesar Charles, a French physicist, launched the first hydrogen balloon flight. The
unmanned balloon flew to an altitude of three kilometres. Only three months later, Charles himself
flew in his first manned hydrogen balloon.

Airships or dirigibles
Airships or dirigibles were the first aircrafts to make controlled, powered flight, such that they
revolutionised the transport of heavy loads and passengers, including transatlantic flights. They were
extensively used during both world wars, but their use decreased over time as their capabilities were
surpassed by those of airplanes. Aggravating circumstances were a series of high-profile accidents
that included the 1937 burning of the Hindenburg near Lakewood, New Jersey, after ten successful
trans-Atlantic flights. This accident caused the end of the commercial operation of airships. They are
still used today in certain niche applications such as tourism, heavy lifting, aerial observation
platforms, where the ability to hover in one place for an extended period outweighs the need for
speed and manoeuvrability.

The discovery of the electrolysis and the fuel cell
Building on the discoveries of Cavendish, the French chemist Antoine Lavoisier in 1788 gave hydrogen
its name, which was derived from the Greek words “hydro” and “genes”, meaning “water” and “born of”.
By the way, “born of water” is also the name we might all bear as the origin of life on Earth took
place in the oceans…
In 1800 English scientists William Nicholson and Sir Anthony Carlisle discovered “electrolysis” in
finding out that applying electric current to water produced hydrogen and oxygen gases. The “fuel cell
effect”, combining hydrogen and oxygen gases to produce water and an electric current, was
discovered in 1838 by Swiss chemist Christian Friedrich Schoenbein. In 1845 Sir William Grove, an
English scientist and judge demonstrated Schoenbein’s discovery on a practical scale by creating a
“gas battery”. He earned the title “Father of the fuel cell” for his achievement. The name “fuel cell”
was finally given in 1889 by Ludwig Mond and Charles Langer to the device that they had attempted
to build and that was using air and industrial coal gas. As early as the 1920s the German engineer
Rudolf Erren converted the internal combustion engines of trucks, buses and submarines to use
hydrogen or hydrogen mixtures.
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Early developments for producing liquid fuel from coal which can be found in many countries
took place in the 1840s in Germany and England. They were the first steps of the petrochemical
industry. These processes produced kerosene to fuel German airplanes during World War II and
supplied up to 90% of the demand in liquid fuels at that time. Sasol’s plants in the Republic of South
Africa are the only industrial coal-to-liquid production capability that remains today with an annual
production of 7.5 M tonnes of liquid fuels (gas oil, kerosene) and chemical products.

Jules Verne
In 1874, Jules Verne, a French novel writer, prophetically examined the potential use of hydrogen as a
fuel in his popular work of fiction entitled The Mysterious Island and he had this extraordinary vision:
“I believe that water will one day be employed as fuel, that hydrogen and oxygen which constitute it,
used singly or together, will furnish an inexhaustible source of heat and light, of an intensity of which
coal is not capable.”
At the end of the 19th century, hydrogen had made a breakthrough in the transportation system,
the principles of electrolysis and fuel cells were known, and brilliant perspectives of applications were
anticipated as an energy carrier, whereas nuclear physics were still in limbo.
th

Development of nuclear over the 20 century
Pioneers of nuclear energy
The development of nuclear physics began with the discovery of radioactivity by the French scientist
Henri Becquerel in 1896, and associated fundamental works by Pierre and Marie Curie who all received
the Nobel Prize in physics in 1903.
The first half of the 20th century experienced a unique series of advances in the fields of nuclear
physics that founded the bases of core physics and paved the way to develop and test of a wide
variety of reactor technologies from the 1940s to the 60s.
This was initiated by the first description of the atom structure in 1913 by Ernest Rutherford, a
British scientist and Niels Bohr, a Danish scientist. Then came the discovery of the neutron in 1932 by
James Chadwick (a British student of Rutherford), the discovery of artificial radioactivity by Irene and
Frédéric Joliot Curie (Nobel Prize in chemistry in 1935) and finally the discovery of fission in 1938 by
Lise Meitner, Otto Hahn and Fritz Strassman (German scientists) which brought Hahn the Nobel Prize
for physics in 1944.

Fermi reactor
In 1942, Enrico Fermi demonstrated the first controlled chain reaction in the Fermi reactor, and that
was shortly followed in 1945 by the start-up of the Soviet uranium-graphite reactor in Moscow. The
enthusiasm for nuclear energy in 1950s was so great that scientists would say that “nuclear is too
cheap to meter”.

EBR-1
The Experimental Breeder Reactor EBR-1 was the first power reactor and the first fast neutron reactor.
It was put in service in 1951 on the site of Idaho in the United-States and it became the world’s first
electricity-generating nuclear power plant when it produced sufficient electricity to illuminate four
200-watt light bulbs.
Shortly after, in June 1954, the Russian reactor AM-1 (“Атом Мирный”, Russian for Atom Mirny, or
“peaceful atom”) produced around 5 MWe with a thermal output of 30 MW.
The International Atomic Energy Agency was formed in 1957 with a first mission focused on
safeguards, and other missions expressed by President Eisenhower in his famous address about
“atoms for peace” before the United Nations three years before: “apply atomic energy to the needs of
agriculture, medicine and other peaceful activities” and “provide abundant electrical energy in the
power-starved areas of the world”.
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Around the mid-20th century, the development of nuclear energy had caught up to that of
hydrogen applications. The enthusiasm for nuclear energy lasted until the 1970s until environmental
movements and proliferation concerns gained in strength and the accident of Three Mile Island
occurred in 1979 followed seven years after by that of Chernobyl in 1986. We are only recovering from
this period now hopefully.
th

Development of hydrogen over the 20 century
Throughout the 20th century, hydrogen has received ever-increasing attention as a renewable and
environmentally-friendly option to help meet today’s energy needs. The road leading to an
understanding of hydrogen’s energy potential presents a fascinating tour through scientific discovery
and industrial ingenuity.
In 1920, the British scientist J.B.S. Haldane introduced the concept of renewable hydrogen in his
paper Science and the Future by proposing that “there will be great power stations where during windy
weather the surplus power will be used for the electrolytic decomposition of water into oxygen and
hydrogen.”
th

Expanding uses of hydrogen over the second half of the 20 century
Even though all the early rocket theorists proposed liquid hydrogen and liquid oxygen as propellants,
the first liquid-fuelled rocket launched by Robert Goddard on 16 March 1926 used gasoline and liquid
oxygen. Liquid hydrogen was first used by the engines designed by Pratt and Whitney for the Lockheed
CL-400 Suntan reconnaissance aircraft in the mid-1950s. In the mid-1960s, the Centaur and Saturn
upper stages were both using liquid hydrogen and liquid oxygen. In 1958 the United States formed the
National Aeronautics and Space Administration (NASA). NASA’s space programme used at that time
the most liquid hydrogen world wide, primarily for rocket propulsion and as a fuel for fuel cells.
After hydrogen inflated balloons, this was another revolution in the field of transportation
afforded by hydrogen. Liquid propulsion was instrumental in enabling the race to the moon that led
the astronaut Neil Armstrong to walk on our satellite on 21 July 1968 with the Apollo XI mission.
In 1973, the OPEC oil embargo and the resulting supply shock suggested that the era of cheap
petroleum had ended and that the world needed alternative fuels. The development of hydrogen fuel
cells for conventional commercial applications began and the International Energy Agency (IEA) was
established in 1974 in response to global oil market disruptions.
In 1989 the National Hydrogen Association (NHA) formed in the United States with ten members.
Today, the NHA has nearly 100 members, including representatives from the automobile and aerospace
industries, federal, state and local governments, and energy providers.
In 1990 the world’s first solar-powered hydrogen production plant at Solar-Wasserstoff-Bayern, a
research and testing facility in southern Germany, became operational. In 1994 Daimler Benz
demonstrated its first NECAR I (New Electric CAR) fuel cell vehicle at a press conference in Ulm,
Germany. In 1999 The Royal Dutch/Shell Company committed to a hydrogen future by forming a
hydrogen division. Europe’s first hydrogen fuelling stations were opened in German cities. In 2004 the
German navy launched the first fuel cell-powered submarine.

Four major endeavours gathering hydrogen and nuclear
Over the 20th century, hydrogen and nuclear not only experienced an active development of their
applications separately, but they also led together to at least four major technology breakthroughs
that revolutionised the sectors of energy and transportation and will shape the future in these domains.

Light water reactors
First, the recognition that hydrogen is the most efficient moderator to slow down fast neutrons gave
birth in the late 1950s to light water reactors that afford a greater compactness and power density
than graphite-moderated cores. This advantage that stems from the lowest atomic mass of hydrogen,
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was first used to power military ships and submarines, and it was then applied to develop more
economically competitive power reactors that still constitute more than 80% of the world generating
fleet today.

Naval reactors
The nuclear aircraft carrier USS Enterprise in 1964 had its crew members spell out Einstein’s
mass-energy equivalence formula E = mc2 on the flight deck.

Nuclear rockets
Secondly, the nuclear rocket programme ROVER/NERVA that was developed from the 1960s up to 1973
for defence applications and exploration of space combined a core designed for an extreme power
density and the use of hydrogen as coolant and propellant. The advantage of hydrogen here was its
low molecular weight that assured maximum specific impulse at a given outlet temperature and its
storability as a liquid at cryogenic temperature. Ground tests of nuclear rocket engines demonstrated
ejection temperatures well above 2 100°C and specific impulses of the order of 800-900 seconds. The
successful test at 5 000 MWth of the Phoebus 2A in 1968 still remains today the world record of
thermal nuclear power.

Controlled fusion
Thirdly, the understanding of fusion reactions in the sun by Hans Bethe triggered the interest in
controlled thermonuclear fusion through both the magnetic and the inertial approaches. Two isotopes
of hydrogen, deuterium and tritium, are rapidly identified as being the less demanding in terms of
temperature and confinement requirements to achieve fusion, due to the low electric charge of their
nucleus that minimises the energy needed to overcome their electrostatic repulsion. First tests of
fusion reactions with D-T plasmas occurred in the Joint European Torus (JET) in the 1990s, and this is
the goal of ITER to demonstrate the controllability of a D-T plasma in a close to ignition sustained
operating mode.
These three forms of nuclear systems make respective use of hydrogen as neutron moderator,
coolant and nuclear fuel.

The PNP-500 project
The fourth breakthrough with hydrogen and nuclear that was well on track in the 1980s consisted in
the Power Nuclear Project (500 MWth) in Germany that aimed at using nuclear heat to produce
hydrogen with the process of steam methane reforming. This project led to develop and test large
modules of heat exchangers and steam reformer in the facilities EVA on the research centre of Jülich
and KVK at Interatom in Bensberg. The whole programme stopped in the late 1980s shortly after the
decision to shutdown prototypes of high temperature reactors both in Germany and the United States.
Over the 20th century, hydrogen and nuclear had been instrumental as alternative energy sources
to fossil fuels and as enabling technologies for specific and strategic applications such as space
missions and propulsion of surface ships and submarines. New concerns that emerged in the
21st century about the growth potential and the sustainability of all energy production means call for a
stronger role of hydrogen and nuclear energy in the future energy system.
st

Stakes in hydrogen and nuclear production in the 21 century
st

Energy challenges for the 21 century
Indeed, the beginning of the 21st century faces a number of real new challenges to meet the world
energy demand.
First, the increasing world population and the rapid economic development of large countries
such as China and India cause a fast-growing energy demand and rising concerns of energy security:
How will political constraints impact our access to oil and gas? Will prices of energy remain affordable
for our economies in spite of political constraints and needs for investments to exploit new resources?
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Secondly, rising concerns about climate change prescribe to reduce greenhouse gas emissions so
as to not exceed a concentration of 450 ppm of CO2 in the atmosphere which is believed to correspond
to a global temperature increase of 2°C. How to curb CO2 emissions that currently grow at a rate of
2%/year to the point of making them decrease from the mid-2010s onwards?
The following are words of wisdom from the Chinese philosopher Confucius in the 6th century BC,
“If we take no thought about what is distant, we will find sorrow near at hand.” Hopefully, this
inspired many countries that already set the following directions for their future energy policy:
•

conserve energy;

•

develop carbon-free energy sources (hydropower, other renewable energies, nuclear…);

•

limit carbon dioxide emissions associated with unavoidable use of fossil energies (carbon
sequestration at fossil-fired power plants…).

There is no silver bullet: any single solution would be a dead-end and we need all solutions to be
worked out, all the more if some will not be technically available before ~2020 (carbon sequestration…)
and others that are technically feasible may not be economically competitive…

Peaking of fossil fuel production
Transitioning towards a carbon-free energy system is all the more timely as the production of fossil
fuels is anticipated to peak in the 21st century owing to the steadily rising production rate and
unavoidable resource limitations: peak-oil or plateau around 2015-2020, peak-gas around 2030 and
peak-coal around 2060 (if exploited with no restriction, which would lead to an unacceptable CO2
concentration of 600 ppm in the atmosphere).

Renaissance of nuclear energy
This context revived the interest in nuclear power that had been banned in Western countries in the
1990s. In addition to short- and medium-term plans to facilitate new orders of light water nuclear
plants, several international initiatives were launched to specify and develop in co-operation nuclear
systems that would supplement LWR in the 21st century and achieve the various types of nuclear
production needed in the longer term. The Generation IV International Forum that was launched by
the US DOE in 2000 has certainly been the most active so far. A European initiative of the same
inspiration was launched in Europe in late 2007 after a strategic planning of energy technologies had
emphasised the strategic nature of nuclear energy to meet goals of the European Commission and
Council regarding reductions of greenhouse gas emissions (-20% by 2020 and evolution towards a
carbon-free energy system by 2050).
Future nuclear energy systems are basically of two kinds:
•

Fast neutron reactors with a closed fuel cycle to achieve a durable production of electricity while
minimising needs of uranium and the burden of long-lived radioactive waste.

•

High temperature reactors to possibly extend the nuclear production to the supply of process
heat to the industry, especially for the production of hydrogen and synthetic fuels for
transportation.

It is somewhat striking how the geopolitical situation and the past history of nuclear
development may direct countries’ priorities towards one type or the other of future nuclear systems:
•

The Energy Policy Act of 8 August 2005 in the United States sets plans for the Next Generation
Nuclear Plant with the mission of proceeding to pre-industrial demonstrations of nuclear
hydrogen production in the 2020s.

•

The French Act of 28 June 2006 on “a sustainable management of nuclear materials and
radioactive waste” sets plans for a prototype of fast neutron reactor to proceed in the 2020s
with demonstrations of advanced recycling modes that are anticipated in 2012 to offer best
prospects of industrial applications.
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Changes in transportation model
As a result, there is currently no national plan in France to conduct research on nuclear technologies
likely to reduce oil imports and greenhouse gas emissions from industrial process heat. These
researches in our country are driven by market analyses of industrial partners. As a result the
development of hydrogen technologies in France is largely driven by European initiatives (JTI on
H2 and Fuel Cells) and nuclear is not well interfaced yet with hydrogen in Europe (nothing like a
Nuclear Hydrogen Initiative in the United States).
On the contrary, reducing oil imports and greenhouse emissions were implicit goals of the EPAct
2005 and are today explicit goals of the US energy policy.
Decreasing emissions of CO2 and accommodating declining natural fossil fuels resources lead to
anticipate changes in the energy system, and in particular in the transportation model. This is where
hydrogen can play a prominent role. Indeed, hydrogen is a clean energy vector that may significantly
contribute to a carbon-free energy system if it can be produced by non-CO2 emitting energy sources
such as renewable or nuclear energies, and with water instead of fossil fuels as primary feedstock.
Hydrogen can supplement electricity and can be stored in natural tanks underground or mixed
with natural gas. Furthermore, together with electricity, hydrogen is key to make the transportation
fuel system evolve towards using heavy crude oils, manufacturing synthetic fuels from coal and
biomass, and possibly using pure hydrogen ultimately. Hydrogen is also a chemical element that is
essential to manufacture key products for our economy such as fertilisers (ammonia…) and can
replace natural gas as reducing chemical reactant in industrial processes (steel industry especially).

Hydrogen market
As a result, existing and projected applications include:
•

Today: Production of ~65 M tonnes hydrogen [mainly from fossil fuels (natural gas, oil, coal…)]
at a cost of EUR ~1.8/kg [USD 2.3/kg] essentially for fertilisers and refinery of heavy crude oil.

•

~2015: Clean hydrogen for refining heavy crude oils and optimising the production of
synthetic fuels from hydrocarbon feedstock (coal, biomass…).

•

~2020: Production of hydrogen by clean power plants during off-peak hours and use as a
reserve to regulate electric grids with intermittent power sources (such as renewable energies),
as well as a substitute to natural gas as reducing agent for the industry.

•

~2025/2030: Direct utilisation of hydrogen as transportation fuel.

This development path suggests a two-stage deployment of hydrogen in the economy:

Hydrogen economy
•

A hydrogen-based economy in the long term where hydrogen is the final product
(transportation fuel used in combustion engines or fuel cells, hydrogen-fuelled power plants
to regulate electrical grids with intermittent power sources…).

Economy of electricity and synthetic fuels
•

An economy based on electricity and synthetic fuels in the medium term where hydrogen is a
constituent or an enabler of the final product (hydrogenated or synthetic transportation fuels,
ammonia as fertiliser, substitute to natural gas as reducing agent…). This stage prepares the
transition to the hydrogen-based economy with a smooth transition from existing
infrastructures (electrical grid, fuel services…) and technologies (combustion engines…) while
focusing innovations in a few specific areas (electric batteries, production of synthetic fuels…)

Clean energy sources will be used to produce electricity and hydrogen at all stages with a major
emphasis on electricity in the short and medium term, and a transition to hydrogen in the longer
term. Hydrogen will then be distributed via national networks of hydrogen transport pipelines and
fuelling stations.
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Technologies for nuclear hydrogen production
Clean and sustainable ways of producing hydrogen rely on water splitting with electricity and heat
generated by CO2-free energy sources (renewable energies and nuclear).
As demonstrated by this NEA meeting, hydrogen production technologies are an area of
significant international activity and co-operation. Major research frameworks include the
International Partnership for the Hydrogen Economy (IPHE), the Generation IV International Forum,
Joint Technology Initiatives in Europe and leading research or industrial organisations represented at
this NEA meeting such as DOE-INL and ANL (USA), JAEA (Japan), BARC (India), European Framework
Programmes, CEA (France)…
Alkaline electrolysis is a mature technology. It features a good efficiency (~66% LHV), an excellent
lifetime of cell (above 20 years currently), and a production of 99.8% pure hydrogen at 30 bars. This
leads to a global efficiency of ~24% (based on a heat/electricity conversion efficiency of ~35%). The
main issue is the large fraction of the production cost (~80%) tied to the consumption of electricity
(typically 2.6 out of EUR 3.2/kg H2 at EUR 54/MWh) [3.4 out of USD 4.2/kg H2 at USD 70/MWh]. Besides,
progress is sought to reduce the investment cost.
The steam electrolysis at high temperature (600-800°C) features a potential efficiency of ~100%
LHV with extra heat available. Its technology benefits from current developments made of solid oxide
fuel cells. However, many uncertainties and issues remain to achieve a commercial viability.
Prominent issues include improving the reliability and the lifetime of electrolytic cells and stack of
cells and decreasing the investment and operating costs with a view to decreasing the currently
estimated production cost from 4 to about EUR 2/kg H2 [from 5.2 to about USD 2.6/kg H2].
The thermochemical cycles (S-I > 850°C) or hybrid cycles (S-electrolysis > 850°C) still feature
many uncertainties in terms of feasibility and performances. Uncertainties still exist in parts of the
flow sheet and technologies needed to provide high temperature heat whether from solar or nuclear
nature. Potential assets of thermochemical cycles lie in a theoretical potential for a global efficiency
above 35% and a scaling law of the hydrogen plant after the volume of reactants instead of the total
surface of electrolytic cells. In return, their practical feasibility and economic viability have to be
entirely demonstrated. Especially, a global efficiency above 30% is to be demonstrated to compete
with alkaline electrolysis. Moreover, the safety of co-located nuclear and chemical plants has to be
demonstrated.
All these processes will have to compete with steam methane reforming associated with carbon
capture and storage that is currently developed with prospects of commercialisation around 2015.
In Europe, the project “Cachet” for “Carbon capture via hydrogen energy technology” was launched in
2006 to address this issue. The goal is to capture and store 90% of the 8 tonnes of CO2 released per
tonne of hydrogen produced, and to possibly reduce the production cost below the current cost of
EUR 1.8/kg H2 [USD ~2.3/kg H2]. Which leaves us with still about 1 tonne of CO2 released per tonne of
hydrogen produced…
Beyond assessing technical feasibility and performances of the various hydrogen production
processes, the evaluation of the associated hydrogen generating cost and its breakdown into capital,
operating and energy costs are other important criteria to determine about R&D priorities. The same
holds for the capability of flexible operation that determines the potential for a variable or intermittent
production using off-peak electricity or the potential for use in systems co-generating electricity or
process heat together with hydrogen.
Furthermore, industrial prospects for high temperature electrochemical or thermochemical
processes and the temperature involved, together with non-hydrogen related applications of process
heat, will impact the development strategy of high or very high temperature reactors.

Carbon taxes
Clean hydrogen production processes, based on carbon-free energy sources and water splitting will
definitely be encouraged by carbon taxes that may apply to steam methane reforming and utilisation
of natural gas as an industrial heat source or reducing chemical agent.
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Perspectives of carbon taxes will be among the prime incentives for hydrogen and heat using
industries to participate in public/private partnerships created to build prototypes and demonstrate
clean hydrogen production technologies. Oil companies, petrochemical and steel industries are among
the most exposed to additional costs imposed by carbon taxes to their current activities, as well as to
future activities such as the production of synthetic fuels from coal, biomass or other hydrocarbon
feedstock.

The path forward: International demonstrations towards industrialisation
What are the future prospects in the world?
Primary energy needs in the world (~10 Gtoe) are currently met at 7% with nuclear electricity, 38%
with oil, 25% with gas, 25% with coal, 3% with thermal renewable energies and 2% with renewable
electricity. In this context, the production of synthetic fuel from biomass and hydrogen with electricity
and heat from renewable and nuclear energies could efficiently decrease the overwhelming share of
fossil fuels (> 85% today). Fast growing energy needs and awareness of climate change will then foster
the further deployment of nuclear energy and renewable energies, as well as their applications to
non-electricity energy products such as hydrogen and synthetic fuels.
In spite of the emergency of the transition required to a carbon-free energy system, learnings
from the past history of hydrogen and nuclear energy give several reasons to be optimistic:
•

The imagination of scientists and engineers to address problems of the society have always
been sharp.

•

The same is true for the taste of some private companies to take up challenges and participate
in “first of a kind” endeavours.

•

International co-operation offers best prospects for investigating thoroughly the wide range of
options and implementing in time, and where it is appropriate, those that are technically and
economically viable.

Indeed progress is no individual undertaking but a collective adventure. Many laboratories
gathered at this NEA exchange meeting actively co-operate to developing carbon-free energy sources
(nuclear, solar, geothermal…) as well as advanced water-splitting processes to cleanly produce
hydrogen with the former energy sources. International collaboration to such advanced hydrogen
production technologies is very timely and contributions of R&D organisations and industry to this
mission across the world are mandatory. Key milestones along the path forward will include
demonstrations of nuclear hydrogen production with the I-S thermochemical process at the HTTR in
Japan around 2015, and other demonstrations at pre-industrial level in the NGNP in the United States
in the 2020s. Additional demonstrations may come from other prototypes such as the PBMR in
South Africa and the HTR-PM in China that aim at producing electricity in a first stage.
How to best federate national plans into a consistent international technology roadmap? How to
prompt expressions of needs for hydrogen from nuclear energy? How to balance research means
between hydrogen production and hydrogen utilisation technologies? Those are a few questions that
were asked at the MIT-CEA-École Polytechnique Symposium on Nuclear Hydrogen Production that
I have organised in early January this year and that this NEA exchange meeting may help answering.

A new generation of scientists for our dreams come true
Last, but not least, there is an urgent need to train a new generation of nuclear scientists and
engineers to take over from current nuclear workers for operating existing nuclear power plants and
fulfilling our dreams and their dreams as well about future missions of hydrogen and nuclear power
in a world-wide sustainable energy system.
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Nuclear hydrogen production programme in the United States

Carl Sink
US Department of Energy
Washington, DC

Abstract
The Nuclear Hydrogen Initiative (NHI) is focused on demonstrating the economic, commercial-scale
production of hydrogen using process heat derived from nuclear energy. NHI-supported research has
concentrated to date on three technologies compatible with the Next Generation Nuclear Plant (NGNP):
high temperature steam electrolysis (HTE); sulphur-iodine (S-I) thermochemical; and hybrid sulphur
(HyS) thermochemical. In 2009 NHI will down select to a single technology on which to focus its future
development efforts, for which the next step will be a pilot-scale experiment.
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Introduction
The Nuclear Hydrogen Production Programme is focused on demonstrating the economic,
commercial-scale production of hydrogen using process heat derived from nuclear energy. The
programme collaborates with the Generation IV Nuclear Energy Systems Initiative (Gen-IV) to study
potential nuclear energy configurations and evaluate deployment scenarios to meet future needs for
increased hydrogen consumption. High operating temperatures and improved efficiencies make the
Next Generation Nuclear Plant (NGNP) ideal for producing hydrogen, particularly because of its
passive safety and high temperatures. Five major technologies that can utilise nuclear energy to make
hydrogen are low temperature electrolysis, high temperature steam electrolysis, thermochemical hybrid
cycles, pure thermochemical cycles, and steam methane reforming. The maximum environmental
benefits of low temperature electrolysis are realised when a non-emitting technology, such as nuclear
energy, is used to produce the electricity. However, there are inherent inefficiencies in producing
hydrogen using electricity alone. NHI is not investigating low temperature electrolysis applications;
however, the DOE Office of Energy Efficiency and Renewable Energy (EERE) is funding projects to
demonstrate the feasibility and economics of the technology. Steam reformation of methane currently
produces most (about 95%) of the hydrogen produced in the United States. This process is efficient but
has the environmental drawback of producing large quantities of carbon dioxide as a by-product.
In addition, valuable primary energy sources are consumed in this process thus doing little to reduce
the United States’ dependence on foreign energy sources. As a result, NHI is not investigating any
steam reforming applications associated with nuclear power.

NHI research and development (R&D) approach
The NHI programme has devoted most of its resources to developing two classes of high temperature
hydrogen production technologies: high temperature electrolysis and thermochemical water-splitting
cycles. HTE, or steam electrolysis, promises higher efficiencies than standard electrolysis, which is
employed commercially today. The new high-temperature design involves many technical challenges,
including the development of high-temperature materials and membranes. Thermochemical cycles
offer the potential for high efficiency hydrogen production at large-scale production rates, but the
technology is relatively immature. The highest priority cycles are the sulphur-based cycles
(sulphur-iodine and hybrid sulphur). R&D under NHI focuses on the development of the high
temperature water-splitting technologies that can be driven by advanced nuclear systems and on the
underlying science supporting these advanced technologies. Investigating and demonstrating these
nuclear-based systems will require advances in materials and systems technology to produce
hydrogen using thermochemical cycles and high-temperature electrolysis such as high-temperature
and corrosive resistant materials development and advanced chemical systems analysis.

High-temperature electrolysis
The HTE process is analogous to running a fuel cell in reverse. Due to the energy content already
added to the gas, electrolysis of high temperature steam requires less energy than electrolysis of water.
The process is very efficient at the high temperatures available from advanced reactors (> 750°C). All
HTE activities, led by Idaho National Laboratory (INL), are co-ordinated with other DOE research
activities on solid oxide fuel cell materials and technology development. In 2007 and 2008 INL
operated an integrated laboratory-scale experiment demonstrating the feasibility of HTE. However,
both tests were characterised by rapid degradation of electrolysis cell output. This identified that the
need to determine the causes of cell degradation and ways to improve longevity are the major
challenges facing this technology.

Sulphur-iodine cycle
The sulphur-iodine (S-I) cycle is a three-step process to thermochemically split water: i) a chemical
reaction of sulphur-dioxide, iodine and water forms hydriodic acid (HI) and sulphuric acid (H2SO4);
ii) high-temperature (450°C) process heat from an advanced nuclear reactor decomposes the HI to
release hydrogen and recover iodine; iii) high-temperature (850°C) process heat from an advanced
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reactor decomposes of H2SO4 to release oxygen and recover SO2. DOE research and development on
the sulphur-iodine (S-I) cycle has been done primarily in collaboration with the French Commissariat
à l’Énergie Atomique (CEA), General Atomics (GA) and Sandia National Laboratories (SNL) under an
International Nuclear Energy Research Initiative (I-NERI) agreement. There was close co-ordination
between the project participants in developing the three component reaction sections – the H2SO4
decomposition section (SNL), the HI decomposition section (GA), and the Bunsen reaction (CEA). Each
participant designed and constructed their respective section, and assisted in integrating them in a
“Sulphur-iodine Integrated Laboratory-Scale Experiment” located at the General Atomics facility in
San Diego, CA. Due to persistent equipment failures in several sections of the experiment, less
progress was made during the test programme than had been anticipated. However, much valuable
thermodynamic data regarding the cycle reactions and lessons learned about the harsh chemical
operating environments were obtained.

Hybrid sulphur cycle
The hybrid sulphur (HyS) thermochemical cycle replaces two of the sections of the S-I cycle with a
single SO2 electrolyser section. Savannah River National Laboratory (SRNL) is developing an
electrolyser that, in conjunction with the sulphuric acid decomposition section that was developed for
the S-I cycle, comprises the HyS cycle. In 2008, SRNL successfully tested a multi-cell electrolyser
which demonstrated the ability to scale-up this technology. SRNL is currently preparing for a long
duration test of an electrolyser. The remaining technological barrier at this stage of development is to
identify an electrolyser membrane and optimum operating regime to prevent sulphur from building
up in the cells.

2009 planned activities
NHI activities in 2009 will be bringing to a close a major phase in nuclear hydrogen experiments. INL will
complete HTE experiments begun in 2008 to investigate long-term cell operability and thermal cycling
issues. CEA, SNL and GA have completed operation and testing of the SI integrated laboratory-scale
thermochemical experiment to assess process stability and component durability. And SRNL will
complete their current investigations of improved electrolyser membranes for the hybrid sulphur
thermochemical cycle. The information on these technologies accumulated to date will be utilised to
select a single nuclear hydrogen production technology on which to focus future NHI R&D efforts.
At the same time, DOE will continue international collaborations through the Generation IV
International Forum VHTR Hydrogen Production Project Arrangement.

Programme interfaces
Nuclear hydrogen technology development was mandated by the US Energy Policy Act of 2005. The
law specified a number of areas where high temperature hydrogen production capabilities would be
co-ordinated, not only with DOE’s advanced nuclear reactor programmes, but also with other
components of the overall DOE hydrogen programme, such as solar. There are an estimated
50 researchers employed in national laboratories and industry on nuclear hydrogen production
research, and substantial international co-operation is being accomplished through the Generation IV
International Forum. Internally to DOE, NHI is closely co-ordinated with the Offices of Energy
Efficiency and Renewable Energy, Fossil Energy and Basic Energy Sciences.

Path forward
Several key areas are envisioned where hydrogen produced from nuclear energy can play a key role in
improving energy security and the environment in the future. Some of the most achievable involve
using nuclear hydrogen to replace the large quantities of hydrogen produced from steam methane
reforming. Large amounts of hydrogen are currently used for upgrading of current heavy crude oils for
the production of gasoline. As the quality of oil supplies diminish as less desirable reservoirs are
exploited, this will become an area of greater demand. Upgrading of the Athabasca Oil Sands for the
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production of diesel and gasoline utilises a large amount of natural gas for heating the bitumen in the
extraction process as well as for making hydrogen to convert the recovered oil into fuel products. Both
the process heat needed and the hydrogen could be made by a very high temperature reactor system,
and preserve valuable natural gas resources for other uses. Finally, coal to liquids processes which use
Fischer-Tropsch synthesis to produce diesel, jet fuel and gasoline could cut their CO2 emissions by
half by using nuclear process heat and hydrogen.
Other uses for nuclear hydrogen being considered are utilisation of bulk-stored H2 and O2 for peak
power generation; co-electrolysis of CO2 from biomass and steam to produce CO and H2 for synthetic,
GHG-neutral, gasoline, diesel and jet fuels; and nuclear production of H2 for use in fuel-cell-powered
vehicles as well as stationary fuel cells.
Nuclear energy has the potential to play a major role in assuring a secure and environmentally
sound source of hydrogen for a variety of uses. The fundamental challenge is to focus finite research
resources on those processes which have the highest probability of producing hydrogen at costs that
are competitive with gasoline. Both thermochemical and high-temperature electrolysis methods have
the potential to achieve this objective, and the integrated laboratory-scale experiments have
satisfactorily shown promise for larger-scale systems.
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French research strategy to use nuclear reactors for hydrogen production
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Abstract
The demand for hydrogen, driven by classical applications such as fertilisers or oil refining as well as
new applications (synthetic fuels, fuel cells,…) is growing significantly. Presently, most of the
hydrogen produced in the world uses methane or another fossil feedstock, which is not a sustainable
option, given the limited fossil resources and need to reduce CO2 emissions. This stimulates the need to
develop alternative processes of production which do not suffer from these drawbacks.
Water decomposition combined with nuclear energy appears to be an attractive option. Low temperature
electrolysis, even if it is used currently for limited amounts is a mature technology which can be
generalised in the near future. However, this technology, which requires about 4 kWh of electricity per
Nm3 of hydrogen produced, is energy intensive and presents a low efficiency.
The French Atomic Energy Commission (CEA) thus launched an extensive research and development
programme in 2001 in order to investigate advanced processes which could use directly the nuclear
heat and present better economic potential. In the frame of this programme, high temperature steam
electrolysis along with several thermochemical cycles has been extensively studied. HTSE offers the
advantage of reducing the electrical energy needed by substituting thermal energy, which promises to
be cheaper. The need for electricity is also greatly reduced for the leading thermochemical cycles, the
iodine-sulphur and the hybrid sulphur cycles, but they require high temperatures and hence coupling
to a gas-cooled reactor. Therefore interest is also paid to other processes such as the copper-chlorine
cycle which operates at lower temperatures and could be coupled to other Generation IV nuclear systems.
The technical development of these processes involved acquisition of basic thermodynamic data,
optimisation of flow sheets, design and test of components and lab scale experiments in the kW range.
This will demonstrate the technological viability of the processes investigated and contribute to their
optimisation. The extensive research programmes needed are led in the frame of the Hydrogen
Production Project of the Generation IV Very/High Temperature Reactor System which helps mutualise
the costs.
In addition, techno-economical studies are underway to evaluate the potential production cost and
help the selection of one or two processes for which demonstrators will be built in the next few years.

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

37

FRENCH RESEARCH STRATEGY TO USE NUCLEAR REACTORS FOR HYDROGEN PRODUCTION

Introduction
Today the world is facing tremendous energy challenges. There is a demographic explosion, which
even in the most conservative scenario will drive the energy demand to high levels whilst at the same
time fossil resources are becoming scarcer, and more particularly oil which bears most of the
weight in the transportation area. Global warming is also becoming a major concern as the last
Intergovernmental Panel on Climate Change concluded that anthropogenic greenhouse gases (GHG)
are responsible for most of the observed temperature increase since the middle of the twentieth
century. To address these difficulties, the first step is to look for ways to save energy whenever
possible. Then, the part of GHG free sources – renewable energies (wind, solar, hydraulic, biomass,…)
as well as nuclear energy – has to be increased in electricity production. Lastly, since the part of
electricity in the final consumption of energy is less than 20% world wide, GHG free sources of energy
have to look for other markets such as transportation, whether directly (electric cars) or indirectly via
hydrogen (fuel cells,…) and/or process heat.
Hydrogen is produced currently from fossil fuels (less than 5% is produced by splitting water),
and production is increasing steadily, mostly because of its use for refining crude oil and the more
demanding standards of purity required. This alone is already stimulating interest in producing
hydrogen by sustainable means. Moreover, the hydrogen market is bound to expand soon: hydrogen
has been identified as a leading candidate to replace petroleum as part of the transition to a
sustainable energy system, and major efforts are being conducted worldwide to develop the
technologies and supporting activities required for this transition. A nearer term solution is to use the
hydrogen produced together with a carbon source (biomass, coal, waste, CO2, …) to make synthetic
fuel. If the carbon feedstock is itself CO2 free, such as biomass, the fuels obtained can be GHG free and
sustainable. Recycling of CO2 with the reverse water gas shift reaction could also prove to be
interesting as the higher energetic cost required by this reaction could be offset by the elimination of
the need for sequestration. A longer term and more hypothetical development could be the direct use
of hydrogen to power cars, which would even further reduce CO2 emissions. Hydrogen could also be
used in the iron and cement industries as a reducing agent and also help these CO2 intensive
industries to significantly decrease their GHG emissions.
The French context has also to be taken into account. More than 80% of electricity is produced by
nuclear power plants and the hour to hour variations of the electricity demand have to be absorbed by
having some plants operating at intermediate power over significant periods of time. This situation
presents the double drawback of not taking full benefit of an expensive investment as well as having
to take careful steps when going back to full power in order to preserve the fuel cladding. Hydrogen
production during off peak periods could help regulate the electricity demand and operate the nuclear
plants in base load (Floch, 2007). This then requires hydrogen production means that are flexible and
not investment intensive, as they would be used only on a part time basis. Another growing part of
the French electricity supply comes from intermittent renewable energies (wind, solar…), and the
impact of their intermittent nature could be lessened by storing the excess electricity produced via
hydrogen production. Lastly, biomass is a very important carbon feedstock in France, which, as
mentioned above, could be transformed, with the help of hydrogen addition, into a GHG free fuel for
transportation.
CEA’s strategy is hence to focus on processes which could be coupled to nuclear plants or
renewable energy sources and thus be able to produce hydrogen in a sustainable way, by splitting the
water molecule using GHG free electricity and/or heat.
To assess the economic competitiveness of the hydrogen production processes studied, alkaline
electrolysis is taken as the reference: the current leading processes which use fossil fuel as reactant
and heat sources are not sustainable and the unavoidable price increases in years to come aggravated
by carbon taxation will inexorably drive the costs of production of these processes higher than that of
alkaline electrolysis.
The French R&D focuses on three baseline processes which require high temperatures: high
temperature steam electrolysis (HTSE), and the sulphur-iodine (S-I) and hybrid sulphur (HyS)
thermochemical cycles. Alternative cycles able to operate at lower temperatures (Cu-Cl in particular)
have also been investigated. All these cycles are being assessed from a feasibility point of view and
some technical hurdles remain. Laboratory-scale experiments are ongoing and will give important
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information about the viability of these processes and ways to optimise them. Another crucial aspect
is the technico-economic assessment and the projected production price which should compete with
that of alkaline electrolysis. The roadmap for France involves selecting one or two of these processes
in the next few years and building large scale demonstrators, probably in the frame of international
co-operation. This area of research strongly benefits from the Gen-IV hydrogen production project.

High temperature steam electrolysis
This process, illustrated in Figure 1, has been carried out by the team of Doenitz in the 80s (Doenitz,
1982, 1985, 1988a, 1988b). They showed that the main drawback of water electrolysers is their high
electricity consumption. Electricity is known to be an expensive form of energy. As a result, electrolytic
hydrogen is currently more expensive than steam-reformed hydrogen by a factor of at least two.
This drives the need to develop a high efficiency steam electrolyser for carbon-free production of
hydrogen. From the thermodynamic viewpoint of water decomposition, it is more advantageous to
electrolyse water at high temperature (800-1 000°C) because the energy is supplied in a mixed form of
electricity and heat. In addition, the high temperature accelerates the reaction kinetics, reducing the
energy loss due to electrode polarisation, thus increasing the overall system efficiency. Typical high
temperature electrolysers such as the German HOT ELLY system achieve 92% in electrical efficiency
while low temperature electrolysers can reach at most 85% efficiency (Doenitz, 1990). Another
interesting feature is that they can be used quite efficiently in an autothermal mode as the need for
heat at high temperatures is fairly limited.

Figure 1: Schematics of HTSE

Since 2004 the CEA is engaged in a major programme of development of this technology (Le Naour,
2009). All aspects of the electrolyser are studied, through components and modelling, from materials
to the plant. Two work paths are conducted in parallel.
The first focus was to invest in analytical tools (see Figure 2) to study one by one the
breakthroughs identified from solid oxide fuel cell (SOFC) feedback and bibliography. Manufacturing
capabilities of planar or 3-D cells were optimised to achieve cells with a high level of electrochemical
performances, but also reliable and exhibiting a long durability. Specific devices have been developed
to study the mechanical behaviour of these cells in HTSE environment. Similarly, a system has been
developed for evaluating the effectiveness of coatings interconnectors against the evaporation of
chromium that could pollute the electrodes. Always by way of example, solutions for glass or metallic
seals are also characterised through a specific equipment dedicated to this purpose. All these devices
are now operational and enable better understanding of the phenomena and evaluation of new
solutions to address the key issues of high temperature steam electrolysis.
In the second work thrust, different designs of electrolyser stacks (as shown in Figure 3) have
been developed to reach high surface and volume power. Due to the ultimate integration of this
technology, where the electrochemical mechanisms, thermal, fluidic and mechanical properties are
intimately linked on a few cm3 of materials, a stack design provides an optimal compromise between
these properties. We have thus developed architecture where the cells are not in close contact with
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Figure 2: Analytical tools for separate effect studies
(a) MATTAHDHAUR device for four points bending tests on cells, (b) BAGHERRA device for seals characterisation
and contact studies, (c) Specific equipment for dechromisation of interconnect metal studies

(a)

(b)
Suivi de l’écrasement du joint

Suivi de l’effort

Entrée d’air

Détails
tringlerie

Pression et débit

(c)

Figure 3: Advanced architectures of stacks
(a) SOFC derived architecture

(b) Innovative coaxial design

the interconnectors to minimise mechanical stress. Similarly, an alternative design increases the
volume capacity to minimise the number of modules to implement in a electrolyse plant linked to a
nuclear reactor and then simplify the global plant. Today, we have achieved performances on three to
six cells stacks of these different designs operating under electrolysis conditions with production
levels of around 0.1 LH2/h.cm2 (4 litres H2 per hour for the whole stack).
Flow sheets and technico-economical evaluation are also in progress for different coupling
solutions between a Gen-II or -IV nuclear plant and the HTSE technology (Rivera-Tinoco, 2008).
We start this year the design of a lab scale plant able to test in 2011 our solutions of stacks in a
complete system (target of scale: 2 000 l/h H2). This pilot will be used to study the behaviour of the
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system, and in particular to the autothermic operating mode with all the loops of gas output heat
recovery. Finally, an installation based on a 5 MW heat power source is also underway to test in 2013 a
high temperature electrolysis system under representative industrial conditions.

Sulphur-iodine cycle
This process, shown in Figure 4 was proposed by General Atomics (O’Keefe, 1982; Brown, 2003) and
first demonstrated by JAEA (Kubo, 2004). It is now being tested in San Diego in an international
collaborative effort between Sandia National Laboratories (SNL), General Atomics Corporation (GA)
and the French Commissariat à l’Énergie Atomique (CEA). This project is being conducted as an
International Nuclear Energy Research Initiative (INERI) project supported by the CEA and the US DOE
Nuclear Hydrogen Initiative. The objective of initial testing of the sulphur-iodine (S-I) laboratory-scale
experiment (equipment shown in Figure 5) was to establish the capability for integrated operations
and demonstrate hydrogen production from the S-I cycle. The first phase of these objectives was
achieved with the successful integrated operation of the SNL acid decomposition and CEA Bunsen
reactor sections to produce the required heavy and light acid phase product streams, and the
subsequent generation of hydrogen from that material in the HI decomposition section. This is the
first time the S-I cycle has been realised using engineering materials and operated at prototypic
temperature and pressure to produce hydrogen. Although this operation successfully produced and
separated the expected heavy and light acid phases, control of the feed flow rates to the Bunsen
reactor must be improved in the next phase of testing to optimise the composition of the output
phases. The heavy phase material subsequently processed in the GA’s HI decomposition section
produced hydrogen at the expected rates. Several subsystems within the HI skid were successfully
demonstrated during this integrated experiment with a maximum hydrogen production rate of
~50 litres per hour (Moore, 2008). Based on these initial results, several process and hardware
improvements were identified that will be implemented before resuming integrated testing. The next
stage of tests will focus on integrated operations for longer run times.
Beside this integrated experiment, CEA is focusing its efforts on specific areas of the process in
order to optimise the flow sheet. Efforts concern all three parts of the S-I process. For the Bunsen
section, extensive R&D is under progress to optimise the stoichiometry of the reaction: currently there
is an excess of water (16 moles of H2O when only two are stoichiometrically required) and an excess of
iodine (9 moles of I2 when only one is required) in order to ensure a complete reaction, a good separation
of the two acid phases and also to prevent side reactions. On the sulphuric acid section, work is in
progress to optimise the flow sheet and, within the frame of a European programme, on the process
heat reactor which is a key component. The most intensive part of the work is on the iodine section:
sophisticated measurement apparatuses have been developed to get a more accurate knowledge of
the liquid-vapor equilibria in the water-iodine-iodhydric acid ternary system (Doizi, 2007, 2009a;
Larousse, 2009). This will help the design of the reactive distillation column which is considered to be
the most efficient option for HI processing (Goldstein, 2005). Collaboration on this distillation column
is underway with the Bhabha Atomic Research Centre in India.

Figure 4: Schematics of the sulphur-iodine cycle
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Figure 5: I-NERI S-I loop at General Atomics

Hybrid sulphur cycle
Like the sulphur-iodine cycle, the hybrid sulphur (HyS) process (Westinghouse, 1975) is being
developed to produce hydrogen by water-splitting using heat from advanced high temperature
nuclear reactors. It is a leading candidate among thermochemical cycles for coupling with a high
temperature gas reactor (HTGR). A two-step process shown in Figure 6, the HyS cycle is one of the
simplest thermochemical cycles, and moreover the simplest all-fluid one. The two reactions
comprising the cycle are:
SO2 + 2 H2O → H2SO4 + H2

(1)

H2SO4 → H2O + SO2 + ½ O2

(2) (thermochemical, 800-900°C)

(electrochemical, 80-110°C)

The sulphuric acid decomposition reaction to regenerate SO2 and to produce oxygen, (2), is
common to all sulphur cycles, including the sulphur-iodine (S-I) cycle. What distinguishes the HyS
process from the other sulphur cycles is the use of sulphur dioxide to depolarise the anode of a water
electrolyser, as shown in reaction (1).

Figure 6: Schematics of the hybrid sulphur cycle
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The use of SO2-depolarisation reduces the theoretical cell voltage for water electrolysis to 0.158 V
at infinite dilution and 0.262 V for an anolyte consisting of 50 wt.% sulphuric acid. In contrast,
conventional water electrolysis has a theoretical cell voltage of 1.23 V. Under practical operating
conditions, a SO2-depolarised electrolyser (SDE) is expected to require approximately one-third as
much electricity as a conventional water electrolyser for the same hydrogen production. An overall
thermal efficiency for converting heat to hydrogen with this process of 40-45% (HHV-basis) is deemed
possible based on detailed flow sheet analysis. The HyS cycle therefore has the potential for high
efficiency and competitive hydrogen production cost. Furthermore, it has been demonstrated at
laboratory scale.
At CEA, the studies on this process have started more recently. The two critical components of
the process components are the high-temperature decomposition reactor and the SDE. Beside the
European project mentioned above on the process heat reactor for SO3 decomposition, CEA studies
therefore focus on the electrolysis section, with a pilot now in operation in Marcoule (see Figure 7).
Indeed, a major challenge for the HyS process is the development of an efficient, cost-effective SDE.
Prevention of SO2 migration through the separation membrane of the electrolyser, which leads to
undesired sulphur deposits, remains a major technical hurdle to overcome. Like for all electrolytic
processes, economic competitiveness of the cycle will also depend on the minimisation of electrolysis
overvoltage and on components lifetime (membrane, interconnectors).

Figure 7: Hybrid sulphur pilot at CEA/Marcoule

Other cycles
The whole set of possible thermochemical cycles has been considered and ranked based on a list of
predefined criteria such as levels of temperatures required, rarity or toxicity of the reactants, number
of electrochemical steps,…. This led to the selection of a few cycles of interest (Mg-I, Ce-Cl and Cu-Cl).
After further evaluation, Cu-Cl (shown in Figure 8) was retained. This cycle presents the advantage of
dealing with only moderate temperature reactions (< 530°C), which offers the possibility of coupling it
with other Gen-IV systems such as the Sodium Fast Reactor and the Supercritical Water Reactor.
This process is already being thoroughly investigated. The CEA is therefore focusing its actions
on specific points where techniques developed for the sulphur-iodine cycle can bring new insights
(Doizi, 2009b; Borgard, 2009). Specifically, CEA has designed an experimental set-up which utilises
optical spectrometry (used for liquid-vapour equilibrium measurements of water-iodine-iodhydric acid)
to study the speciation of the gaseous phase for the two chemical reactions of the Cu-Cl cycle, namely:
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2 CuCl2(s) + H2O(g) → Cu2OCl2 (s) + 2 HCl(g)

300-375°C

Cu2OCl2(s) → 2 CuCl(s) + ½ O2(g)

450-530°C

In particular, the first (hydrolysis) reaction is not thermodynamically favored and only takes
place if a large excess of water is used. Gas phase composition measurements allow in situ study of
the reaction to better understand the influence of various parameters such as water stoichiometry,
temperature or residence time, which therefore improve the assessment of the viability of this cycle.

Figure 8: Schematics of the Cu-Cl cycle

Techno-economic studies
Research is underway on four different processes, however, a significantly sized pilot (100 m3 of H2/hour)
will be done on, at best, two of the advanced processes, due to the high cost of such a demonstrator.
The French roadmap (Figure 9) calls for decisions in 2009 and then in 2012. An important aspect of the
selection is the cost of production which can be achieved with these different processes. As discussed
earlier, the costs of production will be compared to those of conventional electrolysis, which is the
sustainable reference process. Our methodology was the following: after acquiring the required
thermodynamic data and characterising the materials considered, we established a flow sheet, which
gave us on one end the energetic cost and on the other end, helped us design the plant, size the
components, evaluate the cost of construction and obtain the cost of capital investment. The cost of
operating and maintenance was also evaluated. This estimation is not yet complete for all the
advanced processes and will be published at a later stage. However, with the current knowledge and
the current flow sheets, we have estimated the energetic costs of the HTSE, S-I, HyS and Cu-Cl
processes and compared them to those of conventional electrolysis. The potential advantage of these
advanced processes is that instead of electricity, part of the energy can be provided as heat, which is
cheaper and this would give them an edge on low temperature electrolysis, providing the investment
costs stay low. But, as Table 1 shows, so far, only HTSE presents a significantly lower economic
advantage and R&D is still needed on the other cycles to increase their efficiency and bring it closer to
their thermodynamic potential.
Another more immediate benefit of these techno-economic studies is their use, via sensitivity
studies, to identify the areas in which sizeable gains could be made to help focus R&D efforts.
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Figure 9: French roadmap

Table 1: Energy consumption costs for the different processes with the current
efficiencies – the cost of heat is linked to that of electricity but using the efficiency
of the reactor providing the heat (η = 50% for HTSE, S-I and HyS and 40% for Cu-Cl)
Electricity unit
cost (€/MWh)
40
50
60

Heat unit cost
(€/MWh)
40*η
50*η
60*η

Alkaline
electrolysis
2.1
2.6
3.2

HTSE

S-I

Hy/S

Cu/Cl

1.6
2.0
2.4

2.0
2.5
3.0

1.8
2.2
2.7

1.9
2.4
2.9

Conclusions
Dwindling fossil fuel reserves and GHG emissions are driving the need for clean hydrogen production.
For the short term, hydrogen will likely be used as an intermediate to produce synthetic fuels from
carbon source (biomass, CO2, C, waste,…). Hydrogen economy and the use of hydrogen as an energetic
vector can also happen but is a longer-term goal.
In the French context, hydrogen can be used to regulate electricity production and to use to their
fullest the nuclear plant investments. They can also help optimise the use of intermittent renewable
energy sources.
The reference process against which we will compare advanced processes is the alkaline
electrolysis. This is a mature and flexible process, offering excellent lifetime of cells (20 years currently).
Progress can still be made in investment costs, but this represents only 20 to 30% of the production
cost. Among the advanced processes, HTSE currently offers the best prospects, providing it can
address some key issues such as reliability and lifetime. Thermo-chemical production still represents
a major challenge, as its net efficiency has to increase and the investment and operating costs have to
decrease. For these processes, the coupling issues (co-existence of nuclear and chemical safety
constraints) have also to be addressed.
Careful economic studies are needed to select the most promising processes and to guide the
R&D effort to provide the greatest impact. Finally, international collaboration is essential to share the
R&D and split costs.
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Abstract
The high temperature gas-cooled reactor (HTGR), which is graphite-moderated and helium-cooled, is
particularly attractive due to its unique capability of producing high temperature helium gas in
addition to its fully inherent and passive safety characteristics. The HTGR-based production of
hydrogen, the energy carrier for an emerging hydrogen economy, is expected to be among the most
promising applications to solve the current environmental issues of CO2 emission. With this
understanding the development studies of HTGR cogeneration system including hydrogen production
have been carried out in Japan. This paper presents the 2100 vision of JAEA on future perspective of
energy supply, especially on HTGR utilisation in the field of iron manufacturing, chemical industries,
oil refineries, etc. In addition, this paper presents the present status of the HTTR Project including
research and development activities of HTGR reactor technology, hydrogen production technology with
the thermochemical water-splitting IS process, and the commercial HTGR plant design.
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Introduction
In recent years, we are alarmed by depletion of fossil energy and effects on global environment such
as acid rain and global warming, because our lives depend still heavily on fossil energy. Therefore, it is
universally recognised that hydrogen is one of the best energy media and its demand will increase
greatly in the near future. In Japan, the Basic Plan for Energy Supply and Demand based on the Basic
Law on Energy Policy Making was decided upon by the Cabinet on 6 October 2003. In the plan, efforts
for hydrogen energy utilisation were expressed as follows; hydrogen is a clean energy carrier without
carbon dioxide (CO2) emission, and commercialisation of hydrogen production system using nuclear,
solar and biomass, not fossil fuels, is desired.
However, it is necessary to develop suitable technology to produce hydrogen without CO2
emission from a view point of global environmental protection, since little hydrogen exists naturally.
Hydrogen production from water using nuclear energy, especially the high-temperature gas-cooled
reactor (HTGR), is one of the most attractive solutions for the environmental issue, because HTGR
hydrogen production by water-splitting methods such as a thermochemical iodine-sulphur (IS)
process is one of the promising candidates to produce hydrogen effectively and economically. The
project of hydrogen production by IS process with the High-temperature Engineering Test Reactor
(HTTR) has been proceeded at the Japan Atomic Energy Agency (JAEA) to meet massive demand of
future hydrogen economy. The HTTR with 30 MW of thermal power is the only Japanese HTGR, built
and operated on the site of the Oarai Research and Development Centre of JAEA. Under the HTTR
project, JAEA has been developing the thermochemical IS process step by step.
This paper presents the 2100 vision of JAEA on future perspective of energy supply, especially on
HTGR utilisation in the field of iron manufacturing, chemical industries, oil refineries, etc. In addition,
this paper presents the present status of the HTTR Project including research and development
activities of HTGR reactor technology, hydrogen production technology with the thermochemical
water-splitting IS process, and the commercial HTGR plant design.

Hydrogen production with HTGR
The HTGR, which is graphite-moderated and helium-cooled, is particularly attractive due to its unique
capability of producing high temperature helium gas in addition to its fully inherent and passive
safety characteristics (Shiozawa, 2005). The HTGR-based production of hydrogen, the energy carrier
for an emerging hydrogen economy, is expected to be among the most promising applications to solve
the current environmental issues of CO2 emission. With this understanding the development studies
of HTGR cogeneration system including hydrogen production have been carried out in Japan.
Until now, hydrogen is being used as raw materials of chemical products such as ammonia, but
hardly used as an energy carrier like electricity. In the near future, however, hydrogen will be widely
used as clean energy carrier for fuel cells to generate electricity, because hydrogen can significantly
contribute to reduce greenhouse gas emissions and fuel cells are being rapidly developed in the world.
Research and development (R&D) of fuel cell vehicles (FCV) and stationary power generators have
intensified all over the world.
Figure 1 shows an expected amount of hydrogen demand in the future on the basis of the
introduction target of FCV and fuel cells for household. The current total number of vehicles in Japan
is about 75 million and substantial increase of vehicles is not expected in the future, considering the
non-increase in the population. Hydrogen demand in the country was only 0.15 Gm3 in 2000, but
might rapidly grow according to the target of the Japanese government to introduce 5 million of FCV
by 2020 and 15 million of FCV by 2030 (NEDO, 2005).
Hydrogen must be artificially produced from raw materials and energy, since hydrogen exists
scarcely in the nature. Figure 2 briefly explains methods of hydrogen production. The conventional
hydrogen production process in industry is mainly the steam reforming of methane (natural gas), in
which a large amount of carbon dioxide (CO2) emission is inevitable by any means unless proper carbon
management is taken. On the other hand, hydrogen production without significant emission of CO2 is
possible by water electrolysis or thermochemical water-splitting using natural energy (renewable
energy) or nuclear energy. However the cost of electrolysis production is thought to be expensive
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Figure 1: Future demands of hydrogen
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Figure 2: Methods of hydrogen production
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because of rather high electricity cost at least in Japan and relatively low thermal efficiency. The
thermochemical water-splitting method by using high temperature heat from HTGR is recognised to
have a high potential to produce hydrogen with high economy and high efficiency.

HTGR development in JAEA
HTTR project in JAEA
Japanese industries including Toshiba, Mitsubishi Heavy Industries, Fuji Electric, Toyo Tanso, Nuclear
Fuel Industries, etc., are developing the HTGR jointly with JAEA. The industrial and public information
exchange is supported by the Japan Atomic Industrial Forum (JAIF), the Research Association of
High-temperature Gas-cooled Reactor Plant (RAHP), etc.
JAEA constructed a high-temperature gas-cooled reactor named the High-temperature Engineering
Test Reactor (HTTR), combining the technology strengths of the above-mentioned Japanese
companies, at JAEA’s Oarai Research and Development Centre. The HTTR is a graphite-moderated and
helium gas-cooled reactor with 30 MW of thermal power, which is the first HTGR in Japan.
The HTTR project is ongoing with present and future objectives to establish the HTGR technology
and heat utilisation technology. The latter includes hydrogen production technology and commercial
plant design and gas turbine technology.
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Figure 3 briefly shows the structure, major specification and the history of the HTTR R&D by JAEA.
The reactor core is composed of graphite prismatic blocks. Fuels are inserted in the blocks as a shape
of cylindrical graphite compacts in which tri-isotropic (TRISO)-coated fuel particles with UO2 kernel
are dispersed. The coolant helium gas of the HTTR is circulated at 4 MPa to an intermediate heat
exchanger where high temperature heat is transferred to hydrogen production process.

Figure 3: High-temperature engineering test reactor (HTTR)
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The first criticality of the HTTR was achieved in 1998, and the full power operation of 30 MW was
attained in 2001 with a reactor outlet temperature of 850°C. Safety demonstration tests have been
conducted since 2002. The high-temperature operation of 950°C was successfully done in 2004
(Shiozawa, 2007).
Through the HTTR operation, fission gas release rate was very low, which means that the HTTR
TRISO fuel has very high quality, i.e. very low as-fabricated failure fraction in commercial scale. As for
the fuel, new thermal-resistant fuel, ZrC coated fuel particle, is being developed to raise thermal
performance of the fuel all the more, which makes HTGR inherent safety performance improve
directly. ZrC coated fuel particle will be able to maintain its integrity under high temperature even at
around 2 000°C. Figure 4 shows test-fabricated ZrC coated particles with surrogate kernels which
simulate UO2 kernel (Sawa, 2007). As seen in the photo, ZrC layer is coated uniformly on the particle.
Coating conditions of the ZrC layer have been optimised through experimental works, especially
focusing on ZrC stoichiometry, that is, the C/Zr atomic ratio of 1.0.

Figure 4: ZrC coating on graphite particle simulating UO2 kernel

Thermochemical IS process
As for the hydrogen production technology, a thermochemical hydrogen production cycle so-called IS
(iodine-sulphur) process has been developed step by step. In the IS process, inter-cyclic operation of
following three chemical reactions (1)-(3) as shown in Figure 5 takes place with a net result of
reaction (4) decomposing water “thermally” into hydrogen and oxygen using heat at temperatures
lower than 900°C, which can be realised by HTGR:
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SO2 + I2 + 2H2O = 2HI + H2SO4

(1)

2HI = H2 + I2

(2)

H2SO4 = H2O + SO2 + 0.5O2

(3)

H2O = H2 + 0.5O2

(4)

Reaction (1), known as the Bunsen reaction, proceeds exothermically as the SO2 gas absorption
reaction by iodine-water mixture. The HI and H2SO4 produced can be separated by liquid-liquid phase
separation of sulphuric acid and HIx solution found by the researchers of General Atomics. Reaction (2)
is slightly endothermic and can be carried out in gas phase using catalysts. Reaction (3) proceeds in
two steps, i.e.:
H2SO4 = H2O + SO3
SO3 = SO2 + 0.5O2
The first reaction takes place spontaneously at temperature range of 300-500°C, while the second
takes place at temperature range of 750-850°C in the presence of catalyst. Here, the HTGR is uniquely
qualified to produce the nuclear heat necessary to drive the intensive endothermic high temperature
reactions of H2SO4 decomposition to completion.

Figure 5: Thermochemical IS process
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Present status of R&D on IS process in JAEA
JAEA has developed the IS process step by step as shown in Figure 6. The closed-cycle water-splitting
was verified in 1997 with a lab-scale apparatus at a hydrogen production rate of 1 L/h for 48 hrs
(Nakajima, 1999). Further tests were conducted using a glass-made bench-scale apparatus equipped
with an automatic control system. In June 2004, continuous hydrogen production was successfully
achieved with a hydrogen production rate of about 30 L/h for one week (Kubo, 2004, 2005). These tests
were carried out under atmospheric pressure (0.1 MPa) with electric heating.
At present, the process engineering study is underway for industrial scale up. Figure 7 shows a
main flow diagram of IS process plant driven by a sensible heat of high-temperature (up to 880°C) and
high-pressure (4 MPa) helium (He) gas, which simulates the HTTR secondary He gas temperature and
pressure. As the IS process constitutes a very corrosive environment, it is very important to develop
components made of corrosion resistant materials. One of such key components is the sulphuric acid
decomposer, with which H2SO4 solution with concentration of more than 90 wt.% is evaporated and,
simultaneously, H2SO4 is decomposed into gaseous SO3 and H2O under high-temperature conditions of
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Figure 6: Development of IS process in JAEA
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Figure 7: Main flow diagram of IS process

up to 500°C. JAEA proposed a concept of the sulphuric acid decomposer featuring multi-hole heat
exchanger blocks made of SiC ceramic (Figure 8). He gas flows through the inside channels of the SiC
ceramic blocks, and exchanges the heat with the counter-current H2SO4 flow. The SiC ceramic blocks
of 0.25 m in outer diameter and 0.75 m in height are piled vertically. Pure gold, which exhibits excellent
corrosion resistance against high-temperature H2SO4, is used as the seal material between the SiC
ceramic blocks. The mock-up model of sulphuric acid decomposer was test-fabricated confirming the
fabricability and the structural integrity as shown in Figure 8 (Terada, 2006; Noguchi, 2006). Also, tests
have been carried out such as test fabrication of pump made of corrosion-resistant materials for the
transportation of high-temperature acidic solutions, and heat and corrosion resistance tests of
cost-effective glass lining materials. At the same time, development of a membrane technology is in
progress to improve the thermal efficiency of hydrogen production.
The reliability of component technologies and the controllability of hydrogen production system
will be examined in the next step. After completion of these tests on IS process, it is planned to
proceed to the nuclear hydrogen demonstration stage using HTTR (HTTR-IS), which will produce
hydrogen at a rate of up to 1 000 Nm3/h. The HTTR-IS test is the goal of HTTR project. Until, then,
necessary evaluation and component tests; safety evaluation against hydrogen explosion and
isolation valve tests will be completed.
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Figure 8: Concept of H2SO4 decomposer and mock-up model
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Future perspective
The original proposal for the first commercial-scale HTGR plant, the GTHTR300, combines a 600 MWt
reactor and a direct cycle gas turbine for sole generation of electric power. The detailed design of the
GTHTR300 has involved to the extent verifiable by tests of gas-turbine components such as a
compressor and a magnetic bearing of appropriate scale, and has carried preliminary safety analysis
and economical evaluation. The design of the GTHTR300 evolved to a hydrogen cogeneration system,
named the GTHTR300C. In the GTHTR300C, an intermediate heat exchanger (IHX) is used to transfer a
share of reactor thermal power to secondary helium which is delivered in piping as high temperature
process heat to a distant IS process hydrogen plant which has a capacity of hydrogen production rate
of about 0.6 × 106 Nm3/d. The electricity need for hydrogen production is met in-house from the efficient
gas turbine power cogeneration of 200 MWe. Providing a seawater desalination plant making fresh
water at a rate of 90 000 tonne/d, the GTHTR300C has a thermal efficiency of about 80%, which can be
called a HTGR cascade energy plant.
Figure 9 shows a conceptual layout of the GTHTR300C. The commercial plants of the GTHTR300C
will consist of four reactors operating in parallel, adapting the same system arrangement of the
GTHTR300. The nuclear produced heat is transported by the second helium circulation loop over a safe
distance to the hydrogen plant inside a coaxial hot gas piping, which is a proven component of the
HTTR. As for the baseline design of helium gas turbine is a single-shaft, axial-flow design having six
turbine stages and twenty non-intercooled compressor stages. The gas turbine rated at 200 MWe and
3 600 rpm drives a synchronous generator from shaft cold end by a diaphragm coupling. The machine
is placed horizontally to minimise bearing loads. These design features have been chosen in accord
with established industrial air gas turbine practice. The new gas turbine elements incorporated in the
baseline unit are the narrow compressor flow path, which results from working in helium gas, and the
use of rotor magnetic bearings to avoid pressure boundary penetration and potential lubricant
contamination to reactor system. The development and test programmes have been carried out for
validation of these new technology components uniquely present in this application.
Hydrogen demand would grow quickly by 2020 after a primary stage by 2010, followed by wide
and rapid expansion thereafter (NEDO, 2005). Until 2020, hydrogen is to be produced still with existing
methods such as steam reforming of fossil fuels and cokes oven gas in steel works and electrolysis at
a hydrogen station. In order to meet a substantial demand of hydrogen at the matured stage beyond
2020, however, technologies of HTGR hydrogen and coal reforming hydrogen shall be developed and
deployed. In the coal reforming, technology for carbon dioxide sequestration should be developed
(NEDO, 2005). In addition, renewable energy hydrogen would share specific demand of hydrogen.
Since the HTGR hydrogen production system can produce massive hydrogen as previously shown, it is
expected to be one of most promising systems in the future hydrogen economy.

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

53

PRESENT STATUS OF HTGR AND HYDROGEN PRODUCTION DEVELOPMENT IN JAEA

Figure 9: Cogeneration high-temperature reactor system (GTHTR300C)
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Figure 10 shows the future plan for the HTTR project. With respect to reactor technology, the
HTTR is to be operated to accumulate HTGR operational experience. Also, an attempt will be made to
improve fuels and graphite materials for higher reactor performance. R&D of hydrogen production is
also conducted successfully in improvement of system efficiency and development of system analysis
codes, etc. The goal of the HTTR project is to demonstrate nuclear hydrogen production using the IS
process connected with the HTTR, which will yield a hydrogen production rate of up to 1 000 Nm3/h.
Until then, necessary evaluation and component tests, safety evaluation against hydrogen explosion
and isolation valve tests will be completed.

Figure 10: Future plan of HTTR project
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Nuclear energy vision for 2100
People largely agree that human activities, especially the burning of fossil fuels, contribute to climate
change. They thus recognise the importance of reducing CO2 emissions even as they stabilise energy
supplies for years to come. This is why energy issues were the main topic of discussion at the G8
summit in Toyako, Hokkaido, held 7-9 July 2008. Under these general circumstances, JAEA, a
semi-governmental organisation charged with conducting comprehensive research and development
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on nuclear energy utilisation, works to show the public easy-to-understand basic information on
future energy supply and demand as nuclear energy vision for 2100. The JAEA hopes to encourage
vigorous public discussion of these issues.
Because it will take more than a century to transform our energy system into a truly sustainable
system by replacing society’s major infrastructure, the time range of the scenario in the report is from
2000 to 2100. The scenario quantitatively examines a variety of technological options on their
effectiveness in reducing emissions and stabilising energy supplies. Most of the options are taken
from the outcomes of JAEA’s own past and ongoing research programmes.

Proposal for low carbon society
The 2100 vision shows that the utmost utilisation of the renewable and nuclear can solve the energy
and environmental problem.
On the demand side, final energy consumption shifts to electricity and hydrogen. Energy
consumption in 2100 will decrease by 42% with development and improvement of the technology
about the transportation field in addition to the energy saving and decrease of the population shown
in Figure 11. As a result of the promotion of electrification, the rate of the power to the total energy
consumption will greatly increase from 24% in 2005 to 62% in 2100 as shown in Figure 12. Hydrogen
will account for 8% of the total energy consumption.

Figure 11: Change of energy consumption according to field
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Figure 12: Change of energy consumption according to energy medium
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On the supply side, utmost usage of renewable energy and aggressive adoption of nuclear energy
are required to meet the demand. In 2100, approximately 10% (5% in 2005) of the primary energy
supply will come from renewable energy, about 60% (10% in 2005) from nuclear energy, and around
30% (85% in 2005) from fossil fuels. Nuclear energy is used not only to generate electricity (light water,
fast-breeder, and nuclear fusion reactors) but also to produce hydrogen (HTGR) as shown in Figure 13.
Hydrogen produced by the HTGR hydrogen production system is used for automobile fuel, reducing
agents used in the steel industry, private power generation and steam generation in chemical plants.

Figure 13: Application of HTGR
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From the viewpoint of heat applications, the cascade energy production system based on HTGR
whose outlet coolant temperature is up to 950°C can be utilised for one or any combination of such
heat applications as hydrogen production, electric power generation, district heating, seawater
desalination, etc. The attainable heat utilisation efficiency of this system can approach a level of 80%.
Being an economical and versatile heat source, the HTGR offers the potential to create new industries
and stimulate economical development in regions and local communities. The number of HTGR will
be 120 in 2100 based on 600 MWt/reactor as shown in Figure 14. The scale to install is about 2.5 reactors
in each prefecture in Japan. HTGR is suitable to be installed near areas of demand.

Figure 14: Capacity of multi-purpose HTGR
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Figure 15 shows the reduction of CO2 emission. Carbon dioxide emissions in 2050 will be
approximately 50% and in 2100 will have fallen to only 10% of the current level. Figure 16 shows the
contribution of technologies to the reduction of CO2 emission. In 2100, contribution of nuclear energy
to power generation will be 38% and contribution of HTGR to industry and transport will be 13%. Both
CO2 emission reduction and stable energy supplies, a low carbon society can be achieved by applying
JAEA’s research outcomes and technologies in development.
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Figure 15: Reduction of CO2 emission
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Figure 16: Contribution of technologies to reduction of CO2 emission
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Concluding remarks
Japan may have diverse means to produce hydrogen for national energy security, depending on
hydrogen demand and market. Hydrogen production from water using HTGR, which could meet
massive demand in the future hydrogen economy, is one of the most promising systems even in the
near future around 2020 or later when the demand would grow. In addition, HTGR hydrogen
production is one of the promising solutions towards limiting CO2 emission to reduce the risk of global
warming and other adverse environmental effects through replacing fossil fuels of oil, gas and coal.
The HTTR project ongoing at JAEA and its international collaboration efforts such as Generation IV
will play an important role of facilitating the transition to the hydrogen economy and contributing to
protect the environment from the carbon emission. Thus future application of nuclear energy other
than electricity generation can be achieved and expanded for the sustainable future toward zero
carbon society.
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Status of the Korean nuclear hydrogen production project
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Abstract
The rapid climate changes and the heavy reliance on imported fuel in Korea have motivated interest in
the hydrogen economy. The Korean government has set up a long-term vision for transition to the
hydrogen economy. To meet the expected demand of hydrogen as a fuel, hydrogen production using
nuclear energy was also discussed. Recently the Korean Atomic Energy Committee has approved nuclear
hydrogen production development and demonstration which will lead to commercialisation in late
2030s. An extensive research and development programme for the production of hydrogen using nuclear
power has been underway since 2004 in Korea. During the first three years, a technological area was
identified for the economic and efficient production of hydrogen using a VHTR. A pre-conceptual
design of the commercial nuclear hydrogen production plant was also performed. As a result, the key
technology area in the core design, the hydrogen production process, the coupling between reactor and
chemical side, and the coated fuel were identified. During last three years, research activities have
been focused on the key technology areas. A nuclear hydrogen production demonstration plant (NHDD)
consisting of a 200 MWth capacity VHTR and five trains of water-splitting plants was proposed for
demonstration of the performance and the economics of nuclear hydrogen. The computer tools for the
VHTR and the water-splitting process were created and validated to some extent. The TRISO-coated
particle fuel was fabricated and qualified. The properties of high temperature materials, including
nuclear graphite, were studied. The sulphur-iodine thermochemical process was proved on a 3 litre/
hour scale. A small gas loop with practical pressure and temperature with the secondary sulphur acid
loop was successfully built and commissioned. The results of the first phase research increased the
confidence in the nuclear hydrogen technology. From 2009, the government decided to support further
key technology development on an enlarged scale in correspondence with the Generation IV
International Forum. The second phase of the key technology development will greatly reduce the
technical and economical risk in the nuclear hydrogen project. The government is also considering the
construction of the NHDD plant and will start funding for a conceptual design from 2010.
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Introduction
The effect of rapid climate change in Korea is more than twice than the world average. The increment
in the temperature is 0.015°C per year and that of sea level is 0.1 to 0.2 cm per year. Moreover, energy
consumption is the ninth rank in the world to support its heavy trade depending economy growth.
About 97% of primary energy fuel is imported from foreign countries. The heavy reliance on the
imported fuel degrades the energy security of Korea.
To mitigate climate change as well as to enhance energy security, the Korean government has
developed a master plan for the hydrogen economy in 2005 (MOCIE, 2005). The main components of
the plan are to develop until 2020, to demonstrate until 2030, and to commercialise the required
technologies for using, producing, storing and supplying the hydrogen fuel to public. The plan
includes production hydrogen using a Generation IV nuclear reactor system with proven safety and
environment friendliness.
Recently the Korean Atomic Energy Committee has approved the nuclear hydrogen production
development and demonstration plan as shown in Figure 1. The final goal of the plan is to
commercialise the production of nuclear hydrogen technology before 2030. An extensive research and
development programme for the production of hydrogen using nuclear power has been underway
since 2004 in Korea. During the first three years, a technological area was identified for the economic
and efficient production of hydrogen using a VHTR. A pre-conceptual design of the commercial
nuclear hydrogen production plant was also performed. As a result, the key technology area in the
core design, the hydrogen production process, the coupling between reactor and chemical side, and
the coated fuel was identified. During last three years, research activities have been focused on the
key technology areas to resolve the technical challenges in the efficient nuclear hydrogen production.
The results of first phase research increase the confidence and mitigate the risk on the nuclear hydrogen
technology. From 2009, the government decided to support further key technology development on an
enlarged scale in correspondence with the Generation IV International Forum. The second phase of
key technology development will further reduce the technical and economical risk in the nuclear
hydrogen project. The government is also considering the construction of the Nuclear Hydrogen
Development and Demonstration (NHDD) plant and will start funding for a conceptual design activity
from 2010.
Massive hydrogen production using VHTR is necessary to support growing demand of hydrogen
as a fuel as well as a chemical feedstock.

Figure 1: Nuclear hydrogen development plan

60

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

STATUS OF THE KOREAN NUCLEAR HYDROGEN PRODUCTION PROJECT

Candidate NHDD system
Considering economic production of hydrogen, the reaction temperature of a water-splitting process
should be above 850°C. To achieve this temperature at the chemical reactor, the nuclear reactor
should produce a heat of around 950°C. The NHDD reactor design aims at a 950°C outlet temperature
as the technology development target. To enhance safety and to reduce technical risk, the NHDD
reactor adopted a forged vessel with the conventional LWR pressure vessel material (Chang, 2007).
The power capacity is set as 200 MW thermal to stay within the current vessel manufacturing capability
in Korean industries.

Table 1: NHDD system parameters
Parameter
Thermal power (MWth)
Equivalent active core inner/outer radius (cm)
Thickness of outer reflector (cm)
Effective core height (cm)
Average power density (W/cc)
Primary helium inlet/outlet temperature (°C)
Primary helium pressure (MPa)
Primary helium flow rate (kg/s)
RCCS inlet/outlet temperature (°C)
Peak fuel temperature (°C)

PMR200
200
50/140
100
555
6.69
490/950
7.0/6.95
82
43/217
1 165

PBR200
200
80/147
90
873
4.79
490/950
7.0/6.87
83.2
43/169
1 156

NHDD, which is proposed as a mid-term project, adopted a cooled vessel concept. The vessel
material will be SA508/533 steel in which there are many experiences on forging, welding, etc. Analyses
on the additional heat loss during normal operation and the peak temperature during accident confirm
that the cooled vessel concept is applicable (Kim, M-H., 2008) until full manufacturing capability is
developed for the high chromium steel vessel.
Two types of core, a prismatic block (PMR) and a pebble bed (PBR), are studied for NHDD reactor.
Each reactor type has pro and cons for hydrogen production. Currently, the more important issue is to
resolve the technical challenges in supplying the high temperature heat to chemical reactor efficiently
and safely. Since frequent maintenance such as catalyst replacement of a chemical plant is expected,
the hydrogen production plant of NHDD consists of five trains. A multi-train approach may enhance
plant availability as well as the possibility of testing various hydrogen production processes in an
industrial environment before selecting adequate commercial process.
A conceptual design of NHDD system is expected to be started in 2010 for three years.

Design tools
Many design tools were developed for the gas reactor analysis as well as for the hydrogen production
assessment. A neutron diffusion solver is practical to handle the large number of cases including the
sensitivity calculations for reactivity coefficient at several depletion steps. Computer tools for the reactor
physics analysis are developed to support PMR and PBR design. To handle the double heterogeneity of
coated particle, a special method named “reactivity equivalence physical transformation” (RPT) was
introduced (Kim, 2005). A Monte Carlo code MCNP is adopted as a standard code in the design
procedure in the RPT-based analysis methodology as shown in Figure 2. The idea of RPT was extended
to pebble geometry as well. The RPT method applied for PMR and PBR results reasonably accurate
prediction capability (Noh, 2008).
Many computer codes are required for design and safety analysis of a VHTR system as displayed
in Figure 2. HyPEP is a computer code to do scoping analysis of the VHTR, PCS and hydrogen plant
coupled system. HyPEP can be used to set operating parameters of the nuclear hydrogen production
system. The probabilistic safety analysis is done by PSA-AIMS. The detailed thermo-fluid analysis is
performed by the thermo-fluid code MARS-GCR combined with the reactor physics code MASTER-GCR.
A system analysis code GAMMA (No, 2007) is developed to handle air/moisture ingress situation.
GAMMA solves an integrated system of equations for the chemical reactions and the conventional
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Figure 2: Design tools
Design Analysis Codes
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thermo-fluid transport. An upgraded version of GAMMA, GAMMA+. will be coupled with a new reactor
physics code CAPP (Lee, H.C., 2008). The CAPP code fully utilises modern computer programming
standard C++. Helium flow in the complex geometries such as inlet plenum, outlet plenum, and
pebbles (In, 2008; Lee, S.Y, 2008), is modelled by computational fluid dynamics (CFD) codes. There are
several computer code to look at consequences of reactor incident such as COPA (Kim, Y-M., 2008) for
fuel performance, and others for radioactivity transportation analysis. For mechanical analysis, a
methodology using ANSYS and ABACUS is under development (Kim, D-O., 2008). For the transient
analysis of sulphur iodine thermochemical process, a computer program named DySCO (Shin, 2008a)
is under development.
Some of the experimental activities are undergoing to verify design tools such as the pebble heat
transfer (Lee, J-J., 2007), the reactor cavity cooling system heat transfer (Cho, 2006).

Materials and components
Most of the material research is in collaboration with Generation-IV VHTR research activities. Properties
of the nuclear graphite, the metallic material such as A617 and 9Cr1Mo, the ceramic composite are
under investigation by measuring specimens.
Corrosion resistant material is a key issue for success of sulphuric thermochemical cycle. Silicon
carbide, hastelloy, gold and Fe-Si alloys have a good corrosion rate less than 1 mm per year. However,
long-term behaviour is different from that of short-term behaviour due to a protective layer (Kim, H.P.,
2008). A long-term corrosion in realistic environment is required for selecting suitable material for
large scale SI chemical plant.
Since the process heat exchanger (PHE) is the most challenging component to couple VHTR with
the sulphur decomposition section of the SI thermochemical process where high temperature and
corrosion requirement is the most severe, KAERI is investigating the possibility of using a noble
approach to use the ion beam mixing on the surface of a ceramic-coated metallic layer (Park, 2007). The
corrosion resistance in the boiling sulphuric acid and thermal cycling environment was satisfactory so
that a test PHE is manufactured (Kim, Y-W., 2008). A small gas loop of 10 kW (Hong, 2008) was built to
test the performance of the IBM PHE. The initial test will be published in the near future.

Coated fuel
Fuel manufacturing technology in KAERI is concentrated on fabricating a quality TRISO. Currently a
20 gram per batch UO2 kernel fabrication apparatus and a 20 gram per batch SiC coater are installed at
KAERI (Lee, Y-W., 2008). Properties of the fabricated TRISO particle are investigated using various
characterisation methods such as the particle size analyser, the density analyser, the density gradient
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Figure 3: A process heat exchanger assembled from ion beam mixed plates

column, the anisotropy photometer, the nano indentation, etc. One of the special methods to analyse
the coated layer is to use the phase contrast X-ray micro-radiography. As shown in Figure 4, the coating
layers of TRISO particle can be clearly distinguished. The radiography has the benefit of non-destructive
test of many samples.

Figure 4: X-ray micro-radiography and images of TRISO particle

KAERI is joining the PYCASSO experiment to investigate coating behaviour under irradiation
(Groot, 2008). The objective of the experiment for KAERI is to analyse the porosity and property changes
of a pyrolytic carbon buffer layer as a function of neutron fluence and temperature. Approximately
10 000 coated particles of four different coating layer densities were provided for PYCASSO.

Hydrogen production process
A small scale sulphur iodine process loop made of Pyrex glass was built and operated. The sulphuric
acid section and Bunsen reaction section was operated successfully in 2006. In 2008, hydrogen iodide
decomposition aided by electro-dialysis (EED) (Hong, 2007) was demonstrated to produce 3.5 litres per
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hour of hydrogen. Current research and development activities are focused on the high pressure loop
using industrial materials. Thermochemical databases are produced for various vapour-liquid equilibria
of SI process at 10~15 bar. Various non-noble catalysts are developed for SO3 and HI decomposition
(Kim, J-M., 2008).
A noble concept using ionic liquid to separate produced oxygen stream from SO2 gas is also
examined (Lee, K-Y., 2008).
Evaluation studies (Shin, 2007) on the efficiency of the SI thermochemical cycle, the high
temperature steam electrolysis, and the hybrid sulphur cycle is ongoing based on the recent
achievements over the world (Shin, 2008).
The target cost of nuclear hydrogen production must be cheaper than that of the conventional
electrolysis subtracting the distribution cost. Hydrogen production efficiency of EED-aided SI
thermochemical cycle is expected around 43% with current knowledge (Cho, 2009).

Figure 5: Sulphur decomposition section at pressurised environment
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Summary and perspective
Feasibility of nuclear hydrogen production is depending on the chemical process at industrial scale
and the safe coupling with VHTR as well as economical competitiveness with other hydrogen
production paths. The technical risk in the nuclear hydrogen production has been greatly mitigated by
focused R&D over the past few years. High population density, and thereby limited capability of
renewables, and limited energy resources in Korea demand large role of nuclear hydrogen for future.
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From 2009, the Korean government decide to support further key technology development on an
enlarged scale in correspondence with the Generation IV International Forum. The second phase of
the key technology development will greatly reduce the technical and economical risk in the nuclear
hydrogen project. The government is also considering the construction of the NHDD plant and will
start funding for a conceptual design activity from 2010.
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Abstract
The concept focused on nuclear power for steam reforming of methane and, later, on hydrogen
production from water by high temperature solid oxide electrolysis. The programme arises from the
premise that the use of hydrogen could grow world wide by a factor of about sixteen over the next
century. Anticipating that the main source of hydrogen will continue to be steam reforming of natural
gas during much of that period, by 2025, about a quarter of the world’s production of natural gas
would be devoted to hydrogen generation, considering both its use as both the energy source and the
source of the raw material. The use of nuclear reactors instead of natural gas as the heat source for
steam reforming of methane could reduce the total use of natural gas by almost half.
Steam reforming of methane requires temperatures over 800°C rather than the temperatures over 900°C
required for thermochemical generation of hydrogen from water, thus reducing the technological
issues associated with process of hydrogen generation from water using a sulphur-iodine process.
Further, the steam reforming process can have a hydrogen yield eight times that of thermochemical
processes or high temperature electrolysis. These features make it economically very competitive, and
Rosatom is examining possible advances that would make it even more so. In particular, reactor project
MHR-T being designed in Russia has included adiabatic thermo-conversion technology that can control
process conditions far more precisely than conventional processing equipment.
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Introduction
Nuclear power has firmly established itself in the sphere of electricity production, and will continue to
build up its potential in this market sector. However, even a large-scale deployment of nuclear energy
for electricity generation would not be able to solve the problem of the rising demand in motor fuel
and process/residential heat. Therefore there is a perspective for introduction of nuclear power
sources into the sphere of hydrogen production, energy-intensive industries and residential sector.
The size of this sector is in the long term comparable to that of the electricity generation sector.
Figure 1 gives an estimation of the size and structure of Russian nuclear energy industry in the
21st century taking into account the export potential.

Figure 1: The structure of Russian nuclear energy industry
in the 21st century taking into account the export potential
PWR – thermal pressurised water reactors; BR – fast breeder reactors;
HTGR – high-temperature gas-cooled reactors for nuclear hydrogen engineering
GW
900

800

700

ВТГР
HTGR

600

500

400

300

ВR
БР

200

100

Действующие
АЭС

ВВЭР
PWR

0

2000

2010

2020

2030

2040

2050

2060

2070

2080

2090

2100

Years

The concept of wide application of nuclear hydrogen as an energy carrier in industries, the
energy sector, transport and households developed in the early 1970s in Russia and was called
nuclear-hydrogen power engineering (Alexandrov, 1974; Kostin, 2005; Legasov, 1976; Mitenkov, 2004;
Ponomarev-Stepnoi, 2008; Stolyarevsky, 1988).
Because of its unique properties, hydrogen is a major prospective energy source in various spheres
of power engineering, transport and industry. Today, hydrogen consumption in the world equals
about 50 million tonnes. The largest consumers (as much as 90% of the total produced hydrogen) are
the chemical and oil refining industries. In the 21st century, due to transition of basic engineering
industries to intensive methods of producing high-quality goods, a fast growth in hydrogen demand is
expected. Still, the largest contributors into the prospective growth of hydrogen demand in the world
will be the automobile transport and the distributed power supply systems because of their expected
transfer to the use of hydrogen fuel elements. After the large-scale mastering of hydrogen production,
transportation and storage processes, hydrogen can be used to solve the problems of power engineering.
Such problems are, for example, power accumulation in energy girds with irregular loads (especially
for nuclear power plants) and power supply for local and remote consumers.
The world’s demand in hydrogen in the 21st century will grow from 50 million tonnes in 2000 to
370 million tonnes in 2050, and to 800 million tonnes by 2100 (Ponamarev-Stepnoi, 2008).
Large-scale production of hydrogen and hydrogen-containing products is mainly based on steam
reforming of natural gas (methane). Implementation of the endothermic process during steam methane
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reforming requires burning about one half of the input gas. With the purpose of preserving natural gas
and reducing the harmful impact of combustion products on the environment, Russia, USA and Japan
are developing the technology of steam methane reforming using nuclear-generated heat supplied
from a high-temperature helium-cooled reactor. Coupling of the HTGR technology with the steam
methane reforming process opens the way for large-scale application of nuclear power in hydrogen
production. The synthetic gas (CO+xH2) produced at this complex can be used for ammonia or
methanol production, oil refinery and direct reduction of iron.
During the last decades, research in the area of hydrogen production has been focused on the
search for the most effective hydrogen production technologies. Since the reserves of natural gas used
for steam methane reforming are limited, the main emphasis today is put on new industrial processes
with an increased share of water as the raw material for hydrogen production. In the long run, water
will become the main source for production of hydrogen with the use of nuclear power or other
renewable energy sources.
According to expert estimations, in 2050 only world-wide automobile transport will need about
200–300 million tonnes of hydrogen yearly. This estimation was made on the basis of predicted overall
strength of the automobile fleet in 2050 – 1 600 million vehicles, region average consumption of
hydrogen – 0.18 tonnes per year per one vehicle; and possible share of hydrogen transport,
respectively 70 and 100% of the entire world automobile fleet. As soon as 2100, assuming that the
strength of the automobile fleet is 2 500 million vehicles (average European welfare level at the Earth’s
population of about 10 billion people), the automobile transport will require 450 million tonnes of
hydrogen every year.
If hydrogen consumption equals 200 million tonnes per year, which is expected by 2025 with the
current technology of stream methane reforming, then production of this amount of hydrogen will
require about 1 200 billion m3 of natural gas, which constitutes about ¼ of the world’s extraction and
nearly doubles the extraction of JSC Gazprom. Economically effective large-scale production of hydrogen
can be ensured by high temperature gas-cooled reactors; their application in the steam methane
reforming processes will help to reduce gas consumption by about 500 billion m3, provided that
400 complexes consisting of four-module HTGR with the thermal capacity of 600 MW each are
established by that time. This opens a considerable market opportunity for non-electric application of
nuclear power.

Adiabatic steam methane reforming (SMR)
SMR technology with the application of external high temperature energy sources (such as HTGR)
provides for production of over 4 000 m3 of hydrogen from 1 000 m3 of natural gas (see Figure 2)
(Ponamarev-Stepnoi, 2008).
Figure 2 shows an option of the technology for producing 99.99% pure hydrogen as final product.
In this option, carbon dioxide is removed from process flow before gas supply to segregation in
short-cycle heat-free adsorption units within the gas treatment sector to reduce loads and cost of the
short-cycle heat-free adsorption facilities. Removal of CO2 to residual content of 2.17% is implemented
through chemosorption gas treatment by 40% water solution of methyl diethanolamine with additives
of activating agent which is selected as chemical sorbing agent of improved solubility. The unit of
CO2 release includes plate or packed absorbers, intermediate pressure relief expander, methyl
diethanolamine water solutions boilers for carbon-dioxide compound thermolysis, CO2 removal
regenerators, pump-motor-turbine (not shown in the figure) for water solution energy recuperation at
pressure relief and with filling of fresh methyl diethanolamine solution. Converted gas partially
purified from CO2 is directed for hydrogen separation to the short-cycle heat-free adsorption unit with
further return of a part of waste fraction to conversion. The short-cycle heat-free adsorption unit
includes four absorbers of periodic duty which mainly adsorb carbon-bearing components to allow
production of 99.99% pure final hydrogen. Desorption products (waste fraction) are partially used as
re-circulating gas or directed for burning to process flow heaters.
HTGR heat allows saving over 40% of all natural gas costs while satisfying energy demand of the
entire complex and completely eliminating CO2 emissions with flue gases. Produced carbon dioxide is
removed from the process at high pressure as marketable product and may be utilised in different
ways, both in liquid and solid state, in refrigeration industry, or be transported for burial.
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Figure 2: Process flow of synthetic gas production by AMR with
the flow heating in the TCU by waste gas combustion products
1 – compressor; 2 – heater; 3,4 – absorbers; 5 – mixer; 6 – heater; 7 – catalytic reformer;
8 – exchanger; 9 – boiler; 10 – absorber; 11 – separators; 12 – receiver
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The above scheme may be simplified. When utilising natural gas with production of hydrogen
methane mixture (HMM) the SMR process is accompanied by release of HMM with 48% hydrogen
content (Ponamarev-Stepnoi, 2008).
The SMR-HMM technology considerably simplifies the industrial process since it does not require
oxygen production, is implemented at much lower temperatures (at HMM production – up to 700°C),
does not require energy-intensive and cost-intensive water electrolysis and is based on process
solutions, modes and catalysts tested in heavy-tonnage chemical industry.
In contrast to the Hythane® production technology (HMM with lower hydrogen content), the
proposed HMM technology provides for production of final product not through mixture of natural gas
with pure hydrogen produced at a separate facility, but in one run through SMR that considerably
simplifies and decreases the cost of production.
The general concept of the facility was developed based on experience gained from
commercialisation of a two-stage steam-oxygen conversion process with TANDEM scheme, as well as
on experience in developing the process with VG-400 high-temperature helium reactor (Kostin, 2005;
Mitenkov, 2004; Ponamarev-Stepnoi, 2008; Stolyarevsky, 1988).
The SMR process is used to produce a hydrogen methane mixture from natural gas as fuel
decreasing energy and material costs for HMM production as compared with traditional methods.
Raw material used for production of such product is natural gas; energy carrier – flue gases of gas
combustion products. Final product is hydrogen methane mixture with 48% hydrogen content
compressed to pressure of 70 atm.
The concept provides for adiabatic steam catalytic one-stage conversion with carbon dioxide
removal through short-cycle heat-free adsorption, followed by return of a part of product fraction to
conversion. This option assumes maximum usage of initial hydrocarbon raw material to produce the
HMM.

Hydrogen production complex based on MHR-T reactor
Technical-economic parameters of the MHR-T energy-technological complex recommended as
reference design parameters are as displayed in Table 1 (Kostin, 2006; Mitenkov, 2004).
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Table 1: Main technical-economic parameters
Parameter
1.

Reactor type

2.

Power conversion cycle

3.

Technological process options

4.
5.

NPP thermal power, MW
Thermal power for hydrogen production by steam methane reforming/
high-temperature water electrolysis, MW
Helium temperature at the reactor core inlet in case of: steam methane
reforming/ high-temperature water electrolysis, °С
Electric energy production efficiency (gross),%
Energy consumption for house loads, MW:
– NPP for steam methane reforming/ high-temperature water electrolysis
– steam methane reforming/ high-temperature water electrolysis
Average fuel rating of the reactor core, MW/m3, maximum
Reactor core fuel:
– type
– enrichment by 235U, %, maximum
– average burn-up, MW·day/kg
– fuel cycle, eff. days, minimum
– number of refuellings
Reactor core refuelling
Average refuelling duration, days, maximum
MHR-T basic operation mode
Average (over service period) thermal power utilisation factor, minimum
Design service life, years
Hydrogen production efficiency, t/h (m3/h), minimum:
– steam methane reforming
– high-temperature water electrolysis

6.
7.
8.

9.
10.

11.
12.
13.
14.
15.
16.

Value*
Modular helium high-temperature
reactor with graphite moderator
Gas-turbine, direct, recuperative, with
intermediate cooling
Steam methane reforming
(short-term perspective);
High-temperature
water electrolysis
(long-term perspective)
4 × 600
4 × 160/4 × 211
950
47
4 × 10/4 × 15
4 × 2.5/4 × 5
6.5
Based on UO2 w/multi-layer coatings
20
125
900
3
With the shutdown reactor
35
100% Nnom
0.8
60
4 × 12.5 (138.75⋅103)
4 × 6.76 (75⋅103)

* Parameters may be refined during design (depending on design option).
The MHR-T energy-technological complex is designed in accordance with federal nuclear power
rules and regulations, as well as other regulatory documents and Russian state standards applied in
nuclear power engineering and chemical industry. The MHR-T complex includes an energy sector and
chemical-technological sector (hydrogen production sector), as well as infrastructure supporting their
operation.
Energy sector represents a four-module NPP including four reactor plants (modules), as well as NPP
systems and facilities supporting operation of these reactor plants.
Chemical-technological sector includes hydrogen production process lines, as well as systems and
facilities supporting their operation.
Process and organisational solutions of design developments shall ensure maximum independence
of MHR-T modules during operation and in all possible accidents with radiation emission/release. Links
between MHR-T modules and between these modules and process lines and overall infrastructure
(control, support and auxiliary systems) shall be determined at the design stage.
The MHR-T energy-technological complex (Kostin, 2005; Mitenkov, 2004; Ponomarev-Stepnoi, 1983,
2008; Stolyarevsky, 1988) produces low-cost electric energy using high-temperature gas technology
and hydrogen produced as a result of one of the above processes.

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

71

THE CONCEPT OF NUCLEAR HYDROGEN PRODUCTION BASED ON MHR-T REACTOR

The following processes are considered as the basic processes for the chemical-technological
sector:
•

steam methane reforming;

•

high-temperature solid oxide electrochemical process of hydrogen production from water.

It should be taken into consideration that the selected hydrogen production process determines
not only chemical-technological sector solutions, but also to a great extent solutions of the MHR-T RP
and NPP as a whole, as individual equipment units. The methane reforming option (SMR technology)
allows to envisage a plant configuration with a two-circuit thermal diagram (Kostin, 2006; PonomarevStepnoi, 1983). Heat shall be transferred directly from primary coolant to chemical-technological sector
medium in a high-temperature heat exchanger. The key component of chemical-technological sector
medium circulating through the high-temperature heat exchanger is water steam. Temperatures at
the reactor outlet required to implement the above option shall not be less than 900°C (950°C is
adopted). The high-temperature electrolysis option allows considering the plant configuration both
with two- and three-circuit thermal diagram. Heat is transferred from the primary coolant in the
high-temperature heat exchanger to intermediate circuit helium and then to steam-hydrogen flow of
the chemical-technological sector that will require (in the option with intermediate circuit) increase of
reactor outlet temperature up to 950°C.
The chemical-technological sector with steam methane reforming is considered as the basic
option (for short-term perspective).
The MHR-T refers to HTGR facilities representing one of the advanced areas of new-generation
nuclear power development and having inherent safety feature. The technical concept is based on:
•

modular helium-cooled reactors with typical high level of inherent safety;

•

fuel cycle based on uranium dioxide in the form of multi-layer particles, high burn-up and
burial of fuel blocks unloaded from the reactor without any additional processing;

•

direct gas-turbine power conversion cycle (Brayton cycle) with highly effective recuperation
and intermediate cooling of coolant;

•

highly efficient gas turbines developed for aircrafts and electric power plants;

•

electromagnetic bearings operating almost without friction and applied in various technical
areas;

•

highly efficient high-temperature compact heat exchangers, strong casings made of heat
resistant steel.

Heat released in the reactor core is removed and transferred to the chemical-technological sector
in accordance with two- or three-circuit diagram (in the power conversion unit – in accordance with
one-circuit diagram) to produce electric energy in closed gas-turbine cycle. The main components of
each NPP module are arranged in isolated premises of the buried containment of the NPP main
building.
In the addition to the reactor plant, the main building modules accommodate also NPP key
systems supporting NPP operation.
The chemical-technological sector equipment is arranged outside the containment of the NPP
main building.
The MHR-T energy-technological complex is designed for a specific site on the basis of design
solutions selected with account of:
•

typical climatic conditions of the site located in the middle of Russia;

•

specific external impacts – seismicity, aircraft fall, shock air wave.

The basic operation mode of the MHR-T energy-technological complex is 100% power operation
with parallel production of hydrogen and electric energy (combined mode).
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Safety of the RP equipment and NPP as a whole, safety of fuel cycle and chemical-technological
sector equipment shall be sufficiently high to achieve not less than 0.8 capacity factor of the
energy-technological complex, averaged over the service period.
The energy-technological complex shall include storage of required-quality hydrogen. Capacity of
the finished product storage shall be determined with account of explosion safety and be enough for
several days that shall be validated in the design. Interfaces between the four-module NPP and
chemical-technological sector shall eliminate faults which may cause failure of more than one MHR-T
module.
The preliminary simplified principal flow diagram of the MHR-T module (option with methane
reforming) is given in Figure 3. The flow diagram for the option with water steam electrolysis may
differ by components of intermediate helium circuit between RP primary circuit and chemicaltechnological sector.

Figure 3: Principal flow diagram of the energy-technological
complex module with the MHR-T reactor plant
1 – reactor; 2 – high-temperature heat exchanger; 3 – turbine; 4 – recuperator; 5 – precooler; 6 – low-pressure compressor;
7 – intercooler; 8 – high-pressure compressor; 9 – generator; 10 – generator gas cooler; 11 – bypass valve; 12 –heat exchanger
of PCU cooling water system; 13 – pump of PCU cooling water system; 14 – pump of re-circulation water supply system;
15 – cooling tower; 16 – SCS unit heat exchanger; 17 – gas circulator isolation valve; 18 – SCS unit gas circulator;
19 – gas circulator cooler; 20 – heat exchanger of SCS cooling water system; 21 – pump of SCS cooling water system;
22 – pump of re-circulation water supply system; 23 – RCCS surface cooler; 24 – heat exchange with RCCS heat pipes;
25 – RCCS air ducts; 26 – primary coolant purification system; 27 – helium transportation and storage system;
28 – chemical-technological sector with steam methane reforming
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The reactor for the MHR-T RP is designed on the basis of the GT-MHR reactor concept. The main
reactor equipment is arranged in a vertical vessel located parallel to the power conversion unit and
high-temperature heat exchanger vessels in a separate cavity.
Thermal power generated by the reactor is converted to chemical power in a thermal conversion
unit where, in the MHR-T option with methane reforming, thermochemical reaction is initiated
converting initial steam-gas mixture to hydrogen-enriched converted gas (mixture of water steam, CO,
H2, CO2, and CH4).
Designing of the thermal conversion unit is a complex engineering task to be solved taking into
account the reactor requirements and, first of all, the necessarily high efficiency of the thermochemical
process. Earlier investigations conducted in Germany, USA and Russia have demonstrated that capital
and operating costs in the option without intermediate helium circuit can be reduced almost by
one-third, and the cost of supplied heat is decreased by 28% (the HTGR design with methane reforming
was considered by comparing the option with heat transfer to the thermal conversion unit via
intermediate helium circuit, and the option with direct heat transfer to the thermal conversion unit via
primary circuit).
Technical solutions relating to selection of the thermal conversion unit design mainly depend on
the results of analysis of various accident modes of the selected design, and estimates of diffusion
flows (hydrogen flow to primary circuit and tritium flow to process circuit), i.e. on those problems
which are connected with validation of possible failure as a result of intermediate circuit application.
Calculational investigations confirmed that the MHR-T concept without intermediate helium circuit
does not lead to possible violation of operation conditions, nuclear and radiation safety standards
which would require revision of the diagram and main technical solutions incorporated in the work
specification.

Perspectives of nuclear hydrogen complex development
Application of MHR-T facilities will provide highly effective energy supply of not less than 35-40%
industrial plants in Russia. The energy supply of oil processing plants (27 plants) will require about
80 MHR-T facilities. Transition of the plant with oil refining output of 16 mln.t/year to heat and
energy supply from the energy-technological complex with 6 MHR-T will increase oil output up to
2.4 mln.t/year, benzene output up to 0.5 mln.t/year and diesel fuel output up to 0.7 mln.t/year. Energy
supply of Russian ammonia production plants (8 plants) will require 32 MHR-T and save about
12 bln.nm3 of natural gas per year [2.5% gas output of JSC Gazprom (2008)]. The plant with ammonia
output about 1 mln.t/year will require not less than 2 MHR-T with methane reforming, and about
10 reactors will be needed for methanol production.
At the forecasted hydrogen demand of motor transport of 1.7 mt/year (2020), 10 additional MHR-T
with steam methane reforming will be needed.
The metallurgy industry requires about 12 reactors for direct iron recovery on the basis of MHR-T
with steam methane reforming. Therefore, not less than 150 MHR-T shall be deployed in Russian
energy-consuming industries in a medium-term perspective, till 2040-2050 whereby saving over
80 bln.m3 of natural gas. MHR-T-based complexes will increase competitiveness of energy-consuming
industries on the world market despite the decision on transition to world prices of natural gas supply
to the Russian consumers since 2011.
The most prospective process for Russia is hydrogen production through steam methane
reforming by MHR-T HTGR. This will give almost 8 times increase in hydrogen output per thermal
power unit (vs. sulphur-iodine cycle) and establish a standardised process basis for HTGR adaptation
in various power-consuming industries. In parallel, the technology of high-temperature solid oxide
water electrolysis shall be developed on the basis of early performed activities.
Medium-term activities shall include designing of a pilot-commercial nuclear energy-technological
complex with the MHR-T modules, development of the technology of hydrogen production with
helium coolant heating, testing of reactor and technological sector processes and systems, including
the power conversion unit, designing of MHR-T commercial nuclear energy-technological complexes
with maximum standardisation of equipment and operation modes with regard to main sites and
production plants, as well as co-operation in the field of machine building and development of
commercial construction basis for nuclear energy-technological complexes.
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Canadian nuclear hydrogen R&D programme:
Development of the medium-temperature Cu-Cl cycle and
contributions to the high-temperature sulphur-iodine cycle
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Atomic Energy of Canada Limited, Chalk River Laboratories
Ontario K0J 1J0, Canada

Abstract
Canada is developing the heavy-water-moderated supercritical water reactor as its Generation IV
nuclear system. The medium temperature copper-chlorine (Cu-Cl) cycle has been selected as a suitable
process for integration with this reactor system for large-scale production of hydrogen. A collaborative
programme uniting the University of Ontario Institute of Technology (UOIT), Argonne National
Laboratory (ANL) and Atomic Energy of Canada Limited (AECL) is underway for the development of
the complete cycle for pilot plant demonstration. Canada’s Generation IV National Programme also
supports the international efforts on VHTR through R&D on areas that are synergistic with the
Canadian efforts on SCWR. Some of the latest results in the development of the Cu-Cl cycle and
Canada’s contributions to the sulphur-iodine cycle are described in this paper.
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Introduction
Canada has been a very successful nuclear vendor country with its CANDU reactors placed among the
best performing ones across the world. With the largest known high-grade uranium deposits located
in the Province of Saskatchewan, Canada also enjoys the benefits of being one of the top suppliers of
uranium in the world. Currently, there are 22 CANDU reactors in Canada (located in three provinces),
and 12 Canadian-designed CANDU reactors outside of Canada in 6 countries (AECL, 2006-2008). Nuclear
energy accounts for approximately 15% of Canada’s total electricity and 51% of the Province of
Ontario’s electricity production in 2007 (CNA, 2008).
In 2006, Natural Resources Canada (NRCan) established a national programme (Generation IV
National Programme) to support Generation IV research and development specifically relevant to
Canada and to meet Canada’s commitments to Generation IV Forum (GIF) (Brady, 2007). NRCan is the
department in the federal government of Canada responsible for establishing policies, priorities and
programmes for energy science and technology (S&T). Canada’s Generation IV National Programme
focuses on developing a Super-critical Water-cooled Reactor (SCWR). Canada’s development of the
SCWR as its next generation reactor is firmly based on the current experience with pressure-tube,
heavy-water-moderated CANDU reactors. While focused on SCWR, Canada’s Generation IV National
Programme also supports the international efforts on VHTR through R&D on areas that are synergistic
with the Canadian efforts related to SCWR. The medium-temperature (<550°C) copper-chlorine
thermochemical cycle is being developed for integration with the SCWR for hydrogen production.
Adaptation of the high-temperature (>800°C) sulphur-iodine (S-I) thermochemical cycle to suit the
lower temperature (<625°C) of the SCWR is also being investigated.

Cu-Cl cycle developments
The Cu-Cl cycle [Eqs. (1-4) in Table 1] has been identified by AECL, in agreement with the Argonne
National Laboratory (ANL), as the most promising thermochemical cycle for hydrogen production
suitable for integration with Canada’s SCWR designs. This moderate temperature cycle consists of
three thermal reactions for generating H2, O2, and HCl [Eqs. (1), (3) and (4)] and one electrochemical
reaction [Eq. (2)]. Since ANL has been involved in the development of this cycle over several years,
AECL initiated a collaborative development programme with them about three years ago. Around the
same time, the University of Ontario Institute of Technology (UOIT), Ontario, Canada, adopted nuclear
energy as one of their main strategic research fields for concentration. As a result, they have
established a Nuclear Engineering Programme in the School of Energy Systems and Nuclear Science.
In collaboration with several other universities (University of Waterloo, University of Guelph,
University of Western Ontario, University Maribor, etc.), research organisations (ANL) and AECL, they
have initiated a nuclear hydrogen programme. Because of its relevance to Canada’s SCWR programme,
UOIT has chosen the Cu-Cl cycle development for nuclear hydrogen production. UOIT has now
established an overarching programme covering all aspects of the development of the Cu-Cl cycle.
AECL supports this programme through financial and technical contributions. Because of its expertise
in the fields of electrolysis, AECL’s technical contribution is focused on the development of
electrochemical aspects involved in the cycle.

Table 1: Reactions involved in the Cu-Cl cycle – four-reaction option
Equation
1
2
3
4

Reaction stoichiometry
2Cu + 2HCl(g) → 2 CuCl(l) + H2(g)
4CuCl(a) → 2CuCl2(a) + 2Cu
2CuCl2(s) + H2O(g) → Cu2OCl2 (s) + 2HCl(g)
Cu2OCl2 (s) → 2CuCl(l) + ½O2(g)

Temperature (°C)
425-450
< 100
300-375
450-530

Remarks
Thermal
Electrochemical
Hydrolysis
Thermal

Following further research into the development of the Cu-Cl cycle, AECL proposed a variant of the
cycle (Dokiya, 1976) involving direct generation of hydrogen through the following electrochemical step,
Eq. (5), replacing steps shown in Eqs. (1) and (2) in Table 1, simplifying the process in a significant way.
2CuCl + 2HCl → H2 + CuCla2
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(5)
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The work being carried out at AECL is mainly focused on the development of an electrolysis cell
to carry out the step shown in Eq. (5). Figure 1 shows the flow diagram of the single-cell electrolysis
test facility used for this development. The catholyte, 6 M HCl, is held in a modified 4 L volumetric
flask labelled “Catholyte Reservoir”. A peristaltic pump is used to pump the 6 M HCl solution from the
reservoir to the two ion exchange columns. The first ion-exchange column, containing DOWEXTM 21K
XLT anion exchange resin, removes copper(II) chloride complexes. The second ion exchange column,
containing DOWEXTM M4195, a chelating ion exchange resin, removes uncomplexed copper(II) cations.
Following the two ion exchange columns, the catholyte passes through the cathode compartment of
the electrolysis cell and then returns to the catholyte reservoir for recycling.

Figure 1: Experimental set-up used for single-cell electrolysis experiments
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The anolyte, typically 1.0 M CuCl in 6 M HCl, is also held in a modified 4 L volumetric flask
labelled “Anolyte Reservoir”. In the anode compartment, copper(I) is oxidised to copper(II). After the
anolyte leaves the anode compartment, it enters a modified 2 L volumetric flask that contains copper
metal coils. Copper(II) that is present in the anolyte reacts with the copper metal to give two moles of
Cu+ for every mole of Cu2+ that enters the flask. The anolyte solution then returns to the anolyte
reservoir and is recycled. Because the reaction between Cu2+ and copper metal increases the Cu+
concentration, 6 M HCl is added to the anolyte reservoir to maintain the Cu+ concentration at a
relatively constant value. The HCl solution required for this purpose comes from the “HCl Addition
Vessel”.
The voltage or current is applied across the electrolysis cell using the “Potentiostat” and “Power
Supply”. This instrumentation is controlled by the “Computer”, which also collects and stores
experimental data.
A commercially available fuel cell (Figure 2) was used for the initial work with low-flow
experiments and a custom-made cell (Figure 3) was used for the high-flow experiments.
When the low-flow rate single-cell electrolysis cell was used the cathode and anode were
fabricated by painting one side of a 5 cm2 piece of EC-TP1-060 Toray Carbon Fiber Paper with Pt on
XC-72R catalyst mixture. In high-flow rate single-cell electrolysis experiments the cathode was a
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Figure 2: Photograph of the single-cell commercial fuel
cell used for low flow CuCl/HCl electrolysis experiments

Figure 3: Photograph of the custom-made high flow single-cell electrolysis cell

Pt/XC-72R catalyst mixture that was sprayed directly onto one of the graphite separator plates that
came with the high-flow rate single-cell electrolysis cell. We have found that the copper(I) oxidation
reaction does not require a catalyst (see below). Thus, a catalyst-free graphite separator plate was
used as the anode. Nafion membranes were used as the electrolyte for H+ conduction.
The polarisation curves presented in Figure 4 for the copper(I) oxidation reaction show that they
tend to merge with one another when the electrode potential is < 0.25 V (SCE). In this region the
kinetics of the electrode reaction is controlled by the electron transfer reaction that takes place at the
electrode surface. Under this condition, the current density does not show a dependence on the
nature of the substrate or on the absence or presence of a platinum catalyst. When the electrode
potential is > 0.4 V (SCE) the kinetics of the electrode reaction is controlled by mass transfer. In this
case, the current density displays a strong dependence on both the substrate and on the absence
or presence of a platinum catalyst. In the region where the electrode kinetics is under mass
transfer-control, higher current densities are observed for working electrodes fabricated from a
graphite separator plate. For a given substrate, higher current densities are generally observed for
catalyst-free working electrodes. The highest current densities are observed with a catalyst free GSP.
The results from Figure 4 show that a catalyst like Pt is not required to carry out the copper(I)
oxidation reaction. Thus, the anode of a single-cell electrolysis cell can be a Pt-free graphite separator
plate. A Pt-free anode will reduce the capital cost of a large-scale commercial electrolyser quite
significantly.
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Figure 4: Half-cell polarisation curves for the copper(I)
oxidation reaction at the indicated working electrodes

The polarisation curves obtained for the hydrogen production reaction are presented in Figure 5
with the working electrodes indicated on the figure. As the data shows, very small current densities
are observed from the Pt-free working electrodes. This confirms that a catalyst is required to carry out
the hydrogen production reaction. The other three polarisation curves presented in Figure 5 were
obtained from working electrodes that incorporate a platinum catalyst. As the data shows, the largest
current densities are observed from a working electrode that was fabricated from a graphite separator
plate and painted with a Pt/XC-72R catalyst mixture.
The polarisation curve shown in Figure 6 describes the kinetics of the single-cell CuCl/HCl
electrolysis reaction over the potential region indicated on the figure. As this data shows, the
CuCl/HCl single-cell electrolysis reaction is under mass transfer control in the potential region 0.5 V to
0.9 V. This means that the current densities in this region are dependent upon the flow rate of the
anolyte and/or catholyte solution through their respective compartments. At 0.9 V, 0.8 V and 0.7 V the
current density was found to be 0.429 A⋅cm–2, 0.342 A⋅cm–2 and 0.238 A⋅cm–2, respectively.
During the development of the CuCl/HCl electrolysis reaction three recurring issues have been
identified which can be summarised as follows:
1) The equilibrium potential of the single-cell electrolysis cell, as determined from polarisation
curves, increases during single-cell electrolysis experiments.
2) Copper ions, presumably copper(II), enter the catholyte solution from the anolyte solution by
crossing the membrane during electrolysis experiments.
3) During most constant current half-cell electrochemical experiments the working electrode
potential for the hydrogen production reaction increases with time.
The first issue identified above has been solved while the other two are presently being addressed.
In order to get meaningful experimental data, and to further develop the CuCl/HCl electrolysis
reaction, all of these issues need to be resolved. Some of these issues are artefacts of the way in which
the electrolysis reaction is being carried out in the laboratory (Issue #1) while others are related more
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Figure 5: Half-cell polarisation curves for the hydrogen
production reaction on the indicated working electrodes

Figure 6: Single-cell polarisation curve

to process development (Issue #3). To some extent, Issue #2 is also an artefact; however, one goal of
process development is to develop membranes that do not allow copper ions to cross over from the
anolyte solution to the catholyte solution. In a few single-cell electrolysis experiments, copper metal
was visually observed on the cathode (Figure 7) when the cell was disassembled at the completion of
the test.
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Figure 7: Copper deposits formed on the cathode

Sulphur-iodine cycle
The sulphur-iodine (S-I) cycle (Table 2), originally developed by General Atomics, is considered to be
one of the best thermochemical hydrogen production processes currently under development in many
countries. While the very high temperature reactors (VHTR) being developed in many countries,
including the USA and Japan, are capable of satisfying the high temperature requirements of all the
steps of this process, Canada’s SCWR can satisfy the temperature requirements of all but the catalytic
SO3 decomposition step. However, AECL’s direct electrically heated catalytic structures (Spagnolo, 1992)
may be used for the decomposition with only a marginal lowering of the overall efficiency of the S-I
process. An experimental programme has been ongoing to investigate the use of these structures
containing Pt or Fe2O3 as catalyst for the decomposition over the temperature range of 500 to 1 000°C.
While the main objective is to measure the decomposition rate and its dependence on temperature,
great effort is focused on identifying suitable materials for the metal structure used for direct heating
under the extreme corrosive conditions of the decomposition process. The catalytic decomposition
rates are required for the optimisation of the process and estimation of realistic capital costs.

Table 2: The steps involved in the sulphur-iodine cycle
Reaction

Temperature (°C)

Remarks

I 2( l ) + SO2( g ) + H 2O( l ) → 2HI( aq ) + H 2 SO4( aq )

~120

Bunsen reaction

H 2 SO 4( g ) → SO3( g ) + H 2O( g )

<500

Sulphuric acid decomposition

SO3( g ) → SO2( g ) + 0.5O2( g )

>800

Sulphur trioxide decomposition

2HI( g ) → I 2( g ) + H 2( g )

~425

Hydrogen iodide decomposition

A schematic of the experimental test rig used to study the performance of electro-resistively
heated catalysts is shown in Figure 8. The test rig includes a direct electro-resistive heating reactor
(Hastelloy C-276) containing the catalyst. Concentrated H2SO4 is introduced to the reactor and heated
to 500~550°C in a pre-heating section to decompose it into SO3 and H2O vapour. N2 gas is used as the
carrier gas to blow the decomposition products through the reactor. SO3 decomposition takes place on
the catalyst to produce gaseous SO2 and O2. Following SO3 decomposition, the gaseous products pass
through a condenser cooled by water at 1°C, three bubblers containing 5%, 15% and 30% potassium
hydroxide, respectively, to absorb acidic components in the gaseous products, an empty ice/dry-ice
cooled container used as a thermal buffer, a gas conditioning unit to capture acidic gas residues, and
an oxygen analyser.
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Figure 8: Schematic of the electro-thermal SO3 decomposition test apparatus
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For the tests discussed in this paper, the N2 gas flow rate was maintained at 700 or 1 100 mL·min–1
and the concentrated H2SO4 acid was added to the system at a rate of 0.06 to 0.17 mL·min–1 at room
temperature. This produced a H2SO4 concentration of 3 to 6% in the N2 gas at the inlet of the SO3
decomposition reactor.
Figure 9 shows a photograph of the catalyst coated metal strips used for the decomposition
reaction.

Figure 9: Catalyst strips: Hastelloy strips coated with Pt/TiO2 or Fe2O3 catalyst

Fe2O3

Pt/TiO2

A comparison of the results in Figures 10 and 11 show that Pt-TiO2 is an active catalyst even at
temperatures as low as 550°C while the Fe2O3 catalyst is active only at temperatures above 600°C. The
SO3 conversion reached 53% and 40% at 800°C with 10% Pt/TiO2 and Fe2O3 catalysts, respectively.
Platinum supported on TiO2 has been singled out as one of the best catalysts for this decomposition
though its cost may be a significant deterrent for its application. However, since the fraction of Pt cost
in the catalyst structure is expected to be small in comparison with the complete decomposer, we
propose to consider Pt-based catalyst structures in depth. On the other hand, Fe2O3 is considered to be
a more cost-effective catalyst with a moderately high activity, and Fe2O3 forms an excellent coating on
the metal structures. At AECL, both these catalysts are being considered for electro-resistive heating.
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Figure 10: SO3 conversion with Pt/TiO2 catalyst coated on Hastelloy strip
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Figure 11: SO3 conversion with Fe2O3 catalyst coated on Hastelloy strip
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Conclusions
The Canadian Generation IV National Programme has helped to establish a comprehensive R&D
programme on nuclear hydrogen production. This programme maximises the benefit to Canada and
supports the international collaboration.
The experimental data presented in this paper demonstrates the potential of CuCl/HCl electrolysis
for nuclear hydrogen production. The CuCl/HCl electrolysis reaction requires a cation exchange
membrane in order to produce hydrogen at a current density that exceeds 0.1 A⋅cm-2. In order to carry
out the hydrogen production reaction a platinum electro-catalyst is required. The copper(I) oxidation
reaction, on the other hand, does not require a Pt catalyst. This reaction proceeds quite readily on
Pt-free graphite electrodes. Methods to mitigate the passage of the copper ion species across the
membrane need to be developed to maintain the performance of the cell at the desired level.
Electro-resistively heated Pt-TiO2 or Fe2O3 catalysts supported on Hastelloy C-276 have been
successfully used for the decomposition of SO3. The Pt-TiO2 catalyst has been shown to be active over
a wider range of temperatures compared to the Fe2O3 catalyst. The combination of these two catalysts
with electro-resistive heating may offer a novel method for SO3 decomposition in the S-I process.
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Application of nuclear-produced hydrogen for energy and industrial use

Masao Hori
Nuclear Systems Association
Japan

Abstract
Hydrogen can be produced from water by thermochemical processes using nuclear heat or by
electrochemical processes using nuclear electricity, or by “hybrid” processes combining both processes.
As these nuclear water-splitting processes make it possible to produce hydrogen without any carbon
dioxide emissions, they are mainstream methods to supply hydrogen as an energy carrier or as a feed
material for industrial processes.
Another method of producing hydrogen using nuclear energy is by the steam reforming/gasification
reaction of fossil fuels or biomass, in which nuclear heat is supplied for the endothermic reaction heat,
thus reducing the feed materials to be combusted for heat. Because of its advantages in economic
competitiveness and in technical feasibility, this method will be utilised in various applications in spite
of some CO2 emissions.
Nuclear hydrogen is expected to be used in diverse fields in the future, where appropriate production
methods are to be chosen according to the application.
In this presentation, the following possible applications of nuclear hydrogen in prospective fields are
reviewed:
•

Oil/fuel industry: Upgrading of bitumen from oil sands using hydrogen produced by the
nuclear-heated steam reforming of a portion of the product.

•

Steel/chemical industry: Nuclear iron making by recirculation of CO formed from the reverseshift reaction of effluent CO2 with nuclear produced hydrogen by the water-splitting.

•

Electric utility: Synergistic power generation using both fossil and nuclear energies through
electrochemical energy conversion in a fuel cell using hydrogen from the nuclear-heated
steam reforming of natural gas.

•

Restoration of global environment: Nuclear carbonisation/gasification of biomass to stabilise a
portion of carbon in biomass as solid carbon and to convert the remaining carbon to synthetic
fuels using nuclear hydrogen, thus effectively removing CO2 from atmosphere.

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

87

APPLICATION OF NUCLEAR-PRODUCED HYDROGEN FOR ENERGY AND INDUSTRIAL USE

Hydrogen energy in future society
In the course of energy use, we convert the primary energies, which have the form of chemical, heat,
light, potential or motion, into “energy carriers”. An energy carrier should be convenient for delivery,
storage and utilisation in the course from conversion to final demands. In order to meet the growing
energy demand in the world, it is essential to increase the conversion efficiency from primary
energies to energy carriers, as well as to increase the utilisation efficiency in final energy demands.
The predominant energy carriers we use now are “hydrocarbons” derived from fossil fuels, and
“electricity” generated from various primary energies. On one hand, it is expected that use of
hydrogen as an energy carrier is effective for energy and environment. So, the energy carriers which
are being used or in sight are categorised into three groups as shown in Table 1, namely hydrocarbons,
electricity and hydrogen.

Table 1: Flow of energy through conversion and utilisation

Primary
energy



Energy carrier
（secondary ~ final
energy）



Hydrocarbons
Fossil fuels

Renewables

Electricity

Heat
Light

Utilisation

Nuclear

Conversion

(petroleum, natural
gas, coal, etc.)

(Fossil fuel products,
such as gasoline,
kerosene, diesel oil, city
gas, etc. In the future,
synthetic fuels,
including bio fuels)

Final
demand

Power
Transportation
Electronics

(hydro, solar, wind,
biomass, etc.)

Hydrogen

Communication

The ratio of primary energies consumed for generating electricity to the total consumption of
primary energies is 35% for the OECD countries and 30% world wide, respectively. It is considered that
this ratio will increase to 50% or more by the end of 21st century, of which substantial part is expected
to be supplied by nuclear energy. Still, there remains half of primary energy consumed for production
of non-electricity energy carriers such as hydrocarbons and/or hydrogen. Nuclear energy is expected to
contribute in supplying these non-electricity energy carriers by way of nuclear hydrogen or other forms.
Table 2 shows potential energy systems for future society. With the “hydrogen economy”, it is
possible to diversify the primary energies to produce hydrogen, to increase the efficiency of power
conversion by adopting fuel cells, and to make clean the final application process as only water is
emitted. However, the same purpose could be attained by the “all electrified economy” when an
innovative battery (electricity storage method) with high energy density and competitive cost is
developed. Also, a similar purpose can be attained by the “synthetic fuel economy”, where the
hydrocarbon fuels, the same convenient liquid fuels as derived from petroleum, but produced from
non-petroleum fossil fuels or biomass.
Whether the hydrogen economy, all electrified economy or synthetic fuel economy dominates
future society, depends on the progress and breakthrough of related technologies on these energy
carriers. Whichever direction the future society takes, nuclear energy, which is capable of sustainable
energy supply without CO2 emission, will supply a substantial part of energy to produce the selected
energy carriers.
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Table 2: Potential energy systems for future society

Economy

Present

1

Energy Systems
for Society

Predominant
energy carriers

Comments

Fossil fuel
products
economy

Fossil fuel products
+
Electricity

Ratio of electricity in primary
energy is 35% for OECD
countries and 30% world
wide at present. In the future,
50% or more world wide.

Hydrogen
economy

Electricity
+
Hydrogen

Hydrogen replaces the
present fossil fuel products.
Feasibility may be enhanced
by the “ammonia economy”.

Future ? ? ?

2

All electrified
economy

Electricity

By commercialisation of high
performance electricity
storage methods, the
transportation sector can be
electrified.

3

Synthetic fuels
economy

Electricity
+
Synthetic fuels

Liquid fuels are convenient to
use. Synthetic fuels derived
from fossil fuels at first, later
from biomass.

As concerns hydrogen energy, from its characteristics and technology progress up to now,
potential future courses could be estimated as follows:
•

The amount of hydrogen utilised in specific processes of energy conversion and application
will increase. For example, such occasions will increase as the case of stationary fuel cell, in
which hydrogen is produced by the steam reforming of natural gas, kerosene or petroleum gas,
and immediately consumed in a fuel cell for power generation.

•

Large increase of hydrogen demands will occur in the upstream of industry, such as feed
material for synthetic fuel production in the oil/fuel industry and a reducing agent for iron
making in the steel/chemical industry. These hydrogen demands will be supplied effectively
by nuclear energy.

•

In order to make the hydrogen energy carrier to be distributed and utilised in a large scale
through pipelines or by tankers, there should be a considerable degree of breakthrough in the
technology and infrastructure on hydrogen delivery and storage.

•

The hydrogen economy can rather be attained by a so-called “ammonia economy”, where
ammonia (NH3) is used as a hydrogen carrier for its easier delivery and storage characteristics.
Especially, if such developments currently underway on production and application of NH3 as
the electrochemical synthesis of NH3 from nitrogen and water and the direct NH3 fuel cells
have made progress, the ammonia economy becomes feasible.

Methods for nuclear production of hydrogen
Hydrogen can be produced from any of the primary energy sources (fossil fuels, nuclear energy and
renewable energies). Nuclear produced hydrogen will be expected to supply the base load, because of
its characteristics. Many processes have been proposed for production of hydrogen using nuclear
energy (Figure 1).
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Figure1: Methods for hydrogen production by nuclear energy
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The leading processes presently under research and development are:
•

electrolysis of water by nuclear electricity;

•

high-temperature electrolysis of steam by nuclear electricity and heat;

•

thermochemical splitting of water by nuclear heat, or by both nuclear heat and electricity;

•

nuclear-heated steam reforming of natural gas, or other hydrocarbons.

Although it is not certain what course the commercialisation of nuclear hydrogen production will
take, a typical prospect based on the current state of knowledge (Hori, 2004) could be as follows:
1) In the near term, electricity generated by light water reactors (LWR) can be used to produce
hydrogen from water by electrolysis. This process can be commercialised, in some cases by
using off-peak power, because the relevant technologies are already proven. The electrolytic
synthesis method of NH3 from nitrogen and water will be promising for a future ammonia
economy when it is combined with nuclear electricity.
2) In the intermediate term, nuclear-heated steam reforming of natural gas could be utilised,
using medium-temperature reactors, in spite of some carbon dioxide emissions, because of its
advantages in economic competitiveness and in technical feasibility. Also, high-temperature
reactors could be used to carry out high-temperature steam electrolysis, with higher conversion
efficiency and fewer materials problems.
3) In the long term, high-temperature reactors would be coupled to thermochemical water
splitting. These bulk chemical processes benefit from economy of scale, and may turn out to
be the best for very-large-scale nuclear production of hydrogen for a mature global hydrogen
energy economy.

Use applications of nuclear-produced hydrogen
Nuclear hydrogen is expected to be used in diverse fields in the future as shown in Table 3, where
appropriate production methods are to be chosen according to the application. Some of the aspiring
applications are reviewed in the following.
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Table 3: Use application of nuclear produced hydrogen

Field of use
Transportation
(airplane, railroad, automobile)

Consumer use
(home, building, factory)

Oil/fuel industry

Steel/chemical industry

Electric utility
Restoration of global
environment

Application
 Fuel cells
 Engine
 Combined heat and power by fuel cells
 Mixing to city gas
 Hydrogen addition to heavy oils
 Upgrading of bitumen from oil sands
 Producing synthetic gas from coal
 Nuclear iron making
 Ammonia synthesis
 Methanol synthesis
 Peak electricity supply
 Synergistic power generation
 Nuclear carbonisation/gasification of
biomass

Application to transportation sector
Utilisation of hydrogen in automobiles, through fuel cell technology, is one of the primary goals of the
hydrogen economy. There are still major problems to be solved before the commercialisation of
hydrogen fuel cell vehicles can be realised.
The challenges include the cost of the fuel cell, the method of storing hydrogen on board the
vehicle to ensure an adequate cruising range, and the creation of hydrogen distribution infrastructure.
It is expected that application technologies will evolve by breaking through the various problems we
encounter now, although it might take a few decades.
There are other transportation applications of hydrogen fuel: for fuel cells to supply electricity to
railway trains, marine vessels, and aircraft, and for jet engines to propel aircraft (Airbus, 2003). If the
application of hydrogen to jet engine aircraft occurs in the future, nuclear-produced hydrogen is the
best suited for its supply at hub airports for its features of no CO2 emission and bulk supply capability.

Nuclear upgrading of oil sands bitumen
Liquid hydrocarbon fuels such as gasoline and diesel oil derived from petroleum are far higher in
energy density and far easier to transport and store than hydrogen, which is currently considered as
future energy carriers for transportation. These liquid fuels will continue to be useful in the future
although they emit CO2 from engine or other combustion device at the final consumption stage.
As a substitute for petroleum, when we produce synthetic crude oil (SCO) from the oil sands,
hydrogen is necessary for hydrogenation and de-sulfurisation of bitumen, the oil ingredient extracted
from oil sands.
Figure 2 is an example of applying nuclear hydrogen to the SCO production process from bitumen
of oil sands, where a portion of product (11% of product SCO) is fed back to the steam reforming part
to produce hydrogen (Hori, 2005; Numata, 2006).
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Figure 2: Nuclear upgrading of oil sands bitumen to synthetic crude oil
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Nuclear production of synthetic fuels
When we produce synthetic liquid fuel, such as Fischer-Tropsch (FT, diesel) oil from coal, heat is
necessary for the coal gasification process to produce synthetic gas (syn gas, CO+H2) and additional
hydrogen is necessary to adjust the hydrogen content in the syn gas for the subsequent FT synthesis
to produce FT oil.
Nuclear energy can effectively be used in these processes to supply hydrogen, heat and/or
oxygen, otherwise fossil fuel consumption is inevitable to supply hydrogen and/or heat. Thus, using
nuclear energy for these hydrocarbon production processes will reduce fossil fuel consumption and
consequently CO2 emission during production processes.
Synthetic fuels can be produced, in principle, from carbon, hydrogen (water) and energy. As shown
in Table 4 which tabulates recent studies on nuclear production of synthetic fuels, synthetic fuels are
produced from natural gas, coal or biomass as the carbon source and the nuclear hydrogen, oxygen,
and/or heat as the hydrogen and/or energy source. Usually, the syn gas is formed as interim product,
and then the syn gas is converted to the FT oil by the FT synthesis. Even CO2 can be utilised as the
carbon source, although it consumes much energy for conversion to fuel (Bogart, 2006; Forsberg, 2006,
2008, 2008a; Hopwood, 2003; Hori, 2007, 2007a, 2007b, 2008; Kato, 2005; Kriel, 2006; Numata, 2006; Schultz,
2009; Uhrig, 2007).

Nuclear iron making by carbon recycling
The CO2 emission of the iron and steel industry accounts for about 40% of CO2 emitted from the entire
manufacturing industry in Japan, and the cutback of this emission has become an important issue.
In the iron/steel industry, the largest emission comes from the cokes used in the reducing furnaces of
iron ore.
Figure 3 shows the concept of nuclear iron making by carbon recycling being proposed by the
author. The effluent CO2 from the iron ore reducing furnace is reduced to CO by hydrogen produced by
nuclear water splitting, and the CO is fed back to the reducing furnace. As the carbon is recycled,
there are no consumption of cokes and no CO2 emission.
There are concepts of feeding nuclear hydrogen to the reducing furnace, but the CO reducing is
considered better for controlling the temperature of furnace.
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Table 4: R&D on nuclear production of synthetic fuels

Raw
materials

Process

Nuclear
supply

Interim
products

Final
products

Hydrogen
(H2)

Feed to the
following
processes

Many
countries

Various methods of
hydrogen production
shown in Figure 1

Gasoline
diesel oil,
etc.

Canada,
S. Africa,
US, Japan

Upgrading from
bitumen from oil
sands

Water-splitting

H2O

Heat (1a)

steam reform.

CH4, H2O

Heat (1b)

Ultra heavy oil
upgrading

CH1.5

Heat
(Steam)
Hydrogen

SCO
(CH2)

Coal
gasification

CH0~1

Heat (2)
Hydrogen

Syn gas
(CO+H2)

Biomass
gasification

(C6H12O6)n

Heat (2)
Hydrogen

Syn gas
(CO+H2)

CO2
reduction

CO2

Heat
Hydrogen (3)

Syn gas
(CO+H2)

R&D

FT oil (4)

S. Africa

Comments

Reduction of CO2
emission to a half

FT oil (4)

US, Japan

Increase of efficiency
and yield of
conversion by
nuclear energy

FT oil (4)

US, Japan

Fuel production from
flue gas of coal fired
power plant

Relevant chemical reactions:
(1a) Hydrogen production by water-splitting

H2O  H2 + (1/2)O2

(1b)Hydrogen production by steam reforming

CH4 + H2O  CO + 3H2

(2) Hydrogen production by steam gasification of coal

C + H2O  CO + H2

(3) Reduction of CO2 by reverse shift reaction

CO2 + H2  CO + H2O

(4) Synthesis of FT oil by Fischer-Tropsch (FT) reaction

CO + 2H2 → 1/n(CH2)n + H2O

Figure 3: Concept of nuclear iron-making by carbon recycle
O2

Fe2O3
H2

CO2
Reverse
Shift
Reaction
Vessel

Iron Ore
Reducing
Furnace

Nuclear
Water
Splitting
Hydrogen
Production

CO+ H2O

Fe

CO
Separator

① Reducing ore by CO

Fe2O3 + 3CO

② Carbon recycling by
reverse shift reaction of CO2

3 CO2 + 3H2

 2Fe + 3 CO2

H2O

 3CO + 3H2O

③ Water splitting by
nuclear energy

3H2O
 3H2 + 1.5O2

Fe2O3 + Nuclear Energy  2Fe + 1.5O2

Synergistic power generation using both fossil and nuclear energies
The present method of nuclear power generation is to convert the nuclear heat into electricity by a
heat engine (turbine generator), where the thermodynamic law limits the efficiency of conversion.
Most fossil fuels plant generates electricity by the same heat engine method using the combustion
heat of fuels, but recently there are some plants which convert chemical energy directly into electrical
energy using fuel cells.
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Proposed by the author is, as shown in Figure 4, a process combining the synergistic hydrogen
production method using carbon resources (fossil fuels, biomass, CO2, etc.) and nuclear heat, with the
fuel cell power generation using this hydrogen, thus converting both chemical and nuclear energies
into electricity efficiently (Hori, 2007, 2007a, 2007b).

Figure 4: Concept of synergistic electricity generation using carbon resources and nuclear energy
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The application of this method is shown in Figure 5, where hydrogen is produced by the
nuclear-heated steam methane reforming (using a sodium-cooled reactor and natural gas), and then
this hydrogen is converted into electricity in the alkaline-type fuel cell.

Figure 5: Application of synergistic electric generation using natural gas and sodium cooled reactor
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As the synergistic hydrogen production process using natural gas and nuclear heat is efficient
and economic, and also the subsequent electro-chemical conversion of hydrogen into electricity in an
alkaline fuel cell is efficient, electricity generation by combining these two processes have the
following possibilities:
•

high conversion efficiency, thus saving both natural gas and nuclear energy resources;

•

no combustion of fossil fuels, thus reducing CO2 emission;

•

medium temperature and low pressure process, thus lowering electricity generation cost.

A preliminary evaluation shows the electricity generation efficiency of this process is about 60%
(based on the sum of natural gas heat and nuclear heat), which is comparable to a natural gas
advanced combined cycle power plant.
In principle, this synergistic power generation method can be applied to other carbon resources
such as petroleum, coal and biomass, and to other types of fuel cell such as SOFC and PEFC.

Nuclear carbonisation/gasification of biomass for removing atmospheric CO2
The following concept is to carry out, effectively by utilising nuclear energy, the so-called “carbon
minus” or “negative emission”, which not only reduces CO2 emission to the atmosphere but also removes
CO2 from the atmosphere, thus to restore the global environment by decreasing the atmospheric CO2
concentration.
By the process of carbonisation of biomass and subsequent gasification of the volatile products
from carbonisation, a portion of carbon element in biomass is stabilised as solid carbon, and the
remaining portion of carbon is converted by gasification and conversion process to synthetic fuels,
which can replace fossil fuels for energy supply.
In this process, nuclear energy can effectively be utilised, avoiding the CO2 emission from any
biomass or fossil combustion. Thus, a significant amount of CO2 can efficiently be removed from the
atmosphere by processing a part of annual growth of biomass, which leads to the decrease of
atmospheric CO2 concentration.
The concept of this process is shown in Figure 6. The carbon in biomass which is fixed by
photosynthesis from atmospheric CO2 is converted into: i) solid carbon (various kinds of charcoal,
carbon and graphite) for use as materials or for storage, which is a stable state of carbon element;
ii) synthetic fuels such as FT diesel oil, DME or hydrogen, which can replace fossil fuels as carbon
neutral alternate fuels (Hori, 2007, 2007a, 2007b).

Figure 6: Concept of nuclear biomass carbonisation and gasification
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As the necessary energy in this process is supplied by nuclear energy, the conversion ratios of
energy and mass from biomass to the products become high, besides avoiding CO2 emission, thus
contributing to the environment and noble use of biomass resources.
9

The plant growth by photosynthesis absorbs about 60 GtonC/y (GtonC = 10 tonnes of carbon)
globally from atmosphere, and the soil respiration or decay discharges almost the same amount back
to the atmosphere. Assuming that a 1/10 amount of annual plant growth is processed by the biomass
nuclear process, the effect on global carbon cycle is estimated as follows:
•

Carbon content of biomass to be processed annually is 6 GtonC.

•

The carbonisation process produces 2.7 GtonC of charcoal and 2.7 GtonC of volatiles (gas and
condensables) assuming 90% yield.

•

The gasification process produces 2.16 GtonC of synthetic gas to be fed to conversion process
to produce alternate fuels assuming 80% yield.

•

The sum of stabilised carbon and alternative fuels carbon is 2.70 + 2.16 = 4.86 GtonC.

•

The sum of nuclear energy needed for the whole process (drying + carbonisation + gasification)
is, assuming 50% margin for auxiliary power and heat losses: (0.168 + 0.235 + 0.704) × 1.5 = 1.66
9
GtonOE (GtonOE = thermal energy equivalent to 10 tonne oil).

According to the global carbon budget by IPCC AR4 report, fossil fuels emission was 7.2 GtonC/y
and the atmospheric increase was 4.1 GtonC/y in 2000-2005. The biomass nuclear process removes
about 4.9 GtonC/y from atmosphere in the long term, so it will eventually decrease the atmospheric
CO2 concentration.
According to the IIASA/WEC Global Energy Perspectives, the world nuclear capacity will increase,
for supplying nuclear electricity, from 0.5 GtonOE in 2000 to 2.7 GtonOE in 2050 and 8.3 GtonOE in 2100
(Nakicenovic, 1998). The maximum capable nuclear supply, incorporating the optimised Pu recycling
using fast breeder reactors, will be 4.0 GtonOE in 2050 and 18.3 GtonOE in 2100 (Hori, 2000). So, the
nuclear energy needed for the biomass nuclear process, 1.66 GtonOE, can be supplied by the spare
nuclear capacity, that is difference of the maximum capable and the WEC perspectives for electricity.
Stabilising the atmospheric CO2 by carbonisation is just a reverse operation to restore the coal
and other fossil fuels which had been formed underground from plant remains over geologic years,
and which have been mined and burned by the mankind for these few hundred years.

Conclusion
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•

Nuclear energy is expected to contribute in supplying non-electricity energy carriers by way of
nuclear-produced hydrogen.

•

A large increase in hydrogen demands will arise in the upstream of industry, and will be
supplied effectively by nuclear energy.

•

Nuclear-produced hydrogen is expected to be utilised in diverse fields, where appropriate
production methods are to be chosen according to the application.

•

In the nuclear/fossil fuels or nuclear/biomass synergistic processes, the following advantages
are expected:
–

by avoiding the combustion of fuels for heat supply, saving of fuel consumption and
consequent reduction of CO2 emission can be achieved;

–

by efficient processes utilising both nuclear energy and fuel, conservation of both energy
resources can be achieved;

–

by low heat cost of nuclear energy, favourable impacts to economy can be achieved.
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Abstract
This paper provides a status update on the high-temperature electrolysis (HTE) research and
development programme at Idaho National Laboratory (INL), with an overview of recent large-scale
system modelling results and the status of the experimental programme. System analysis results have
been obtained using the commercial code UniSim, augmented with a custom high-temperature
electrolyser module. The process flow diagrams for the system simulations include an advanced
nuclear reactor as a source of high-temperature process heat, a power cycle and a coupled steam
electrolysis loop. Several reactor types and power cycles have been considered, over a range of reactor
coolant outlet temperatures.
In terms of experimental research, the INL has recently completed an Integrated Laboratory Scale (ILS)
HTE test at the 15 kW level. The initial hydrogen production rate for the ILS test was in excess of
5 000 litres per hour. Details of the ILS design and operation will be presented. Current small-scale
experimental research is focused on improving the degradation characteristics of the electrolysis cells
and stacks. Small-scale testing ranges from single cells to multiple-cell stacks. The INL is currently in
the process of testing several state-of-the-art anode-supported cells and is working to broaden its
relationship with industry in order to improve the long-term performance of the cells.
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Introduction
High-temperature nuclear reactors have the potential for substantially increasing the efficiency of
hydrogen production from water, with no consumption of fossil fuels, no production of greenhouse
gases, and no other forms of air pollution. Water-splitting for hydrogen production can be accomplished
via high-temperature electrolysis (HTE) or thermochemical processes, using high-temperature nuclear
process heat. In order to achieve competitive efficiencies, both processes require high-temperature
operation (~850°C). Thus these hydrogen-production technologies are tied to the development of
advanced high-temperature nuclear reactors. High-temperature electrolytic water-splitting supported
by nuclear process heat and electricity has the potential to produce hydrogen with overall
thermal-to-hydrogen efficiencies of 50% or higher, based on high heating value. This efficiency is near
that of the thermochemical processes (Yildiz, 2006; O’Brien, 2008a, 2008b), but without the severe
corrosive conditions of the thermochemical processes and without the fossil fuel consumption and
greenhouse gas emissions associated with hydrocarbon processes.
A research programme is under way at the Idaho National Laboratory (INL) to simultaneously
address the technical and scale-up issues associated with the implementation of solid-oxide electrolysis
cell technology for efficient hydrogen production from steam. We are co-ordinating a progression of
electrolysis cell and stack testing activities, at increasing scales, along with a continuation of supporting
research activities in the areas of materials development, single-cell testing, detailed computational
fluid dynamics (CFD) analysis and system modelling.
The INL HTE programme also includes an investigation of the feasibility of producing syngas by
simultaneous electrolytic reduction of steam and carbon dioxide (co-electrolysis) at high temperature
using solid-oxide cells. Syngas, a mixture of hydrogen and carbon monoxide, can be used for the
production of synthetic liquid fuels via Fischer-Tropsch processes. This concept, coupled with nuclear
energy, provides a possible path toward reduced greenhouse gas emissions and increased energy
independence, without the major infrastructure shift that would be required for a purely hydrogen-based
transportation system (O’Brien, 2009; Stoots, 2009; Jensen, 2007; Mogensen, 2008). Furthermore, if the
carbon dioxide feedstock is obtained from biomass, the entire concept would be carbon-neutral.

HTE plant process models
A number of detailed process models have been developed for large-scale system analysis of
high-temperature electrolysis plants. These analyses have been performed using UniSim process
analysis software (Honeywell, 2005). UniSim is a derivative of HYSYS. The software inherently ensures
mass and energy balances across all components and includes thermodynamic data for all chemical
species. The overall process includes a very high-temperature helium-cooled reactor (VHTR) coupled
to the direct helium recuperated Brayton power cycle and an HTE plant with air sweep (O’Brien, 2008a).
The reactor thermal power assumed for the high-temperature helium-cooled reactor is 600 MWth. For
the base case, the primary helium coolant exits the reactor at 900°C. This helium flow is split, with
more than 90% of the flow directed toward the power cycle and the remainder directed to the
intermediate heat exchanger to provide process heat to the HTE loop. Within the power-cycle loop,
helium flows through the power turbine where the gas is expanded to produce electric power. The
helium, at a reduced pressure and temperature, then passes through a recuperator and pre-cooler where
it is further cooled before entering the low-pressure compressor. To improve compression efficiencies,
the helium is again cooled in an intercooler heat exchanger before entering the high-pressure
compressor. The helium exits the high-pressure compressor at a pressure that is slightly higher than the
reactor operating pressure of 7 MPa. The coolant then circulates back through the recuperator where the
recovered heat raises its temperature to the reactor inlet temperature of 647°C, completing the cycle.
The HTE process is operated at elevated pressure (3.5 MPa) for two reasons. Elevated pressure
supports higher mass flow rates for the same size components. Furthermore, the gaseous hydrogen
product will ultimately be delivered at elevated pressure either for storage or pipeline. Therefore, from
the standpoint of overall process efficiency, it is logical to compress the liquid water feedstock at the
process inlet since liquid-phase compression work is very small compared to compression of the
gaseous product. Heat recuperation is used in the process to the maximum extent possible in order to
minimise the net process heat requirement. A fraction of the product gas is recycled and mixed with
the inlet steam in order to assure that reducing conditions are maintained on the steam/hydrogen
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electrode. The process gas mixture is heated to the electrolysis operating temperature in the
intermediate heat exchanger (IHX), using high-temperature process heat from the nuclear reactor.
The process stream then enters the electrolyser, where the steam is electrolytically reduced, yielding
hydrogen on the cathode side of each cell and oxygen on the anode side. Most of the components
included in the analysis are standard UniSim components. However, a custom electrolyser module
was developed at INL for direct incorporation into the UniSim system analysis code, as described in
detail in O’Brien (2005).
The baseline process uses air as a sweep gas, to remove the excess oxygen that is evolved on the
anode side of the electrolyser. For the air-sweep cases, inlet air is compressed to the system operating
pressure of 3.5 MPa in a four-stage compressor with intercooling. The final compression stage is not
followed by a cooler, so the air enters the IHX at about 120°C. The sweep gas is heated to the
electrolyser operating temperature of 800°C via the IHX which supplies high-temperature nuclear
process heat directly to the system. The sweep gas then enters the electrolyser, where it is combined
with product oxygen. Finally, it passes through the electrolysis recuperator to help preheat the
incoming process gas. Some of the sweep gas compression work is recovered using a sweep-gas
turbine located at the sweep-gas exit. In order to avoid the work requirement associated with
compression of the sweep gas, it is possible to operate with no sweep gas, and to allow the system to
produce pure oxygen, which could potentially be supplied to another collocated process such as an
oxygen-blown gasifier. For this mode of operation, the four-stage air compressor would not be included
in the process flow diagram and there would be no air flow through the intermediate heat exchanger.
Air preheat at the IHX is no longer needed. Oxygen would simply be evolved from the anode side of
the electrolyser at the electrolysis operating pressure and temperature. It would flow through the
electrolysis heat recuperator and the outlet turbine. The results of our system analyses have shown
that this concept is desirable from the standpoint of overall process efficiency, but there are
significant technical issues associated with handling high-temperature pure oxygen that would have
to be addressed. Similar system analyses have been performed to evaluate the concept of direct
syngas production from steam and carbon dioxide using HTE.
For these simulations, the per-cell active area for electrolysis was assumed to be 225 cm2. This
cell size is well within the limits of current technology for planar cells. A temperature-dependent
area-specific resistance (ASR) was used to characterise the performance of the electrolysis cells
(Stoots, 2005). In order to show the trends that can be expected with higher or lower ASR, two values
of ASR1100K have been included in this study. The ASR1100K value of 1.25 represents a stack-average ASR
value at 1 100 K that is achievable in the short term with existing technology. The ASR1100K value of
0.25 is an optimistic value that has been observed in button cells, but will be difficult to achieve in a
stack in the short term. The temperature dependence of the ASR is important for the adiabatic cases
(since the outlet temperature in these cases is generally different than the inlet temperature) and for
evaluating the effect of electrolyser inlet temperature on overall process efficiency.
The total number of cells used in the process simulations was determined by specifying a
maximum current density for each ASR value considered that was large enough to ensure that the
operating voltage would just exceed the thermal neutral voltage. For the higher nominal ASR value of
1.25 Ohm·cm2, the maximum current density was set at 0.25 A/cm2 and an adiabatic thermal
boundary condition was assumed. The total number of cells for this base case was adjusted until the
total remaining power was zero. In other words, the full power cycle output at this operating point is
dedicated to electrolysis. This procedure resulted in 1.615 × 106 cells required. At lower current
densities, the power cycle output exceeds the value required for electrolysis and this excess power
would be supplied to the grid. For the case of ASR = 0.25 Ohm·cm2, the maximum current density was
set at 1.0 A/cm2. A much higher maximum current density was required for the lower ASR case, again
in order to assure that the thermal neutral voltage was just exceeded.
Two thermal boundary condition limits were considered for the electrolyser: isothermal and
adiabatic. Actual electrolyser operation will generally lie between these limits. For the isothermal cases,
heat from the reactor was directly supplied to the electrolyser to maintain isothermal conditions for
operation below the thermal neutral voltage. Heat rejection from the electrolyser is required to
maintain isothermal operation at operating voltages above thermal neutral. For the adiabatic cases,
the direct electrolyser heater was not used.
To allow for performance comparisons between HTE and alternate hydrogen production
techniques, we have adopted a general overall efficiency definition that can be applied to any thermal
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water-splitting process, including HTE, low-temperature electrolysis (LTE), and thermochemical
processes. Since the primary energy input to all of these processes is ultimately in the form of heat,
the appropriate general efficiency definition to be applied to all of the techniques is the overall
thermal-to-hydrogen efficiency, ηH. This efficiency is defined as the heating value of the produced
hydrogen divided by the total thermal input required to produce it. In this report, the lower heating
value (LHV) of the produced hydrogen has been used:

ηH =

LVH

Q

(1)
i

i

The denominator in this efficiency definition quantifies all of the net thermal energy that is
consumed in the process, either directly or indirectly. For a thermochemical process, the majority of
the high-temperature heat from the reactor is supplied directly to the process as heat. For HTE, the
majority of the high-temperature heat is supplied directly to the power cycle and indirectly to the HTE
process as electrical work. Therefore, the summation in the denominator of Eq. (1) includes the direct
nuclear process heat as well as the thermal equivalent of any electrically driven components such as
pumps, compressors, HTE units, etc. The thermal equivalent of any electrical power consumed in the
process is the power divided by the thermal efficiency of the power cycle. For an electrolysis process,
the summation in the denominator of Eq. (1) includes the thermal equivalent of the primary electrical
energy input to the electrolyser and the secondary contributions from smaller components such as
pumps and compressors. In additional, any direct thermal inputs are also included. Direct thermal
inputs include any net (not recuperated) heat required to heat the process streams up to the
electrolyser operating temperature and any direct heating of the electrolyser itself required for
isothermal operation.

System analysis results
A summary of results obtained from the hydrogen production system analyses is presented in
Figures 1 and 2. The results presented in these figures were obtained for a fixed steam utilisation of
89%. In order to maintain fixed steam utilisation, the flow rates of the process streams were adjusted
with lower flow rates for lower current densities and higher flow rates for higher current densities.
The results of eight cases are presented in Figure 1: low and high ASR, adiabatic and isothermal
electrolyser operation, air-sweep and no-sweep. The figure provides overall hydrogen production
efficiencies [Eq. (1)] as a function of per-cell operating voltage. Recall that electrolyser efficiency is
inversely proportional to operating voltage (O’Brien, 2008b). Higher operating voltages yield higher
current densities and higher hydrogen production rates, but lower overall efficiencies, so the selection
of electrolyser operating condition is a trade-off between production rate and efficiency. For a specified

Figure 1: Overall HTE hydrogen production efficiencies for the VHTR/recuperated
direct Brayton cycle, as a function of per-cell operating voltage
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Figure 2: (a) Overall hydrogen production efficiency as a function of hydrogen production rate,
with air sweep; (b) effect of steam utilisation on overall hydrogen production efficiency
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target production rate, higher production efficiency requires a higher capital cost, since more cells
would be required to achieve the target production rate. In general, a good trade-off between production
rate and efficiency occurs for operating voltages near or slightly below the thermal neutral value,
around 1.29 V. This operating voltage is also desirable from the standpoint that the electrolysis stack
operates nearly isothermally at this voltage. Predicted overall thermal-to-hydrogen efficiency values
shown in Figure 1 are generally within 8 percentage points of the power-cycle efficiency of 52.6%,
decreasing with operating voltage. It is interesting to note that the overall process efficiencies for
these fixed-utilisation cases collapse onto individual lines, one for the air-sweep cases and another for
the no-sweep cases, when plotted as a function of per-cell operating voltage, regardless of the
electrolyser mode of operation (adiabatic or isothermal) and ASR value. Note that the highest operating
voltages shown are just above the thermal neutral voltage of 1.29 V. Note also that the highest overall
efficiency plotted in Figure 1 (for no-sweep, ASR = 0.25, isothermal, V = 1.06 A/cm2) exceeds 51%.
An additional line, based on a simple thermodynamic analysis (O’Brien 2008b) is also shown in
Figure 1. This analysis considers a control volume drawn around the electrolysis process, with the
process consuming the electrical work from the power cycle, and heat from a high-temperature
source. If the inlet and outlet streams are assumed to be liquid water, and gaseous hydrogen and
oxygen, respectively, at T = To, P = Po, direct application of the first law, Faraday’s law, and the
definition of the overall thermal-to-hydrogen efficiency yields:
ηH =

LHV
2FVop ( 1 / η th − 1 ) + HHV

(2)

The curve labelled “simple thermo analysis” in Figure 1 represents Eq. (2). This equation provides
a useful reference against which detailed system analyses can be measured. The simple thermodynamic
analysis agrees quite closely with the detailed system analysis results for the no-sweep cases, which
correspond directly with the conditions of simple analysis since it does not include consideration of a
sweep gas. Overall hydrogen efficiency results of the air-sweep cases are about 1% lower than the
no-sweep cases.
Hydrogen production efficiencies can also be plotted as a function of hydrogen production rate,
as shown in Figure 2(a). As expected, efficiencies decrease with production rate since higher production
rates require higher current densities and higher per-cell operating voltages, for a fixed number of
cells. For this plot, the full 600 MWth output of the reactor is assumed to be dedicated to hydrogen
production. Under this assumption about four times as many electrolysis cells are required for the
high-ASR cases than for the low-ASR cases, with a correspondingly higher associated capital cost.
Figure 2(a) shows that hydrogen production rates in excess of 2.3 kg/s (92 000 SCMH, 78 × 106 SCF/day)
could be achieved with a dedicated 600 MWth hydrogen-production plant. This rate is the same order
of magnitude as a large hydrogen production plant based on steam-methane reforming. Figure 2(a)
indicates similar overall efficiencies for the low-ASR and high-ASR cases at a specified electrolyser
thermal operating condition (adiabatic or isothermal) and hydrogen production rate.
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The effect of steam utilisation was examined by fixing the electrolyser inlet process gas flow
rates at the values that yielded 89% utilisation at the current density associated with the thermal
neutral voltage for each ASR value, then varying the current density over the range of values
considered for the fixed-utilisation cases. Low current densities for this case yield low values of steam
utilisation since the inlet steam flow rate is fixed. Results of this exercise are presented in Figure 2(b).
The overall efficiency results for the variable-utilisation cases nearly collapse onto a single curve when
plotted versus utilisation. The plot indicates a strong dependence on utilisation, with overall hydrogen
production efficiencies less than 25% at the lowest utilisation values shown (~5.5%), increasing to a
maximum value of ~47% at the highest utilisation value considered (89%). So, from the overall system
perspective, low steam utilisation is bad. This is an interesting result because, from the perspective of
the electrolyser alone, low utilisation yields high electrolyser (not overall) efficiency values. Excess
steam in the electrolyser keeps the average Nernst potential low for each cell, which assures a low
operating voltage for a specified current density (or hydrogen production rate). However, from the
overall system perspective, low steam utilisation means that the system is processing lots of excess
material, resulting in relatively high irreversibilities associated with incomplete heat recuperation,
pumping and compression of excess process streams, etc. Above ~50% utilisation, however, the
efficiency curves are relatively flat, even decreasing slightly for the isothermal cases. Regarding very
high utilisation values, achievement of steam utilisation values much above 90% is not practical from
an operational standpoint because localised steam starvation can occur on the cells, with associated
severe performance penalties and possible accelerated cell lifetime degradation.
The effect of reactor outlet temperature has also been considered. Figure 3 shows overall hydrogen
production efficiencies, based on high heating value in this case, plotted as a function of reactor outlet
temperature. The figure includes a curve that represents 65% of the thermodynamic maximum
possible efficiency for any thermal water-splitting process, assuming heat addition occurs at the reactor
outlet temperature and heat rejection occurs at TL = 20°C (O’Brien, 2008b). In order to cover a broad
range of possible reactor outlet temperatures, three different advanced-reactor/power-conversion
combinations were considered: a helium-cooled reactor coupled to a direct recuperative Brayton cycle,
a supercritical CO2-cooled reactor coupled to a direct recompression cycle, and a sodium-cooled fast
reactor coupled to a Rankine cycle. Each reactor/power-conversion combination was analysed over an
appropriate reactor outlet temperature range.

overall thermal to hydrogen efficiency (HHV), %

Figure 3: Overall thermal-to-hydrogen efficiencies for HTE coupled to
three different reactor types, as a function of reactor outlet temperature
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The figure shows results for both HTE and low-temperature electrolysis (LTE). In addition, an
efficiency curve for the SI thermochemical process is shown (Brown, 2003). The results presented in
Figure 3 indicate that, even when detailed process models are considered, with realistic component
efficiencies, heat exchanger performance, and operating conditions, overall hydrogen production
efficiencies in excess of 50% can be achieved for HTE with reactor outlet temperatures above 850°C.
For reactor outlet temperatures in the range of 600-800°C, the supercritical CO2/recompression power
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cycle is superior to the He-cooled/Brayton cycle concept. This conclusion is consistent with results
presented by Yildiz (2006). The efficiency curve for the SI process also includes values above 50% for
reactor outlet temperatures above 900°C, but it drops off quickly with decreasing temperature, and
falls below values for LTE coupled to high-temperature reactors for outlet temperatures below 800°C.
Note that even LTE benefits from higher reactor outlet temperatures because of the improved power
conversion thermal efficiencies. Current planning for NGNP (Southworth, 2003) indicates that reactor
outlet temperatures will be at or below 850°C, which favours HTE.

Experimental programme
The experimental programme at INL includes a range of test activities designed to characterise the
performance of solid-oxide cells operating in the electrolysis mode. Small-scale activities are intended
to examine candidate electrolyte, electrode and interconnect materials with single cells and small
stacks. Initial cell and stack performance and long-term degradation characteristics have been examined.
Larger scale experiments are designed to demonstrate the technology and to address system-level
issues such as hydrogen recycle and heat recuperation.
A photograph of the INL high-temperature electrolysis laboratory is shown in Figure 4. This part
of the laboratory is dedicated to small-scale experiments with single cells and small stacks. The
laboratory is currently being upgraded and will soon include three furnaces for single and button cell
tests, plus two larger furnaces for stack testing. A schematic of the experimental apparatus used for
single-cell testing is presented in Figure 5. The schematic for stack testing is similar. Primary
components include gas supply cylinders, mass-flow controllers, a humidifier, on-line dew point and
CO2 measurement stations, temperature and pressure measurement, high-temperature furnace, a
solid oxide electrolysis cell, and a gas chromatograph. Nitrogen is used as an inert carrier gas. Carbon
dioxide and related instrumentation is included for co-electrolysis experiments. Inlet flow rates of
nitrogen, hydrogen, carbon dioxide and air are established by means of precision mass-flow controllers.
Hydrogen is included in the inlet flow as a reducing gas in order to prevent oxidation of the nickel
cermet electrode material. Air flow to the stack is supplied by the shop air system, after passing
through a two-stage extractor/dryer unit. The cathode-side inlet gas mixture, consisting of hydrogen,
nitrogen, and possibly carbon dioxide (for co-electrolysis tests) is mixed with steam by means of a
heated humidifier. The dew point temperature of the nitrogen/hydrogen/CO2/steam gas mixture
exiting the humidifier is monitored continuously using a precision dew point sensor. All gas lines
located downstream of the humidifier are heat-traced in order to prevent steam condensation. Inlet
and outlet CO2 concentrations are also monitored continuously using on-line infrared CO2 sensors,
when applicable.
For single button-cell testing, an electrolysis cell is bonded to the bottom of a zirconia tube, using
a glass seal. During testing, the tube is suspended in the furnace. The cells are electrolyte-supported
with a scandia-stabilised zirconia electrolyte, about 150 μm thick. The outside electrode, which is
exposed to air, acts as the cathode in fuel cell mode and the anode in electrolysis mode. This electrode
is a doped manganite. The inside steam-hydrogen electrode (electrolysis cathode) material is a nickel
cermet. Both button-cell electrodes incorporate a platinum wire mesh for current distribution and

Figure 4: High-temperature electrolysis laboratory at INL – small-scale experiments
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Figure 5: Schematic of single-cell co-electrolysis test apparatus

collection. The button cells include both an active cell area (2.5 cm2 for the cell shown) and a reference
cell area. The active cell area is wired with both power lead wires and voltage taps. The reference cell
area is wired only with voltage taps, allowing for continuous monitoring of open-cell potential. The
power lead and voltage wires are routed to the far end of the zirconia tube via several small-diameter
alumina tubes fixed to the outside of the zirconia manifold tube. A type-K stainless-steel sheathed
thermocouple is mounted on the manifold tube and bent around in front of the button cell in order
to allow for continuous monitoring of the button-cell temperature. The inlet gas mixture enters this
tube, directing the gas to the steam/hydrogen/CO2 side (inside) of the cell. The cell is maintained at an
appropriate operating temperature (800 to 850°C) via computer-based feedback control. The furnace
also preheats the inlet gas mixture and the air sweep gas. Oxygen produced by electrolysis is captured
by the sweep gas stream and expelled into the laboratory. The product stream exits the zirconia tube
and is directed towards the downstream dew point and CO2 sensors and then to a condenser through
a heat-traced line. The condenser removes most of the residual steam from the exhaust. The final
exhaust stream is vented outside the laboratory through the roof. Rates of steam and CO2 electrolysis
are monitored by the measured change in inlet and outlet steam and CO2 concentration as measured
by the on-line sensors. In addition, a gas chromatograph (GC) has been incorporated into the facility
downstream of the condenser to precisely quantify the composition of the dry constituents in the
electrolysis product stream (including any CH4 that may be produced).
The majority of the stack testing that has been performed at INL to date has been with planar
stacks fabricated by Ceramatec, Inc. of Salt Lake City, UT. An exploded view of the internal components
of one of these stacks is shown in Figure 6. The cells have an active area of 64 cm2. The stacks are
designed to operate in cross flow, with the steam/hydrogen gas mixture flowing from front to back in
the figure and air flowing from right to left. Air flow enters at the rear though an air inlet manifold
and exits at the front directly into the furnace. The power lead attachment tabs, integral with the
upper and lower interconnect plates, are also visible in Figure 6. Stack operating voltages were measured
using wires that were directly spot-welded onto these tabs. The interconnect plates are fabricated
from ferritic stainless steel. Each interconnect includes an impermeable separator plate (~0.46 mm
thick) with edge rails and two corrugated “flow fields,” one on the air side and one on the steam/
hydrogen side. The height of the flow channel formed by the edge rails and flow fields is 1.0 mm. Each
flow field includes 32 perforated flow channels across its width to provide uniform gas-flow
distribution. The steam/hydrogen flow fields are fabricated from nickel foil. The air-side flow fields
are ferritic stainless steel. The interconnect plates and flow fields also serve as electrical conductors
and current distributors. To improve performance, the air-side separator plates and flow fields are
pre-surface-treated to form a rare-earth stable conductive oxide scale. A perovskite rare-earth coating
is also applied as a bond layer to the separator-plate oxide scale by either screen printing or plasma
spraying. On the steam/hydrogen side of the separator plate, a thin (~10 μm) nickel metal coating is
applied as a bond layer.
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Figure 6: Exploded view of electrolysis stack components

The stack electrolytes are scandia-stabilised zirconia, about 140 μm thick. The air-side electrodes
(anode in the electrolysis mode) are a strontium-doped manganite. The electrodes are graded, with an
inner layer of manganite/zirconia (~13 μm) immediately adjacent to the electrolyte, a middle layer of
pure manganite (~18 μm), and an outer bond layer of cobaltite. The steam/hydrogen electrodes
(cathode in the electrolysis mode) are also graded, with a nickel-zirconia cermet layer (~13 μm)
immediately adjacent to the electrolyte and a pure nickel outer layer (~10 μm).
Results of initial single (button) cell HTE tests completed at the INL were documented in detail in
O’Brien (2005). Button cell tests are useful for basic performance characterisation of electrode and
electrolyte materials and of different cell designs (e.g. electrode-supported, integrated planar, tubular).
Polarisation curves for several representative DC potential sweeps are presented in Figure 7(a). Both
the applied cell potentials and the corresponding power densities are plotted in the figure as a function
of cell current density. Positive current densities indicate fuel cell mode of operation and negative
current densities indicate electrolysis mode. Cell potential values at zero current density correspond
to open-circuit potentials, which depend on the furnace temperature and the gas composition. The
three sweeps acquired at 800°C (sweeps 1, 3 and 5) have a steeper E-i slope, due to the lower zirconia
ionic conductivity at the lower temperature. The continuous nature of the E-i curves across the
zero-current density (open-circuit) point provides no indication of significant activation overpotential
for these electrolyte-supported cells. In the electrolysis mode, the voltage data vary linearly with
current density up to a value that depends on the inlet steam flow rate, which for a fixed dry-gas flow
rate depends on the inlet dew point temperature. For low inlet dew point values (sweeps 1 and 2), the
voltage begins to increase rapidly at relatively low values of current density (~ -0.15 A/cm2), due to
steam starvation. For higher inlet dew points, the steam starvation effect is forestalled to higher
current densities. The single-cell results demonstrated the feasibility of HTE for hydrogen production
linear operation from the fuel-cell to the electrolysis mode.
Results of initial short-stack HTE tests performed at INL are provided by O’Brien (2006, 2007).
A good summary of our experience is provided by the results plotted in Figure 7(b), also from O’Brien
(2007). Results of several representative sweeps are shown in the form of polarisation curves,
representing per-cell operating voltage versus current density. Test conditions for each of the seven
sweeps are tabulated in the figure. Five of the sweeps were obtained from a 10-cell stack (sweeps 10-1
through 10-5) and two were obtained from a 25-cell stack (25-1 and 25-2). Theoretical open-cell
potential values are shown in the figure for each sweep using a single data point at zero current
density. Note that the measured open-cell potentials are in excellent agreement with the theoretical
values for each sweep. Sweep 10-1 was performed with a relatively low inlet steam flow rate,
corresponding to the low inlet dew point value of 48.5°C and relatively low nitrogen and hydrogen
flow rates. This sweep has a relatively high slope on i-V co-ordinates, indicating a relatively high ASR.
This sweep also clearly shows the effects of steam starvation; the slope of the i-V curve increases
dramatically as the current density is increased. The outlet dew point temperature corresponding to
the highest current density shown in this figure was only 4°C for this sweep. Sweep 10-2 was performed

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

109

STATUS OF THE INL HIGH-TEMPERATURE ELECTROLYSIS RESEARCH PROGRAMME – EXPERIMENTAL AND MODELLING

Figure 7: Polarisation curves
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at an intermediate steam concentration, with an inlet dew point temperature of 70°C. This sweep
exhibits nearly linear behaviour over the range of current densities shown, with a much smaller slope
than sweep 10-1. Sweeps 10-3 and 10-4 are nearly linear at low current densities, then slightly
concave-down at higher current densities. Sweep 10-5 has a shallower slope than the others,
consistent with the higher operating temperature of 830°C. Sweep 25-1 was performed in a stepwise
fashion, rather than as a continuous sweep. This was done in order to ensure sufficient time for the
internal stack temperatures to achieve steady-state values at each operating voltage. Note that the slope
of this sweep is small, indicating low ASR (~1.5 Ω·cm2). This sweep was performed at the beginning of
a 1 000-hour long-duration 25-cell stack test. Sweep 25-2 was acquired at the end of the long-duration
test. The stack operating temperature was increased from 800°C to 830°C partway through the test.
Note that the slope of sweep 25-2 is higher than that of sweep 25-1, despite the higher temperature,
due to performance degradation over 1 000 hours of operation.
Representative co-electrolysis results are presented in Figure 8 (Stoots, 2007). This figure shows
the outlet gas composition (dry basis) from a ten-cell electrolysis stack as a function of stack current.
The solid data symbols represent measurements obtained from the gas chromatograph. The lines
represent predictions based on our chemical equilibrium co-electrolysis model (CECM) (O’Brien, 2007).
The open data symbols show the cold inlet mole fractions of CO2, H2 and CO (zero). Note that these
values are different than the zero-current outlet compositions shown in the figure. Even without any
electrolysis, the reverse-shift reaction occurs in the stack at 800°C, resulting in the production of some
CO and consumption of CO2 and H2. During co-electrolysis, the mole fractions of CO2 and steam (not
shown in Figure 8) decrease with current, while the mole fractions of H2 and CO increase. For the
conditions chosen for these tests, the ratio of H2 to CO is close to the desired 2-to-1 value for syngas
production.
The issue of long-term performance degradation is critical if the potential of large-scale hydrogen
production based on HTE is ever to be realised. Performance degradation is also an important issue for
solid-oxide fuel cells (SOFC) and addressing this issue has been a major focus of both the US DOE
SECA programme (Williams, 2006) and the European Real-SOFC programme (Steinberger, 2007).
Significant progress has been made in identifying and mitigating degradation mechanisms in SOFC.
But the electrolysis mode of operation presents some unique possible degradation mechanisms that
have received much less attention. Observations of long-term performance degradation of solid-oxide
electrolysis cells have been documented at INL. It should be noted that most of the cells and
stacks tested at INL utilise scandia-stablised zirconia (ScSZ) electrolyte-supported cells which do not
necessarily represent the state-of-the-art in cell design. Furthermore, the scandia dopant level in these
cells was only about 6 mol%, which is not high enough to be considered fully stabilised. In addition,
ScSZ with dopant levels less than 10% have been shown to exhibit an ageing effect with annealing at
1 000°C (Haering, 2005).

110

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

STATUS OF THE INL HIGH-TEMPERATURE ELECTROLYSIS RESEARCH PROGRAMME – EXPERIMENTAL AND MODELLING

Figure 8: Outlet gas composition as a function of current
density for co-electrolysis experiments, 10-cell stack
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Long-term degradation in button cell tests can only be due to degradation of the electrodes, the
electrolyte, or electrode-electrolyte delamination. There are no effects associated with corrosion,
contact resistance, flow fields, or interconnects, since these components are not present. Results of one
long-term button-cell test are presented in Figure 9(a). This figure shows the area-specific resistance
(ASR) of a button cell plotted as a function of time over the duration of an 1 100-hour test. The ASR
increases relatively rapidly at the start of the test from an initial value of ~0.6 Ohm cm2 to a value
of 0.9 Ohm cm2 over about 40 hours. Between 100 hours and 1 100 hours, the ASR increases from
0.98 Ohm cm2 to 1.33 Ohm cm2. If the initial 100 hours is considered to be a cell conditioning period,
the degradation rate over the following 1 000 hours is about 35%. This is obviously an unacceptable
rate of degradation. As a comparison, the Phase-III SECA target degradation rate is 0.1%/1 000 hr. Several
companies are currently coming very close to meeting that target in the SOFC mode of operation.

Figure 9: (a) Area-specific resistance of a button cell as a function of time for 1 100-hour test;
(b) area-specific resistance of a 25-cell stack as a function of time for a 1 000-hour test
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Performance degradation results with an SOEC stack tested at INL were also presented in O’Brien
(2007). Results of a 1 000-hour test performed with a 25-cell stack are presented in Figure 9(b). This
figure provides a plot of the stack area-specific resistance as a function of time for the 1 000 hours.
The furnace temperature was increased from 800 to 830°C over an elapsed time of 118 hours, resulting
in a sudden drop in ASR. The increase in ASR with time represents a degradation in stack performance.
The degradation rate decreases with time and is relatively low for the last 200 hours of the test.
However, from the 118-hour mark to the end of the test, ASR increased more than 40% over roughly
900 hours. Reduction of this performance degradation is an objective of ongoing research.
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One of the objectives of the INL HTE programme is technology scale-up and demonstration. To this
end, the INL has developed a 15 kW HTE test facility, termed the Integrated Laboratory Scale (ILS) HTE
test facility. Details of the design and initial operation of this facility are documented in Housley (2007)
and Stoots (2008, 2009). A condensed description of the facility will be provided here. The ILS includes
three electrolysis modules, each consisting of four stacks of 60 cells, yielding 240 cells per module and
720 cells total. The cells are similar to those discussed earlier. Each electrolysis module utilises an
independent support system supplying electrical power for electrolysis, a feedstock gas mixture of
hydrogen and steam (and sometimes nitrogen), a sweep gas, and appropriate exhaust handling. Each
module includes a controlled inlet flow of deionised water, a steam generator, a controlled inlet flow
of hydrogen, a superheater, inlet and outlet dew point measurement stations, a condenser for residual
steam, and a hydrogen vent. All three modules were located within a single hot zone. Heat recuperation
and hydrogen product recycle were also incorporated into the facility. A photograph of the ILS is
provided in Figure 10.

Figure 10: INL 15 kW Integrated Laboratory Scale HTE test facility

An exploded view of one of the ILS module assemblies including the recuperative heat exchanger,
base manifold unit, and four-stack electrolysis unit is presented in Figure 11. For each four-stack
electrolysis module, there were two heat exchangers and one base manifold unit. Each base manifold
unit has nine flow tubes entering or exiting at its top and only four flow tubes entering or exiting at
the bottom of the unit and at the bottom of the heat exchangers, thereby reducing the number of tube
penetrations passing through the hot zone base plate from nine to just four. This feature also reduces
the thermal load on the hot zone base plate. An internally manifolded plate-fin design concept was
selected for this heat recuperator application. This design provides excellent configuration flexibility
in terms of selecting the number of flow elements per pass and the total number of passes in order to
satisfy the heat transfer and pressure drop requirements. Theoretical counterflow heat exchanger
performance can be approached with this design. This design can also accommodate multiple fluids
in a single unit. More details of the design of the recuperative heat exchangers are provided in
Housley (2008).
Figure 12 shows a rendering of the three ILS electrolysis modules with their base manifolds and heat
exchangers beneath. This illustration also shows the instrumentation wires for intermediate voltage
and temperature readings. Each module is instrumented with twelve 1/16” sheathed thermocouples
for monitoring gas temperatures in the electrolysis module manifolds and in the base manifold. These
thermocouples are attached to the manifolds using compression fittings. There are also 12 miniature
0.020” diameter inconel-sheathed type-K thermocouples per module that are used for monitoring
internal stack temperatures. Access to the internal region of the stacks is provided via the air outlet
face. The internal thermocouples are inserted into the small exit air flow channels. Similarly, seven
intermediate voltage tap wires per module are inserted into the air flow channels of the four stacks.
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Figure 11: Exploded view of heat exchanger, base manifold unit, and four-stack electrolysis unit

Figure 12: ILS modules, mounted in hot zone

Two compression bars are shown across the top of each module in Figure 12. These bars are used
to maintain compression on all of the stacks during operation in order to minimise electrical contact
resistance between the cells, flow fields and interconnects. The bars are held in compression via
spring-loaded tie-downs located outside of the hot zone under the base plate.
Note that the heat exchangers are partially imbedded in the insulation thickness. The top portion
of each heat exchanger is exposed to the hot zone radiant environment, which helps to insure that
the inlet gas streams achieve the desired electrolyser operating temperature prior to entering the stacks.
The temperature at the bottom of each heat exchanger will be close to the inlet stream temperature,
minimising the thermal load on the hot zone base plate in the vicinity of the tubing penetrations.
Performance degradation with the ILS system is documented in Figure 13. Over a period of
700 hours of test time, module-average ASR values increased by about a factor of 5, from an initial
value near 1.5 Ohm·cm2. Some of the observed degradation was related to balance-of-plant issues. For
example, prior to about 480 hours of operation, unanticipated condensation occurred in the hydrogen
recycle system which led to erratic control of the hydrogen recycle flow rate due to the intermittent
presence of liquid water in the mass flow controllers. This problem led to time periods during which
there may have been no hydrogen flow to the ILS stacks, leading to accelerated performance degradation
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Figure 13: ILS hydrogen production rate time history

associated with oxidation of the nickel cermet electrodes. Despite the problems with the ILS, we were
able to successfully demonstrate large-scale hydrogen production. A plot of the time history of ILS
hydrogen production is given in Figure 13. Peak electrolysis power consumption and hydrogen production
rate were 18 kW and 5.7 Nm3/hr, respectively, achieved at about 17 hours of elapsed test time.

Single-cell tests – anode-supported cells
INL is currently in the process of testing several state-of-the-art single 5 cm × 5 cm anode-supported
cells in the electrolysis mode. A new test apparatus has been developed for this purpose. Referring to
the exploded view given in Figure 14, the steam hydrogen mixture enters through the inlet hole in the
bottom of the HastX base plate. It then flows through a diverging flow channel milled into the HastX
base plate and passes through a slot in the bottom of the alumina cell holder. The steam/hydrogen
then flows under the cell through a corrugated/perforated nickel flow field. A nickel foil underneath
the flow field will serve as a current collector. A power lead and voltage tap double-ended wire will be
spot welded to the nickel foil and will be situated in one of the grooves of the flow field. These wires
will be fed out through holes in the bottom of the alumina cell holder. There will also be a nickel mesh
(not shown) in direct contact with the anode above the flow field. A nickel paste will be used to enhance
electrical contact between the cell and the nickel mesh, flow field and foil. The steam/hydrogen flow
exits through a slot in the cell holder and then through a converging flow channel cut into the base
plate and out through the steam/H2 outlet hole in the base plate.
Air is introduced to the cathode side of the cell through holes in the HastX top plate and the
alumina air flow distributor. The air flow inlet tube will be welded to the HastX top plate and will
protrude into the hole in the alumina air flow distributor. A seal will be formed between the HastX top
plate and the alumina air flow distributor by means of a mica gasket or ceramic paste. After exiting
the air flow distributor, the air will impinge on the air side of the cell and flow radially outward
through an array of protuberances milled into the bottom side of the alumina air flow distributor plate.
The air then exits into the furnace volume. A platinum or silver mesh is situated between the air flow
distributor and the cathode. A platinum or silver ink will be used to enhance electrical contact between
the air electrode and the mesh. A power lead/voltage tap double-ended wire will be spot-welded to the
current collector mesh and will be situated in one of the grooves formed by the array of protuberances.
It can then be fed out of the fixture from the side.
A fixed compressive load is applied to the entire cell stack-up between the alumina cell holder
and the HastX top plate by means of weights, as shown in the test stand overview, Figure 15. This load
must simultaneously compress the cell against the mesh, flow field and foil on the steam/hydrogen
side and against the seal around the outer edge of the cell. The outer edge of the cell rests on a window
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Figure 14: Exploded view of single cell fixture

Figure 15: Single-cell test stand overview

frame shelf milled into the alumina cell holder. The seal will be accomplished using a high-temperature
SOFC sealing paste. The weight plates are held in alignment by the upper portion of the threaded rods
which extend upward for this purpose. There are eight weight plates, each 1.2 lbs, for a total of 9.6 lbs,
which yields a compressive pressure of about 20 000 Pa on the cell active area.
A fixed compressive load is independently applied between the HastX frame, the alumina cell
holder, and the HastX base plate. This load is generated by the compression of four springs located
under the test stand base support outside of the furnace. The springs will be compressed a fixed
amount that is determined by the height of the spool pieces. This load is intended to compress the
seal between the cell holder and the base plate. This seal will be formed by either a mica gasket or a
ceramic sealing paste. A nut is visible on the threaded rod in Figure 15 just above the HastX frame and
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below the weight plates. This nut represents the upper stop for this compressive load. The extension
of the threaded rods above the nuts is for the purpose of aligning the weight plates. Note that the
weight plates are floating above these nuts since they are resting on the HastX top plate.
The air and steam/hydrogen flow tubes will be fabricated from inconel. HastX was specified for
the base plate, the frame and the weight plates. The spacer rods are specified as alumina in order to
minimise heat conduction out of the bottom of the furnace.

Conclusions
An overview of the high-temperature electrolysis research and development programme at the Idaho
National Laboratory has been presented, with selected observations of electrolysis cell degradation at
the single-cell, small stack and large (15 kW) facility scales. Large-scale system analyses performed at
the INL have demonstrated the potential for high-temperature electrolysis as a large-scale hydrogen
production technology. Successful operation of the 15 kW integrated laboratory scale facility for over
1 000 hours was completed in the fall of 2008. However, several issues require further research, including
cell and stack long-term performance degradation. Degradation has been identified as a major issue
that must be solved for high-temperature electrolysis to ultimately achieve any significant level of
deployment.
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Abstract
High-temperature steam electrolysis (HTSE) coupled with nuclear energy is one of the most promising
options for hydrogen mass production. CEA (the French Atomic Energy Commission) is carrying out
research in this field, from materials, cells and components developments to stack design including
components and stack testing.
One stack design among those developed at CEA will be addressed in this paper. This stack design is
targeting high compactness, easy assembling and simple operation. The reliability of this design has
been demonstrated through two tests of three cells short stacks, cells being commercial 225 cm2
electrolyte supported cells. Stacks have been operated in pure water vapour (no hydrogen introduced
on the cathode side) at 820°C. Hydrogen was produced at a flow rate of 7 mg/h/cm2 for the two stacks.
The first stack was operated successfully for 170 hours. The test of the second one was extended up to
650 hours. Details about performance and durability of this second stack will be presented.
Besides these activities on stack design, CEA is carrying out researches on new materials and cells in
order to increase the cell and stack performances. For that purpose, alternative materials are studied,
and among them layered perovskites used as oxygen electrode. This research, carried out jointly by
ICMCB-CNRS and CEA highlighted the great potential of nickelates. It has been shown, on button cells
at this stage, that the nickelate formulated Nd2NiO4+δ, represents a promising alternative to regular
LSM anode.* This material has been deposited on commercial half electrolyte supported cells, and three
times higher performance has been obtained when operated in HTSE mode at 800°C compared to an
identical commercial cell containing the same cathode and electrolyte but with a conventional LSM
oxygen electrode. Details about the performance of this new alternative electrode will be given.
Stack operation highlighted some events which are difficult to understand when multiple cells and
global signals are considered. On the contrary tests on single cells underline the potential of new
materials but are not representative of the stack environment. That is why some tests on the SRU
(single repeat unit) level are carried out. For such tests, an instrumented SRU has been designed in the
framework of the European project RelHy co-ordinated by CEA. First tests on this SRU have been
carried out. Thanks to the use of optimised cells and coatings developed by partners in the project,
high performance has been achieved. They will be presented in the paper.

*

Patent CNRS-EDF (F) « Procédé et dispositif d’électrolyse de l’eau comprenant un matériau oxyde d’électrode
particulier », P. Stevens, C. Lalanne, J.M. Bassat, F. Mauvy, J.C. Grenier. French patent: FR 2872174 2005-12-30.
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Introduction
For economical and ecological reasons, hydrogen is considered as a major energetic vector for the
future. In order to gain the status of leading alternative fuel, one major question still remains to be
solved, which is the massive production of hydrogen using clean processes with low or no CO2
emissions. High-temperature steam electrolysis (HTSE) is one of the most promising processes to
achieve this target, with water molecules being split into hydrogen and oxygen using electricity and
heat which can be provided by nuclear power plants for example (Elder, 2009). However, in order to
produce by HTSE the amount of hydrogen necessary to replace even partially the fossil fuels, many
dedicated power plants would be necessary. Thus, the development of highly efficient systems is
necessary. Each component of the system has to be optimised, from the balance of plant to the stack
and the solid oxide electrolyser cell (SOEC) where the HTSE reaction occurs. CEA (the French Atomic
Energy Commission) is carrying out research in this field, from materials, cells and components
development to stack design including components and stack testing. Several stack designs, specific
for HTSE operation, have been developed at CEA. Concerning materials and components, development
is carried out mainly in the field of cell materials, coatings and sealings.
One stack design among those developed at CEA will be addressed in this paper. This stack
design targets high compactness, easy assembly and simple operation. In this paper, results in terms
of performance and short-term durability over a few hundreds of hours are given. This stack is
currently operated with commercial cells, which can be considered as reversible Solid oxide cells
(SOFC-SOEC) (Brisse, 2008; Hauch, 2006; Herring, 2007; Mawdsley, 2008). Indeed, they contain classical
SOFC materials, that is to say a hydrogen electrode made of cermet, zirconia-based electrolyte, and a
perovskite-type oxygen electrode.
However, specificities of HTSE operation in terms of atmospheres, temperatures, power densities
expected may require the development of alternative materials specifically designed for HTSE. In this
respect, CEA is carrying out material developments in parallel to stack development. In this paper the
development of an alternative oxygen electrode material is presented, its composition being Nd2NiO4+δ.
The Ln2NiO4+δ-type oxide (with the K2NiF4 structure) was selected due to its aptitude to accommodate
a large oxygen overstoichiometry. This capability leads to a mixed electronic and ionic conductivity of
these materials under oxidising conditions. This explains the strong interest in these compounds as
SOFC cathode material. In addition, under anodic polarisation, it was observed that the La2NiO4+δ oxide
exhibits a lower polarisation resistance than under cathodic polarisation (Perez-Coll, 2008). Nd2NiO4+δ
oxide was selected for this study because of its higher overstoichiometry compared to the others
Ln2NiO4+δ-type oxides, which should lead to further improved performances (Boehm, 2005). Results
on performance of this material in SOEC mode are presented here in comparison to classical LSM
(lanthanum strontium manganite) perovskite oxygen electrode. Polarisation curves (i-V curves) are
presented at different temperatures on single cells in this paper.
Stack operation highlighted some events which are difficult to understand when multiple cells
and global signals are considered. On the contrary tests on single cells highlight the potential of new
materials but are not representative for the stack environment. That is why some tests on single repeat
unit (SRU) are carried out. For such tests, an instrumented SRU has been designed in the framework of
the European project RelHy co-ordinated by CEA. First tests on this SRU have been carried out. Thanks
to the use of optimised cells and coatings developed by partners in the project, high performances
have been achieved. They are presented in the paper.

Experimental
SRU/stack design and operation
Several stacks have been designed for HTSE operation, each of them having its specificities. One stack
design is presented here. This stack has been designed to be low-weight and very compact [Figure 1(a)].
Thanks to the use of stamped sheets as interconnects, a power density of 2 MW/m3 is expected. Cells
included in this stack are square cells of 225 cm2 with an active area of 200 cm2. Up to now commercial
electrolyte supported cells have been considered, with a hydrogen electrode made of Ni-CGO cermet
and an oxygen electrode made of (La,Sr)MnO3 (LSM), the electrolyte being 3% tetragonal yttria-stabilised
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zirconia (TZ3Y). Nominal thickness of the electrolyte is 90 μm. Interconnects considered up to now
were made of Inconel 600. Neither protective coatings nor contact layers have been applied on the
interconnects. Three cells stacks have been operated.
The single repeat unit (SRU) developed in the framework of the European project RelHy has been
designed to be robust and easy to instrument. It is based on planar and square 120 × 120 mm2 cells
with an active area of about 100 cm2. Both electrolyte supported cells and electrode supported cells
can be included in this SRU. In the present paper only results obtained with electrolyte supported cells
will be reported. Cells were produced by ECN in the framework of the RelHy project. The electrolyte is
TZ3Y, 90 μm thick. Hydrogen electrode is made of Ni-CGO cermet and oxygen electrode is made of
(La,Sr)(Co,Fe)O3 (LSCF). Interconnects are made of coated Crofer22APU, and glass sealing is considered
[Figure 1(b)].

Figure 1: (a) View of the low weight stack; (b) split view of the RelHy SRU
(a)

(b)

SRU and stack performance were evaluated through current density-voltage (i-V) measurements.
I-V curves were plotted until a maximum cell voltage of 1.5 V. Short-term durability tests were
conducted on the stack over a few hundreds of hours, the stack being galvanostatically controlled to
reach an initial average voltage around 1.3 V per cell.
During the tests, the stack and SRU were instrumented to record voltage on each cell and to measure
temperatures at different positions to highlight thermal gradients if present. Mechanical load was
applied through weights external to the furnace. The load level was adapted to the stack/SRU design.
The SRU was operated using mixtures of water vapour and hydrogen with different ratios. The
amount of hydrogen was kept at 10% of the mixture, steam was 50, 70 and 90% and the rest was
nitrogen. Total flow rate was 72 L/h.
The stack was operated with pure water vapour at the hydrogen electrode. The reference
temperature was 800°C for the SRU and 820°C for the stack.

Cell design and operation
Nd2NiO4+δ oxygen electrode material was tested on small size single cells before any further integration
into large cells and stacks. Such single cells are planar circular cells with an active area of 3.14 cm2
(diameter 20 mm).
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Nd2NiO4+δ powder was prepared by nitrate-citrate route as described by Courty, et al. (1973).
Stoichiometric amounts of neodymium and nickel oxides were dissolved in diluted nitric acid. After
addition of a large excess of citric acid, the solution was dehydrated and heated until self-combustion
of the precipitate to obtain submicronic precursor particles (Boehm, 2005). The final annealing was
performed at 1 000°C for 12 hours to obtain a single crystalline phase. The particles were then ball milled
to obtain an average grain size (d0.5) of about 0.8 μm. A terpineol-based slurry was prepared from this
powder and this was deposited on the electrolyte by screen printing and then sintered at 1 100°C for
three hours in air (Lalanne, 2008).
Nd2NiO4+δ was manufactured at ICMCB and deposited by screen printing on half electrolyte
supported cells made of Ni-CGO hydrogen electrode and TZ3Y electrolyte, 90 μm thick. The thickness
of the final Nd2NiO4+δ porous layer was about 30 μm (Figure 2).

Figure 2: SEM micrograph of the Ni-CGO/TZ3Y/Nd2NiO4+δ cell after study

Nd2NiO4+δ

TZ3Y

Ni-CGO

Performance of the cells containing Nd2NiO4+δ oxygen electrode was compared to reference cells
made of the same electrolyte (TZ3Y, 90 μm thick) and a Ni-CGO hydrogen electrode but containing a
classical LSM oxygen electrode.
For these characterisations, the inlet gas composition to the hydrogen electrode was composed of
hydrogen (37%), water vapour (35%) and argon (28%), the total flow rate being 10.7 L.h–1. The inlet gas
to the anode side was air (7 L.h–1). Current collectors on both positive and negative electrodes were
gold grids (1 024 meshes.cm–2) and platinum grids (3 600 meshes.cm–2), with the platinum grid being
directly in contact with the electrodes. This assembly aims to have a good contact with electrodes.
Measurements were performed at 750°C, 800°C and 850°C, from the lowest to the highest temperature.
i--V curves were recorded under galvanostatic control from open circuit cell voltage (OCV) to the
highest polarisation, then back to OCV.

Results analysis
Performances are evaluated using area specific resistance (ASR) calculated at 1.3 V (slope of i-V curve
between 1.25 and 1.35 V), and using the quantity of hydrogen produced at 1.3 V (nominal voltage) and
at 1.5 V (maximum voltage) according to Faraday’s law. The steam utilisation rate is also calculated as
the molar amount of hydrogen produced (according to Faraday’s law and assuming 100% current
efficiency) divided by the molar amount of water in the inlet cathodic gas.
The degradation rate is calculated from the voltage curve versus time and given as a percentage
of voltage loss per time unit.
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Results
Stack performances and short-term durability test
Performances obtained on the innovative low-weight stack at 820°C are reported in Figure 3 and in
Table 1. Two stacks have been tested, corresponding to Test 1 and Test 2 respectively. ASR values
around 1.9-3.0 Ω.cm2 are obtained. For comparison the same types of single cells evaluated in a single
cell set-up using gold grids as current collectors give rise to an ASR of 1.4 Ω.cm2. This means that 0.5 to
1.6 Ω.cm2 are lost in the stack due to contacting issues. It is rather logical since neither coatings nor
contact layers have been applied on the interconnects. Such improvements will be performed for
future trials on this stack geometry.
For 1.3 V the amount of hydrogen produced by the stack is 6.7 mg/h/cm2 and 6.6 mg/h/cm2 for
Test 1 and Test 2 respectively. The corresponding steam utilisation rate is equal to 64% for Test 1 and
to 52% for Test 2. Performances are slightly higher for Test 1 than for Test 2, however the order of
magnitude is the same, validating the design of the stack and the reproducibility of the results.

Figure 3: Current density-voltage curves obtained at 820°C for two stacks containing
three Ni-CGO/YSZ/LSM electrolyte supported cells; cathodic inlet gas was pure steam
1.6
1.5
1.4

1.2
1.1

test 1 cell 3
test 1 cell 2
test 1 cell 1
test 2 cell 3
test 2 cell 2
test 2 cell 1

-0.25

-0.20

E (V)

1.3

1.0
0.9

-0.15

-0.10

-0.05

0.8
0.00

-2

i (A.cm )

Table 1: Area specific resistances (ASR) measured on the
curves presented in Figure 3 for the two stacks of three cells

Cell 1
Cell 2
Cell 3

ASR (Ω.cm²) at 1.3 V
Test 1
Test 2
2.45
2.95
2.37
2.24
1.93
2.73

A durability test was performed on the second stack of over 406 hours. A current of 36 A was
applied on the stack. Figure 4 shows the evolution of the cells’ voltages and Table 2 provides the
degradation values.
The degradation rate measured over 406 hours was extrapolated to 1 000 hours. A degradation
rate of 10%/1 000 h was obtained on the central cell. Higher degradation rates were obtained on the
upper and lower cells, respectively 35 and 49%/1 000 hours. Results reported in literature also give such
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Figure 4: Durability test at 820°C; evolution of cells’ voltages
over 406 hours, with a current of 36 A applied on the stack
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Table 2: Degradation rate calculated from the curves presented in Figure 4 for the three cells

Cell 1
Cell 2
Cell 3

U
(t = 0)
1.40
1.24
1.33

U
(t = 406 h)
1.67
1.29
1.52

Degradation
ΔV/1 000 h
0.677
0.123
0.468

Degradation
%/1 000 h
49
10
35

high degradation rates in HTSE operation mode (Hartvigsen, 2007; Mawdsley, 2008; O’Brien, 2007). For
Cell 1 and Cell 3, the durability curve is not linear over the period. In particular a shift in voltage is
observed around 200 hours on the Cell 1 curve. It was associated with a temperature increase on the
stack, which could reflect a crack in the cell, consistent with the fact that this cell was found cracked
when the stack was opened after the end of the test.

SRU performances
Performances obtained at 800°C on the SRU with a Ni-CGO/TZ3Y/LSCF electrolyte supported cell are
reported in Figure 5 and in Table 3.
Depending on the cathodic inlet gas mixture, ASR between 0.77 and 0.86 Ω.cm2 were obtained.
Hydrogen productions between 18.7 and 20.9 mg/cm2/h were achieved at 1.3 V, which were increased
to 26.2 to 29.9 mg/cm2/h when a voltage of 1.5 V was considered. These productions corresponded to a
steam utilisation rate between 62 and 39% at 1.3 V and between 87 and 55% at 1.5 V, respectively.
It can be noted that the lowest target set by the RelHy project in terms of hydrogen production
was 30 mg/cm2/h. This target was achieved according to the results reported at 1.5 V and for the
cathodic inlet gas with the highest steam concentration.

Performances on single cells containing nickelate oxygen electrode
Current-voltage curves recorded on a single cell containing the Nd2NiO4+δ oxygen electrode is given in
Figure 6 for the three temperatures 750, 800 and 850°C. For comparison i-V curves measured on the
same cell but containing classical LSM oxygen electrode are also reported. i-V measurements highlight
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Figure 5: Current density-voltage curves obtained at 800°C for the SRU
containing a Ni-CGO/TZ3Y/LSCF electrolyte supported cell; cathodic inlet
gases are mixtures of steam (several ratio) with 10% H2, the balance being N2
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Table 3: Area specific resistances (ASR) measured on the curves presented
in Figure 5 as a function of cathodic inlet gas composition; H2 production
at 1.3 V and 1.5 V are also reported, as well as steam-utilisation values
Gas mixture at
cathode side
50%H2O-10%H240%N2
70%H2O-10%H220%N2
90%H2O-10%H2

ASR (Ω.cm2)
at 1.3 V

H2 production
(mg/cm2/h) at 1.3 V

H2 production
(mg/cm2/h) at 1.5 V

0.86

18.7

26.2

62

87

0.84

19.8

28.0

47

67

0.77

20.9

29.9

39

55

Steam utilisation Steam utilisation
rate (%) at 1.3 V rate (%) at 1.5 V

Figure 6: Current density-voltage curves obtained for the cell with
Nd2NiO4+δ (closed symbols) anode and for the same type of cell with LSM
anode (open symbols), at 750°C (squares), 800°C (circles) and 850°C (triangles)
The highest steam utilisation is reported on each curve; hydrogen production is reported on the secondary x-axis
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a slight hysteresis effect. The origin of this hysteresis loop is not yet explained. It could be due to a
Joule heating effect when increasing the current density, which could raise the temperature and then
increase the conductivity of the different cell components. However, this potential heating effect
has not been detected through the thermocouples placed close to the cell in the test rig. Another
explanation could be electrode activation.
For a voltage of 1.3 V, current densities of 0.40, 0.64 and 0.87 A.cm–2 have been obtained at 750,
800 and 850°C respectively on the Nd2NiO4+δ containing cell. They correspond to a percentage of steam
utilisation of 14, 23 and 31% for the gas conditions considered in the present study. ASR values and
hydrogen production at 1.3 V are shown in Table 4.

Table 4: Area specific resistances (ASR) measured on the curves presented
in Figure 6 and hydrogen production at 1.3 V as a function of temperature
Temperature (°C)
750
800
850

ASR at 1.3 V (Ω.cm2)
Increasing current
Decreasing current
0.96
0.89
0.58
0.55
0.43
0.39

Hydrogen production
(mg/cm²/h) at 1.3 V
15.0
23.9
32.5

For each temperature, the current density obtained with the cell containing Nd2NiO4+δ is higher
than for the reference cell containing LSM. This result highlights the benefit on the voltage losses of
using Nd2NiO4+δ as oxygen electrode material instead of LSM. Figure 6 shows that the performance
difference between Nd2NiO4+δ and LSM is more pronounced when temperature is decreasing. Indeed, for
a voltage of 1.3 V, current density is respectively 1.7 times, 3 times and 4.2 times higher for Nd2NiO4+δ
containing cell than for LSM containing cell at 850, 800 and 750°C respectively. In this respect, Nd2NiO4+δ
seems to be particularly appropriate for the use as oxygen electrode for low temperatures below 800°C.
In addition it must be noticed that the LSM oxygen electrode was optimised in a double layer
using 8YSZ composite while the Nd2NiO4+δ layer was composed of a single layer without any size
particles gradient as shown on SEM micrograph presented in Figure 2. In this respect, the beneficial
role of Nd2NiO4+δ compared to LSM could be further increased with an electrode optimisation.

Conclusions
The low-weight stack designed by CEA has been validated through the test of two stacks each
containing three commercial electrolyte supported cells. Performances and durability were evaluated
at 820°C with pure water vapour on the cathode side. ASR values around 1.9-3.0 Ω.cm2 were obtained,
corresponding to a hydrogen production around 7 mg/h/cm2. It was found that the absence of coatings
and contact layer led to high contact resistances which affected negatively the stack performances.
For the next trials additional layers will be included in order to increase stack performances.
One of the stacks was operated at a fixed current over more than 400 hours and its durability was
evaluated. The three cells did not lead to the same degradation rates. The lowest degradation rate was
obtained on the central cell (10%/1 000 h) whereas it was much higher on the upper and lower extreme
cells (35 and 49%/1 000 h respectively). Such degradation values are of the same order of magnitude as
some of those reported in literature.
An instrumented SRU has been designed in the framework of the European project RelHy.
It included optimised cells and coatings developed by ECN and led to good performances at 800°C,
with ASR values around 0.8 Ω.cm2 and hydrogen production around 20 mg/cm2/h at 1.3 V and
28 mg/cm2/h at 1.5 V.
Finally, a new oxygen electrode material, Nd2NiO4+δ, has been implemented into an electrolyte
supported cell and tested in HTSE mode. Its performance was found to be 2 to 4 times higher than a
cell containing the classical LSM oxygen electrode, depending on the temperature.
These results on SRU and single cell underline that the use of optimised cells integrating advanced
new materials and coatings is very important to increase stack performances.
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Abstract
Emphasis on energy security issues has brought much-needed attention to economic production of
hydrogen as the secondary energy carrier for non-electrical markets as well as to meet increasing
demand for crude upgrading and desulphurisation. While steam reforming of methane is the current
method of production of hydrogen, the fossil fuel feed consumes non-renewable fuel while emitting
greenhouse gases. Thus, in the long run, efficient, environmentally-friendly and economic means of
hydrogen production using nuclear and renewable energy needs to be developed. Steam electrolysis,
particularly using high temperature ceramic membrane processes, provides an attractive option for
efficient generation of high purity hydrogen.
The high operating temperature that is necessary for an efficient electrolysis process requires the use
of materials that are stable at those temperatures. The materials and fabrication technology that are
used for high temperature solid oxide fuel cells (SOFC) are directly applicable to high temperature solid
oxide electrolysis cells (SOEC). Thus, much of the research work done in the SOFC area is directly
applicable to SOEC technology. Not only the materials set but also the cell and multi-cell stack designs
of SOEC have followed the technology advances of SOFC development.
Ceramatec, in collaboration with Idaho National Laboratory and under the DOE Nuclear Hydrogen
Initiative has tested SOEC cells and stacks of various hydrogen production rates up to 5 000 NL/hr
using SOFC materials set developed at Ceramatec. While the initial stack performance is adequate,
long-term performance stability is not at an acceptable level for commercial hydrogen production.
Several potential causes for degradation were identified; some are common to SOFC device operation
while others are unique to SOEC mode of operation. These range from phase instability of materials
resulting in conductivity degradation, interface delamination, deposition of species at electrochemical
sites to cause electrode poisoning, to oxidation of metallic components in high temperature, high steam
conditions. Under a project funded by the Office of Naval Research, Ceramatec is investigating materials
and process solutions to address many of these issues. The focus area includes evaluation of new
electrode and electrolyte materials, protective coating on metallic interconnects, and joining materials
and techniques to electrically connect a series of alternating cells and interconnects. Test results with
cells and stacks incorporating these changes will be presented.

*

The full paper being unavailable at the time of publication, only the abstract is included.
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A metallic seal for high-temperature electrolysis stacks

Magali Reytier
CEA Grenoble, LITEN/ DTH/ LTH, Grenoble, France
Jean-Luc Sarro
CEA Marcoule, DTEC/SEPE/LCED, Bagnols-sur-Cèze, France
Jean-François Juliaa
Garlock France, St. Étienne, France
Seconded to CEA Marcoule, DTEC/SDTC/LE, Bagnols-sur-Cèze, France

Abstract
Gas tightness over a long period of time is a real challenge in high-temperature electrolysis. The seals
must indeed be able to run at high temperature between metals and brittle ceramic materials, which
is a major issue to be solved. The common sealing solution relies on glass-made seals, despite their
low mechanical strength at high temperature. Metallic seals have seldom been used in this field, because
their stiffness and their hardness require a much higher load to achieve the appropriate tightness.
In the French project ANR Pan-H/SEMIEHT, two different sealing solutions were investigated in two
different locations of the GENHEPIS-G1 stack. Experiments were carried out with a glass-made seal
between the cell and its ceramic support, and with metallic seals between the interconnect and the cell
support, in order to seal the gas input and output as well as the cathodic chamber. An initial Garlock
seal design has been optimised in order to decrease the seating load. Seals were also manufactured by
Garlock. The C-shaped seals are made of two components: an Inconel-X750-made elastic inner part,
and a specially profiled Fecralloy-made “soft” outer lining. The use of Fecralloy enables the generation
of an alumina thin layer, which both protects the seal and eases disassembly. In this study, these
seals were tested on specific equipments and on actual stacks. It is shown that they are tight enough
to achieve the electrolysis tests at 800°C. Therefore a significant breakthrough in high-temperature
electrolysis sealing has been achieved. It sheds new light on the actual potential of metallic seals and
constitutes a basis for ongoing studies, such as another French project, namely ANR/Pan-H/EMAIL.
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Introduction
High-temperature electrolysis (HTE) is one of the most promising means to produce hydrogen. The
CEA aims to achieve first electrolyser prototypes, for which water vapour production should not be
responsible for CO2 emission, by means of nuclear, geothermal and solar sources. To reduce hydrogen
production costs, one way is to electrolyse water vapour at high temperature. The French project
ANR/Pan-H/SEMIEHT contributes to this technological development, for which gas management and
tightness achievement over a long period of time is a major challenge.
For the HTE process, the electrochemical cell consists of a tri-layer ceramic, well known for its
brittleness, which limits applied loads. In addition, the relatively low ionic conduction properties of
the electrolyte materials (3% yttrium-stabilised zirconia) requires an operating temperature above
700°C to reduce ohmic losses. This creates difficulties for the involved metallic materials, including
bipolar plates and seals.
Two stack families exist: tubular and planar. The tubular architecture offers easier sealing solutions
thanks to the bottom of the tube which constitutes in itself a tightness, but it has the disadvantage of
high ohmic losses due to the length of electrical current lines. Planar geometries, used in the project
SEMIEHT, offer more potential for high power but also require more complex sealing solutions. The
major problem raised by these seals is that they have to run at high temperature between metals and
ceramic materials. The latter have a lower thermal expansion coefficient and are brittle. Therefore,
the tightness must be achieved with a relatively low load to protect the cell, the seal must be flexible
enough to sustain the thermal expansion difference, and must also present a good creep resistance to
ensure tightness over a long period of time. The maximum leak is fixed at about 1% of produced
hydrogen, which corresponds to 10–3 Nml/min/mm on the GENHEPIS-G1 stack.
The typical sealing solution relies on glass-made seals, despite a large number of drawbacks. The
glass materials are brittle below their transition temperature and may present cracks during cooling
in particular because of expansion differences (Fergus, 2005). The glass-made seal also creates a rigid
connection between the components of the stack, which can be responsible for critical stresses during
thermal transients. With this type of non-metallic seal, the dismantling of components is difficult,
indeed even impossible without changing the electrochemical cells. In addition, glass is likely to creep
and does not sustain a pressure exceeding a few bars, possibly necessary in the near future for an
industrial HTE stack. Finally, the glasses are not always chemically compatible with other components.
They can lead to corrosion of bearing surfaces and can be responsible for Si pollution.
These drawbacks led to a search for alternative sealing solutions (Fergus, 2005; Lessing, 2007).
Some results have been obtained by soldering the metallic interconnect to the ceramic cell (Weil, 2004).
But the differences of thermal expansion make it very difficult in large dimensions because cooling after
the solder solidification regularly causes rupture of the ceramic if no flexibility in the interconnect
structure is introduced. Moreover, the HTE reducing atmosphere may damage the oxide solders. Other
compressive seals based on mica (Chou, 2002) or simply metallic (Bram, 2007) are also studied. They
require an external load to be controlled and maintained at high temperature to achieve an effective
sealing. In addition, the seals involve metallic materials which should be oxidation resistant. The
platinum and gold are excluded for obvious reasons of cost. The silver is being studied (Duquette, 2004),
but seems to present problems in dual atmosphere (Singh, 2004), and vaporises. The Al2O3-forming
alloys such as Fecralloy (Bram, 2001, 2004; Lefrançois, 2007) appear attractive for this application at
high temperature. In addition, to establish the tightness with low load, the shape of the seal must
favour local deformation in order to fill the interface roughness. Solutions are available industrially
(Rouaud, 2002) and include a prominent seal structure in the contact area in order to localise stresses
and strains. On one hand, the seal structure must be flexible enough to establish the tightness under
low load, and to maintain it despite the expansion differences of the involved materials. On the other
hand, the seal stiffness should be well chosen so as not to relax or creep during a long period at
high temperature (Bram, 2002). Despite the price of manufacturing, the C shape appears to be a good
candidate (Bram, 2001), although few results are available in temperature. Finally, the choice of
temperature to establish tightening is crucial. Of course, it is easier to close the stack at room
temperature. But, for the electrolysis process, sealing is only necessary during production, i.e. at the
running temperature (~800°C). That is why, in a first approach, the tightening of the stack is achieved
at high temperature and not at 20°C as already done by (Bram, 2004). This presents first, the advantage
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to allow the components to expand freely during heating and secondly, to facilitate the deformation
of the seal which will have lower mechanical properties at high temperature.

A new seal design for the GENHEPIS prototype
Based on these thoughts, a new metallic seal is proposed. It presents a C shape section which is made
of two components: an Inconel-X750-made inner part and a specially profiled Fecralloy-made “soft”
outer lining. The seal is designed to be placed in a groove and to be submitted to a controlled
displacement. At high temperature, this design can lead to relaxation by viscoplastic phenomena.
In order to avoid too important load decrease, a strong inner part has been added. It is made of
nickel-based superalloy and is supposed to stay in the elastic regime or at least not to creep in large
proportions. The outer lining presents a prominent shape to be strained easily in order to be able to
establish tightness under low load. This lining is made of Fecralloy (Fe-22%, Cr-5%, Al) and is first
heat-treated at 900°C during 30 hours in order to form the protective alumina layer which also
facilitates dismantling.

Figure 1: Details of the metallic seal

The GENHEPIS stack is presented in Figure 2 with three modules. The particularity of each
module is to present a cell reinforcement made of stabilised zirconia. This thick piece has two major
functions: the first one is to ensure the electric insulation between the two interconnects, and the
other one is to transmit the load to tighten the seals without stressing the cell. The 3YSZ electrolyte of
the cell is fixed to this support in order to form a tight barrier between the cathodic and the anodic
chambers. This junction made of glass material is not detailed in this presentation. Moreover, the
electric distribution is realised by specific small contacts made of ferritic stainless steel (Crofer, 22APU)
to ensure flexibility. This stack presents two inlets (water vapour and air) and two outlets (hydrogen
and oxygen). The anodic chamber is not tight and the oxygen is free to leak in the atmosphere.
Tightness has to be ensured around the cathodic tubes in the anodic chamber and for the whole
cathodic chamber. The new seal is used for these three junctions with different dimensions. Tightness
around the inlet and outlet are achieved thanks to φ23 mm rings whereas the cathodic tightness is
achieved thanks to a φ200 mm ring with the same cross-section. It can be observed that the small
rings are deliberately positioned under the cell reinforcement and that the large one is placed above.
A mass of 200 kg is used to close and tight the stack. Due to their dimensions, the small rings are
compressed first. Therefore, this ensures that the cell is in contact with the inferior interconnect
before the large ring and the small electrical contacts are loaded. This sequential loading is a real key
to preserve the cell and seems to constitute an improvement for the stack architecture.

Experimental qualifications
Experimental procedure
The first part of the seal qualification tests is performed on a specific tightness test machine called
“BAGHERA” at CEA Grenoble. It allows to study the relationship between the applied load, the seal
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Figure 2: Details of the GENHEPIS stack

Figure 3: Details of the seal configurations

deformation and the leak at high temperature. It includes a 50 kN electromechanical testing device
associated to a furnace to realise experiments up to 1 000°C in air. Specific tools, and in particular a
displacement measurement system with quartz rods (Figure 4), have been developed to follow the
seal compression as well as the leak flow. Concerning the presented tests, a MTS load cell of 5 kN has
been used to tighten the seals. The leak measurement device has been developed to allow a relative
pressure control between 1 and 1 000 mbar. Two different sensors are used. The measurement precision
is equal to 0.1 mbar in the range 1-50 mbar and 1.5 mbar between 50 and 1 000 mbar. To follow
the leak flow, two mass flow controllers from Brooks are used. Their range is 0.06-3 Nml/min and
2-100 Nml/min with an error equal to 0.7% of the measure plus 0.2% of the full scale. Three K-type
thermocouples fixed on the bearing surfaces allow to record the temperature. The bearing surfaces
are different on each side of the seal. The bottom one is metallic and made of nickel-based superalloy
Udimet 720. It is machined by turning and presents a value of average roughness of Ra = 0.3. The
upper one is made of 3% yttrium-stabilised zirconia and is made by tape casting. Once more, its
roughness is around Ra = 0.3. The bearing surface materials have been chosen to introduce the effect
of the thermal expansion difference on the leak flow. The tested seals are exactly the same as the
small ones placed in the GENHEPIS stack. They have a diameter of 23 mm and have first been
heat-treated at 900°C during 30 h to protect the outer lining and to facilitate the dismantling. The
experimental procedure is as follows: the warming up to 800°C is realised without any loading. Then,
the force is increased step by step to reach 3 N/mm. Finally, the last load level is maintained during
the rest of the test, even during the cooling down. The leak flow is recorded during the whole test. For
this study, the seals are tested with a relative pressure of 200 mbar.
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Figure 4: Tightness test device
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The second part of the seal qualification is performed in a HTE stack on the testing bench called
“Tedhy” at CEA Grenoble. The experimental procedure is as follows: the warming up is done without
loading, which allows the different pieces to expand freely. Then, a 200 kg mass is applied on the
stack by 20 kg step every ten to twenty minutes. The total compression of the stack is followed by a
displacement sensor, located outside the furnace, to be sure that each seal is completely in its groove.
Finally, cermet reduction is performed and tightness is controlled before the electrolysis study begins.
The input mass flow is a Brooks sensor with a range of 0.24-12 g/h and the outlet mass flow (Brooks)
offers a range of 1.5-75 g/h. They have a precision of 0.7% of the measure plus 0.2% of the full scale.
The tightness control is done with pure hydrogen by comparing the stack inlet flow and the stack
outlet flow. Moreover, another way to check tightness is to measure humidity in both compartments.
The hygrometers precision is 1.5%.

Experimental results
The analytical test performed on the seal with an imposed load is presented in Figures 5 and 6.
It can be noted that the leak flow decreases continuously during loading. Under 3 N/mm, it reaches
0.005 Nml/min/mm corresponding to a loss of 5% of the produced hydrogen (based on GENHEPIS stack
characteristics). During cooling, a strong increase of the leak, due to thermal contraction differences
between bearing surfaces, is observed. Moreover, the chosen load level leads to a ring compressive
displacement of 0.3 mm. This displacement increases by creep significantly up to 0.6 mm during the
test. This is confirmed by the seal cross-section measured at the end of the test (Figure 7): the prominent
part has completely disappeared, due to important local strains. Nevertheless, this contributes largely
to a good tightness level if the creep is limited to this small prominent area. Other tests are still running
to study the viscoplastic effects on the leak flow. More precisely, the load decrease during imposed
displacement test is being quantified as well as its effect on the leak flow.
The tightness control for the stack is presented in Figure 8. It is performed with pure hydrogen
just after the cermet reduction. The inlet and outlet mass flow signals are very similar. The difference
is of +0.1 g/h at the outlet, keeping in mind a precision of 0.3 g/h. This means that before water
injection, almost all the introduced hydrogen is collected. Moreover, the hygrometer at the anode
outlet does not detect any water. This means that there is no leak between the two chambers.
Unfortunately, after 65 hours running, the test had to be stopped for other reasons. The metallic
seals were dismantled without any difficulty.

Conclusions
Gas tightness over a long period of time is real challenge in high-temperature electrolysis. The
presence of both metallic and ceramic materials is largely responsible for the difficulties. The thermal
expansion differences and the use of brittle materials such as ceramics led to new sealing solutions.
Here, a new metallic seal is proposed. It presents a C-shape with two components: a strong inner part,
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made of nickel-based superalloy X750 to avoid relaxation when the seal is compressed in its groove,
and a specially profiled outer lining made of Fecralloy. Moreover, a stack design is proposed to tighten
the seals at the operating temperature in order to let the stack pieces expand freely. Tightness
qualifications on a specific device and during HTE stack tests are presented. These new metallic seal
results are very encouraging for the future electrolysis stacks. They confirm that despite their stiffness,
metallic steals can be used in stacks. This solution offer real potentials, such as robustness, pressure
sustaining, and dismantling possibilities. Further investigations are realised in the French project ANR/
Pan-H/EMAIL and should be published soon.

Figure 5: Leak measurement for each load level
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Figure 6: Displacement measurement for each load level
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Figure 7: Cross-section of the tested seal

Figure 8: Leak control realised on stack with pure hydrogen just after cermet reduction
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Degradation mechanisms in solid oxide electrolysis anodes:
Cr poisoning and cation interdiffusion

Vivek Inder Sharma, Bilge Yildiz
Department of Nuclear Science and Engineering
Massachusetts Institute of Technology

Abstract
High temperature steam electrolysis is one of the most efficient processes for hydrogen generation
from water with no CO2 emissions using electricity and heat from nuclear or concentrated solar plants.
Solid Oxide Electrolytic Cells (SOEC) are the proposed technology being researched and developed for
this purpose. Over a long period of operation of the cells, various sources for degradation in the cells’
electrochemical performance prevail, and hence the cell resistance increases and the process becomes
inefficient. Our research is aimed at identifying the mechanisms for the loss in the electrochemical
performance of the cell, particularly of the oxygen electrode, namely the anode. We are performing
post-mortem analysis of the anode materials from SOEC stacks that were subject to demonstration
tests over 2 000 hours. We are focusing on two mechanisms of degradation: i) on the diffusion and
reaction of chromium from the stainless steel interconnects onto the bond layer (cobaltite) and
electrode (manganite) surface; ii) inter-diffusion of electrode and composite cations dissociating the
anode composition. Chromium penetrates into the electrode microstructure through vapour-phase or
solid state transport and reacts with the electrode material to form secondary and inactive phases
which block the active sites. We have employed Raman Spectroscopy and identified the secondary
phases, on the surface of the bong layer, that include mainly Cr2O3, LaCrO3, La2O3 and Co3O4, which
have much lower conductivity than the original perovskite structure. We used scanning Auger
Electron Nano-spectroscopy (AES) to study the local variations in the air electrode and the bond layer
microchemistry and microstructure on a nano-to-micron scale. Chromium was clearly seen to be
present in the cobaltite bond layer, and the chromium content was observed to monotonically decrease
along the thickness of the bond layer. The manganite and manganite/zirconia composite electrode
layers did not contain chromium. The bond layer exhibited an A-site segregation on the surface and
drastic variations in the ratio of A-site cations to dopant cations were observed even at a local level.
Using high resolution electron microscopy, we are studying the distribution of the chromium-containing
phases on the surfaces, and the inter-diffusion and dissociation of compositional cations across the
grains. Our approach combines focused ion beam techniques for selective specimen preparation, and
Energy Dispersive X-Ray Spectroscopy coupled with Transmission Electron Microscopy for chemical
and structural analysis. This investigation will be particularly important for the identification of
chemical stability at the grain boundaries between the electrode and electrolyte particles in the
electrode microstructure.
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Introduction
Nuclear fission energy is one of the promising sources for clean energy at a large scale. In addition to
electricity production, nuclear plants can also be used for the production of alternate transportation
fuels such as hydrogen gas. High temperature steam electrolysis is one of the most efficient
electrochemical processes for hydrogen generation from water with no CO2 emissions using electricity
and heat from nuclear plants (Yildiz, 2006, 2006a). It is carried out in devices called Solid Oxide
Electrolytic Cells (SOEC) at high temperatures.
An electrolytic cell consists of the hydrogen electrode (cathode) and the oxygen electrode (anode),
with an oxygen ion-conducting electrolyte sandwiched between them. The electrodes are electrically
coupled to an electricity source by external lines outside the cell. Figure 1 shows a schematic of one
such SOEC. Oxygen passes over the anode, and hydrogen and steam over the cathode. At the cathode,
two water molecules accept four electrons to form hydrogen gas and oxide ions. The oxide ions then
move through the electrolyte and go to the positive electrode (anode) where they lose electrons and
form oxygen gas. Cells are stacked together, and metallic interconnects are used between cells. Cell
interconnects provide cell-to-cell electrical connection and separate fuel and oxidant gas atmospheres
in a stack.

Figure 1: Representation of a SOEC

The electrodes for SOEC have to possess certain properties important for their proper functioning,
including high electronic conductivity, high catalytic activity and compatibility with other cell
components. The doped ABO3 perovskite family of compounds (A = lanthanide group, B = transition
metal group) is the most common set of materials that is used as oxygen electrodes in SOEC inspired
from SOFC. Sr-doped lanthanum manganites (LSM) are conventionally put to use as oxygen electrodes.
Like the oxygen electrode, the hydrogen electrode must combine catalytic activity with electrical and
ionic conductivity. Ionic conductivity allows the cathode to spread the oxide ions across a broader
region of electrode/electrolyte interface and electronic conductivity ensures the transport of electrons
required for the electrode reaction from the external circuit. The hydrogen electrode generally consists
of a nickel-zirconia cermet electrode. Besides, a perovskite bond layer is used to provide better contact
between the oxygen electrode and the metallic interconnects. Zirconia-based electrolytes, possessing
the fluorite structure, have been the most popular choice for the electrolyte material.
SOEC operate on the same basic principle as that of solid oxide fuel cells (SOFC), though the
current flow is in the opposite direction. Though SOFC have been a subject of detailed study for a long
time, a keen interest in SOEC has only been generated in the past few years. Hence SOEC are not yet
as well understood as SOFC, though the main challenges are expected to be similar for both since they
are based on similar mechanisms. It has been observed that over a long period of operation, the SOFC
show a loss in performance (Virkar, 2007). This loss is attributed to degradation of the cells. This
degradation is principally due to the chemical interaction between the electrolyte and the electrodes at
the electrolyte/electrode interface at the high temperatures of operation, which leads to the formation
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of secondary phases that block the active sites where electro-catalysis occurs. At higher temperatures
of operation, interaction between the components of the cells becomes stronger (Adler, 2004), leading
to higher rates of degradation. The diffusion of Cr-containing species from the steel interconnects
used in the cells into the electrode microstructure (either through vapour phase or solid state diffusion)
and their reaction with the electrodes to form secondary phases has been identified as a major cause
for degradation when the cells are operated in the fuel cell mode (Matsuzaki, 2000, 2001; Fergus, 2007;
Stanislowski, 2007). Also, the segregation of cations in the electrodes of SOFCs is well documented.
It has been seen that certain electrodes such as LSCF, though offering higher power densities than LSM
electrode, do not possess long-term stability (Simner, 2006). This segregation can alter the properties
of the cell constituents and cannot only increase the ohmic resistance but such phenomena can
greatly affect the oxygen reduction reactions and the charge transfer mechanisms. As a result of this
degradation, the efficiency of the cells goes down with time. Similar degradation issues are relevant in
SOEC. A better understanding of the mechanisms of degradation can help us identify ways and
compositions that can counter the loss in cell performance. In this report, we summarise our results
obtained from the post-mortem analysis of the SOEC and identify a mechanism of degradation of the
oxygen cell of the cells.
The oxygen electrode of the cells under analyses in our project is a perovskite material
A0.8Sr0.2MnO3 (element A is not disclosed because it is proprietary information). Scandia-stabilised
zirconia (SSZ) is used as the electrolyte. The cathode consists of a Ni-SSZ cermet. Also, a lanthanum
strontium cobaltite (La0.8Sr0.2CoO3, also known as LSC) is used as the bond layer.

Approach and techniques
The aim of our methodology is to employ a variety of spectroscopic techniques in an integrated
manner. Table 1 summarises the approach employed.

Table 1: Summary of our approach and the techniques used with their respective goals
Technique
Raman Spectroscopy
Nanoprobe Auger Electron Spectroscopy (NAES)
Focused Ion Beam (FIB)
Energy Dispersive X-ray Spectroscopy (EDX)/
Transmission Electron Microscopy (TEM)

Objective
Preliminary identification of secondary phases
formed on the surface of the bond layer
Electrode surface chemistry and microstructure and its
variation across the cross-section at a small scale (μm-nm)
Selective choice of the interface of
interest to prepare TEM samples from
High resolution identification of the chemical
composition and secondary structures formed

Results and discussion
Raman Spectroscopy was performed on the used cells. Data found in the literature (Chen, 2006; Hoang,
2003; Iliev, 2006; Li, 2003; Orlovskaya, 2005; Scheithauer, 1998) were used as references for Raman peaks
of the phases of interest found in our data. Figure 2 shows the air side of the one of the cells after
disassembly. We see dark and light lines that appear on the surface. This distinction occurs due to the
design of the corrugated flow channels to enable air flow. The LSC regions in contact with the flow
channels were comparatively lighter. We carried out Raman Spectroscopy on the dark and light
coloured regions on the air electrode side of this cell. The Raman results obtained clearly show that
the perovskite structure of the LSC has in fact decomposed and formed other phases. Also, the
presence of chromium is clearly manifest in the form of different Cr-containing compounds. This
chromium comes from the stainless steel interconnects. Figure 3 makes it clear that there is hardly
any structural difference between the light and dark regions. Both have the bond layer intact, even
though decomposed, and have not exposed the lower layers of the electrode. The colour contrast is
not distinguishable in terms of the phases present in these regions. As marked in Figure 3, the LSC
perovskite structure has decomposed into the cobalt oxide, chromium oxide and lanthanum
chromate phases, which have electronic conductivity that is an order or two lower than that of the
intial LSC phase.
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Figure 2: A picture of the oxygen side of a used cell after disassembly
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Figure 3: Raman data collected from a point each from the dark and light region on the oxygen side of
cell 3, showing the presence of new phases formed after decomposition of the perovskite structure

After the preliminary phase identification by Raman Spectroscopy, nanoscale scanning Auger
Electron Spectroscopy was used to study the cross-section of the different cells. We probed the LSC
region of one of the used cells. Figure 4 is a SEM image of the LSC region for one of the used cells.
Figure 5 is the Auger spectra of the different areas in this region shown in Figure 4.

Figure 4: SEM image of the cross-section of a used cell (LSC region)
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Figure 5: Auger data from points 1, 2 and 3 in Figure 4, with fraction of various cations inset

The presence of La, Sr, Co, O and Cr is clearly manifest on the surfaces of this region. From Figure 5
it is clear that the three different points have significant differences in their local compositions and
chemical signature even though they are separated by only a few of microns from each other. The
ratio of La to Co is seen to vary roughly from a mere 0.65 to around 9. Ideally, this ratio of the
as-prepared LSC should be 0.8. Another point to note is the observation of “crystallite”-like structures
in the LSC bond layer. One such crystallite is visible in the SEM figure above (area 1). A noteworthy
observation is that these crystallites show a significantly higher Cr content than the rest of the
neighbouring microstructure, as is visible from the table inset in the spectra in Figure 5. These results
hint at the non-uniform segregation of the cations on LSC grains very drastically, that may have led to
phase instabilities.
Eventually, after the AES analysis, in order to investigate the structure and chemistry of the
individual grains at an even higher resolution, we employed TEM coupled with EDX. STEM at a high
resolution was carried out to study the distribution of the different cations across the grains and to
see if there was any relationship between them. Figure 6 shows the results of one such STEM analysis.
It shows the presence of Cr everywhere in the electrode. The interesting observation here to note is
that regions with high Cr content are accompanied by a high La content and a lower Co content and
vice versa, suggesting that Cr and La could be in a chemical form together but Co forms a different
chemical species, possibly Co3O4 with oxygen. Nonetheless, the segregation of the cations is evident
and again backs the results obtained by AES confirming that the perovskite bond layer has in fact
dissociated severely even at such a high resolution.

Conclusions
Raman Spectroscopy results clearly showed that the LSC bond layer had degraded and the secondary
phases of individual lanthanum and cobalt oxides are formed. Results also show the presence of
chromium-containing phases (Cr2O3, LaCrO3), thus clearly hinting at the chromium diffusion from the
steel interconnects into the anode bond layer. This is a major cause for the loss in performance of the
cells. To further investigate the surface chemistry and microstructure of the air electrode and the bond
layer, particularly across their cross-sections, we carried out scanning Auger Electron Spectroscopy
with nanoprobe capability. Our results pertain to the presence and extent of Cr in the bond layer and
the variations in the surface compositions of the bond layer. We studied different regions in the LSC
material to investigate the cross-sectional variation of chromium and the constituent cations. The
results show an average peak chromium fraction of approximately 0.07 on the surface of the LSC bond
layer. In certain spectra, we observed crystallite-like phases in the LSC region, corresponding to the
highest Cr content. The LSC layer exhibited local variation of chemical constituents on the surface of
its grains. La/Co ratio varies from 0.65 to 9, a significantly different range compared to the expected
bulk average value of 0.8. Thus, there is a large local variation on the LSC grain surfaces even when

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

143

DEGRADATION MECHANISMS IN SOLID OXIDE ELECTROLYSIS ANODES: Cr POISONING AND CATION INTERDIFFUSION

grains separated by only a couple of microns but contrasting La/Co ratios. This indicates inhomogeneous
segregation of the A and B site cations in the LSC layer or dissociation of LSC over the period of
operation. STEM/EDX analysis also revealed segregation of the cations at a higher resolution. The results
suggest that La and Cr are in some sort of chemical phase together and regions with higher Cr content
have high La and a low Co content. All the results suggest that the LSC bond layer has severely
dissociated into secondary phases. Besides, harmful phases formed by the Cr-containing species such
as Cr2O3, etc., are also seen in the bond layer. These secondary phases hamper the activity of the SOEC
and are directly responsible for the loss in their performance.

Figure 6: Chemical map analyses of Cr, Co, La and Sr
in a small region of the oxygen electrode of the SOEC

References

Adler (2004), “Factors Governing Oxygen Reduction in Solid Oxide Fuel Cell Cathodes”, Chem. Rev., 104,
4791-4843.
Chen, Lu (2006), “Scheithaur Journal of Catalaysis Raman Spectra of La2O3”, Thin Solid Films, 515, 21792184.
Fergus (2007), “Effect of Cathode and Electrolyte Transport Properties on Chromium Poisoning in Solid
Oxide Fuel Cells”, Int. J. Hydrogen Energy, 32, 3664-3671.
Hoang, et al. (2003), “Redox Behaviour of La-Cr Compounds Formed in CrOx/La2O3 Mixed Oxides and
CrOx/La2O3/ZrO2 Catalysts”, Applied Catalysis A: General, 239, 95-110.

144

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

DEGRADATION MECHANISMS IN SOLID OXIDE ELECTROLYSIS ANODES: Cr POISONING AND CATION INTERDIFFUSION

Iliev, et al. (2006), “Raman Spectroscopy of Low-temperature (Pnma) and High-temperature (R3¯c)
Phases of LaCrO3”, Physical Review, B 74, 214301.
Li, et al. (2003), “Phase Transformation in the Surface Region of Zirconia and Doped Zirconia Detected
by UV Raman Spectroscopy”, Phys. Chem. Chem. Phys., 5, 5326-5332.
Matsuzaki, Yasuda (2001), “Dependence of SOFC Cathode Degradation by Chromium-containing Alloy
on Compositions of Electrodes and Electrolytes”, J. Electrochem. Soc., 148, A126.
Matsuzaki, Yasuda (2000), “Electrochemical Properties of a SOFC Cathode in Contact with a
Chromium-containing Alloy Separator”, Solid State Ionics, 132, 271-278.
Orlovskaya (2005), et al., “Detection of Temperature- and Stress-induced Modifications of LaCoO3 by
Micro-Raman Spectroscopy”, Physical Review, B 7, 014122.
Scheithauer, Knouzinger, Vannice (1998), “Raman Spectra of La2O3 Dispersed on γ-Al2O3”, Journal of
Catalysis, 178, 701-705.
Simner, et al. (2006), “Degradation Mechanisms of La-Sr-Co-Fe-O3 SOFC Cathodes”, Electrochemical and
Solid State Letters, 9, (10) A478-A481.
Stanislowski, et al. (2007), “Reduction of Chromium Vaporization from SOFC Interconnectors by Highly
Effective Coatings”, J. Power Sources, 164, 578-589.
Virkar (2007), “A Model for Solid Oxide Fuel Cell (SOFC) Stack Degradation”, J. Power Sources, 172,
713-724.
Yildiz, Hohnholt, Kazimi (2006), “Hydrogen Production Using High-temperature Steam Electrolysis
Supported by Advanced Gas Reactors with Supercritical CO2 Cycles”, Nuclear Technology, 155.
Yildiz, Kazimi (2006a), “Efficiency of Hydrogen Production Systems Using Alternative Nuclear Energy
Technologies”, Int. J. Hydrogen Energy, 31, 77-92.

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

145

CAUSES OF DEGRADATION IN A SOLID OXIDE ELECTROLYSIS STACK

Causes of degradation in a solid oxide electrolysis stack

J. David Carter, Jennifer Mawdsley, A. Jeremy Kropf
Argonne National Laboratory, Argonne, Illinois, USA

Abstract
Steam electrolysis experiments conducted at Idaho National Laboratory (INL) have demonstrated an
efficient process to generate hydrogen using waste heat and electricity from a nuclear power plant.
However, the hydrogen output was observed to decrease significantly over time. Solid oxide stack
components from the INL studies were analysed at Argonne National Laboratory to elucidate the
degradation mechanisms of electrolysis. After probable regions of degradation were identified by
surface techniques, Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDS) were used to further characterise the causes of degradation by examining cross-sections of stack
components.
The main causes of degradation come as a result of the cells operating in electrolysis mode, since the
same cells operating in the fuel cell mode exhibit stable performance. From this study, we identified
five causes that contribute to degradation: i) Cracks were observed along the conductive bond layer/
interconnect interface in the oxygen electrode compartment. ii) Chromium was observed to substitute
for cobalt in the bond layer reducing its conductivity. iii) Densification and delamination were observed
by the oxygen electrode. iv) A Si/Mn capping layer was observed within millimeters of the sealing edge
of the steam/hydrogen electrode, and Si was distributed throughout the electrode. v) Non-conductive
interface layers formed at the interconnect/flow field interface in the steam/hydrogen electrode
compartment.
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Introduction
Hydrogen is considered an alternative transportation fuel because its high gravimetric energy density
and its reaction product is water, a clean alternative to carbon oxides from fossil fuels. Although
hydrogen is the most abundant element, its diatomic gas cannot be mined or captured terrestrially.
Hydrogen gas is derived mainly from reforming fossil fuels or by the electrolysis of water. A High
Temperature Steam Electrolysis (HTSE) process based on Solid Oxide Fuel Cell (SOFC) technology
(Baukal, 1976; Doenitz, 1982; Salzano, 1985; Hino, 2004) and utilising electricity and waste heat
is presently being developed by the US Department of Energy’s Nuclear Hydrogen Initiative
(Herring, 2007).
In the HTSE process, multiple solid oxide cells are arranged in “stacks”, identical to stacks used in
SOFC systems, but unlike a SOFC, heat and a positive potential are applied to the stack to reduce the
steam to hydrogen; these being called Solid Oxide Electrolysis Cells (SOEC). Stacks of cells provide for
a manageable voltage/current input as well as a manufacturable cell size. However, stacks necessarily
have an increased cell area and a multiplicity of components that introduce a number of sources of
degradation that take place during operation. It has been observed that SOEC stacks show an
unusually large degradation rate compared to a SOFC stack (Mawdsley, 2009).
Argonne National Laboratory has analysed post-test, several cells and stack components run as
SOEC to determine the major causes of degradation. Resistance and elemental maps of stack component
surfaces where initially created using respectively, a four-point electrical probe and X-ray fluorescence
measurements at Argonne’s Advanced Photon Source. In addition, Raman micro-spectroscopy and
X-ray absorption spectroscopy were utilised to determine phase structure and oxidation state of the
main constituents and elements of stack components. These maps were used to identify regions of
probable degradation. From this information, stack components were cross-sectioned in the areas
of interest and analysed by scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS). Results of the SEM/EDS work are presented here.

Experimental
Cells and stacks were fabricated by Ceramatec, Inc. (Salt Lake City), and tested at Ceramatec and INL.
After testing, the stacks were disassembled and several repeat units (cells, interconnects and gas flow
fields) were sent to Argonne for evaluation. Stack components from the following tests were
evaluated: i) a ten-cell stack operating for 200 h; ii) a 25-cell stack operating for 1 000 h, both stacks
described by O’Brien (2007); iii) a half-ILS module consisting of two 60-cell stacks, operating for 2 040 h
(Hartvigsen, 2007); iv) a ILS module containing four stacks of 60 cells each that operated for 420 h. This
article focuses on SEM and EDS analysis of components from the ½ILS module, including some
observations from other tests.
A typical stack repeat unit consists of a ferritic stainless steel interconnect plate including edge
rails, seals and corrugated gas flow fields attached to each side of the plate (O’Brien, 2007). Figure 1
shows a composite SEM image of the other essential components of a stack repeat unit. Beginning at
the top of the figure and moving down the cross-sections that were analysed are: i) the oxygen side of
the interconnect, including a native oxide layer at the interconnect interface; ii) the bond layer used to
electrically connect the interconnect plate to the corrugated flow field (not shown); iii) another bond
layer to attach the flow field to the oxygen electrode of the cell; iv) strontium-doped manganite
oxygen electrode; v) Scandia-stabilised zirconia electrolyte; vi) nickel zirconia cermet steam/hydrogen
electrode; vii) the bond layer on the steam/hydrogen electrode and the gas flow field, both which are
not shown; viii) nickel bond layer connecting the flow field to the interconnect; ix) the steam/hydrogen
side of the next interconnect plate. A stack repeat unit contains at least nine interfaces between
dissimilar materials.
Maps from electrical resistance and X-ray fluorescence (Mawdsley, 2009) measurements were
used to identify areas which showed probable signs of degradation. With resistance measurements,
we determined that the gas flow fields in the oxygen and steam-hydrogen compartments, as well as
the bond layers connecting the bipolar plate in the steam-hydrogen compartment, were functioning
well and maintained excellent electronic conductivity throughout all the tests. As a result, these were
not considered further. The other stack components were cross-sectioned in regions where
degradation was evident, then they were mounted, polished and examined using SEM and EDS.
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Figure 1: Composite image of the essential components of a SOEC stack
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Results and discussion
Beginning at the oxygen side of the interconnect plate, Figure 2 is a cross-section of the interface of
the plate and the bond layer, which is used to connect the plate to the gas flow field. The EDS maps
show that Sr, Mn, Cr and O have segregated to the interface. It appears that the Mn and Sr do not
intermix with the Cr and O, which forms a protective Cr2O3 scale on the stainless steel plate. It is not
clear which phases form with Sr and Mn. More significantly, there is a gap in the O map between the
Cr-O and La-Co-O layers. Comparing this to the SEM image, it is apparent that there is cracking in this
region. If these cracks have formed during HTSE operation rather than disassembly this would be a
serious cause of stack degradation.
Several serious cracks are visible in Figure 3, which is an extended view of the interconnect and
bond layer interface. These and similar types of fractures will need to be analysed in future studies by
examining cross-sections of several stack layers that are carefully preserved during stack disassembly.
In any case, these fractures identify a weakness that may be a significant cause of stack degradation.
Previously, we had shown from elemental mapping that Cr diffuses from the gas flow field into
the bond layer attached to the oxygen electrode. This Cr was seen to substitute for Co in the (La,Sr)CoO3
bond material, reducing its conductivity, and the displaced Co reacted with more Cr to form CoCr2O4
crystals on the open surfaces of the bond layer situated under the gas flow fields (Mawdsley, 2009).
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Figure 2: SEM images and EDS maps of the interface between the
interconnect and its bond layer in the oxygen electrode compartment
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Figure 3: Expanded view of the interface between the interconnect
and the bond layer in the oxygen electrode compartment

Interconnect
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Figure 4 shows a difference in the diffusion behaviour of Cr in the oxygen electrode compartment
of a SOEC and a SOFC. In the SOEC, oxygen evolves from the electrode/electrolyte/pore interface and
flows out (up) toward the flow field. Gaseous chromium species evolving from the metal flow field must
diffuse against the flow of oxygen emanating from the electrolyte, and as a result Cr is concentrated
in the upper regions in the bond layer. The small amount of Cr at the electrolyte interface does not
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Figure 4: SEM images and EDS maps of Cr diffusion into the
cross-section of an oxygen electrode of a SOEC (left) and SOFC (right)
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affect the activity of oxygen evolution. Conversely, in the SOFC, oxygen from air flows toward the
electrolyte interface where it is reduced and transferred into an oxygen vacancy in the electrolyte.
This carries with it any gaseous Cr emanating from the flow field. Consequently, Cr concentrates
deeper into the oxygen electrode poisoning its most active regions.
Under long-term operation, >1 500 h, we found that the oxygen electrode delaminated from the
electrolyte. This became evident in our examinations of the cell surface by mapping (Mawdsley, 2009).
Figure 5 shows evidence of an over-sintered region. Coupled with high evolution rates of oxygen, the
dense region would likely delaminate over time. Another hypothesis is that oxygen could be released
under the grain of a non-oxygen-ion-conducting electrode, causing the formation of defects that grow
into cracks. This is due to the inability of the electrode material to conduct ions away from under the
particle. Electrode delamination is a long-term effect and does not account for the large degradation
in early stages of SOEC stack operation.

Figure 5: SEM image of the interface between the oxygen electrode and the electrolyte
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There has been some question concerning the stability of the electrolyte. In earlier studies, we
have found evidence of monoclinic ZrO2 formation by Raman microspectroscopy. However, at this
point we have not determined whether or not this plays a significant role in stack degradation.
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On the steam/hydrogen side of the cell, a capping layer was observed to form over the surface of
the electrode a few millimeters from the sealing edge (Figure 6). This capping layer was composed of
mainly Si-O, although some Mn was also found in this layer. The capping layer disappeared within a
centimeter from the seal. However, Si-O was found dispersed throughout the electrode as shown in
Figure 6. We expect Si-O to increase degradation of the steam/hydrogen electrode by poisoning active
steam reduction sites.

Figure 6: Silicon EDS map (left) and SEM secondary image (right) of a
cross-section of a steam/hydrogen electrode near the sealing edge of the cell
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As mentioned before, we found no evidence of conductivity loss in the nickel bond layer or in the
steam/hydrogen flow field. Moreover, the flow field was not corroded or discolored.
The steam/hydrogen side of the interconnect, however, showed large resistances in the
four-point mapping study. Figure 7 shows a composite of an SEM image and corresponding EDS maps
for significant elements in the steam/hydrogen side of the interconnect/bond layer interface.

Figure 7: SEM images and EDS maps of the interface between the interconnect
and bond layer, which bonds the interconnect to the steam/hydrogen flow field
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Manganese and O have segregated to the surface and a thick (10 μm) Cr-O layer has also formed
at the surface. Titanium and Si are identified in the interface between the metal and oxide. The effect
of these elements has not yet been measured, however, we suspect that Ti and Si form oxides that are
electrically insulating and will add to the degradation in stack performance.

Conclusions
Several probable causes of degradation have been identified through Argonne’s post-test analyses of
SOEC stack components. In the present work, five causes of degradation were identified through SEM
and EDS studies of selected regions of components from the ½ILS stack. The interconnect was found
to be a source of foreign elements, such as Cr, Mn, Ti and possibly Si, that contribute to degradation
by forming non-conductive interface layers. Chromium was observed to diffuse into the bond layer
reducing its conductivity. A Si-Mn-O capping layer was found within millimeters of the sealing edge of
the steam/hydrogen electrode, and Si-O was distributed throughout the electrode, both of which
would decrease overall conductivity and the number of active sites for steam reduction. The oxygen
electrode densified and delaminated during long-term operation. And, cracks were observed along the
conductive bond layer/interconnect interface in the oxygen electrode compartment. These would
cause serious degradation if they were formed during HTSE operation.
Some additional experiments would help determine the degree of each effect in stack degradation.
Long-term (1 000 h) studies on the conductivity of the coated interconnect plate under dual air and
steam/hydrogen atmospheres on either side of the plate could determine the effect of degradation
due to elemental diffusion out of the plate and segregation to various interfaces. During the same test,
bond layer cracking at the interface could be examined. Finally, a thorough external examination of
stacks upon cooling and a SEM examination of intact stack layers, may help determine when crack
formation in the bond layer on the interconnect plate occurs.
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Nuclear hydrogen using high temperature electrolysis
and light water reactors for peak electricity production

Charles Forsberg, Mujid Kazimi
Massachusetts Institute of Technology, USA

Abstract
In a carbon-dioxide-constrained world, the primary methods to produce electricity (nuclear, solar, wind
and fossil fuels with carbon sequestration) have low operating costs and high capital costs. To minimise
the cost of electricity, these plants must operate at maximum capacity; however, the electrical outputs
do not match changing electricity demands with time. A system to produce intermediate and peak
electricity is described that uses light water reactors (LWR) and high temperature electrolysis. At times
of low electricity demand the LWR provides steam and electricity to a high temperature steam
electrolysis system to produce hydrogen and oxygen that are stored. At times of high electricity
demand, the reactor produces electricity for the electrical grid. Additional peak electricity is produced
by combining the hydrogen and oxygen by operating the high temperature electrolysis units in reverse
as fuel cells or using an oxy-hydrogen steam cycle. The storage and use of hydrogen and oxygen for
intermediate and peak power production reduces the capital cost, increases the efficiency of the peak
power production systems, and enables nuclear energy to be used to meet daily, weekly and seasonal
changes in electrical demand. The economic viability is based on the higher electricity prices paid for
peak-load electricity.
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Introduction
There is a renewed interest in the production of hydrogen using nuclear energy for industry and
transportation (Forsberg, 2008, 2009a). Nuclear hydrogen production technologies were initially
investigated in the 1970s. Since then, one option for nuclear hydrogen production technology has
made considerable progress – high temperature electrolysis (HTE). This technology is based on the
development of high temperature fuel cells that contain an internal membrane through which oxygen
can be transported. In a high temperature fuel cell, hydrogen and oxygen produce electricity and
steam. In HTE, this process is reversed so electricity and steam yield hydrogen and oxygen. The same
equipment can operate in either mode – a capability demonstrated in the laboratory but not a
commercial technology. The characteristics of these systems potentially create new options for
production of intermediate and peak electricity from nuclear reactors.
Electricity demand varies daily, weekly and seasonally. In higher latitudes, there is also an
approximately three-day cycle associated with weather patterns. Today fossil fuel power plants are
the primary technology to match electricity production with fluctuating electricity demand. Fossil
fuels are used for intermediate and peak electricity production because: i) they are inexpensive to
store until needed (coal piles, oil tanks and underground natural-gas storage); ii) the technologies for
conversion of fossil fuels to electricity have relatively low capital costs.
The use of fossil fuels to meet variable electrical demands may be limited in the future because
of concerns about the price of natural gas and climate change. With any deep reduction in greenhouse
gas emissions, carbon dioxide emissions will likely be limited to transportation, consumer products
and other mobile applications – not stationary applications such as peak power production. While
carbon dioxide from fossil power plants may be sequestered underground, such fossil power plants
are likely to be uneconomic for the production of intermediate and peak electricity because of their
high capital costs (MIT, 2007) and the difficulties in operating such plants with variable output.
Renewable forms of electricity (wind and solar) compound the challenges of intermediate and
peak electricity production. These energy sources are highly variable on a day-to-day basis and have
large seasonal swings in energy outputs. In many parts of the world (particularly in northern climates),
the large seasonal variations in electricity demand do not match the large seasonal swings in renewable
energy production. The increased use of renewables will require additional intermediate and peak
electricity production capacity. The existing non-fossil methods to produce peak electricity have
major limitations:
•

Hydropower. Hydroelectric power is used for peak electricity production. In a few locations,
there is sufficient hydroelectricity to meet seasonal swings in energy demand – but not
world wide. Hydroelectric pumped storage can be built in many places to meet the variable
daily demand for electricity; but it is not practical to build storage reservoirs for weekly and
seasonal swings in energy demand.

•

Compressed air energy system (CAES). CAES uses compressed air as the storage media. When
excess low-cost power is available, air is compressed and stored in underground caverns.
When there is a need for peak electricity, the compressed air is fed to a combustion gas
turbine to produce electricity. In a gas turbine, 40 to 50% of the energy produced by the
turbine is used to compress incoming air; thus, the gas-turbine electricity output is increased
by a factor of 2 by using compressed air from storage caverns rather than compressing the air
as needed. However, the energy content of compressed air is low, making it very expensive to
use CAES except for daily swings in the demand for electricity.

This leads to the conclusion that one of the major electricity challenges is finding low-cost
methods to meet variable electricity demands. This paper describes one such system for intermediate
and peak electricity production using LWR and HTE.
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System description
The proposed system has four major components (Figure 1):
•

Steam production. Light water reactors produce steam. The power plant may operate as a
conventional nuclear plant where all the steam is used to produce electricity. Alternatively,
electricity and some of the steam may be diverted to hydrogen production.

•

Hydrogen production. Steam and electricity are used to produce hydrogen and oxygen using the
HTE process at times of low electricity demand.

•

Hydrogen and oxygen storage. Underground storage facilities are used for the low-cost storage of
hydrogen and oxygen on a daily, weekly, and seasonal basis.

•

Peak electricity production. Variable electricity production to match demand is achieved by two
methods: i) variable production of hydrogen and oxygen to storage when electricity is not
needed for the electrical gird; ii) using the hydrogen and oxygen for electricity production to
meet peak load demand. Peak electricity from hydrogen and oxygen can be produced by either
operation of the HTE system as a fuel cell or use of an oxygen-hydrogen steam turbine.

Figure 1: Peak power production system using high temperature electrolysis

From a system perspective, the high-capital-cost nuclear reactor operates at full power; but the
electricity to the electrical grid varies from zero (electricity and steam to hydrogen production) to
several times the electrical output of the reactor (reactor sends electricity to the grid and hydrogen is
used to produce added electricity). The characteristics of the system allow rapid variation in electricity
to the grid. This capability stabilises the grid, provides spinning reserve and provides peak electricity.
Hydrogen can also be sold to industrial markets. The hydrogen storage facilities enable supplying
hydrogen based on demand – independent of the instantaneous production rate.

Hydrogen production using high temperature electrolysis
The HTE/fuel cell system that converts steam and electricity to hydrogen and oxygen at times of low
electric demand can convert hydrogen and oxygen back to electricity at times of high electricity
demand. This reversibility, if it proves to be practical, significantly reduces the capital costs for peak
power production because the same equipment is used for hydrogen and electricity production. While
laboratory prototypes for electrolysis have been operating for some time, the technology is not yet
commercial. The electrolysis technology is based on the still developing but more advanced
solid-oxide fuel cell technology with operational temperatures near 800°C.
HTE is expected to be significantly less expensive than conventional electrolysis because it uses
heat and electricity (rather than just electricity) to supply the energy needed to convert water to
hydrogen and oxygen. Because heat is less expensive than electricity, this substitution reduces costs.
Heat reduces the electricity demand by two mechanisms:
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•

Liquid-to-gas conversion. In traditional electrolysis, water as a liquid is converted into two gases:
hydrogen and oxygen. Energy is required to convert liquids to gases. In electrolysis, this
energy is provided by electricity whereas in HTE, heat converts the water to steam. The
energy requirements depend upon the final pressures of the hydrogen and oxygen. For peak
electricity systems, the hydrogen and oxygen may be stored at pressures as high as 7 MPa;
thus, there is an incentive to produce steam at this pressure to avoid the need to compress
the resultant hydrogen and oxygen before storage. As it happens, the steam from PWR steam
generators is produced at that pressure, and it may be possible to use some of it as feed into
the electrolysers.

•

Chemical bond breaking. The energy required to break the water molecule into hydrogen and
oxygen decreases with increasing temperature. The hotter the steam, the less electricity that
is required. However, this is a much smaller effect.

The HTE technology requires that the system operate at ~800°C for the rapid diffusion of oxygen
ions through a solid membrane. This requires heating the steam to ~800°C. There are two strategies to
heat steam to this temperature:
•

High temperature reactor. The nuclear reactor can provide the 800°C steam.

•

Lower temperature reactor with recuperation through countercurrent heat exchangers. The hydrogen
and oxygen products from the HTE system must be cooled back to room temperature. The use
of counter-current heat exchangers to transfer heat from the hydrogen and oxygen to the
steam (called recuperation of heat within the power cycle) can provide most but not all of the
heat required to raise steam temperatures. The added heat will be partly supplied by
inefficiencies in the HTE cells that generate heat. The remainder of the heat can be supplied
by electrical heating.

Hydrogen production from nuclear plants will have an energy efficiency that depends on the
efficiency of thermal to electrical energy conversion and on the efficiency of using electricity in the
electrolysis process. The thermal-to-electrical efficiency of existing light water reactor plants is about
33%. The efficiency of water splitting by conventional electrolysis can be about 75%. Thus, the
hydrogen production energy efficiency using today’s technology is about 25%. Using HTE in solid
oxide electrolysers would improve the total efficiency of hydrogen production (Yildiz, 2004, 2006a).
Most of the heat in the system is required for conversion of water to steam. This can be supplied by
any reactor that can produce high-pressure steam – including LWR and CANDU reactors. Higher
temperature steam is desirable, but not required. Existing reactor technology can be used.
One recent study (O’Brien, 2006) compared hydrogen production by electrolysis and HTE assuming
an advanced CANDU reactor with a thermal efficiency of electricity production of 36% – essentially
identical steam conditions as produced by a modern LWR. With traditional electrolysis, the overall
hydrogen-to-thermal efficiency was 25.7%. With HTE, the hydrogen to thermal efficiency was 33 to 34%.
The efficiency of hydrogen production was almost equal to the efficiency of electricity production
when the energy give back is the thermal energy derived from oxidising the hydrogen. There are
strong economic incentives to develop HTE for hydrogen production, particularly when coupled to
peak electricity.
With advanced high temperature reactors that can supply the HTE process with all the heat
needed for operating at 800°C, the efficiency of both electricity production and hydrogen production
may be as high as 50%. Advanced reactors that can attain higher temperature than today’s reactors
include the helium-cooled High Temperature Gas-cooled Reactor (HTGR), and the salt-cooled
Advanced High Temperature Reactor, which can achieve temperatures above 800°C leading to very
high conversion efficiency when coupled to a helium-based Brayton power cycle. Alternatively,
CO2-cooled reactors operating at supercritical pressure and coupled with appropriate Brayton cycle
can achieve thermal-to-electrical energy conversion efficiency around 50% with an outlet temperature
around 600°C (Yildiz, 2004, 2006b). An examination of the applicability of a direct cycle supercritical
CO2-cooled fast reactor to hydrogen production was performed by Memmott, et al. (2007). The reactor
exit temperature was 650°C. The electricity production and therefore the hydrogen production system
had overall efficiencies above 45%. The operating parameters (i.e. temperature and pressure) for the
major components play a role in the overall efficiency, with an apparent advantage for conducting the
electrolysis at slightly higher pressure than the atmospheric pressure.
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Hydrogen-oxygen storage
Unlike electricity, hydrogen can be stored inexpensively (Forsberg, 2005) for days, weeks or months in
large underground facilities with the same technology used to store natural gas. In the United States,
approximately 400 underground facilities store at high pressure one-third of a year’s production of
natural gas in the fall before the winter heating season. This is a low-cost technology, with market
prices for storage typically 10% of the value of the natural gas.
A limited number of hydrogen storage facilities now exist in Europe and the United States
to support the chemical and refining industries. Equally important, measurements of helium
concentrations in different geologies from radioactive decay and the long-term existence of natural
gas deposits provide evidence that many geologies have the low gas permeability required for
hydrogen storage. However, storage and handling economics demand large facilities (Forsberg, 2009a).
Several factors that are almost independent of facility capacity drive the facility size: siting and site
development costs (including an understanding of the local geology). In addition, gas storage requires
compression of the gases, typically to pressures of ~7 MPa (~1 000 psi). Gas equipment efficiencies and
costs are strong functions of the size of the equipment. For bulk hydrogen storage, the capital costs
are estimated to be $0.80-$1.60/kg, which is lower than the total production costs for hydrogen.
A related consideration is the cost of hydrogen transportation. Hydrogen is expensive to
transport (Summers, 2003; US DOE, 2007a), with large economics of scale. The transport costs are
several times higher than that of natural gas because of the low molecular weight, and hence low
density of hydrogen (Bossel, 2003). With hydrogen production costs between $1 to $3 per kilogram,
transportation costs can become the dominant cost of delivered hydrogen. This combination of
factors (Forsberg 2009a; Bossel, 2003) favours the centralised production, storage and use of hydrogen
for applications such as peak electricity production
Oxygen can be stored using the same technology; however, bulk high-pressure underground
storage has not been demonstrated and there remain some uncertainties. Until recently, there have
been no incentives to develop such oxygen storage technologies. Oxygen can be produced from air at
relatively low costs. While there are strong incentives to store oxygen at high pressures to provide the
high feed rates needed for peak power production, it is unclear whether the economics of oxygen
production versus storage will favour seasonal storage of oxygen or only storage for a period of weeks.

Peak electricity production
The characteristic of all methods of peak and intermediate electricity production is that the equipment
is operated for limited periods of time ranging from a few hundred hours to several thousand hours
per year. For favourable economics, the equipment to convert the fuel to electricity should have a low
capital cost. There are two methods to produce variable electricity output from this system. Both
methods are under development; thus, significant uncertainties remain.

High temperature electrolysis/high temperature fuel cell
The HTE system can also be operated as a high temperature fuel cell. This allows the operator to vary
electricity output from the nuclear station to the electrical grid from zero to ~170% of base-load
electrical production. If all of the energy from the nuclear power station is used to produce hydrogen
and oxygen, no electricity is sent to the electrical grid. If the reactor produces only electricity and the
high temperature electrolysis system is operated as a set of fuel cells, the power output will be
maximised. Use of the same equipment for both hydrogen production and peak power minimises
system capital cost – a critical requirement for peak power production where peak electricity is
produced for a limited number of hours per year. There are several special characteristics of this system:
•

Oxygen. The output of the fuel cells depends upon the availability of stored oxygen because the
oxygen electrode determines fuel-cell performance. If pure oxygen is used, the performance is
maximised. If air is used, the nitrogen in the air creates a mass diffusion barrier for oxygen
reaching the surface of the oxygen electrode within the fuel cell. This effect reduces the
electricity output per unit of cell surface area by a factor of two to four, depending upon various
design details. There are large economic incentives for pressurised oxygen storage. However,
the fuel cell can be operated on air, depending upon the economics of seasonal oxygen storage.
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•

Response time. When a reactor is kept operating at high power output and the plant electricity
is used for operating an electrolysis system, the electricity can be switched in a fraction of a
second from the electrolysis plant to the electrical grid. The fast response times enables this
system to be used to regulate the electrical grid (see section entitled Economics).

Oxy-hydrogen steam turbine
The storage of oxygen and hydrogen at pressure provides a second method of peak electricity
production: the oxy-hydrogen steam turbine (Figure 2). Hydrogen, oxygen, and water are fed directly
to a burner to produce high pressure, very high temperature steam. Because the combustion
temperature of a pure hydrogen-oxygen flame is far beyond that of current materials of construction,
water is added to lower the peak temperatures. The technology is that of a low-performance rocket
engine. The resultant steam is fed directly to a very high temperature turbine that drives an electric
generator. Through the use of advancing gas turbine technology with actively cooled blades, it is
expected that peak steam temperatures at the inlet of the first turbines can approach 1 500°C. The
projected heat-to-electricity efficiency for advanced turbines approaches ~70%, starting with compress
oxygen and hydrogen from the storage facilities.
The technology is based on ongoing development of an advanced natural gas electric plant that
uses oxygen rather than air (Anderson, 2004) Combustors with outputs of ~20 MW(t) are being tested.
With a feed of natural gas and oxygen, a mixture of steam and carbon dioxide is created. After it
passes through the turbine to the condenser, the steam is condensed and the carbon dioxide is
available for: i) injection into oil fields to increase the recovery of oil and/or ii) sequestration. The
higher heat-to-electricity efficiency and the production of a clean carbon dioxide gas stream for
long-term sequestration of the carbon dioxide greenhouse gases has created strong incentives to
develop oxy-fuel combustors for burning of fossil fuels.

Figure 2: Oxygen-hydrogen-water steam cycle
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The capital costs (Forsberg, 2009b) for the oxy-hydrogen steam turbine system are significantly
less than those for any existing methods to convert fossil fuels to electricity. The low capital-cost
peak-power production technology is the natural-gas-fired combined-cycle plant with a high
temperature gas turbine producing electricity and the hot gas turbine exhaust being sent to a steam
boiler with the steam used to produce additional electricity. As is the case for traditional combined
cycle plants, the turbine remains in the oxy-hydrogen steam cycle but the need to compress air as an
oxidiser is eliminated, as well as the massive gas flow of nitrogen (80% of air) through the system.
Equally important, the expensive high-surface-area boiler in the combined-cycle plant is also
eliminated. These changes simultaneously increase efficiency (55 to 70%) and lower the capital costs.
The low capital costs relative to any other method of peak electricity production allow the peak power
system to be sized independently of the reactor or hydrogen production system.
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Combined peak power system
The high temperature electolyser/fuel cell and oxy-hydrogen steam cycle are complementary
technologies. The high temperature electrolyser as a peak-power fuel cell is the economic peak power
option up to the capacity of the electrolyser/fuel cells required for hydrogen production. The same
equipment is used for both hydrogen and electricity production. For added peak power capacity, the
oxy-hydrogen steam turbine is expected to have significantly lower capital costs but it cannot generate
hydrogen from electricity. It may become a critical technology for an electrical grid with significant
renewable electricity production and the need for very large quantities of back-up power when local
weather conditions shut down wind or solar systems.

Economics
While there are large unknowns about the cost of high temperature electrolysis systems, an economic
assessment can be made of the peak electricity market underlying the potential system economics.
The distinguishing characteristic of this system is that the electricity is sold to meet the needs of
three premium markets (US DOE, 2007b), in which the value and price of electricity are far above the
price of base-load electricity. These three markets (Table 1) determine the technical requirements and
economic viability of the concept.

Table 1: United States premium power-grid electrical markets (DOE, 2007b)
Technology parameter

Regulation

Reserve power for grid
stability and reliability

Capital cost
($/kW)

700

300-1 000

Total market potential
(GW)

30-40

70-100

System power level

Up to 200 MW

10 MW to 1 GW

1 MW to 1 GW

Seconds

0.2 to 2 h

1 to 8 h

Seconds

~ 2 weeks

Hours to days
(months for seasonal shifts)

20

40

7–10

Discharge time
at rated power
Capacity
(storage time)
Lifetime (years)

Load shifting and load levelling
300 (load levelling)
400-1 000 (peak shaving and load shifting)
650 (renewables)
80
(cost sensitive, excludes seasonal shifting)

Regulation
Electric consumers turn equipment on and off with switches that operate in a fraction of a second.
Electric generators can vary the power output over a period of minutes. If the demand and generation
do not match, the system frequency and voltage change. If the changes are too great, both customer
and utility equipment is damaged. Ultimately, the system fails, with a resultant blackout. The electrical
system works because the electric grid averages demand over many customers so that the generators
do not experience rapid changes in power demand. As a consequence, the larger electrical grids are
more stable, have higher quality electricity (proper voltage and frequency), and are more reliable than
smaller electrical grids.
However, the stability of many electrical grids is decreasing because of changes in technology
such as the increased use of electronics. With traditional electrical loads, such as incandescent light
bulbs, if the line voltage drops (i.e. because of insufficient power generation), both the electrical current
and the power demand drop. This decreased demand provides time for the electrical generators to
speed up or slow down as required to match power production with power demand. With many
electronic devices, as the voltage drops, the device demands more current and the power demand
goes up. The system provides less time for electrical generators to respond to the demand. The
system becomes more prone to failure, and the quality of electricity decreases.
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The power demand of electrolysers and power outputs of oxy-hydrogen turbines can be changed
very rapidly compared to traditional peak-electricity production technologies. Consequently, these
systems can be used for power regulation to produce higher quality electricity (constant voltage and
frequency). This is a very high value utility service.

Reserve power (spinning reserve)
Reserve power fills the need to provide generating capacity in the event that an electrical generator
goes off-line for unexpected reasons. This is presently done by putting online additional power plants
that run at partial load with the capability to produce more power if another unit goes off-line. This
process represents expensive backup power. When electrolysers are operating, they can provide the
spinning reserve because they can be quickly turned off. Oxy-hydrogen turbines can provide spinning
reserve by operating at low power levels, with the capability to rapidly go to full power. For this
application, high power output must be provided for periods of time – from tens of minutes to a few
hours – the time required to start up another power generation system.

Load shifting and load levelling
The demand for electricity varies by the time of day, the week and the season. The cost and price of
electricity are high at times of peak power demand and low at times of low power demand. The high
cost of peak power reflects the fact that the facilities needed to produce much of this power are
operated for only a few hundred or a thousand hours per year. This is shown in Table 2, which lists
the marginal prices of electricity in 2004 for nine US electric grids (FERC, 2004).

Table 2: Electricity prices for 2004 versus the number of hours for different electrical grids
$ per
MW(e)-h
<5
5-10
10-15
15-20
20-25
25-30
30-35
35-40
40-45
45-50
50-55
55-60
60-65
65-70
70-75
75-80
80-85
85-90
90-95
>95
Total
hours

–
170
513
1 866
1 111
522
1 619
981
627
508
341
309
147
25
30
15
–
–
–
–

ISO New
England
69
9
11
31
157
260
391
797
1 256
1 479
1 314
1 028
651
429
285
186
107
82
61
181

8 784

8 784

Seattle

Florida
P&L
–
–
50
425
83
89
916
1 645
1 641
1 343
1 166
671
399
159
77
59
20
15
6
20

AEP

LADWP

–
–
–
238
887
1 342
1 902
1 658
1 826
378
83
87
88
96
86
45
33
13
18
4

Arizona
PS
7
–
4 776
700
65
126
560
614
588
462
358
268
186
53
15
2
1
1
–
2

19
32
3 155
3 014
1 112
360
307
271
175
97
67
41
25
21
21
11
11
9
11
25

8 784

8 784

8 784

8 784

Southern

3
9
1 470
67
88
374
489
386
657
1 506
1 859
1 089
516
165
66
3
17
15
5
–

Com.
Edison
406
229
1 105
2 734
981
694
863
438
311
273
181
163
109
86
69
45
32
22
13
30

106
59
141
479
761
1 060
1 067
1 093
819
691
531
449
358
275
224
176
145
103
72
175

8 784

8 784

8 784

PJM

The table shows the number of hours per year that electricity could be bought or sold for a
particular price range [indicated in dollars per megawatt (electrical)-hour]. The prices of electricity for
a few hours per year can be much higher. For example, the Texas grid (ERCOT) has had spot market
prices as high as $1 500 MW(e)-h.
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Large differences in the cost of electricity versus time occur across the country, and significant
quantities of electricity are sold at high wholesale prices in grids such as ISO-New England, Florida
Power and Light, and the PJM grids. The greater the price differential between times of high and low
electrical demand, the more competitive a nuclear-hydrogen peaking system based on stored hydrogen.
If hydrogen is used for peak power production, the price of electricity at peak times must be
somewhere between 2 and 3 times that of input electricity for break-even economics to occur because
the round-trip efficiency of electricity to hydrogen and back to electricity is ~50%. Different markets
have different characteristics. Electric prices for the Los Angeles Department of Water and Power
show low-priced electricity [$10-15 MW(e)-h] for almost 1 500 h per year but high-priced electricity
(over 3 times higher) for over 5 000 h a year. This double-hump price curve reflects the low night-time
demand and the high daytime demand for electricity in Los Angeles. Were a nuclear-hydrogen peak
power cycle used in this system, the required hydrogen storage volume would be that needed to cover
one week of day–night shifts and weekday-weekend shifts in electric demand.
The electric prices for Seattle Power and Light show a similar double-hump curve, but the situation
is much different. The utilities in the Pacific Northwest have large quantities of hydroelectric power
that make it inexpensive to meet the variable daily demand for electricity. However, the utilities have
excess electricity in the spring, when the choice is whether to dump water over the dams or send it
through the generators to produce electricity. In contrast, in late fall hydroelectric power production is
low because the snow pack has melted and water flows have decreased. Fossil units with high
operating costs are used to meet the power demand at this time of year. If a nuclear-hydrogen peak
power system were used, the hydrogen storage volumes would be seasonal, reflecting the seasonal
characteristics of power costs in the Northwest.

Challenges and conclusions
In a carbon-dioxide constrained world there are many options to produce electricity (solar, wind,
nuclear, fossil fuels with carbon dioxide sequestration). However, all of the major options: i) have high
capital costs and low operating cost that necessitate operating at full capacity for economic electricity
production; ii) do not produce electricity that matches variable real-world electrical loads. Methods to
produce variable electrical loads to match electricity from capital-intensive technologies are required.
One set of options is using nuclear reactors to produce hydrogen at times of low electricity
demand, storing that hydrogen, and using that hydrogen for peak power production. If such a peak
power system were to be built today, the reactor would be an LWR, traditional electrolysis would be
used for hydrogen production, and a hydrogen version of the combined cycle natural gas plant would
be used to convert hydrogen to electricity. The round-trip efficiency of electricity to hydrogen to
electricity would be between 40 and 50%. With near-term improvements in electrolysers and the use
of oxy-hydrogen steam cycles, the round-trip efficiency would increase to between 50 and 60%. HTE
has the potential to further increase round-trip cycle efficiency by using heat to partly substitute for
electricity in the electrolysis process. Round trip efficiencies may exceed 60%. Simultaneously, a HTE
system can in principle be operated as a fuel cell for conversion of hydrogen to electricity. This capability
dramatically reduces capital costs – a high priority because peak power systems operate for a limited
number of hours per year.
There are significant challenges. In particular, the successful commercialisation of the high
temperature electrolysis fuel-cell technology is required. There are a set of auxiliary technologies that
can improve performance and economics if successfully developed. These include bulk oxygen
storage technologies and various oxygen-hydrogen to electricity technologies. Most of the other key
technologies are available. The development of peak-power electric technologies would significantly
enhance the competitiveness of all high-capital, low-operating cost electric generation technologies:
base-load nuclear, fossil fuels with carbon sequestration, wind and solar.
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Abstract
The sulphur-iodine cycle is a promising process for hydrogen production using nuclear heat:
•

it is a purely thermochemical cycle, implying that hydrogen production will scale with volume
rather than surface;

•

it only involves fluids, thus avoiding the often difficult handling of solids;

•

its heat requirements are well matched to the temperatures available from a Generation IV
very/high temperature reactor.

These characteristics seem very attractive for high efficiency and low cost massive hydrogen production.
On the other hand, the efficiency of the cycle may suffer from the large over-stoichiometries of water
and iodine and the very important heat exchanges it involves; furthermore, due to lack of adequate
thermodynamic models, its efficiency is difficult to assess with confidence. Besides, the large quantities
of chemicals that need to be handled, and the corrosiveness of these chemicals, are factors not to be
overlooked in terms of investment and operation costs.
In order to assess the actual potential of the sulphur-iodine cycle for massive hydrogen production at a
competitive cost, CEA has been conducting an important programme on this cycle, ranging from
thermodynamic measurements to hydrogen production cost evaluation, with flow sheet optimisation,
component sizing and investment cost estimation as intermediate steps. The paper will present the
method used, the status of both efficiency and production cost estimations, and discuss perspectives
for improvement.
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Introduction
Hydrogen demand grows at a fast rate, and is already responsible of the emission of about 800 million
tonnes of CO2 per year. It is therefore important to be able to replace current fossil-fuel-based hydrogen
production processes by greenhouse gas free processes, extracting hydrogen from water. One such
clean process already exists: liquid water electrolysis using greenhouse gas free electricity, such as
nuclear electricity. This process is industrially mature, but suffers from a rather low primary energy
to hydrogen conversion efficiency, which makes it expensive and limits its market share. There is
therefore room for the development of advanced hydrogen production processes, with a better
efficiency and, more important, a lower hydrogen production cost.
Among these advanced processes, the sulphur-iodine cycle appears as a promising candidate:
•

It is a purely thermochemical cycle, implying that hydrogen production will scale with volume
rather than surface as in the case of electrolysis.

•

It only involves fluids, thus avoiding the handling of solids often found in other
thermochemical cycles.

•

Its heat requirements are well matched to the temperatures available from a Generation IV
very/high temperature reactor.

These characteristics are very attractive, but a deeper assessment is required to make sure the
sulphur-iodine cycle can actually produce massive quantities of hydrogen with a good efficiency and
at a competitive cost. Before building costly large-scale demonstration units, CEA has therefore
developed a wide-ranging programme on this cycle, in order to improve the reliability of efficiency
estimation, identify feasibility issues and estimate hydrogen production cost. The present paper will
give an overview of the programme, and discuss the conclusion it has reached.

Efficiency
The sulphur-iodine cycle is usually divided into three sections, corresponding to the three main
reactions of the cycle:
•

Bunsen section:

I2(s) + SO2(g) + 2 H2O(l) → 2 HI + H2SO4

•

Sulphur section

H2SO4 → SO2 + H2O + ½ O2

•

Iodine section:

2 HI → H2 + I2

The following sections shall present the contribution of each section to the overall cycle efficiency.

Bunsen section
The Bunsen section is central to the cycle, not only because it objectively is the section which
produces the two acids that are independently processed in the other two sections, but also because
its optimisation is key for the whole cycle efficiency. Indeed, the Bunsen reaction does not actually
proceed as written above, but requires large amounts of excess water and excess iodine (Norman, 1982):
9 I2 + SO2 + 16 H2O → (2 HI + 10 H2O + 8 I2) + (H2SO4 + 4 H2O)
Excess water makes the reaction spontaneous, and excess iodine leads to spontaneous
separation of the two acid phases, which is a major breakthrough in terms of feasibility. However,
these excess products weigh on the energy consumption of the other two sections, and the reduction
of over-stoichiometries appears as an important factor for the improvement of the overall cycle
efficiency. At the same time, it must be recognised that, beyond phase separation, excess iodine
induces a purification of the two acid phases.
In order to take advantage of this purification effect and to optimise the water content of the
iodine-rich phase, CEA has proposed to use a counter-current reactor to perform the Bunsen reaction.
This idea arises from the consideration that, aside from SO2, the chemical system includes two almost
immiscible solvents (excess water and excess iodine) and two solutes (H2SO4 and HI). Bunsen reactor
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Figure 1: Counter-current Bunsen reactor schematics
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can therefore be seen as a reactive liquid-liquid extractor in which water is the solvent of H2SO4 and
iodine the solvent of HI. Provided pure enough iodine is returned from the iodine section, it can
be used to counter-currently purify the sulphuric acid phase by extraction of HI. Furthermore, in
counter-current streams, circulating phases are never at chemical equilibrium, theoretically resulting
in a possible increase in reaction rate by modifying the reactants amounts (particularly SO2).
CEA’s flow sheet calculations (Leybros, 2009) indicate no heat requirements in Bunsen section
(the Bunsen reaction is actually quite exothermal), and a small electricity requirement of 4 kJ/mol for
SO2/O2 separation through compression. Due to the lack of adequate thermodynamic models, the effect
of the presence of impurities in the acid phases is not taken into account. However, CEA, together
with the University of Toulouse, has undertaken to build a model capable of describing hydroiodic and
sulphuric acid mixtures (Hadj-Kali, 2009b), which will serve as the basis for future evaluations.

Sulphur section
As stated above, it is anticipated that sulphuric acid enters the sulphur section along with four water
molecules. In order to avoid heating these gpit water molecules up to the very high temperatures
(around 850°C) required to decompose SO3 and release oxygen, the section is split into several
subsections:
•

a concentration section, which uses temperature- and pressure-staged flashes to concentrate
sulphuric acid up to a roughly equimolar H2SO4/H2O composition;

•

a decomposition section where this mixture is brought to around 850°C in the presence of a
catalyst, leading to SO2 regeneration and O2 release;

•

a coupling component which recovers undecomposed SO3 to form H2SO4 and send it back to
the decomposition section.

Heat integration is of course essential in this section, and CEA’s flow sheet (Leybros, 2009) limits
V/HTR secondary helium uses to powering the high temperature part of the section, namely the H2SO4
dehydration and SO3 decomposition reactors. Low temperature components in charge of sulphuric
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acid concentration only use heat which is recovered from another part of the section (Buckingham,
2009). The overall optimised heat requirement of the section amounts to 365 kJ/mol, with negligible
electricity requirements.
In terms of thermodynamic models, the sulphur section appears to be the best known of the
three sections, and no specific developments were undertaken in this field by CEA.

Iodine section
CEA quickly selected reactive distillation as its reference process for the iodine section (Goldstein,
2005), because of its simplicity and potential efficiency. In reactive distillation, iodine stripping from
the HI/I2/H2O mixture produced by the Bunsen section is performed in the same column as HI gas
phase decomposition, taking advantage of iodine condensation into the liquid phase to displace the
thermodynamically limited decomposition equilibrium.
In its most recent assessment of the cycle, which is reported here, CEA chose to make an
optimistic assumption about the composition of the HI/I2/H2O mixtures that are treated inside the
iodine section. A 2 HI/6 I2/9 H2O composition, instead of the usual 2 HI/8 I2/10 H2O mentioned above,
was assumed to be produced from Bunsen section, thanks to the counter-current reactor described
above. Although not proven, this assumption is consistent with experimental results obtained so far
on HI/H2SO4/I2/H2O mixtures, in CEA (Lovera, 2009) as well as elsewhere (Lee, 2008).
With this assumption, and using a modified Neumann model for HI/I2/H2O mixtures description,
CEA (Leybros, 2009) devised a flow sheet for the iodine section which decomposes almost all incoming
HI and therefore returns relatively pure products (the iodine return flow contains only 4 molar% water
and less than .3 molar% HI) to the Bunsen section, an important feature for the counter-current reactor.
Secondary helium heat is provided to the boiler of the column (235 kJ/mol), whereas all other heat needs
are fulfilled through internal heat recovery, with the help of a heat pump which transfers heat from
the products of the distillation column to its feed. Mainly because of the presence of this heat pump,
the iodine section uses 60 kJ/mol of electric power on top of the helium heat.

Figure 2: CEA’s iodine section flow sheet
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It is worth noting that there may remain a degree of freedom for further optimisation of the
section: the amount of heat that is provided to the reactive distillation boiler. For instance, if this heat
is reduced to 181 kJ/mol, the electricity demand increases only to 82 kJ/mol, leading to an overall
improvement in the section efficiency. However, this improvement in energy consumption leads to an
unfavourable decrease in the purity of the iodine which is returned to the Bunsen section. Due to the
lack of adequate thermodynamic models, it is difficult to precisely assess the effect of this reduced
purity, but this option was not selected by CEA for its evaluation.
As mentioned above, these calculations are based on a modified Neumann model, the accuracy
of which accuracy was shown to be not very good at relatively high HI concentrations (Doizi, 2007).
In parallel to the flow sheet evaluation presented above, CEA therefore undertook several actions to
help improve the accuracy of the modelling of the iodine section:
•

Liquid-vapour equilibrium properties were studied both around atmospheric pressure and in
close to process conditions (Doizi, 2009).

•

The enthalpy of mixing of iodine with HI/H2O mixtures was measured (Comte, 2009).

•

A new thermodynamic model was built (Hadj-Kali, 2009a).

Future work will have to integrate all these elements into a fully consistent new assessment of
the iodine section, but important, albeit preliminary, tendencies can be extracted from experimental
findings:
•

At high temperatures and pressures, the iodine partial pressure in the gas phase above low
iodine content liquid HI/I2/H2O phases (representative of the top of the reactive distillation
column) is higher than predicted by Neumann’s model. Since this partial pressure limits HI
decomposition, the reactive distillation column will be less effective than expected.

•

Experiments show a non-negligible enthalpy of mixing of iodine with HI/H2O, possibly
amounting to around 50 kJ/mol. This corresponds to extra heat released in the Bunsen section,
but also extra heat to be provided to the iodine section.

It is therefore to be anticipated that the energetic consumption of the iodine section, when
evaluated with a thermodynamic model taking into account recent experimental information, would
be higher than the figures given above.
On the other hand, at least two new paths for future research are opened by the recently
obtained results:
•

The new thermodynamic model, with coefficients fitted to take into account the latest results
from liquid-vapour equilibrium measurements, does, as expected, lead to an increase of the
overall requirements of the iodine section. It also shows that a lower operating pressure
maybe more beneficial than the reference 50 bar, a trend which is not observed with the
Neumann model and should attract further studies.

•

In some liquid–vapour equilibrium experiments with low iodine contents (Larousse, 2009), an
unexpected decrease of the pressure with time, especially at elevated temperatures, is observed
(Figure 3). A possible, though not proven, explanation would be HI decomposition with
condensation of the resulting I2 in the liquid phase, just like what is anticipated to take place
in the reactive distillation column. However, the observed kinetics are about 105 faster than
what is expected from gas phase composition, which could be an indication of liquid phase
decomposition.

Overall cycle efficiency
The energy requirements of the three sections (using the modified Neumann model for the iodine
section) are gathered in Table 1. Using a heat to electricity conversion factor of 50%, they correspond
to a cycle thermal efficiency of 39.3%.
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Figure 3: Pressure and temperature evolution in a low iodine
content liquid-vapour equilibrium measurement experiment
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Table 1: Energy consumption of the I/S cycle

Bunsen section
Sulfur section
Iodine section
TOTAL

Heat
000
365
235
600

kJ/mol H2
Electricity
04
00
60
64

Feasibility
The sulphur-iodine cycle was demonstrated in Japan (Kubo, 2004), so there is little doubt it can indeed
continuously produce hydrogen. The question of its feasibility therefore only arises when related to
industrially acceptable conditions, both from the point of view of the efficiency and of the hydrogen
production cost. It is to address this question that the US DOE and French CEA teamed up to build an
Integrated Laboratory Scale experiment (Russ, 2009), with prototypical operating conditions that could
be extrapolated to a large scale production plant.
The status of this experiment is presented in another paper (Russ, 2009), and we just mention
two points here:
•

The small scale (100 lH2/h) which was chosen for the experiment turned out not to facilitate
the demonstration. Many technological solutions that could have been used with larger flows
and pipes were not available at such a small scale.

•

Iodine handling appeared to require extreme care to avoid condensation and clogging.
In particular, it proved difficult to consistently and routinely melt and flow the pure iodine
which is fed to the Bunsen section. Special care must therefore be given to temperature
control in order to make sure all points remain above iodine melting point, including during
start-up and shutdown transients.

Aside from this experiment, several other feasibility questions have to be mentioned.

172

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

CEA ASSESSMENT OF THE SULPHUR-IODINE CYCLE FOR HYDROGEN PRODUCTION

The first one is related to the maximum temperature of the cycle. As stated above, the maximum
chemical fluid temperature used in our flow sheet (in the SO3 decomposition reactor) is around 850°C.
Quite interestingly, increasing this maximum temperature does not lead to reduced heat requirements
(Buckingham, 2009). It is therefore not necessary to have the hottest possible heat source, which is
good in terms of feasibility. The V/HTR operation temperature just needs to be compatible with a 850°C
fluid temperature, which implies an outlet temperature of about 950°C if 50°C pinches are assumed
(between the primary coolant and the secondary loop, and between the secondary loop and the
chemical fluids).
Another feasibility-related point is the availability of efficient catalysts for SO3 and HI
decompositions.
•

For SO3 decomposition, Pt has proven its efficiency, but it is subject to sintering at high
temperatures, which makes its long-term efficiency problematic and uneconomical. Fe2O3
appears as an interesting option for high temperatures, but it suffers from sulphate formation
at low temperatures. A combination of these catalysts, using Pt at low temperatures and Fe2O3
at higher temperatures, may look promising (Leybros, 2009), but remains to be demonstrated
under actual operation.

•

For HI decomposition, Pt is also expected to be an efficient catalyst. However, it must be kept
in mind that, even though HI decomposition reaction is assumed to take place in the gas
phase, liquid condensation on the catalyst is not unlikely to occur in a reactive distillation
column, with possible negative impact on the catalyst lifetime.

More generally, reactive distillation was never fully demonstrated, and CEA has undertaken a
collaborative effort with the Indian BARC to demonstrate its feasibility. Catalyst stability is one of the
major challenges to be met, and design efforts will be dedicated to providing the best possible
conditions for this stability.
Chemicals handled in the sulphur-iodine cycle are known to be quite corrosive, especially at the
high temperatures and pressures that are used in the flow sheets for better efficiency. However,
corrosion-resistant materials do exist for each environment, and some, such as Ta or SiC, seem to
present an excellent overall behaviour, which will be an asset to resist actual operating conditions,
with cross-contamination between the different sections.
The feasibility of a sulphur-iodine cycle, although still not fully demonstrated under actual plant
conditions, therefore does not appear to be a show-stopper, even if catalyst long-term performance
remains, to a certain extent, an unknown.

Hydrogen production cost
Plant capital cost
As a first element required for hydrogen production cost assessment, CEA has evaluated the investment
cost for a sulphur-iodine cycle based hydrogen production plant. The scale of the plant was matched
to a heat generation dedicated 600 MWth V/HTR, with all required electricity taken from another
electricity source (most likely another nuclear reactor to avoid greenhouse gas emissions). With the
energy consumption figures given above, it leads to a 1 000 mol/s plant (2 kgH2/s, or about 170 tH2/day).
The first step for the cost assessment is to size the components that appear in the flow sheet.
Standard technologies; such as shell and tube heat exchangers, were assumed to be used. Problems
were encountered with the sizing of the Bunsen reactor (where heat removal must be ensured) and
the reactive distillation column (which appeared to be too large to build as a single component).
To solve these problems, it was decided to split the whole plant into 10 parallel 100 mol/s shops, which
was enough to bring back the major component dimensions into acceptable industrial standards.
Furthermore, this division of the hydrogen plant into 10 smaller size shops introduces more flexibility
in the operation of the plant and reduces the size of the required emergency heat sink, two features
that appear to be favourable for the coupling to the nuclear reactor.
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After this sizing step, standard methods from the chemical industry were used to obtain a first
estimation of the cost of the installed components. Corrosion-resistant materials were selected from
available information. Without going into the details, the main materials used are:
•

Glass-lined steel in the Bunsen section, except for the internal tubing used for reaction heat
extraction, made of Ta;

•

Incoloy 800 in the sulphur section;

•

Nb-1%Zr in the iodine section.

Because of the high cost of these last two materials, their use as linings or coatings rather than as
bulk materials was considered wherever possible, including for pipings.
Final results of this costing are summarised in Table 2.

Table 2: Investment cost for 1 shop (EUR M-2008)
Total installed cost

Bunsen section
10

Sulphur section
55

Iodine section
180

Total
245

After addition of the cost of storage tanks that does not appear in the flow sheet and of the initial
feedstock of raw materials (sulphuric acid and iodine), the overall investment cost for a first-of-a-kind
plant amounts to about EUR 2.5 G.

Hydrogen production cost
Transforming the efficiency and the investment cost into the resulting hydrogen production cost
requires a techno-economic model. CEA uses an economic model based on a levelised approach:
hydrogen selling price is set to equalise revenues and expenses over the plant life. In other terms, all
expenses are split over the whole production of the plant, with the use of a discount rate to take into
account the different years at which expenses and production take place.
In this study, the discount rate was set at 8%, the operational life of the plant was chosen at
30 years, and the load factor was taken as 80% without specific consideration for start-up or shutdown
phases. The construction period was assumed to last for three years, which leads to adding an interest
cost, along with other contributions such as general facilities and engineering and contractor fees, to
the process unit investment cost mentioned above. The final investment cost for an Nth of a kind
plant was calculated by considering a learning effect leading to a reduction of 30% of capital costs.

Figure 4: Decomposition of hydrogen production cost for a Nth of a kind plant

Energy
consumption
21%
2.0 €/kg
Investment
43%
4.2 €/kg
O&M
except energy
37%
3.6 €/kg
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Apart from energy and raw material costs, discussed separately below, operation and maintenance
costs were calculated with the following main assumptions:
•

the plant would be operated by a team of about 30 operators;

•

a maintenance rate of 7% of the installed real investment cost per annum was taken into
account, but no specific provision for the replacement of any particular equipment was made;

•

tax and insurance, as well as plant overhead costs, were also included.

Input water was taken at EUR 10 m3, which directly leads to a EUR 0.1 kgH2 contribution. Oxygen
by-product valorisation was discarded. Finally, somewhat optimistic values were taken for the cost of
thermal energy from the V/HTR (EUR 20 MWh) and for electricity (EUR 40 MWh).
With all these assumptions, the hydrogen production cost from the sulphur-iodine cycle is
estimated to be slightly less than EUR 10 kgH2. This value is much higher than the estimated hydrogen
production cost from alkaline electrolysis at the same production scale, about EUR 3 to 4 kgH2 for
comparable energy unit costs.

Conclusion
CEA has conducted a wide-ranging assessment of the sulphur-iodine cycle for massive hydrogen
production. In particular, the hydrogen production cost was estimated, and found to be higher than
what was anticipated. Although uncertainties do remain and areas for process improvements have
been identified, the sulphur-iodine cycle competitiveness appears to require breakthroughs in efficiency
increase and investment cost reduction.
The efficiency of the cycle was evaluated to be close to 39%, a value which is not far from what
would be expected from alkaline electrolysis using the 50% efficiency electricity produced by a V/HTR.
There may be some room for possible process improvements, especially in terms of Bunsen section
optimisation, but recent thermodynamic data will more likely lead to a revision of the efficiency to a
lower value. Furthermore, Figure 3 demonstrates that efficiency is not the dominant factor for cycle
competitiveness.
The feasibility of the sulphur-iodine cycle under industrially realistic conditions has not been
fully demonstrated yet, but, provided long life catalysts can be developed, it does not appear to be the
major source of concern.
The main problem for the sulphur-iodine cycle competitiveness is the very high level of the
investment which appears to be required to build a production plant. This high level arises from two
factors:
•

the large size of the components of the plant, due to the large amount of chemicals that need
to be processed, and the large internal heat exchanges required to reduce the outside energy
consumption;

•

the very corrosive nature of the chemicals handled in the process, which leads to the use of
costly materials.

The first point is closely related to flow sheet optimisation, a subject which has already attracted
much effort throughout the world. However, recent experimental findings indicate at least two
directions for further developments:
•

exploring the feasibility of low pressure/low temperature reactive distillation, with the aim of
being able to construct the reactive distillation column in cheap glass-lined steel;

•

examining the conditions for possible liquid phase HI decomposition, which could significantly
reduce the size of the reactive distillation column.

As per material cost reductions, it would be beneficial to develop low thickness coating technologies
that would allow significant reductions of the amount of expensive materials used. Silicon carbide
also appears to be a promising candidate in terms of corrosion resistance for all sections, and the
development of low cost SiC technologies could change the economic perspectives of the cycle.
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Besides honouring its national and international commitments, CEA will therefore reduce its
efforts pertaining to the sulphur-iodine cycle, focusing on specific points that could significantly
impact investment cost. CEA will welcome critical analysis of its analysis from international partners,
and maintains a scientific watch in order to integrate progress made by world-wide research in its
future updated assessments of the sulphur-iodine cycle.
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Status of the INERI sulphur-iodine integrated-loop experiment*

Benjamin Russ,1 Robert Moore,2 Max Helie3
1General Atomics, San Diego, CA, USA
2Sandia National Laboratories, Albuquerque, NM, USA
3Commissariat à l'Énergie Atomique, Gif-sur-Yvette, France

Abstract
In an International Nuclear Energy Research Initiative (INERI) project supported by the US DOE Office
of Nuclear Energy, Sandia National Labs (SNL) has teamed with the Commissariat à l'Énergie
Atomique (CEA) in France, and industrial partner General Atomics (GA) to construct and operate a
closed-loop device for demonstration of hydrogen production by the S-I process. The Integrated Lab
Scale (ILS) experiment is being conducted at General Atomics’ San Diego facility. This presentation
will summarise project goals, work done to date, current status and scheduled future work on the
INERI S-I integrated-loop experiment.

*

The full paper being unavailable at the time of publication, only the abstract is included.
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Influence of HTR core inlet and outlet temperatures on hydrogen
generation efficiency using the sulphur-iodine water-splitting cycle

R. Buckingham,1 P. Lovera,2 P. Carles,2 L. Brown,1 J.M. Borgard,1 J. Leybros,3 P. Yvon2
1General Atomics, San Diego, CA, USA
2CEA, DEN, Gif-sur-Yvette, France
3CEA, DEN, Bagnols-sur-Cèze, France

Abstract
Hydrogen generation is considered a promising application for VHTR. Simple thermodynamics show
that the high temperature heat they can provide can lead to significant increase in efficiency when
compared to low temperature processes, such as alkaline electrolysis coupled to a pressurised or boiling
water reactor.
Sulphur-based cycles, such as the sulphur-iodine cycle, take full advantage of the range of
temperatures at which the VHTR provides heat. In particular, the oxygen generation step (sulphur
trioxide decomposition) requires very high temperature heat (typically T > 800°C), which can only be
provided by a VHTR.
Discussions on how to increase the hydrogen generation efficiency therefore often focus on how to
maximise the temperature that can be used by the process, whether by maximising the HTR outlet
helium temperature or by reducing pinches in heat exchangers. On the lower end of the secondary
helium temperature spectrum, the importance of the helium return temperature is often overlooked.
However, as a component of the average heat source temperature, it must, according to the Carnot
principle, have an influence on the efficiency.
General Atomics (GA) and the Commissariat à l’Énergie Atomique (CEA) have been working on
sulphur-iodine cycle flow-sheeting for several years, leading to sometimes differing efficiency estimates.
They have undertaken to understand and reconcile these differences, and have come to consider in
more detail the effect of the VHTR characteristics on the optimisation of the sulphur-iodine flow sheet.
This paper will present the outcome of these studies, and stress the interplay between nuclear reactor
and chemical process.
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Introduction
Hydrogen is a promising energy carrier, which potentially could replace the fossil fuels used in the
transportation sector of our economy. Fossil fuels are polluting and carbon dioxide emissions from their
combustion are thought to be responsible for global warming. However, no large scale, cost-effective,
environmentally attractive hydrogen production process is currently available for commercialisation.
Thermochemical water-splitting cycles powered by nuclear or solar means are seen as possible
candidates to supply hydrogen on a massive scale without the burden of greenhouse gas emissions.
One of the most studied cycles is the sulphur-iodine (S-I) cycle, invented at General Atomics (GA) in
the 1970s. It consists of three coupled chemical reactions as shown below:
•

Bunsen reaction: SO2 + I2 + 2 H2O → H2SO4 + 2 HI (stoichiometric)
SO2 + 9 I2 + 16 H2O → (H2SO4, 4 H2O) + 2 (HI, 4 I2, 5 H2O) (non-stoichiometric)

•

Sulphur section: H2SO4 → SO3 + H2O
SO3 → SO2 + ½ O2

•

Iodine (or HIx) section: 2 HI → H2 + I2

Iodine and sulphur dioxide are combined with water in the Bunsen reaction to create two
immiscible acid phases. The separation of these phases is facilitated by the presence of excess iodine.
The lighter, sulphuric acid phase is decomposed first to SO3, and then to SO2. SO2 formation typically
occurs in the presence of a catalyst at temperatures above 800°C. The SO2 and water are recycled back
to the Bunsen reaction for reuse.
The heavy phase, consisting of water, iodine and hydriodic acid (the mixture is also known as
HIx), is treated to result in the decomposition of HI to produce the product hydrogen and iodine. The
iodine and water are also recycled back to the Bunsen reaction for reuse.
Water in excess of the stoichiometric requirement is necessary to hydrate the acids and shift the
equilibrium toward the desired products. However, the separation of water from other components in
the acid decomposition sections is a large contribution to the total energy required for the cycle. Thus,
thermodynamically efficient means for carrying out the decomposition steps are essential for
economic production of hydrogen.
This paper discusses in particular the elements of coupling an S-I process to a VHTR, and how
the parameters that describe this coupling can affect the energy consumption of the cycle.

Process flow sheet alternatives
In general, there are two alternatives for coupling the S-I process to a VHTR. In the first, secondary
helium is initially used to supply heat to the MT/HT1 sulphuric acid decomposition steps. LT helium
heat is then consumed by the HI decomposition section before the helium return to the intermediate
heat exchanger. In the second alternative, heat integration between the chemical process steps allows
for helium heat supply solely to the MT/HT sulphuric acid decomposition steps. Residual process LT
heat recovered there is utilised in the HI decomposition section.
The first alternative simplifies the heat integration of the chemical process, and the second
simplifies the interface between the chemical process and the secondary loop. CEA (Leybros, 2009) has
designed their S-I process for the first alternative, as the requirements for the reactor expected to be
used are most suitable for it. GA has developed flow sheets for both alternatives. Sandia National
Laboratories (SNL) is a partner of both CEA and GA in the operation of a demonstration loop for the S-I
cycle. SNL is charged with design and operation of the sulphuric acid decomposition section. They have
developed a bayonet-heater design for the decomposer which incorporates internal heat recovery. As a
result, the outlet temperature of the bayonet heat modules is too low to use in the HI decomposition
section. Thus, helium is utilised in the HI decomposition section, as in the CEA flow sheets.
1.
Abbreviations used in the text: HT, MT, LT are respectively high (> 600°C), medium (400~600°C), low
temperature (<400°C); He(I), He(II) are primary and secondary helium; S-I is the sulfur-iodine cycle
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In 2006, GA participated in a study conducted by the Savannah River National Laboratory
(Summers, 2006). The S-I process was coupled to a VHTR with a required helium return temperature
near 600°C. To efficiently match temperature requirements with available heat, a design was developed
to supply HI decomposition section energy with recovered heat from the sulphuric acid decomposition
section. For the purposes of comparison and analysis in this paper, the “GA” flow sheets will refer to
this design, and “CEA” flow sheets will refer to a design in which helium supplies heat to both acid
decomposition sections. CEA uses ProSimPlus™ for flow sheet analysis, and GA uses Aspen Plus™.
A previous study (Buckingham, 2008) showed that the two process simulators give similar calculated
results when the same unit operations and stream compositions are modelled, although different
thermodynamic models are used for the calculations.

The Bunsen reaction section
Figure 1 depicts the GA and CEA flow sheets of the Bunsen section.

Figure 1: Bunsen section flow sheets: GA (left), and CEA (right)

The Bunsen reaction proceeds at 120-130°C, under a pressure of 3 to 6 bars. For flow sheet
calculations, product flows were supposed pure (i.e. no iodine trace in sulphuric acid, no sulphur trace
in hydroiodic acid). Thermal balance of this section is summarised in Table 1, with values in kJ/mol H2.

Table 1: Bunsen section flow sheets – summary of energy exchanges (kJ/mol H2)

GA

CEA

Thermal need
0
(exothermal reaction)
0
(exothermal reaction)

Thermal release
128
(Bunsen reaction)
93
(Bunsen reaction)
+ 46
(other heat losses)

Thermal interchanges
0
(inside Bunsen section)

Electrical need*
2
(pumps,…)

3
(inside Bunsen section)

5
(pumps,…)

* kJel/mol H2, thermal-to-electrical conversion rate of 0.48 to be taken into account.
At present, no relevant thermodynamic model of the Bunsen section exists, although some
research is in progress. Hence, the thermal values above have to be considered as orders of magnitude,
not as accurate values. This section is not a net consumer of thermal energy, and electrical demand is
relatively low. Thus, the Bunsen reaction section has minimal effect on overall process efficiency. The
principal difference between the two flow sheets is that the CEA design uses a counter-current reactor,
and the GA design is a co-current configuration. It is thought that the counter-current design may
facilitate separation and enhance the purity of the acid phases, while the co-current design minimises
contact time, and thus also minimises potential generation of hydrogen sulphide and elemental
sulphur in undesirable side reactions.
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The sulphuric acid decomposition section
Figure 2 illustrates the GA and CEA flow sheets for the sulphuric acid decomposition section.

Figure 2: Sulphur section flow sheets: GA (left) and CEA (right)

The sulphuric acid decomposition section consists of three parts:
•

a concentration section, in which sulphuric acid flowing from the Bunsen section is partially
dehydrated;

•

a decomposition loop, working at pressures from 5 to 70 bars;

•

an SO2 recovery section.

The thermal balance of this section is summarised in Table 2, with the values in kJ/mol H2. The
acid concentration portions for the CEA and GA flow sheets are similar, but the decomposition loops
are substantially different in several ways. The GA flow sheet shows significant process heat recovery
at high temperatures, and the note “Heat to Section 3” indicates the use of process heat by the HI
decomposition section.2

Table 2: Sulphur section flow sheets – summary of energy exchanges (kJ/mol H2)
GA
CEA

Thermal need
283.03
364.60

Thermal release
260.64
121.61

Thermal interchanges
384.98
357.83

Electrical need
0.05
0.08

The CEA decomposition loop operates at low pressures, near 5 bar. This is because the
decomposition reaction is favoured at lower pressures. However, the GA flow sheet is conducted at
70 bar, near the expected operating pressure of the secondary helium loop. This is to minimise
mechanical and thermal stress induced by a large pressure gradient between the helium and the
chemical process at high temperatures. The GA design of the decomposition loop allows for more heat
recovery, but does so with a more complex configuration. In practice, trade-offs between complexity
and cost will be necessary to develop the most cost-efficient design.

The HI decomposition section
The HI decomposition section flow sheets for both CEA and GA are heavily focused on efficient heat
recovery. The basic principle for decomposition is the same for each. Reactive distillation of the HIx
feed results in the production of hydrogen. The operating pressures in the distillation columns typically

2.
Common nomenclature is for the Bunsen reaction section to be called Section 1, for the sulphuric acid section
to be known as Section 2, and for the HI decomposition section to be designated as Section 3.
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fall in the range of 20 to 50 bar. This allows for column temperatures high enough (~300°C) to facilitate
decomposition of HI, and allows for direct production of hydrogen at high pressure. This eliminates a
hydrogen gas compression requirement. Figure 3 depicts the GA and CEA flow sheets of the HI
decomposition section.

Figure 3: Iodine section flow sheets: GA, using Aspen (left) and CEA, using ProSim (right)

An important aspect of each flow sheet is the use of heat pump loops to recover heat and use it
at higher temperatures. For a relatively small electrical input, substantial amounts of process heat can
be recovered and reused within the section. Table 3 summarises the section energy requirements for
both the CEA and GA flow sheets.

Table 3: Iodine section flow sheets – summary of energy exchanges (kJ/mol H2)
GA
CEA

Thermal need
104.85
235.40

Thermal release
014.11
247.39

Thermal interchanges
2 273.33
1 949.76

Electrical need
122.07
059.87

The GA flow sheet consumes more electrical energy than the CEA configuration. This is largely
due to the fact that the GA flow sheet uses a heat pump to recover the heat of mixing of distillation
product streams. Earlier versions of the CEA flow sheet also utilised the heat of mixing, in fact CEA
was the first to propose this configuration. However, the CEA uses a counter-current reactor in the
Bunsen reactor section, and a pure iodine stream from the HI decomposition section is desired. Thus,
the CEA flow sheet was altered to produce a pure iodine stream, though more energy is now required
for the section. The GA Bunsen section, with a co-current reactor, is less sensitive to some iodine
impurities (HI and water), so the recovery of this heat of mixing is retained. Also, some LT heat is
recovered in the GA configuration, and used in the sulphuric acid section to concentrate the feed stream
before entry into the decomposition loop. As in the sulphuric acid decomposition section, the GA flow
sheet for HI decomposition is more energy-efficient, but the heat exchanger network design is simpler
in the CEA configuration. Balance between efficiency and cost must be evaluated as designs mature.

Overall energy consumption
The overall thermal energy consumption of the CEA flow sheets is assessed in Table 4 for a coupling
to a VHTR of 600 MWth.

Table 4: CEA’s flow sheet – summary of heat needs (kJ/mol H2)
Heat needed
Temperature range (°C)

LT iodine section
235.4
375
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MT sulphur section
154.4
403-600

HT sulphur section
210.2
600-850
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Total energy extracted from helium is 600 kJ/mole H2. The GA flow sheets require 390 kJ/mole
from helium, all of which is introduced into the sulphuric acid decomposition section. A summary of
the differences between the two designs is shown in Table 5.

Table 5: Main differences between the GA and CEA processes
GA
He(II)  Sulphur section

Couplings with He(II)

Sulphur section  Iodine section (HT)
Iodine section  Sulphur section (MT)
Bunsen section  Sulphur section (LT)
950°C (pinch: 25°C)
70.5 bars
925°C
590°C
4.00/0.53

Couplings between sections

Maximal temperature
Pressure in sulphur loop
HTR outlet temperature
HTR inlet temperature
Molar ratio water/H2SO4*

CEA
He(II)  Sulphur section
He(II)  Iodine section
None

850°C (pinch: 40°C)
5.0 bars
900°C
400°C
4.00/1.30

* First value: input of sulphur section; second value: after initial dehydration of aqueous sulphuric acid.
Effect of HTR outlet temperature
Figure 4 illustrates a common trend between the CEA and GA flow sheets in energy consumption as a
function of maximum process temperature. The energy requirement as a function of maximum
temperature is depicted as a ratio of the value to that at the highest process temperature examined.
In order to lighten the calculations, a simplified loop is taken into account, in which dehydration
of H2SO4 into SO3 + H2O is performed in a single isotherm reactor (without catalyst), whereas dissociation
of SO3 into SO2 + ½ O2 is performed in another single isotherm reactor (with catalyst), at a higher
temperature called Tmax. Only this last temperature is varied in the sensitivity analysis.

Figure 4: Influence of the maximal temperature (Tmax) in the
decomposition loop on energy requirement of the sulphur section
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Following Le Châtelier’s principle (or Carnot’s principle), the global heat demand of the section
decreases when the maximal loop temperature increases. However, no sensible decrease is pointed
out above 840°C. Thus, increasing the maximal temperature in the cycle is not useful beyond ca. 840°C.
Two antagonist phenomena can explain the levelling off:
•

On the one hand, a decrease in recirculation flow rate, which decreases the energetic need of
sulphuric acid dehydration at 760°C.

•

On the other hand, increase of HT needs (heating from 760°C to Tmax), despite a slight decrease
of reaction heat (endothermic reaction of decomposition).

The only interest in increasing the maximal loop temperature is increasing the reaction kinetics.

Effect of HTR inlet temperature
There exists an important difference between GA and CEA assumptions about the HTR inlet
temperature. Can this temperature difference explain efficiency differences?
In the CEA process, heat exchange with the sulphur section takes place between 900 and ca.
600°C, whereas heat exchange with the iodine section takes place between around 600 and 400°C.
In the GA process, no nuclear heat exchange with the iodine section exists, allowing thus a higher
return temperature (590°C instead of 400°C). Figure 5 depicts Q-T curves for the GA Section II.

Figure 5: Q-T curves for GA Section II configuration
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Process heat is recovered at high temperatures and is used in conjunction with helium to provide
energy for much of the sulphuric acid decomposition process. In addition, recovered process heat at
over 400°C is used by Section III. This design was optimised for these particular temperature parameters,
but the concept of exchanging heat between process sections could be utilised with somewhat lower
helium return temperatures.
Figure 6 represents for the CEA configuration the temperatures of secondary helium (red line)
and of process temperature as a function of enthalpy released by He(II). Secondary helium flows from
900 to 400°C in the standard configuration.
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The CEA process, as it is, would be compatible with GA’s secondary helium, but an analysis with
a helium inlet temperature near the GA value indicates that this coupling is probably not optimal.
Indeed, whereas the helium flow rate would be increased by a factor of (900-400)/(900-565) ~ 1.50
(i.e. +50%), the overall production of the HTR production plant would not increase, since the total heat
demand of the process would not change. In other terms, CEA’s process efficiency would not increase.

Figure 6: Q-T curves in CEA configuration (Leybros, 2009)
and corrections on helium inlet temperature
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Conversely, would the GA process be compatible with CEA secondary helium? The answer is yes,
but the overall production of the HTR coupled plant would be lower. Indeed, one could say that the GA
Q(T) curve, as it is, is compatible with the CEA’s helium Q(T) curve: in both processes, secondary helium
leaves Section II at a temperature around 600°C. However, this coupling implies the presence of a
pinch point at the end of Section II which precludes increasing the helium flow rate, and hence the
hydrogen production rate. Furthermore, setting the helium return temperature to 400°C implies that
its heat content between 600°C and 400°C must be used in some way.
Thus, the only use for extra helium heat would be to convert it to work and provide this work to
Section III. But the maximum temperature for this work generation is now only 600°C, implying a
heat to work conversion coefficient probably not above 40%, and a maximum recoverable work of
600 MW * (600-400°C)/(900-400°C) * 40%, i.e. about 100 MW.
In conclusion, using the GA process with CEA secondary helium constraints would lead to:
•

In comparison to the GA reference solution: A reduction of hydrogen production, but also a reduction
of external electricity requirements.

•

In comparison to the CEA reference solution: A decrease of external electrical demand, but no
modification of hydrogen production.

Discussion: How to explain the differences in energy consumption between the two alternatives?
Two causes seem available to explain the efficiency differences between GA and CEA flow sheets:
temperatures and couplings.

188

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

INFLUENCE OF HTR CORE INLET AND OUTLET TEMPERATURES ON HYDROGEN GENERATION EFFICIENCY

The effect of the maximal temperature of the cycle and/or of the HTR outlet temperature does
not seem to be relevant (see Figure 4). The increase of HTR inlet temperature is closely related to
coupling between sections (see for example Figure 5). What is the main role of coupling?
Let us comment on features of heat exchanger HX-207 in the CEA flow sheet. The temperature
profile is given in Figure 7. The hot flow is cooled from 850 to 375°C, whereas the cold flow is heated
from 305.4 to 403.3°C. The entrance pinch is ca. 450°C, which is thermodynamically not favourable
(high loss of exergy). A better use of the available heat could be found inside the section, for example
by optimising the internal heat exchanges with pinches of ca. 50°C.

Figure 7: Temperature profiles in the main heat exchanger of the CEA sulphur section
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Another difference between schemes is the final temperature of the decomposition loop: about
400°C for GA and 230°C for CEA. In the CEA case, it is not possible to transfer heat from the end of the
loop to the HI decomposition section, whereas it is possible in the GA process.
And the global heat released by the decomposition loop is not large enough to satisfy the energetic
need of the HI decomposition section iodine section. In the GA case, the heat requirement is lower but
the electrical need is higher. In order to increase the available heat in the sulphuric acid decomposition
section, a solution could be to increase the working pressure in the loop. According to Le Châtelier’s
principle, a pressure increase leads to a lower efficiency, to larger flow rates in the loop and finally to
an increase of the heat demand in the loop. GA compensates for the lower efficiency due to increasing
pressure by increasing the peak process temperature.
Optimising the heat exchanges is now like a “sliding puzzle”, including sulphur-to-iodine and
iodine-to-sulphur couplings. At the colder end of the puzzle, the He(II)-to-iodine coupling heat has to
be recovered, either by using waste heat from inside the sulphur section (solution not available,
temperatures too low) or from heat from Bunsen reaction (provided the temperature range is correct).
In short, a coupled scheme based on the current CEA flow sheet would need:
•

an increase of pressure in the decomposition loop;

•

an increase of the maximal temperature of the loop;

•

an increase of the end temperature of the loop;

•

an increase of the electrical part of heating the iodine section;

•

likely a coupling between Bunsen section and sulphur section.

Taking into account all these modifications, a coupled CEA-like flow sheet would be very similar
to the GA flow sheet.
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Conclusion
Both GA and CEA have an optimised flow sheet, but the constraints taken into account are different.
Compared to GA, CEA:
•

has a reactor with a lower outlet temperature, and much lower return temperature;

•

avoided heat transfers between sections to make them relatively independent.

Both of these factors tend to lower the efficiency of the process.
The lower CEA efficiency can therefore be, to a large extent, attributed to more conservative
assumptions, whereas the GA scheme appears to be more innovative, though potentially more complex.
As designs mature, it may be found that elements of both alternatives may be used to advantage.
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Abstract
In the framework of the massive production of hydrogen using the sulphur-iodine thermochemical
cycle, the design of the reactive distillation column, chosen by CEA for the HIx section, requires the
knowledge of the partial pressures of the gaseous species (HI, I2, H2O) in thermodynamic equilibrium
with the liquid phase of the HI-I2-H2O ternary mixture in a wide range of concentrations up to 270°C
and 50 bar. The experimental devices which enable the measurement of the total pressure and
concentrations of the vapour phase (and thus the knowledge of the partial pressures of the different
gaseous species) for the HI-I2-H2O mixture in the 20-250°C range and up to 35 bar are described.
These devices are used to carry a large set of experiments investigating various mixtures with optical
on-line diagnostics (FTIR for HI and H2O, UV-visible for I2). This leads to the determination of the
concentrations in the vapour phase for many experimental conditions, results which are given in this
paper. The experimental results obtained using both devices, a premiere as far as we know, will be
used in the future to establish a new thermodynamic model which will allow the reliability of the
evaluation of the iodine part of the iodine sulphur cycle to be increased.
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Introduction
The search for new energetic vectors is of utmost importance due to the shortage of hydrocarbons
and the high price reached by the oil barrel. Hydrogen appears to be a potential candidate if it can be
massively produced at low cost. Among the various ways to achieve this goal, high-temperature
electrolysis and thermochemical cycles, both using nuclear heat, are interesting solutions. Many
studies have been devoted to thermochemical cycles since 1970 (Funk, 1976; Bamberger, 1978) and the
most attractive one appears to be the iodine-sulphur one. Within the scope of studies on the massive
production of hydrogen using this cycle (Norman, 1982; Vitart, 2008), the French atomic authority CEA
has selected the more promising reactive distillation process (Roth, 1989; Belaissaoui, 2008) versus
extractive distillation (O’Keefe, 1982) or electrodialysis (Miyamoto, 2000), in order to extract the hydrogen
from the HIx phase produced by the Bunsen reaction. The scaling of this column, in which the
distillation of the HIx phase and the decomposition of HI into hydrogen occur simultaneously, requires
the knowledge of the vapour-liquid equilibrium, i.e. the partial pressures of the gas species HI, I2, H2O
in thermodynamic equilibrium with the liquid phases of the corresponding HI-I2-H2O ternary mixtures
(Engels, 1986; Doizi, 2007; Hodotsuka, 2008; Liberatore, 2008). In the liquid phase, the concentrations of
the species vary in the intervals: 0.04 < [I2] < 0.85 and 0.03 < [HI] < 0.2 for temperature between 20°C
and 320°C and total pressures up to 50 bar.
Considering the severe experimental conditions, involving concentrated and corrosive media, our
study was divided into two parts corresponding to two experimental devices. The first one, the
low-pressure device, enables the study of vapour-liquid equilibria in a temperature range between
20°C and 140°C and for total pressures up to 2 bar. The second one, the high-pressure device enables
the study of vapour-liquid equilibria in the process domain.
Based on the needs expressed, on the existing data and on the constraints imposed by the
availability of hydriodic acid, an experimental campaign was carried around different groups of ternary
compositions. These groups, characterised by their variable iodine and hydriodic acid contents, are
represented in the ternary diagram of Figure 1.
This article describes the experimental devices and provides the experimentally determined
values of the total pressures and vapour phase concentrations.

Figure 1
UV-vis pathlength 0.5 cm

FTIR pathlength 25 cm

Manometer 0-2 bar

Thermocouple well

Reservoir

Initial choice of optical spectrometries
To measure the gas phase speciation, the choice of optical spectrometries was made. These “online”
techniques allow concentration measurements (Hartmann, 2009) and then partial pressures
measurements without altering the gas phase composition.
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•

Fourier Transform Infrared Spectrometry is used to measure H2O and HI concentrations.

•

UV visible spectrometry is used to measure I2 concentration.

The choice of these spectrometries has been validated on cells containing pure samples (H2O, HI,
I2) and HI-H2O binary mixtures. They have been then implemented on the two experimental devices.
On the low-pressure device, the infrared measurements are performed using a Bruker Vector 22
FTIR spectrometer with a spectral resolution of 0.4 cm–1. The major interest in this unit is the
possibility to shift the infrared beam toward the outside of the apparatus and thus enable an “online”
measurement. The IR configuration includes a Globar source, the Vector 22 interferometer with a KBr
beam splitter and a nitrogen-cooled InSb detector. The entire optical path is under an inert nitrogen
atmosphere for both the part outside the spectrometer and the Vector 22. The optical path length
between the Globar source and the detector is longer than 1 m.
The UV visible measurements are performed using a commercial HR 2000 high-resolution fibre
optic Ocean Optics spectrophotometer equipped with a halogen light source HL2000. The detector is a
linear silicon CCD array. The spectral resolution measured with a Hg-Ar calibration lamp is better
than 0.2 nm.
On the high-pressure device, the infrared measurements are performed using a Bruker Tensor 37
FTIR spectrometer. The IR configuration includes a NIR source, the Tensor 37 interferometer with a
CaF2 beam splitter and a thermoelectrically-cooled InAs detector. The UV Visible measurements are
made using a Varian Cary 300 spectrometer equipped with 600 μm core diameter optical fibres.

The two experimental devices
To contain the corrosive and concentrated mixtures, to allow gas phase speciation using optical
spectrometries, two experimental devices were designed: a low-pressure one, and a high-pressure one.
The low-pressure device shown in Figure 1 is manufactured out of quartz and Pyrex, and features
a reservoir containing the liquid mixture (+solid) to be studied. This reservoir is equipped with a total
pressure gauge, a Teflon valve and a connector to introduce products. The pressure gauge used is the
“EBRO VM 2000 ex” model operating within a guaranteed measurement range from 0 to 2 bar up to
125°C. K-type thermocouples and platinum resistance sensors are used to measure the temperature at
different positions inside the oven. Two cells, with windows made of Suprasil quality quartz, are
located in the upper part of the device and allow the optical measurement of the gaseous phase
concentrations of HI, I2 and H2O. The first one, 250 mm long, is used for the measurement of HI and
H2O concentrations by infrared absorption spectrometry. The second one, 5 mm long, enables the
determination of the I2 concentration measurement by UV visible absorption spectrometry.
The high-pressure device is a microautoclave made of tantalum and located in a thermo-regulated
oven as shown in Figure 2. It is a closed reactor with a constant volume of 140 cm3. The total expected
pressure is about 80 bars for a temperature close to 280°C. Tantalum has been chosen as the reference
material for the internal part of the reactor in order to avoid corrosion from the products under study.
All connections between the different components of the reactor are sealed with 6 373 Kalrez
O-rings. The associated instrumentation is composed of a set of 10 K-type thermocouples and a
pressure gauge using a tantalum membrane.
The stabilisation in temperature and pressure is obtained after 6 hours. The major difficulties
encountered were of technological nature and led to a special design of the tantalum valve and of the
pressure gauge.

The experimental programme
Five composition groups were studied in the low-pressure device, four composition groups in the
high-pressure device as shown in Figure 3. The choice of the composition of the ternary mixtures was
made in order to be representative of the different part of the reactive distillation column from
bottom to top.
The concentration range for iodine is between 4% and 85%. For a fixed iodine content, at least
three different HI concentrations were realised around the total pressure minimum.
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Figure 2

Figure 3: Compositions studied in the low-pressure and in the high-pressure device
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Experimental results with the low-pressure device
The concentrations which have been studied in the low-pressure device are summarised in Table 1.
The total pressure versus HI concentration for the different iodine contents are summarised in
Figure 4 at 130°C. A good agreement (position and value) is observed with the results published in the
literature.
For partial pressures (see Figure 5), a good agreement is found on the left of the total pressure
minimum. On the right, HI content higher than calculated is observed in the vapour phase using
Prophy thermodynamic model (Prosim, n.d.).

Experimental results with the high-pressure device
Fourteen experiences were realised on the high-pressure device describing the behaviour of the
distillation column ranging from 4% to 65%.
•

For 63% iodine content, corresponding to the bottom of the column, three HI concentrations,
8.2, 7.2 and 6.3%, were studied (see Figure 6).

A good agreement between Prophy calculations and experimental results is observed for H2O.
HI and I2 concentrations are underestimated.
•
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For 39% iodine content, corresponding to the entrance of the column, three HI concentrations,
13.5, 11.5 and 10%, were studied (see Figure 7).
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A good agreement between Prophy calculations and experimental results is observed for HI and
H2O. I2 concentration is underestimated.
•

For 12% iodine content, corresponding to the top of the column, three HI concentrations, 19.5,
16.1 and 13.8% were studied (see Figure 8).

A good agreement between Prophy calculations and experimental results is observed for HI and
H2O. I2 concentration is underestimated, and H2 formation is observed for high HI concentration.
•

For 4% iodine content, at low HI concentration, a good agreement for H2O and HI is observed.

•

At HI high concentration, Hi concentration decreases versus time due to hydrogen formation.

Conclusions
The experimental study presented in this paper provides new data on liquid-vapour equilibrium of
HI-I2-H2O mixtures at high temperature and pressure (Doizi, 2009; Larousse, 2009). These results are
important to improve the modelling of the distillation column used in the SI cycle.
Optical online diagnostics have been used to determine the concentrations in the vapour phase.
The results show that, for global compositions close to the azeotrope, the thermodynamic model
correctly predicts concentrations of HI and H2O up to temperatures of about 260°C, while improvements
must be made to better represent the iodine concentration in the vapour phase.
For compositions with HI concentrations higher than the azeotropic one, it was pointed out that
the model cannot converge on finite solutions for temperatures higher than 150°C. Moreover, HI
dissociation into hydrogen and iodine has to be accounted for in high-HI and low-I2 compositions.

Table 1: Concentrations studied in the low-pressure device
Compounds introduced

Total P [H2O] & [HI)

[I2]

The analysis of the pertinence of the number of significant figures
is undergoing evaluation

I2 = 3.98%
I2 = 4.04%
I2 = 3.95%
I2 = 4.02%

-

HI = 13.43%
HI = 10.06%
HI = 15.63%
HI = 18.91%

-

H2O = 82.58%
H2O = 85.90%
H2O = 80.42%
H2O = 77.08%

X
X
X
X

X
X
X
X

X
X

X
X
X
X

X

I2 = 12.09%
I2 = 12.28%
I2 = 12.11%
I2 = 12.49%
I2 = 12.45%
I2 = 11.94%

-

HI = 15.19%
HI = 15.5%
HI = 13.82%
HI = 17.85%
HI = 20.16%
HI = 11.25%

-

H2O = 72.72%
H2O = 72.22%
H2O = 74.07%
H2O = 69.66%
H2O = 67.40%
H2O = 76.82%

X
X
X
X
X
X

X
X
X
X
X
X

I2 = 39.11%
I2 = 38.61%
I2 = 38.75%
I2 = 39.74%
I2 = 39%
I2 = 39%
I2 = 38.83%
I2 = 38.96%

-

HI = 9.57%
HI = 9.65%
HI = 11.02%
HI = 11.67%
HI = 13.11%
HI = 13.56%
HI = 13.59%
HI = 13.625%

-

H2O = 51.32%
H2O = 51.74%
H2O = 50.24%
H2O = 48.58%
H2O = 47.90%
H2O = 47.45%
H2O = 47.58%
H2O = 47.41%

X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X

I2 = 49.18%

- HI = 9.11%

-

H2O = 41.71%

X

X

X

I2 = 63.95%
I2 = 62.11%
I2 = 64.97%
I2 = 64.25%

-

HI = 6.94%
HI = 7.9%
HI = 7.79%
HI = 7.95%

-

H2O = 29.11%
H2O = 29.99%
H2O = 27.25%
H2O = 27.81%

X
X
X
X

X
X
X
X

X
X
X
X

I2 = 85.37%
I2 = 85.01%
I2 = 84.5%
I2 = 84.66%

-

HI = 2.99%
HI = 3.45%
HI = 3.44%
HI = 3.27%

-

H2O = 11.64%
H2O = 11.54%
H2O = 12.06%
H2O = 12.07%

X
X
X
X

X
X
X
X

X
X
X
X
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Figure 4: Total pressure vs. [HI] molar for various [I2] molar
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Figure 7
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PREDICTING THE ENERGY EFFICIENCY OF A RECUPERATIVE BAYONET DECOMPOSITION REACTOR

Predicting the energy efficiency of a recuperative bayonet decomposition
reactor for sulphur-based thermochemical hydrogen production*

Maximilian B. Gorensek, Tommy B. Edwards
Computational Sciences Directorate, Savannah River National Laboratory
Aiken, SC, USA

Abstract
High-temperature decomposition of sulphuric acid is a major step for sulphur-based thermochemical
cycles such as hybrid sulphur and sulphur-iodine. It is generally also the most energy-intensive, so
that the overall heat requirement for this step can determine whether a particular decomposition
reactor or flow sheet design is practical.
A recuperative bayonet sulphuric acid decomposition reactor has been designed by researchers at
Sandia National Laboratories (SNL) that features all-silicon carbide (SiC) construction for the heated
parts, can be made from readily available SiC shapes, makes the most use of heat recuperation, and
has all of its fluid connections at sufficiently low temperatures that conventional seal materials can be
used. Bench-scale experiments using electric resistance heaters as the energy source have verified that
the design functions as intended.
The purpose of this work was to apply a pinch analysis to the SNL concept, using a statistically
designed set of computer model experiments to establish the limiting performance (heating target) of
the reactor as a function of operating conditions. Mapping out the limiting performance helped ascertain
the practical operating range, allowing the reactor to be integrated into conceptual flow sheets. Seven
input variables were considered: temperature (48 to 150°C), pressure (10 to 90 bar), and acid
concentration (30 to 90 wt.%) of the feed; process fluid temperatures at the inlet (600 to 740°C) and the
outlet (750 to 900°C) of the catalyst bed; temperature approach to equilibrium of the decomposition
reaction in the catalyst bed (-25 to 0°C); and minimum temperature difference for recuperative heat
transfer (10 to 100°C). Of particular interest was the effect of temperature, which will be limited by
the operating temperature of the nuclear reactor heat source.
A space-filling Latin Hypercube Design was used to generate model control variable input sets that
were spread throughout factor space. Statistical tools were used to develop models from the results of
the simulation “experiments” and to suggest additional simulation points to explore regions of interest.
Over 130 different sets of control variables were eventually simulated.
Results indicate that practical operation (high temperature heat target < 400 kJ/mol SO2) requires acid
feed concentrations in excess of 65 wt.% H2SO4. The optimum (lowest achievable high temperature
heat target of 321 kJ/mol SO2) occurs at roughly 80 wt.% H2SO4 at the highest pressure (90 bar) and
highest peak process temperature (900°C). As the peak process temperature is decreased from 900°C,
the heating target increases. Below peak process temperatures of about 700°C, heating targets well in
excess of 400 kJ/mol SO2 are predicted. This means that HTGR operating below 800°C reactor outlet
temperature will not allow efficient bayonet operation. Feed and catalyst bed inlet temperatures had
no effect on the heat target. Not surprisingly, a zero value of the decomposition reaction temperature
approach to equilibrium and 10°C minimum temperature difference for recuperative heat transfer was
found to be best.

*

The full paper being unavailable at the time of publication, only the abstract is included.
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DEVELOPMENT OF HI DECOMPOSITION PROCESS IN KOREA

Development of HI decomposition process in Korea*

Kikwang Bae
Korea Institute of Energy Research
Daejeon, Korea

Abstract
The efficiency of producing hydrogen through a sulphur-iodine process is very sensitive to the HI
decomposition process. In Korea, an electrodialysis method was selected to concentrate HI in the
solution. The current status of HI concentration and decomposition characteristics with electrodialysis,
distillation and HI decomposition catalyst is presented. Another sensitive item of iodine content is also
briefly described. A future plan on how to demonstrate a lab-scale SI closed loop is also presented with
key issues.

*

The full paper being unavailable at the time of publication, only the abstract is included.
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South Africa’s nuclear hydrogen production development programme

J.P. van Ravenswaay, F. van Niekerk, R.J. Kriek, E. Blom,
H.M. Krieg, W.M.K. van Niekerk, F. van der Merwe, H.C.M. Vosloo
North-West University (Hydrogen Infrastructure Competence Centre Co-host)
Potchefstroom, South Africa

Abstract
In May 2007 the South African Cabinet approved a National Hydrogen and Fuel Cell Technologies
R&D and Innovation Strategy. The strategy will focus on research, development and innovation for:
i) wealth creation through high value-added manufacturing and developing platinum group metals
catalysis; ii) building on the existing knowledge in high temperature gas-cooled reactors (HTGR) and
coal gasification Fischer-Tropsch technology, to develop local cost-competitive hydrogen production
solutions; iii) to promote equity and inclusion in the economic benefits from South Africa’s natural
resource base.
As part of the roll-out strategy, the South African Department of Science and Technology (DST)
created three Competence Centres (CC), including a Hydrogen Infrastructure Competence Centre
hosted by the North-West University (NWU) and the Council for Scientific and Industrial Research
(CSIR). The Hydrogen Infrastructure CC is tasked with developing hydrogen production, storage,
distribution as well as codes and standards programmes within the framework of the DST strategic
objectives to ensure strategic national innovation over the next fifteen years.
One of the focus areas of the Hydrogen Infrastructure CC will be on large scale CO2 free hydrogen
production through thermochemical water-splitting using nuclear heat from a suitable heat source
such as a HTGR and the subsequent use of the hydrogen in applications such as the coal-to-liquid
process and the steel industry.
This paper will report on the status of the programme for thermochemical water-splitting as well as
the associated projects for component and technology development envisaged in the Hydrogen
Infrastructure CC. The paper will further elaborate on current and future collaboration opportunities
as well as expected outputs and deliverables.
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Introduction
The South African government, under the leadership of the Department of Science and Technology
(DST), established a National Hydrogen and Fuel Cell Technologies R&D and Innovation Strategy in
2007 (DST, 2007). This strategy aims to establish South Africa in the hydrogen and fuel cell industry.
North-West University (NWU) and the Council for Scientific and Industrial Research (CSIR) were
selected to host a Hydrogen Infrastructure Competence Centre (CC). The Hydrogen Infrastructure CC
is tasked with developing hydrogen production, storage and distribution projects as well as relevant
codes and standards within the framework of the DST strategic objectives and will focus on the
research, development and innovation to achieve these goals.

South Africa’s hydrogen and fuel cell strategy
DST Ten-year Innovation Plan
The Department of Science and Technology published the Ten-year Innovation Plan for South Africa in
2007 (DST, 2007a). According to this plan, the grand challenge outcomes for South Africa include
energy security – the race is on for safe, clean, affordable and reliable energy supply, and South Africa
must meet its medium-term energy supply requirements while innovating for the long term in clean
coal technologies, nuclear energy, renewable energy and the promise of the “hydrogen economy”.
More specifically, the grand challenge energy-related outcomes South Africa should achieve by
2018 include:
•

expansion of the energy supply infrastructure, with 80% of new capacity coming from clean
coal technologies and nuclear plants;

•

an energy mix with 5% of energy used coming from renewable sources, 20% from nuclear and
70% from coal (of which 30% would be based on clean coal technologies).

•

expanding the knowledge base for building nuclear reactors and coal plants parts, and source
more than 50% of all new capacity locally;

•

successful integration of uranium enrichment into the fuel cycle and feeding into the
commercial reactors;

•

achieving a well-articulated energy efficiency programme and per capita energy demand
reduced by 30%;

•

reaching a 25% share of the global hydrogen infrastructure and fuel cell market with novel
PGM catalysts;

•

demonstrating, at pilot-scale, the production of hydrogen by water-splitting, using either
nuclear or solar power as the primary heat source.

National hydrogen and fuel cell technologies R&D and innovation strategy
The Department of Science and Technology (DST) identified hydrogen and fuel cell (H&FC)
technologies as one of its “Frontier Science and Technology” initiatives. In May 2007, the Cabinet
approved the National H&FC Technologies R&D and Innovation Strategy (DST, 2007).

Vision of the strategy
The vision of the strategy is to create knowledge and human resource capacity that will develop
high-value commercial activities in H&FC technologies utilising local resources and existing know-how.

Objectives of the strategy
•

204

Wealth creation through high value-added manufacturing and developing PGM catalysis value;
a specific target is to found a domestic manufacturing base to supply 25% of the platinum
group metal catalyst demand for the global fuel cell industry by 2020.
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•

Building on the existing knowledge in high-temperature gas-cooled nuclear reactors and coal
gasification Fischer-Tropsch technology, to develop local cost-competitive hydrogen generation
solutions.

•

To promote equity and inclusion in the economic benefits from South Africa’s resource rent.

Strategic goals
The objectives will be advanced by pursuing the following strategic goals:
•

establishing a base for hydrogen production, storage technologies and processes;

•

establishing a base for developing catalysts based on PGM resources;

•

building on existing global knowledge to develop know-how to leap-frog existing fuel cell
technologies for niche applications to address regional developmental challenges.

Elements of South Africa’s hydrogen production programme
In response to the National Hydrogen and Fuel Cell Technologies R&D and Innovation Strategy (DST,
2007), the Hydrogen Infrastructure Competence Centre (CC) comprising of the Council for Scientific
and Industrial Research (CSIR) and North-West University (NWU) developed a business plan which
incorporates a strategic vision for national innovation for hydrogen production, storage and
distribution for the next fifteen years. The Hydrogen Infrastructure CC will be a virtual hub in which
resource and facilities between the two institutions are utilised. The Hydrogen Infrastructure CC is
tasked with developing hydrogen production, storage and distribution projects as well as relevant
codes and standards within the framework of the DST strategic objectives. It also promotes the
Department of Science and Technology Ten-year Innovation Plan for South Africa which calls for the
achievement of a number of grand challenge outcomes for South Africa by 2018.
The criteria used for selecting the preferred projects include alignment with the DST strategy,
early industrial interest and potential for commercial application, opportunity to leverage local
technologies, synergy with international initiatives, opportunity for economic development, knowledge
production and human resource development, synergy between projects and opportunity for spin-off
technologies and local product, business and technology development.
The five year vision of the Hydrogen Infrastructure CC is to:
•

be a significant player in the mastering of existing and the discovery of new solutions for
hydrogen production, storage and distribution, leading to the development and application of
new products and processes which improve the competitiveness of South African industry
and the quality of life of all South Africans.

•

prepare South Africa to participate in hydrogen-related applications, primarily by
beneficiating its resource base in becoming a significant supplier of material, components,
products, sub-systems and systems for export, as well as appropriate introduction of
technology related to hydrogen production, storage and distribution into the South African
economy.

The fifteen year vision for the Hydrogen Infrastructure CC is that, in selected applications, it will
be a leading, well established and internationally recognised centre for research and innovation into
solutions for hydrogen production, storage and distribution addressing the specific needs of
developing countries and gearing maximum participation to derive the full benefit of South African
strategic reserves and capabilities.
The objectives of the Hydrogen Infrastructure CC are to:
•

establish a hydrogen infrastructure science and technology base;

•

establish a hydrogen infrastructure science and technology human resource base;

•

establish raw material beneficiation and product development for hydrogen applications.
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The hydrogen production technologies that will be evaluated are represented in Figure 1 and cover
a wide range of technologies. This paper will focus on the large scale hydrogen production technologies
and especially the ones coupled to a nuclear heat source, namely thermochemical water-splitting via
the hybrid sulphur (HyS) process and hydrogen production using the plasma-arc process.

Figure 1: Energy source, H2 production technology and H2 infrastructure CC identified projects
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Thermochemical water-splitting programme
Thermochemical water-splitting is seen as a promising technology to produce hydrogen on a large
scale. High temperature gas-cooled reactors (HTGR) produce heat at the temperatures needed for high
yield hydrogen production. The Hydrogen Infrastructure CC identified thermochemical water-splitting
as a key programme to make a significant contribution to technology development, which will build
on the RSA strengths in high temperature reactors and its acumen in the Fischer-Tropsch technology,
and with a good potential to lead to exportable technology in the form of products and systems.
Figure 2 indicates how the application of process heat from HTGR (and/or concentrated solar),
integrated with a water-splitting technology, can be used to produce hydrogen and oxygen which
serves as feedstock for a coal-to-liquids (CTL) process. A clean source of hydrogen will enable CTL
producers to significantly reduce CO2 emissions in producing liquid fuels, and will hence impact the
existing transport sector emissions through cleaner liquid fuels. However, once the necessary hydrogen
transport infrastructure is established, the carbon-free hydrogen could be provided as merchant
product for hydrogen-powered vehicles as well as for other industries such as steel manufacturers
and other chemical industries such as steel production and ammonia production for fertilisers.

Hybrid sulphur hydrogen production project
The hybrid sulphur process (HyS) as shown schematically in Figure 3 is a partially thermochemical
and partially electrolytic water-splitting process using approximately 80% of the energy as heat and
20% of the energy as electricity to generate hydrogen and oxygen in a two-step process as shown
in Figure 3. The HyS process was developed by Westinghouse in the early 1970s (Brecher, 1977).

206

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

SOUTH AFRICA’S NUCLEAR HYDROGEN PRODUCTION DEVELOPMENT PROGRAMME

Figure 2: A road map for future hydrogen production
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Figure 3: A schematic of the HyS process
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Westinghouse demonstrated the HyS process in 1978 through the operation of an integrated
laboratory bench scale model producing 120 L/hr of hydrogen. Work on the HyS continued until 1983
after which no research was carried out for a long period. Through advances in the electrochemical
industries [mainly chlor-alkali production and hydrogen proton exchange membrane (PEM) fuel cells]
opportunities arose to lower the capital and operating costs and increase the efficiency of the HyS
process from what was achieved by 1983.
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The basic reactions for the HyS process are:
H2SO4 → SO2 + ½O2 + H2O

(decomposition reaction)

SO2 + 2H2O → H2SO4 + 2H + 2e

(oxidation at anode)

2H+ + 2e– → H2

(reduction at cathode)

H2O → H2 + ½O2

(net reaction)

+

–

The Pebble Bed Modular Reactor (PBMR) Process Heat Plant (PHP) team consisting of PBMR,
Westinghouse, Shaw Stone and Webster, Technology Insights and M-Tech Industrial has performed
extensive work over the past few years to identify the most promising thermochemical water-spitting
hydrogen production processes (Greyvenstein, 2006; Kuhr, 2006; Van Ravenswaay, 2007).
These studies identified the hybrid sulphur process (HyS), the sulphur-iodine (S-I) process and
the high temperature steam electrolysis (HTSE) process as the main contenders for medium-term
commercial water-splitting hydrogen production.
In order to further distinguish between these three processes, further in-depth evaluations were
made in the following categories: i) readiness (vendor/supplier development, regulatory infrastructure
development); ii) process design (process complexity, availability of processing consumables,
feedstock processing requirements, product/waste stream processing requirements, safety, health
and environmental risk); iii) enhancement potential (cost enhancement potential, hydrogen production
efficiency); iv) performance (operability, availability); iv) cost (plant capital cost, hydrogen product cost).
From these evaluations, the HyS process was identified as the most promising large scale
water-splitting processes using nuclear heat due to the following reasons: i) It is the technology
closest to commercialisation. ii) It is a significant user of high-temperature process heat. iii) It is the
best fit for near-term implementation. iv) It has increased international interest. v) This process has
the potential to produce hydrogen at competitive costs. vi) The research and innovation requirement
for the HyS appear to be achievable within a reasonable time frame of approximately 10 years.
Figure 4 shows a diagram of a typical PBMR process heat plant coupled to a HyS plant.

Figure 4: Typical PBMR process heat plant coupled
to a hybrid sulphur hydrogen production process
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The objectives of the HyS hydrogen production project are:
•

To further develop an integrated and optimised process flow sheet and concept design of the
HyS commercial plant in order to define the R&D requirements.

•

To develop integrated thermal-hydraulic and chemical plant models and plant simulators to
investigate the dynamic behaviour of the plant.

•

To develop key technologies and components of the HyS (such as the electrolyser,
decomposition reactor).

•

To develop the related integrated systems (such as the heat transfer system piping, fluids,
heat exchangers, instrumentation) that are required to commercialise the HyS process.

•

To investigate and develop balance of plant components and data that will be required to
commercialise the HyS.

•

To develop high temperature materials and components required for the commercialisation
of the HyS.

•

To design, develop, construct and operate a HyS pilot plant (HySPP) in which all the different
technologies are integrated. The HySPP will enable component testing as well as integrated
system testing, optimisation and control refinement.

•

To develop and refine economic models and inputs required for the HyS process and to
develop a business plan that will enable stakeholders to engage potential clients.

•

To develop engineers and scientists in various disciplines to sustain the whole value chain of
hydrogen production as well as integration with the heat source and end users.

•

To keep abreast with new developments in hydrogen production technologies and explore
these to enhance the understanding but also possible opportunities of enhancement.

In the next few paragraphs project work on some of the key components (i.e. decomposition
reactor, SO2 electrolyser and HySPP) will be described in more detail.

Decomposition reactor development
The decomposition reactor is one of the two key process components that make up the HyS process.
In the decomposition reactor, sulphuric acid is catalytically decomposed to sulphur dioxide, oxygen
and water. Because of the extreme operating conditions, the requirement for reduced maintenance
and the corrosive nature of the sulphuric acid, the catalytic decomposition reactor presents unique
challenges in material selection and construction details, and is perhaps the most challenging
component in the HyS process. The main issue is that most metals do not have good long-term creep
resistance at the decomposer operating temperature (~900°C). In addition, the sulphuric acid
decomposition reactor contains an aggressive environment of high temperature oxygen, sulphuric
acid, steam and sulphur dioxide.
A kinetic model for the reactor will be developed that will include the reactor design equations
and energy balances. The model will be used to calculate the reactor volume required to obtain
maximum conversion for hydrogen production. The success of the HyS process depends mainly on
the performance of the reactor. The reactor will be designed to maximise hydrogen output and to
improve process thermal efficiency. The reactor will be operated adiabatically with inter-stage heating
in order to simplify the reactor design and construction. Sufficient information will be generated to
design a pilot scale reactor that will be used to obtain scale-up data for a commercial plant.
It is planned to construct a laboratory scale decomposition reactor based on the proposed reactor
concept within the next 3-5 years. If the test results are positive then the reactor concept will be used
to design a reactor system for the proposed HyS pilot plant facility that will be used to demonstrate
the technology and to obtain scale-up data for the design of a commercial plant.

SO2 electrolyser development
Receiving SO2, dissolved in a sulphuric acid environment, from the decomposition reactor, the SO2
electrolyser oxidises the SO2 back to sulphuric acid, which is subsequently returned to the

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

209

SOUTH AFRICA’S NUCLEAR HYDROGEN PRODUCTION DEVELOPMENT PROGRAMME

decomposition reactor. The “attraction” of employing sulphuric acid in the thermoelectrochemical
splitting of water lies in the fact that the applied voltage is greatly reduced compared to normal water
electrolysis. This technology does however come at a “price”, or its own set of challenges, which is
directly linked to the employment of sulphuric acid in high concentrations. At the core of these
challenges are: i) materials; ii) the electro-catalyst; iii) the proton exchange membrane. A number of
key collaboration agreements as well as associations have been entered into so as to pool resources in
tackling these challenges.
With regard to the electro-catalyst the main research issue is to identify a platinum-based catalyst,
i.e. a binary, ternary or quaternary catalyst composed of platinum and one or more transition metals
that will be more active (and thereby further reducing the applied potential), exhibit an improved
lifespan, and have reduced platinum loadings to reduce the cost. The NWU, located in the North-West
province of South Africa where the majority of the world’s platinum is mined and produced, is currently
setting itself up for the synthesis, characterisation and testing of platinum-based electro-catalysts
specifically for normal water electrolysis as well as for SO2 electrolysis.
The proton exchange membrane has to be improved so as to reduce resistance across the
membrane and the transfer of sulphur species across the membrane that results in the deposition of
sulphur on the cathode thereby poisoning the cathode. The focus will initially be on testing membranes
developed for fuel cells. The NWU will be acquiring and testing fuel cell membranes which include
the three top membranes in meeting the minimum requirements as set by US DOE for 2008, from
Professor P. Pintauro (Vanderbilt University, Nashville, USA), Dr. R. Wycisk (Case Western Reserve
University, Cleveland, USA) and Giner Electrochemical Systems Inc.
In targeting these challenges collaborative agreements have been entered into between the
North-West University (RSA), Giner Electrochemical Systems Inc. (USA), as well as Savannah River
National Laboratory (USA).

Hybrid sulphur pilot plant
In order to demonstrate the integrated operation of a HyS system a HySPP will be designed, constructed
and operated to verify the HyS concept and the scalability of the process as well as investigating
various expected integration challenges. This project will entail a concept design of a HySPP that will
demonstrate the critical R&D requirements needed for commercial application as well as the
development of a HySPP cost estimate and schedule in an iterative manner until the design, cost and
schedule has matured. A detail engineering design of the HySPP will be performed. The HySPP will be
constructed and pre-commissioned after which the final commissioning of the HySPP will be performed.
The HySPP will be used to demonstrate the physical integrity of the HyS process, develop start-up and
shutdown procedures, confirm reaction characteristics and reactor design parameters for commercial
facility design and cost information and will assist in resolving issues related to integration with a
HTGR reactor for commercial demonstration.
The development of the HySPP is a crucial step in the scale-up of the HyS technology. This
will build on the HyS component development and R&D project. The HySPP is also an important risk
mitigation tool as supplier (and supply chain) evaluation, system integration, human capital
development, scale-up verification, proof of concept, materials of construction verification and
various other risks will be mitigated before proceeding with basic and detail design of the commercial
HyS plant.

Plasma-arc reforming
Plasma reformation of natural gas is a relatively new process compared to steam methane reforming
(SMR). The technical application of the plasma-arc goes as far back as the beginning of the 20th century
where it was used for the production of nitrogen oxides from air, which forms the basis for the
production of fertilisers. This technology was also used in the production of acetylene from light
hydrocarbons (Blom, 2008). The plasma-arc process has the following advantages:
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•

Using nuclear-based electricity to power the plasma-arc reforming process saves fossil fuels.

•

It reaches high temperatures and high power densities. This has the advantage that high
reaction rates can be achieved and smaller reaction equipment is required.
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•

It solves technical and ecological problems that arise with the conventional technology.

•

No catalyst is needed for the conversion of natural gas to synthesis gas.

•

High chemical reaction rates and conversion rates are achieved (up to 100%).

•

High overall thermal efficiency (~65%) is achieved.

•

No catalyst is required.

•

Low capital cost expenditure.

•

Production cost competitive to SMR.

•

CO2 instead of steam is used as oxidising agent.

•

Ease of operation.

•

Technology demonstrated at commercial scale.

Very high temperatures (>3 000°C) are generated inside the plasma-arc reforming units. The
energy, which is generated inside the plasma reformer, is not dependent on the chemical reaction.
Optimal operating conditions can be maintained over a wide range of flow rates and feed
compositions. The high energy density that is generated reduces the chemical reaction time. This
results in a short residence time for the reactants to be converted into products. A wide range of
hydrocarbons can be used for the production of synthesis gas or hydrogen, with conversion of
hydrocarbons close to 100%.
To date, work has been done on determining the production of both synthesis gas and hydrogen
via a plasma-arc reforming process. This work will continue as well as the optimisation of the
processes and the investigation of possible integration with the hybrid sulphur process.

Summary and conclusion
The South African government has approved a national hydrogen and fuel cell strategy and has initiated
the strategy through the creation of three competence centres. The Hydrogen Infrastructure CC is
tasked to develop projects related to hydrogen production and has identified a specific key programme
on thermochemical water-splitting. This paper presented the envisaged high level programme
strategy as well as the projects to be executed as part of the Hydrogen Infrastructure CC’s nuclear
hydrogen production programme, including thermochemical water-splitting hydrogen production
projects that will focus on the hybrid sulphur hydrogen production process.
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Abstract
The hybrid sulphur cycle is today one of the most promising processes to produce hydrogen on a
massive scale within the scope of high temperature nuclear reactors development. Thus, the Fuel Cycle
Technology Department at CEA Marcoule is involved in studying the hybrid sulphur process from a
technical and economical performance standpoint. Based on mass and energy balance calculations, a
ProsimPlusTM flow sheet and a commercial plant design were prepared. This work includes a study on
sizing of the main equipment. The capital cost has been estimated using the major characteristics of
main equipment based upon formulae and charts published in literature. A specific approach has been
developed for electrolysers. Operational costs are also proposed for a plant producing 1 000 mol/s H2.
Bench scale and pilot experiments must focus on the electrochemical step due to limited experimental
data. Thus, a pilot plant with a hydrogen capacity of 100 NL/h was built with the aim of acquiring
technical and technological data for electrolysis. This pilot plant was designed to cover a wide range of
operating conditions: sulphuric acid concentrations up to 60 wt.%, temperatures up to 100°C and
pressures up to 10 bar. New materials and structures recently developed for fuel cells, which are
expected to yield significant performance improvements when applied to classical electrochemical
processes, will be tested. All experiments will be coupled with phenomenological simulation tools
developed jointly with the experimental programme.
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Introduction
Within the framework of the Generation IV forum, one of the primary goals for the very high
temperature reactor (VHTR) is hydrogen production. Indeed, VHTR produces heat at about 950°C,
which could allow steam electrolysis using solid oxide fuel cell derived technologies, or high
temperature thermochemical cycles such as the hybrid sulphur cycle (HyS). These processes are
promising candidates for massive hydrogen production, but they require important development.
The French Commissariat à l’énergie atomique (CEA) has launched an integrated programme which
will assess the most promising way to produce hydrogen using high temperature heat available from
a VHTR. This programme includes: development of a methodology for process comparison, acquisition
of basic thermodynamic data, flow sheet analysis and development, preliminary design of a hydrogen
production plant coupled to a VHTR, including energy distribution and safety issues, efficiency and
cost analysis.
CEA has chosen to focus on a limited number of potentially interesting processes, namely the
high temperature electrolysis, the iodine/sulphur cycle and the hybrid sulphur cycle (Figure 1). Other
options are evaluated on a more limited basis. Rather than building expensive large scale demonstration
loops, emphasis is placed on experiments: their goals are to better understand the thermodynamic
behaviour of the chemical system to implement more reliable models.

Figure 1: The hybrid sulphur (HyS) cycle
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The purpose of this paper is to describe the current progress of the HyS cycle at CEA, based on
recent experimental data acquisitions and simulations. We will focus on the field of research and
development, taking into account both thermodynamics and economics.

Technical issues
Many variations are possible for each section of the HyS cycle (Brecher, 1977): the temperatures and
other operating conditions can be optimised, with a wide variety of solutions in matter of chemical
engineering to perform unit operations and to exchange heat. Each section is strongly dependant on
the other, meaning that an output may be the input of the next section. Any change in one section
may influence directly the whole process.
In the electrolysis step, SO2 is electrochemically oxidised at the anode to form H2SO4, protons and
electrons. The protons are conducted across the electrolyte separator to the cathode where they
recombine with the electrons to form H2.
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SO2(aq) + 2 H2O → H2SO4(aq) + 2 H+ + 2e–

(1)

2 H+ + 2e– → H2(g)

(2)
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One advantage of the HyS cycle is that the standard cell potential for SO2 depolarised electrolysis
is close to 0.158 V at 298 K in water. This value increases to 0.243 V in a 50 wt.% H2SO4 aqueous
solution which is the most likely anolyte. The main challenge of this step is finding an electrolytic cell
technology suitable for the temperature (up to 393 K) and pressure (up to 10 bar). The electrolytic cell
development requires an optimisation of the chemical composition of the electrolyte and an
optimisation of the cell geometry.
The second step, common to all sulphur processes, is the result of two successive reactions.
As sulphuric acid is vaporised (ca 650 K) and superheated (ca 900 K), it spontaneously decomposes
into water and sulphur trioxide. The following decomposition occurs by heating the vapour to high
temperatures (> 1 000 K) in the presence of a catalyst to produce oxygen and sulphur dioxide.
H2SO4(aq) → H2O(g) + SO3(g)

(3)

SO3 → SO2 + 1/2O2

(4)

The main challenge of this step is finding a technology suitable for the temperature (up to 1 150 K)
and pressure (up to 50 bar) conditions. In addition, at these operating temperatures most catalysts are
severely damaged or destroyed within a short time. Finding the good catalyst is a key point for a
sulphur-based thermochemical cycle.

The HyS flow sheet
The ProsimPlusTM flow sheet illustrated in Figure 2 was prepared on the basis of a 1 kmol/s H2
production rate.
Section I of the HyS process involves two main operations. The first operation concerns electrolysis
and the anolyte preparation. The second operation concerns SO2-O2 separation.
The following operating conditions corresponding to electrolytic reaction are assumed for the
development of the Section I flow sheet: an input sulphuric stream composition (2 mol% SO2, 49 mol%
H2SO4 and 49 mol% H2O), an upstream temperature of 353 K and pressure of 10 bar. The electrolytic
cell is treated as a “black box” in which the following changes take place: on the one hand reaction
between SO2 and H2O via Eq. (1-2) with an assumed conversion of 62% (the anolyte feed contains 62%
excess SO2) and on the other hand calculation of the downstream temperature such that the enthalpy
change between the feed and product streams being equal to the electric work with a cell potential
of 0.6 V (Lu, 1981).
The anolyte product, containing 0.9 wt.% unreacted SO2 dissolved in 51 wt.% H2SO4, is split
sending enough H2SO4 to decomposition. The remainder (representing 96% of the anolyte effluent) is
split again sending 20% of the flux to the SO2 absorber at Stage 21 (see below). This stream is cooled by
interchange with recycled anolyte involving streams coming from the SO2-O2 separation and bottom
stream of the SO2 absorber. The remainder is recycled to the anolyte preparation tank. The pressure of
the anolyte product is adiabatically dropped from 10 to 0.2 bar allowing SO2 be removed in the
resulting gaseous stream. This stream is recycled to the anolyte preparation tank via a set of devices
including compressor and heat exchangers. The liquid stream is sent to Section II.
The gaseous mixture of SO2-O2-H2O coming from Section II and containing 25.8-12.9-61.3 mol%
respectively, is first cooled to 298 K to remove most of the water content. The assumed feed composition
resulting from the Section II operating conditions will be justified below. The pressure of the vapour
phase is raised from 5 to 10 bar then cooled to 298 K first by interchange with the O2 product in two
heat exchangers. This operation allows about 54% of SO2 to be liquefied. The residual vapour phase is
expanded from 10 to 5 bar with recovery of the expansion work then, fed into the SO2 absorber at the
bottom stage. The SO2 absorber is a 26-equilibrium stage vapour-liquid fractionation device. It operates
at a pressure of 5 bar with an assumed negligible pressure drop. Feed water adding to liquid distillate
from the second-stage knock-out of Section II is fed at the top stage. Liquid distillate from the
first-stage knock-out of Section II, containing 99.9 mol% H2O and 0.1 mol% SO2 is cooled to 298 K in the
heat exchanger then routed to Stage 7. The overhead product of composition 99.9 mol% O2 and
0.1 mol% H2O is fed to an expander to recover the O2 expansion work at atmospheric pressure. The
SO2 losses are assumed less than 5.10–5 mol SO2/ mol H2 product.
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Figure 2: Hybrid sulphur flow sheet (top Section I, bottom Section II)
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Section II of the HyS process involves two main steps. The first one concerns H2SO4 concentration
to decrease the amount of water which enters the second step with decomposition reactors.
The goal of this step is to concentrate sulphuric acid with minimum external heat requirement.
The pressure of the liquid mixture of about 52 wt.% H2SO4, coming from Section I is first dropped
adiabatically from 0.2 to 0.1 bar allowing residual SO2 and O2 to be removed in knockout drum via
gaseous stream, along with some water (KO-201). Next, the liquid stream (52.6 wt.% H2SO4) is heated
by interchange in a three-heat-exchanger network (HX-201, HX-203, HX-202). The different distilled
vapour streams are removed, cooled and condensed at 298 K (HX-211). The residual liquid stream
(73.5 wt.% H2SO4) is fed into the second vaporisation stage at an operating pressure of 1.5 bar (P201).
The stream is first heated by interchange in two heat exchangers (HX-204, HX-205) then in a third
exchanger powered by hot stream of helium from the primary heat source (HX-206). The composition
of the final stream is controlled by means of a condenser which allows the liquid temperature to be
regulated. The chosen parameters are a temperature of 493 K and a pressure of 1.5 bar. With this
set of parameters the composition of the liquid phase entering the decomposition step is close to
80 wt.% H2SO4.
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At the entry of the decomposition step, volumetric pump raises the pressure to the operating
value (5 bar) (P-202). The liquid stream is fed to the top of SO3 recombination reactor (HX-210). This
reactor consists of an adiabatic seven-equilibrium stage vapour-liquid contactor device. It operates at
the equilibrium pressure of the process with an assumed negligible pressure drop. The goal of this
device is to countercurrently wash the gases coming from the decomposer (HX-209) which contains a
hot mixture of O2, SO2, H2O and unreacted SO3. The gaseous stream is cooled by contact with the
liquid sulphuric phase, then SO3 is converted to H2SO4 in the presence of gaseous water. H2SO4 in the
gaseous stream condenses in contact with the cold aqueous sulphuric stream. Concentrated liquid
sulphur acid at about 88 wt.% H2SO4 coming from the bottom of reactor at 580 K is sent to the
decomposition reactor. The goal is to achieve an equilibrium pressure of 5 bar at the end of the
decomposition reactor. The mixture temperature is raised to about 873 K where H2SO4 decomposes
almost completely to SO3 and H2O. Next, the gaseous stream enters a set of catalytic reactors in which
the SO3 to SO2 decomposition reaction takes place (HX-209). The outlet equilibrium temperature and
pressure are controlled at 1 123 K and 5 bar. The heat required for decomposition reactors is supplied
by a hot stream of helium from the primary heat source. The gaseous stream is cooled in two heat
exchangers which allow for heat recovery. The pinch temperature in the interchange heat exchanger
is no less than 50 K and the function of the following heat exchanger is to cool the stream to its dew point
to avoid condensation. This procedure prevents water dilution of the feed entering the decomposition
step. The cooled gaseous mixture is fed to the bottom of recombination reactor, as described earlier.
The gaseous mixture leaving the reactor contains mainly SO2, O2 and H2O. The outlet temperature is
controlled to satisfy the material balance of the cycle by means of partial condenser (HX-202).

Flow sheet energy requirements and thermal efficiency
The standard formation enthalpy for water is equal to 286 kJ/mole H2 relative to the formation of liquid
water and corresponding to (HHV) of H2. The theoretical voltage for pure water decomposition is
1.23 V. However, the majority of conventional electrolysis devices need at least 2.0 V when economically
reasonable current densities are maintained. This value translates into a water electrolysis Faraday’s
efficiency of about 74%. If a thermal-to-electric conversion efficiency of 45% is assumed, the total
equivalent heat requirement corresponds to a heat input of 859 kJ/mole H2.
In the proposed flow sheet, a high temperature heat input is required in only three locations: the
vaporiser and decomposer of H2SO4 (HX-208), the SO3 catalytic decomposer (HX-209) and the last heat
exchanger of concentration step (HX-206). A total of 413.3 kJ/mole H2 is supplied by the primary heat
source. A grand total of 243 kJ/mole H2 waste heat is rejected to cooling water. Unfortunately the
temperature is too low to allow any use of this heat. A total of 120 kJ/mole H2 electric energy is used in
the flow sheet. Nearly 97% of the electric energy is required in Section I with the greatest part for the
electrolysis cell. If a thermal-to-electric conversion efficiency of 45% is assumed, the total electric
power requirement corresponds to a heat input of 266.7 kJ/mole H2.
The proposed flow sheet produces hydrogen at a pressure of 10 bar according to the chosen
pressure of the electrolysis cell. Compared to the electrolysis of water, whose pressure of hydrogen
product is about 1 bar, the power requirement to raise the pressure up to 10 bar is not negligible. The
electric power requirement to do such work is about 9.8 kJ/mole H2. With this output condition, the
new heat requirement for VHTR-powered water electrolysis becomes 881 kJ/mole H2 With a total
equivalent heat requirement of 680 kJ/mole H2, the proposed HyS process flow sheet compares
favourably to VHTR-powered water electrolysis.

Capital assessment method
When studying several hydrogen production processes, it can be important to assess the production
cost by means of capital, operational and energy costs. The method of capital cost assessment can be
selected according to different criteria. These criteria are: current stage of development, innovation
level, available time and assessment cost, wished accuracy. First, the choice of the method is based
upon the current stage of development. An estimate of the capital expenditures may consist of a
pre-design estimate with few process data or a detailed estimate based upon complete drawings and
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specifications. However between these extremes of capital investment estimates, there can be
numerous methods which can be divided into the following categories (Chauvel, 2000):

•

•

For a pre-design stage:
–

“Order of magnitude estimate” also called “ratio estimate”. This method considers
economic data for reference equipment and supposes that required pieces of equipment
are very similar to the reference ones (in size range, materials, temperature and pressure
operating range, etc.). The order of magnitude estimate uses ratios based upon specific size
or equipment capacity. For such an estimate, the accuracy is about ±40-50%.

–

“Study estimate” also called “factored estimate”. When studies are more advanced, the
factored estimate may take into account the detailed equipment characteristics. Once the
individual costs are determined, they may be multiplied by a number of factors for
installation, piping and services, instrumentation and control and eventually by date and
geographic location factors. Probable accuracy of estimate is about ±25-30%.

For construction:
–

“Design estimate” (budget authorisation estimate or scope estimate) based on a
semi-detailed analysis. This approach incorporates a mixture of different methods with
probable accuracy within ±15/20%.

–

“Detailed estimate” (contractor’s estimate) based on complete engineering drawings,
specifications and site surveys. Probable accuracy of estimate is about ±5%.

Flow sheets of the chemical plant were prepared with a pre-design of the main equipment.
For the capital cost assessment, the factored estimate has been chosen because it considers
characteristics of the process: corrosive products, high temperature (up to 850°C for Section II) and
high pressure (up to 50 bar for the helium coolant). The factored method is essentially based upon
charts and formulas developed over 30 years in the petroleum and chemical industries in France
(Chauvel, 2000). It consists of estimating costs of basic equipment (generally carbon steel) and
correcting them for materials factors.
Exclusively for shell and tube heat exchangers, the Purohit Method has been used (Purohit, 1983).
This method takes into account a large number of technical characteristics according to TEMA
standard and allows the use of correction factors for different materials. Material factors compared
with carbon steel have been updated in 2008 (Gilardi, 2008).
The hybrid sulphur process requires electrolysers which are not described in chemical engineering
economics literature. A specific approach has been developed by collecting data from literature and
constructors of alkaline electrolysers (Mansilla, 2008). Electrolyser characteristics are also considered
(catalyst coating, membranes).
Once the purchased equipment costs are known, the capital investment can be calculated by
summing these results and using ratio factors for installation, piping, buildings, instrumentation,
electric equipment, thermal isolation, indirect expenses, etc. (Chauvel, 2000).

Economic data of the hybrid sulphur cycle
Considering the equipment design for a plant producing 1 kmol/s H2, preliminary calculations
suggests unreasonable sizing for the plant. Thus, a plant with 7 to 10 manufacturing facilities is
proposed (this number requiring optimisation from an economics standpoint). We consider the
hydrogen pressure to be 10 bar. Connection with nuclear reactor is not studied therein.
Due to the lack of SO2 electrolysers, alkaline electrolysers are considered as the reference for
economic assessment. Electrodes are assumed to be made of carbon steel with a platinum coating.
Electrolysis unit requires an investment of EUR(08) 303.8 M with each electrolyser requiring about
EUR(08) 2 920/m2.
Coating and membrane costs sensitivities have been studied (Figure 3) in cases of coating
thickness or cost doubling (resp. membrane cost doubling). As a result, the installed electrolysers cost
increases up to 20% (resp. 24%).
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Relative Difference on Installed
Electrolyzers Costs

Figure 3: Cost sensitivities for electrolysers
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Separation SO2/O2 requires two absorption columns. Only one column is shown in Figure 2, the
second one finishing SO2 absorption before exhausting (or valorisation of oxygen which is not taken
into account therein). This section also requires heat exchangers and compressors. Cost of installed
chemical equipment with piping, instrumentation, buildings, etc. is about EUR 223.8 M.
Sulphuric acid concentration, performed in two steps, requires eight heat exchangers, one pump
and a knockout drum. A nickel-iron-chromium alloy is used for the majority of equipment and piping
due to the presence of hot concentrated sulphuric acid. Capital investment of this section is about
EUR(08) 57.3 M (it includes tanks for sulphuric acid).
Concentrated sulphur acid evaporation and dehydration is performed in a group of two heat
exchangers with important exchange surface (up to 1 340 m2) (HX-208). The SO3/SO2 decomposition
reactor (HX-209) is a set of five reactors with two reactive zones. The first one, with a temperature of
875 K requires a platinum catalyst and the second one an iron-oxide catalyst. The operating
temperature in the second zone increases up to 1 125 K. Due to operating conditions (temperature,
chemical composition), these three devices require a nickel-iron-chromium alloy. Then sulphur
trioxide recombination reactor consists of a packed column (HX-210). Required investment for SO3
conversion is estimated about EUR(08) 508.6 M.
Plant starting requires raw materials, in particular sulphuric acid (1 360 tonnes with a price of
EUR(08) 1 200 M per tonne). Battery limits investments for the chemical plant is estimated around
EUR(08) 1 095 M, including tanks and sulphuric acid.
Our results can also be submitted in another manner, i.e. showing respective weights of the
different equipment. Four major devices represent 88% of the investment: those for SO3 conversion
(HX-208, 28%, HX-209, 16%), electrolysis unit (28%) and compressors/turbines (16%).
Platinum price doubling leads to an increase of 9% of capital investment of the chemical plant
due to platinum use in SO3/SO2 conversion reactor and for electrolysers.
Except for shell and tube exchangers, purchased costs were estimated by means of charts from
the “Chauvel Method” (Chauvel, 2000), then multiplied by correcting factors (materials for example).
Other charts have then been used for purchased costs, the second step requiring correcting factors
being the same as previously. These different methods show finally various results with a decrease of
about 24% of the total capital investment (Peters, 2003; Ulrich, 2004).

Operational cost
Operational costs include fixed and variable costs per year. The following items have been assessed:
maintenance, which is the main contributor, labour and raw materials. Energy costs are not
considered in this study. Maintenance is estimated with ratio of capital investment for chemical
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application and industrial data for electrolysers (Mansilla, 2008). The maintenance term represents
about EUR 73 M/year. Labour costs assessment requires knowledge of wages and operator numbers in
a HyS plant. For the first category French data were used and for the second one, analogies with
existing chemical and electrolysis units were performed. We obtained a total of about EUR 11.7 M/year.
The hybrid sulphur cycle requires water. Off-sites being not included therein, water cost is considered
around EUR 1/m3, i.e. EUR 0.5 M/year.
Operational cost, including maintenance, labour and raw materials, represents about EUR 85 M/year.
This approach considers HyS process as an ideal one without any losses. The main raw material is
sulphuric acid but its price is negligible, in spite of important recent changes. The influence of platinum
is certainly more important due to its price and the required quantities: in SO3/SO2 conversion reactor
and as electrodes coating in electrolysers. Then, time stability of electrode coating is one of the
important questions to be solved in future experiments. Considering a loss of 1% platinum during
a reconditioning step performed every five years, the supplementary cost to consider is roughly
EUR(08) 0.11 M. This value is negligible compared to the other terms. However, it may become more
important in case of loss increasing or eventual substitution.

Pilot plant experimentations
With the economic assumptions mentioned above, nearly 30% of capital investment is required for
electrolysers. Therefore, our investigations are now focusing on the electrochemical step for which
information is still lacking, especially with the SO2 electrolysers. In order to acquire technical and
technological data, CEA has built a pilot electrolysis facility with a hydrogen capacity of 100 NL/h. This
pilot plant discussed at ICONE16 (Rivalier, 2008) is designed to handle sulphuric acid solutions with
mass concentrations up to 60%, temperatures up to 100°C and pressures up to 10 bar. This pilot plant
includes the metered supply of SO2 in liquid or gaseous form, recirculation flow rates in the range
50 to 1 000 L/h in each electrolysis compartment. Due to the potential risks arising from the operating
conditions, the pilot plant is installed in a ventilated cell which allows enough room for a full-scale
industrial stack assembly.
The pilot began operating in April 2008. All the tests are currently conducted at room
temperature and atmospheric pressure with 20 wt.% sulphuric acid. These tests are performed either:

•

with a 64 cm2 active area filter-press electrolyser with platinum-coated titanium planar
electrodes and cationic exchange membrane (Nafion or Neosepta);

•

with a 103 cm2 active area proton exchange membrane (PEM) electrolyser using membrane
electrode assembly with catalyst sprayed on Nafion membrane, carbon cloth (0.5 mg/cm2 Pt
loading).

The best results are obtained with the PEM electrolyser: current density of 1 200 A/m2 under cell
voltage of 1 V corresponding to a hydrogen production of 500 NL.h–1.m–2. The results from both
electrolysers show sulphur deposition at the cathode. This chemical reduction consumes electrons at
the expense of hydrogen production causing sulphur to poison the catalyst and modify the membrane
conductivity.
So, since the conventional cationic exchange membranes suffer from higher SO2 transport, CEA
has built a test facility to characterise SO2 transport through membranes. In collaboration with other
laboratories, CEA is developing new membranes with reduced SO2 transport characteristics and high
ionic conductivity.
Our test results also show an excessive cell voltage. In order to decrease cell voltage, two
approaches have been investigated since early 2009:

•

higher activity anodic catalysts;

•

porous anodes incorporated in a “flow-through” mode.

Once good performance results with new membranes, new catalysts and porous or PEM electrodes
have been achieved, time stability of the components will be evaluated. Future work will focus on
improving cell designs.

220

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

INTEGRATED LABORATORY SCALE DEMONSTRATION EXPERIMENT OF THE HYBRID SULPHUR CYCLE AND PRELIMINARY SCALE-UP

Accompanying the experimental programme, an increasing effort is today dedicated to the
electrochemical process simulation. The modelling task is aimed at: i) understanding the many
phenomena involved and their strong coupling; ii) contributing to the design and scale-up of an
efficient H2 production cell (Jomard, 2008; Charton, 2009).

Conclusions
The CEA launched in 2001 an integrated programme to compare the most promising way to produce
hydrogen using the high temperature heat available from a VHTR. In order to develop its own
expertise on thermochemical cycle assessment, CEA has chosen to develop a scientific approach
based on data acquisition (development of devoted devices and specific analytical methods) and
modelling (physical models, flow sheet analysis, systemic approach).
Innovative analytical tools and methods have been developed, and dedicated instrumented
devices now give access to the necessary reliable data, essential for the optimisation of the process
and for the analysis of the potential of the cycle.
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Development status of the hybrid sulphur
thermochemical hydrogen production process*

William A. Summers
Savannah River National Laboratory
Aiken, South Carolina

Abstract
The DOE Nuclear Hydrogen Initiative has selected two sulphur cycles, the sulphur iodine (SI) cycle and
the HyS process, as the first priority thermochemical processes for development and potential
demonstration with the next generation nuclear plant. Both cycles share a common high temperature
reaction step – the catalytic thermal decomposition of sulphuric acid. However, they are fundamentally
different in the methods used for the hydrogen production step. Whereas the SI cycle utilises two or
more additional thermochemical reaction steps, the HyS process produces hydrogen (and regenerates
sulphuric acid) in a single electrochemical reaction. As a two-step cycle, HyS is thus the simplest
thermochemical process that has been demonstrated. The process chemistry involves only sulphur
compounds, water, hydrogen and oxygen. It has the potential for high efficiency, competitive cost of
hydrogen, and it has been demonstrated at a laboratory scale to confirm performance characteristics.
This paper will discuss the background, current status and future plans for the development of the
HyS process.
The major challenges for the development of the HyS process are associated with the development of
an efficient, cost-effective electrochemical reactor. The reactor is actually a sulphur dioxide depolarised
water electrolyser (SDE). The Savannah River National Laboratory (SRNL) has adopted proton
exchange membrane (PEM) technology for the electrochemical cell. The advantages of this design
concept include high electrochemical efficiency and small footprint, both of which are crucial for
successful implementation on a commercial scale. Since PEM technology is also the subject of intense
development efforts for use in automotive fuel cells, there is the opportunity for leveraging that work
for improving the SDE.
This paper will discuss the selection, characterisation and performance of the major cell components,
including the PEM electrolyte, the anode and cathode, the gas diffusion layers and the overall cell
design. Over thirty single cell test units have been built and tested, and a three-cell stack, rated at
100 litres per hour of hydrogen, was successfully demonstrated. Ongoing work to address key technical
challenges, including long-term operation without voltage degradation or build-up of elemental
sulphur inside the cell, will be discussed. SRNL has also performed extensive system analysis and has
prepared a conceptual design and cost estimate for a commercial HyS process combined with the
Pebble Bed Modular Reactor nuclear heat source. Results of this study will also be presented.

*

The full paper being unavailable at the time of publication, only the abstract is included.
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Recent Canadian advances in the thermochemical
Cu-Cl cycle for nuclear hydrogen production

Greg F. Naterer
Canada Research Chair in Advanced Energy Systems
University of Ontario Institute of Technology
Oshawa, Ontario, Canada

Abstract
This paper presents recent Canadian advances in nuclear-based production of hydrogen with the
thermochemical copper-chlorine (Cu-Cl) cycle. Current collaboration between UOIT, Atomic Energy of
Canada Limited, Argonne National Laboratory and partner institutions is focusing on enabling
technologies for the Cu-Cl cycle, through the Generation IV International Forum. This paper presents
the recent advances in the development of individual reactor designs, thermal efficiency, process
developments, corrosion resistant materials and linkage between nuclear and hydrogen plants. The
paper provides an overview of latest advances by a Canadian consortium that is collaborating on
equipment scale-up for the Cu-Cl cycle.
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Introduction
A key future challenge of the hydrogen economy will be sustainable large-scale production of hydrogen
at low cost. This paper presents the latest Canadian research in sustainable hydrogen production
from nuclear energy, for a carbon-free source of hydrogen. Currently, large quantities of hydrogen are
needed by many industrial sectors, such as the Canadian oil sands (bitumen upgrading), agricultural
(ammonia for fertilisers) and petroleum product industries. In the transportation sector, it is widely
believed that hydrogen will eventually become a dominant energy carrier. Hydrogen is a desirable
energy vector because it can be stored and used to generate electricity, either onboard vehicles or
stationary power systems (Stevens, 2008).
Thermochemical water splitting is a promising technology for large-scale sustainable production
of hydrogen. Using intermediate compounds, a sequence of chemical and physical processes decompose
water into hydrogen and oxygen, without releasing any pollutants externally to the atmosphere. The
intermediate compounds are recycled internally within a closed loop. Over 200 thermochemical cycles
have been identified previously (Lewis, 2006; McQuillan, 2002). But very few have progressed beyond
theoretical calculations to working experimental demonstrations that establish scientific and
practical feasibility of the thermochemical processes.
The sulphur-iodine (S-I) cycle is a leading process where equipment has been scaled up to a pilot
plant level. Active development is underway at General Atomics (USA), Sandia National Laboratory
(USA), Japan Atomic Energy Agency (JAEA), CEA (France) and others (Sakurai, 2000; Schultz, 2003).
Approximately 30 litres/hr of hydrogen were produced from an S-I pilot facility by JAEA (Sakurai, 2000).
It aims to scale up the S-I cycle to much larger production capacities that could eventually support a
significant volume of fuel cell vehicles. Korea (KAERI), China and Canada (Sadhankar, 2005) are also
advancing towards large-scale production of hydrogen from nuclear energy. This paper provides an
overview of Canada’s latest advances in thermochemical hydrogen production, with particular focus
on the copper-chlorine (Cu-Cl) cycle.
Current collaboration between UOIT, Atomic Energy of Canada Limited (AECL), Argonne National
Laboratory and partner institutions, is focusing on enabling technologies for the Cu-Cl cycle, through
the Generation IV International Forum (GIF) (Sadhankar, 2007). This paper focuses on recent Canadian
developments to scale up these enabling technologies to larger capacities of hydrogen production with
the Cu-Cl cycle. Thermal efficiency and individual process developments within the Cu-Cl cycle will be
presented, as well as corrosion resistant materials and linkage between nuclear and hydrogen plants.

Overview of the Cu-Cl cycle
The Cu-Cl cycle uses a set of reactions to achieve the overall splitting of water into hydrogen and
oxygen as follows: H2O(g) → H2 (g) + ½ O2(g). The Cu-Cl cycle decomposes water into hydrogen and
oxygen through intermediate copper and chloride compounds. These chemical reactions form a
closed internal loop that recycles all chemicals on a continuous basis, without emitting any
greenhouse gases. Process steps in the Cu-Cl cycle are shown in Table 1.

Thermochemical process for hydrogen production
Step 1 in the Cu-Cl cycle is the H2 production step, which occurs at 430-475°C, characterised by the
reaction 2Cu(s) + 2HCl(g) → H2(g) + 2CuCl(l) (see Table 1). Copper particles enter the reactor vessel and
react with HCl gas to generate H2 gas and molten CuCl. Scientific feasibility of this chemical reaction
has been demonstrated experimentally by Serban, et al. (2004). The conversion of HCl to hydrogen was
found to be a function of Cu particle size as shown in Figure 2 (Serban, 2004). The yields varied
between 65 and 100%, with complete conversion in the case of 3-μm Cu particles. The 100-μm Cu
particles were obtained in an electrolytic cell by disproportionating CuCl to Cu and CuCl2. The size and
shape of electrolytic copper particles were affected by the operating parameters of the cell. To directly
measure the kinetics of the reaction between HCl and Cu, the reaction rates were measured at four
different temperatures (400, 425, 450 and 475°C).
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Table 1: Steps and chemical reactions in the Cu-Cl cycle
Step
1
2
3
4
5

Temp.
range (°C)

Reaction
2Cu(s) + 2HCl(g) → 2CuCl(l)
+ H2(g)
2CuCl(s) → 2CuCl (aq) →
CuCl2(aq) + Cu(s)

Feed:
Output:
Ambient
Feed:
(electrolysis) Output:
Feed:
CuCl2(aq) → CuCl2(s)
<100
Output:
2CuCl2(s) + H2O(g) →CuO*CuCl2(s)
Feed:
400
+ 2HCl(g)
Output:
CuO*CuCl2(s) → 2CuCl(l) +
Feed:
500
1/2O2(g)
Output:
430-475

Feed/output
Electrolytic Cu + dry HCl + Q
H2 + CuCl(l) salt
Powder/granular CuCl and HCl + V
Electrolytic Cu and slurry containing HCl and CuCl2
Slurry containing HCl and CuCl2 + Q
Granular CuCl2 + H2O/HCl vapours
Powder/granular CuCl2 + H2O(g) + Q
Powder/granular CuO*CuCl2 + 2HCl (g)
Powder/granular CuO*CuCl2(s) + Q
Molten CuCl salt + oxygen

Notes: Alternative four-step cycle combines above Steps 1 and 2 to produce hydrogen directly as follows: 2CuCl(aq) + 2HCl(aq)
→ H2(g) + 2CuCl2(aq).
Q = thermal energy, V = electrical energy.

Electrochemical process of hydrogen production (four-step Cu-Cl cycle)
An electrochemical process is required, either separately from the hydrogen reaction (separate Steps 1
and 2 in Table 1), or combining electrochemical and thermochemical processes together to produce
hydrogen directly via electrolysis. Past studies demonstrate the scientific feasibility of the latter process
of cuprous chloride/HCl electrolysis (Suppiah, 2008). Oxidation of cuprous chloride (CuCl) during an
electrochemical reaction occurs in the presence of hydrochloric acid (HCl) to generate hydrogen. The
cuprous ion is oxidised to cupric chloride at the anode, and the hydrogen ion is reduced at the
cathode (see Figure 1).
AECL has demonstrated experimentally a CuCl electrolyser in which hydrogen is produced
electrolytically at the cathode and Cu(I) is oxidised to Cu(II) at the anode (Suppiah, 2008).

Figure 1: Schematic of the electrochemical cell

Electrochemical process of copper production (five-step Cu-Cl cycle)
A fundamental investigation of the anode electrode materials has been undertaken by Easton and
Santhanam (Suppiah, 2008) for the five-step cycle (see Table 1). Their experiments employed
three-electrode cell measurements using various working electrode materials. A 1 mM solution of
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CuCl in 1.5 M HCl, saturated calomel electrode (SCE) as the reference electrode, and Pt auxiliary
electrode were used. The experiments focused on the influence of the electrode materials on the anode
electrode kinetics. The primary goal was to determine if there is any performance gain by employing a
noble metal based electrode material. Two materials were chosen: glassy carbon (GC) and Pt 5 mm
diameter rotating disk electrodes (RDE). Cyclic voltammetry (CV) was performed with a stationary and
rotating working electrode. No difference was observed in the potential requirements to drive the
reaction on either a glassy carbon or Pt electrode surface. However, the limiting current densities with
a Pt electrode surface were approximately three times larger than those achieved with a glassy carbon
electrode. Voltammetric measurements at different electrode rotation rates showed the typical Levich
behaviour (limiting current proportional to square root of rotation rate) for both Pt and GC.

Drying of aqueous cupric chloride
Step 3 of the Cu-Cl cycle is the drying step as expressed by: 2CuCl2(aq) → 2CuCl2(s) (see Table 1).
An aqueous CuCl2 stream exiting from the electrochemical cell is supplied to a spray dryer to produce
solid CuCl2(s), which is required for a subsequent hydrolysis step that produces copper oxychloride
(CuO*CuCl2) and HCl gas. The apparatus must add sufficient heat to evaporate and remove the water.
The process is an energy-intensive step within the Cu-Cl cycle. Although the amount of heat required
for the drying step is much higher than other steps in the cycle, it occurs at a lower temperature
(lower quality) and therefore with heat that is more readily available. Within the drying step, the
energy requirement increases from one to five times higher for slurry feed to solution, respectively,
depending on the CuCl2 concentration. The overall cycle efficiency is higher with slurry feed in the
drying step than drying of aqueous solution. Spray drying is an efficient method of water removal due
to the relatively large surface area available for heat and mass transfer, provided the liquid atomises
into sufficiently small droplets (order of a hundred microns). Experimental studies have been
conducted to demonstrate the scientific feasibility of drying aqueous cupric chloride to produce solid
CuCl2 particles (Suppiah, 2008). Spray drying is a unique process that involves both particle formation
and drying. The powder characteristics can be controlled and powder properties maintained constant
throughout a continuous operation.

Hydrolysis reaction for copper oxychloride production
The following hydrolysis reaction occurs within the Cu-Cl cycle (see Table 1): H2O(g) + 2CuCl2(s) →
Cu2OCl2(s) + 2HCl(g). The reaction is an endothermic non-catalytic gas-solid reaction that operates
between 350 and 400°C. The solid feed to the hydrolysis reaction is cupric chloride, which comes from
the dried CuCl2 product of Step 2 (electrolysis). Aqueous cupric chloride is dried to produce CuCl2
solids, which are then transported to the hydrolysis chamber and reacted with superheated steam to
produce copper oxychloride solid and hydrochloric gas. Recent developments have examined the
transport phenomena of reactive spray drying (a combination of the hydrolysis and drying processes),
as well as a non-catalytic gas-solid reaction that separates drying and chemical reaction processes
during hydrolysis.
Ferrandon, et al. (2008) have demonstrated experimentally the scientific practicality of the
hydrolysis reaction to produce HCl gas and solid copper oxychloride. In order to vary the particle sizes,
the material was first dried in a dessicator, crushed and sieved to the desired particle sizes and then
re-hydrated. During the hydrolysis experiments, the sample was heated rapidly (within 10 minutes)
in humidified Ar to the reaction temperature, between 300 and 400°C, and then held at the test
temperature for a fixed period.

Molten salt reactor for oxygen production
The oxygen production step (Step 5; see Table 1) receives solid feed of CuO*CuCl2 and produces O2 gas
and liquid cuprous chloride. The reaction is given by CuOCuCl2(s) = 2CuCl (molten) + 0.5O2 (gas) at 530°C.
Gas species leaving the oxygen reactor include oxygen gas and potentially impurities of products from
side reactions, such as CuCl vapour, chlorine gas, HCl gas (trace amount) and H2O vapour (trace
amount). The substances exiting the reactor are molten CuCl, potentially solid CuCl2 from the upstream
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reaction (CuCl2 hydrolysis step), due to the incomplete decomposition of CuCl2 at a temperature lower
than 750°C, as well as reactant particles entrained by the flow of molten CuCl. In the oxygen reactor,
copper oxychloride particles decompose into molten salt and oxygen. The reactant particles absorb
decomposition heat from the surrounding molten bath.
Serban, et al. (2004) have demonstrated experimentally the scientific practicality of the oxygen
production reaction at a small test-tube scale. Recent efforts have focused on experimental work that
scales up equipment beyond small test-tubes to much larger reactors. Several design issues must be
addressed at these larger flow capacities (Naterer, 2008; Wang, 2008). For example, aggregation into
blocks of CuO*CuCl2 particles may occur during the process of removing, conveying and feeding of
particles. The aggregation may choke or clog the feeder and cause sudden spouting of particles.
Also, embedded particles of CuCl2 from the upstream hydrolysis reactor may exist. The existence
of CuCl2 particles in CuO*CuCl2 would lead to undesirable products and side reactions, i.e. CuCl2 may
decompose to CuCl and Cl2 gas. If particles enter the reactor at a temperature lower than 430°C, a
difficulty with the presence of bubbles in the molten salt may occur. Some CuCl vapour might
condense and molten CuCl might solidify around the CuO*CuCl2 particles. If an aggregation develops
with particles, molten salt and bubbles, the contact area between a reactant particle and heating
medium (molten CuCl) will decrease and the aggregations may float along the surface of the molten
salt. This would deter the decomposition of reactant particles and potentially lead to choking of the
reactor (a major safety concern).

Thermal and life cycle analyses of the Cu-Cl cycle
Water is decomposed into hydrogen and oxygen as the net result of the Cu-Cl thermochemical cycle.
The cycle involves five steps, as listed in Table 1: 1) HCl(g) production using equipment such as a
fluidised bed; 2) oxygen production; 3) copper (Cu) production; 4) drying; 5) hydrogen production.
Recent studies by Chukwu, et al. (2008) and Orhan, et al. (2008) have analysed the overall thermal
efficiency of the five-step Cu-Cl cycle. The efficiency of the cycle versus temperature was analysed for
three cases: x = 0.2, 0.3 and 0.4, where x refers to the fraction of heat loss to heat input to the cycle.
The calculated efficiencies varied from 42 to 55% at 550°C.
A life-cycle analysis (LCA) was also conducted (Suppiah, 2008). One objective of the LCA was to
identify environmental issues associated with nuclear-produced hydrogen and determine which are
the most critical. The study focused on identifying energy, materials, and waste in/out of the system
for the nuclear-hydrogen plant. Sensitivity analyses were performed to investigate what future
improvements should be made, and identify specific areas where significant contributions would
improve the overall environmental impact.

Thermochemical data for working fluids
Accurate self-consistent thermochemical data for the copper chlorides up to 200°C are required, in
order to improve solubility calculations and electrochemical modelling capabilities for Aspen Plus and
OLI software. Experimental work has been initiated at the University of Guelph, Canada and UOIT to
determine a comprehensive thermochemical database, for solubility limits of OMIT, and aqueous cupric
chloride versus chloride concentration and temperature using UV-VIS spectroscopy (Suppiah, 2008).
The chloride ion is obtained by adding LiCl OMIT. The conditions of tests are primarily 25-200°C, up to
20 bars. Specialised equipment for this task is needed to reach elevated temperatures and pressures,
because cupric chloride is chemically aggressive, and because changes in the solution concentrations
must be made precisely. A titanium test cell has been custom made, including a UV-VIS spectrometer
with sapphire windows, HPLC pumps and an automated injection system. The data acquired will be
combined with past literature data for the cuprous chloride system to develop a self-consistent
database for the copper (I) and copper (II) chloride-water systems.

Development of corrosion resistant materials
One of the challenging environments for materials to resist corrosion is the copper oxychloride
decomposition reactor. In this reactor, a gaseous stream of pure oxygen is produced at temperatures
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between 450 and 550°C. This stream may contain HCl or Cl2 gas impurities and small quantities of
entrained copper oxychloride. The impurity concentrations should be small because the hydrolysis
reactor (feeding the decomposition reactor) will operate at negative pressures in order to enhance the
performance of the hydrolysis reactor. High Ni-Cr alloys were identified as the most promising
materials of construction for this environment because of their corrosion resistance in high temperature
oxidising environments.
The FACTSage thermochemical database was used to identify the thermodynamically stable
phases that could exist in a system comprised of a pure metal, oxygen, HCl and Cl2 at 500°C (Suppiah,
2008). The predominant Fe, Ni, Cu and Cr phases in an O2/HCl/Cl2 environment were determined. The
equilibrium reaction boundary was plotted as a function of the partial pressures of O2 and HCl, for a
constant Cl2 partial pressure. The resulting predominance diagrams were plotted over an O2 and HCl
partial pressure range of 10–20 to 1 atm for Cl2 partial pressures between 10–6 and 1 atm. The
predominant Ni and Cr species are solids, suggesting that a corrosion resistant protective layer could
be formed on the metal.

Linkage of nuclear and hydrogen plants
The Generation IV nuclear reactor, Super-critical Water Reactor (SCWR) is being designed to operate at
higher temperatures (550-625°C) that can facilitate co-generation of electricity and hydrogen. SCWR is
expected to co-generate electricity and hydrogen uniformly throughout the year, independently of the
electrical load. With an electrical load decrease, the SCWR could produce more hydrogen and vice
versa. Using high temperature heat from a nuclear power plant to heat water in the hydrogen
production loop is a promising option with SCWR. Heat exchangers of a recuperator-type would be
used for this purpose (see Figure 2). Currently, UOIT is collaborating with AECL on various plant
configurations for co-generation of electricity and hydrogen (Mokry, 2009).

Figure 2: Single-reheat cycle with co-generation of hydrogen in a nuclear power plant (Mokry, 2009)

Conclusions
This paper has presented the recent Canadian advances in nuclear-based hydrogen production. The
Cu-Cl cycle was identified by Atomic Energy of Canada Limited, AECL [Chalk River Laboratories (CRL)],
as the most promising cycle for thermochemical hydrogen production with the Generation IV nuclear
reactor Super-critical Water Reactor (SCWR). Recent developments of enabling technologies for the
Cu-Cl cycle were presented, particularly the individual reactor designs, thermochemical properties,
advanced materials and linkage between nuclear and hydrogen plants.
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Abstract
This paper describes the status of the development effort for the Cu-Cl thermochemical cycle. Most of
the recent work has been focused on the hydrolysis reaction, which is challenging because of the need
for excess steam to achieve high yields. Two types of spray reactors were tested and the ultrasonic
nozzle gave excellent results. The conceptual process design for the overall process now includes a
spray reactor. Engineering methods to increase efficiency are proposed. Preliminary values for the
efficiency and capital costs for producing hydrogen using the Cu-Cl cycle have been calculated.
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Introduction
The Cu-Cl thermochemical cycle has been under development for several years. The goal is to achieve
a commercially viable method for producing hydrogen at a moderate temperature (∼550°C). This
chemical process, if successfully developed, could be coupled with several types of heat sources,
e.g. the supercritical water reactor, the Na-cooled fast reactor or a solar heat source such as the solar
power tower with molten salt heat storage. The use of lower temperature processes is expected to
place less demand on materials of construction compared to higher (∼850°C) temperature processes.
Besides the lower temperature requirement, other positive features of the cycle are the following:
•

Proof-of-concept experiments have shown chemical viability and no showstoppers.

•

No catalysts are required for the thermal reactions or for the anode reaction in the electrolysis
step.

•

The preliminary conceptual process design and the corresponding flow sheet have shown an
efficiency of 39-41% (LHV). These values depend on assumptions regarding the operability of
the electrolyser and the crystalliser, which separates components in the spent anolyte and
catholyte.

The three reactions in the cycle are given in Table 1. This representation of the cycle is simplistic
as 100% yields and stoichiometric quantities of reagents are assumed for all reactions. The challenge
in developing any thermochemical cycle is to determine how to obtain these yields, while reducing
the amount of any excess reagent used to drive the reaction as far to the right as possible. This paper
will focus on laboratory and reactor design work for the hydrolysis reaction and will also describe the
conceptual process design, with special emphasis on the hydrolysis reaction.

Table 1: Reactions in the Cu-Cl thermochemical cycle
Hydrolysis
Decomposition
Electrolysis

Reaction
2CuCl2(s) + H2O(g) → Cu2OCl2 (s) + 2HCl(g)
Cu2OCl2 (s) → ½ O2 (g) + 2CuCl(s)
2CuCl(s) + 2HCl(g) → 2CuCl2 + H2 (g)

Temperature, °C
340-400
450-530
100

The hydrolysis reaction, CuCl2 + H2O(g) ⇔ Cu2OCl2 + 2HCl(g), requires excess steam to obtain high
yields. Theoretically, the steam to CuCl2 molar ratio (S/Cu) required for ∼100% yield is temperature and
pressure dependent. At 375°C, the S/Cu is about 17 at atmospheric pressure. Most of our early fixed
bed experiments confirmed that the S/Cu of 15-20 was needed to obtain 60-80% conversion to Cu2OCl2.
However, the solid products contained up to 25 wt.% CuCl and, in some cases, large amounts of
unreacted CuCl2, found agglomerated in the middle of the fixed bed. It was concluded that fixed bed
reactor designs provided poor heat and mass transfer. A spray reactor, which offers better mass and
heat transfer, was therefore designed, built and tested. The conceptual process design has incorporated
a spray reactor design and also includes engineering solutions that mitigate the costs associated with
the need for a large excess of steam. These are described below.

Experimental
A schematic of the apparatus is shown in Figure 1. The dimensions of the glass reactor are 12.1 cm
(4.75 in) OD, 3 mm wall thickness and 137.2 cm (54 in) long. Two types of injectors were tested: i) a
“pneumatic” quartz nebuliser, typically used for Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)
analyses (Glass Expansion); ii) an ultrasonic nozzle (Sono-Tek). The pneumatic one requires a sweep
gas to create a fine mist of CuCl2 solution while the ultrasonic nozzle uses mechanical vibrations to
atomise the solution. The heated zone of the furnace is 91.4 cm (36 in) long. Superheated steam was
used to assist heat transfer and was injected either co-currently or counter-currently with the CuCl2
solution. The carrier gas was 99.999% Ar and its flow rate was controlled by mass flow controllers. The
liquid flows were controlled by syringe pumps. The CuCl2 solution was made by dissolving 5 g of
99.99% purity CuCl2•2H2O from Aldrich into 10 g of deionised water.
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Figure 1: Schematic of the nebuliser reactor for the Cu-Cl hydrolysis experiments.
The pneumatic nebuliser is represented at the top of the reactor.
TC = thermocouple

The furnace was preheated and the atmosphere conditioned by passing Ar (up to 300 mL/h)
humidified with superheated steam for one hour prior to starting the test. The Ar was humidified by
injecting water from a syringe pump into the Ar line, which was heated with an internal Kal-rod
heater and is referred to as the superheated steam line (SHS). The temperature of the humidified Ar at
the exit of the SHS was monitored with a thermocouple and was varied via a variac.
After the pretreatment, the ultrasonic nozzle or pneumatic nebuliser was placed at the top of the
reactor and connected via a Teflon transfer line to a syringe containing CuCl2 solution. A syringe
pump delivered the CuCl2 solution at a measured flow rate, typically 0.5 mL/h or 0.0083 mL/m, into the
reactor. The runs varied from 48 to 96 minutes, longer times being used to prepare more product. The
product gases were passed through a bubbler containing NaOH solution. At the completion of the run,
the reactor temperature was reduced to 150°C and allowed to cool overnight with dry Ar flowing.
Heating tapes maintained the bottom of the reactor at about 150°C. Besides quenching the hydrolysis
reaction, maintaining 150°C prevents steam condensation during cool-down. If the steam was allowed
to condense at the bottom of the reactor, any unreacted CuCl2 would become hydrated and the
Cu2OCl2 would be converted to a copper hydroxychloride, such as atacamite. When dry, the product
consisted of free flowing powders, which were easily removed by tapping the reactor bottom. Some
samples were analysed with X-ray diffraction and/or a wet chemical analysis. All X-ray diffraction
patterns were obtained using a copper radiation source and scanned from 2θ = 10 to 50. Because the
analyses were expensive, we used visual observations for a qualitative assessment of each product.
For example, dry Cu2OCl2 is black, CuOHCl is dark brown, dehydrated CuCl2 is medium brown,
hydrated CuCl2 (CuCl2•2H2O) is blue, and CuCl is white. If the temperature of the run was too high or
too much water was used, CuO, which is also black, is formed.
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Some of these products can be distinguished by their behaviour in water. For example, CuO is
insoluble while Cu2OCl2 forms a suspension of black particles, which subsequently precipitate as a
blue-green copper hydroxychloride salt. The CuCl2 is water soluble and forms a blue solution. CuCl is
insoluble but is readily oxidised to CuCl2 in air.
The decomposition temperature of Cu2OCl2 was measured by passing the effluent gas from the
reactor to a mass spectrometer.

Results
Experiments were conducted with the pneumatic nebuliser in co-current mode, with and without
superheated steam, at furnace temperatures of 300 to 400°C and Ar flow rates varying from 200 to
400 mL/min. Either very little or no Cu2OCl2 was detected in the X-ray patterns of these products.
However, injecting superheated steam counter-currently resulted in a product that consisted mostly
of Cu2OCl2. The X-ray diffraction pattern is shown in Figure 2. It contains lines identified as
melanothallite, the mineral form of Cu2OCl2 and several lines identified as hydrated or dehydrated
CuCl2. There is one line that is characteristic of CuCl at a d-spacing of 3.14 Å. The relative intensities
of the lines for CuCl2 and CuCl are small compared to those for Cu2OCl2.
This sample was obtained under the following conditions:
•

superheated steam temperature of 450°C;

•

Ar flow rate through both the nebuliser and SHS of 200 mL/min;

•

furnace temperature of 370°C;

•

flow rates of water to nebuliser and SHS line during preheat of 1 mL/h and 0.25 mL/h,
respectively.

Figure 2: XRD pattern of sample produced in the nebuliser reactor, counter-current mode

Several variables were changed to determine their effect on Cu2OCl2 yield when the experiments
were run counter-currently. In Figure 3, the effect of varying Ar flow rates from 100 to 300 mL/h
through the nebuliser is shown. There is less conversion when the Ar flow rate through the nebuliser
is 100 mL/min compared to 300 mL/min. This suggests higher flow rates give finer droplets, which
results in better heat and mass transfer and therefore greater conversion to Cu2OCl2. The flow rate of
the Ar gas through the superheated steam line also affects the conversion to the oxychloride. As can
be seen in Figure 4, there is more conversion to the oxychloride and less unreacted CuCl2 as the Ar
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Figure 3: Effect of different Ar flow rates through the pneumatic nebuliser
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Figure 4: Effect of different Ar flow rates through the superheated steam line
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flow rate increases from 100 to 300 mL/h. We conclude that the higher flow rate of the Ar from the
superheated steam provides more turbulence and better mixing. We do not believe that the difference
in the steam to copper molar ratios (6 or 12) is as important as the differences in the Ar flow rate.
The CuCl2 solution flow rate was also varied from 1 to 3 mL/h with a fixed Ar flow rate. There was
less conversion at the higher CuCl2 flow rate than at the lower flow rate. We concluded that the higher
CuCl2 solution flow rate results in larger droplets, hence less conversion.
While possible to obtain satisfactory products with the pneumatic nebuliser, the experimental
difficulties due to clogging and the strong dependence on many interrelated variables indicated that
another type of atomiser should be investigated. An ultrasonic nozzle, in which high frequency electrical
energy is converted into vibratory mechanical motion at the same frequency, was therefore examined.
The ultrasonic nozzle was chosen because the average droplet size was small, about 25 microns, and
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because the inner bore could be constructed of Ti, which is corrosion resistant to CuCl2 solutions.
No clogging of the capillary tube occurred. Tests were conducted in the co-current mode. Excellent
results were obtained. The product consisted of very fine, free-flowing black powders with little or no
“chunks” after optimisation of the unit’s power. (To use ultrasonic nozzles properly, the vibrational
amplitude must be carefully controlled. If too high, the liquid breaks off in chunks and if too low,
there is insufficient energy to produce atomisation.) The experiments were reproducible. The water
wash of a small fraction of the powders showed no insoluble particles. No conversion was obtained
when superheated steam was not present.
The X-ray diffraction patterns for samples prepared with the ultrasonic nozzle were similar to
that shown in Figure 3 above except that there were no peaks for hydrated and dehydrated CuCl2.
A typical pattern is shown in Figure 5. All of the peaks were those of the mineral melanothallite or
Cu2OCl2 except for weak lines assigned CuCl. Wet chemistry analysis showed that these samples
contained 3-5 wt.% CuCl. We believe the source of the CuCl is the decomposition of Cu2OCl2 because
hydrolysis experiments in which the effluent gas phase was analysed showed no chlorine evolution
(Ferrandon, 2010). The absence of chlorine in the gas phase indicates that the CuCl2 did not
decompose to give CuCl and chlorine.

Figure 5: X-ray diffraction pattern for hydrolysis
reaction products obtained with the ultrasonic nozzle

Scanning electron micrographs for particles of Cu2OCl2 obtained with the ultrasonic nozzle with
an optimised power setting had an estimated size of 100 nanometers to 30 microns.
Solid Cu2OCl2 products formed by the ultrasonic nozzle were subsequently heated from room
temperature to 700°C to investigate its decomposition behavior as a function of temperature. While
several mass numbers were monitored as a function of time and reaction temperature, the oxygen peak
at mass number 32 is shown in Figure 6. The peak area was determined and converted to an amount
of oxygen via a calibration curve. As can be seen the oxygen signal started near 400°C and ended near
550°C. The calibration showed that the peak area corresponded to 100% of the theoretical amount.

Discussion
The spray reactor with the ultrasonic nozzle provided sufficient heat and mass transfer in the laboratory
tests as essentially all of the CuCl2 was converted to Cu2OCl2. The ultrasonic nozzle provided droplets
with an estimated size of 25 microns. Mass and heat transfer was achieved by injecting these small
droplets/dehydrated particles into an atmosphere of superheated, humidified Ar. These results provide
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Figure 6: Measurement of oxygen evolution from Cu2OCl2
as a function of temperature using mass spectrometry
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partial validation of our conceptual design for a commercial hydrolysis reactor. Critical to obtaining
the high yields necessary for commercial operation is high mass and heat transfer. A spray reactor
has thus proposed in the conceptual process design. In order to achieve the mass and heat transfer
needed, the CuCl2 slurry would be injected at 24 bar (obtained from a crystalliser unit) into a
hydrolysis reactor containing superheated steam. The pressure in the reactor is to be about 0.25 bar.
As the droplets enter the hot reactor, the pressure drop would cause the droplets/particles in the
slurry to be injected at supersonic speed. Under these conditions, the slurry would form a free jet.
As the CuCl2 jet expands, it aspirates the superheated steam into the jet resulting in high mass and
heat transfer between the CuCl2 droplets/particles and the steam. Thus, the need for an Ar carrier gas,
which was found to be critical in the laboratory, will be eliminated for commercial operation.
The test results with the ultrasonic nozzle were obtained with an estimated steam to copper
(S/Cu) ratio of 23 and the humidified Ar was injected co-currently with the CuCl2 solution. Several
variables remain to be investigated, i.e. lower S/Cu ratios, counter-current instead of co-current
operation, and subatmospheric pressures. LeChatelier’s Principle predicts that reducing the pressure
in the hydrolysis reactor should reduce the S/Cu ratio. The effect of a reduced pressure was quantified
by the results of a sensitivity study using Aspen. Aspen predicts that a S/Cu ratio of 17 is needed for
essentially complete conversion at 375°C and atmospheric pressure while a S/Cu ratio of 13 is required
at 0.5 bar. The conceptual process design specifies that the hydrolysis reactor be run at 0.25 bar. The
pressure drop in the reactor is achieved by adding a low temperature steam ejector after the
condenser at the exit of the hydrolysis reactor in the conceptual design.
One of the most important characteristics of this cycle is the relatively low maximum process
temperature required, about 550°C. Early tests showed that a temperature of 530-550°C was required
for complete decomposition (Serban, 2004). The results of the decomposition studies with the Cu2OCl2
produced with the ultrasonic nozzle also showed that the maximum temperature is near 550°C.
The results of the energy and mass balance from the current Aspen flow sheet/ heat exchanger
network optimised with pinch analysis gave an efficiency for the cycle of 39 to 41% (LHV), as shown in
Table 2. This result is based on assumptions regarding the performance of the electrolyser and the
crystalliser. In the electrolyser, 2H+ is reduced to H2 (g) and CuCl is oxidised to CuCl2. For the purposes
of the efficiency calculation, we have assumed cell operating parameters of 0.7 V and 500 mA/cm2 for
2015. We have assumed technical improvements in membranes, electrocatalysts and electrode
materials will allow a reduction in cell emf to 0.63 V and 500 mA/cm2 for 2025. This calculation assumes
a 40% factor for converting heat to electricity. In the crystalliser the spent anolyte is processed into a
CuCl2 slurry suitable for the feed for the hydrolysis reactor.
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Table 2: Results of H2A cost analysis for hydrogen production costs using the Cu-Cl cycle
Case
Solar 2015
Solar 2025

Capital
investment, $MM,
solar/chemical
208.3/138.0
168.5/110.6

Cell EMF,
V

Electrical
cost, $/kw

$/kg of H2

Sensitivity
range, $/kg

Efficiency, %
(LHV)

0.70
0.63

0.068
0.048

4.53
3.48

3.78-5.31
2.91-4.11

39
41

H2A analysis was used to predict hydrogen production costs as shown in Table 2. These results
are based on the use of solar power tower as the heat source and also include assumptions that have
yet to be validated. Work is ongoing in these areas. Nevertheless, the preliminary hydrogen production
costs as well as the preliminary efficiency numbers indicate that the Cu-Cl cycle has promise and that
further R&D is justifiable.

Summary
The Cu-Cl cycle represents a promising technology for producing hydrogen efficiently and cost
effectively. Work has focused on the most challenging aspects of the cycle, i.e. the hydrolysis and the
electrolysis reactions. The hydrolysis reaction is challenging because of the need for the large excess
of water/steam needed to achieve complete conversion of the CuCl2 to Cu2OCl2. The present work
describes a possible method to achieve the high yields required using a spray reactor design, which
optimises heat and mass transfer and was very effective in the laboratory tests. Engineering solutions
have been conceptualised to reduce the steam to copper chloride molar ratio (S/Cu) from 17 to <10 by
using reduced pressure operation. In addition, the process of injecting the CuCl2 slurry at 24 bar into a
reactor operating at ~0.25 bar should provide sufficient turbulence to enhance mass and heat transfer
without the use of a carrier gas.

Future work
The development of the Cu-Cl is still in its early stages. Work is progressing in several areas,
e.g. membrane and electrocatalyst development, identification of the speciation of the copper species
in the electrolyser, development of a thermodynamic model of the electrolyser, by researchers at
Atomic Energy of Canada Limited, Pennsylvania State University, and University of South Carolina.
Work at Argonne National Laboratory will focus on further development of the hydrolysis reactor,
e.g. designing and testing a reactor that operates at 0.25 to 0.5 bar, determining the lowest minimum
S/Cu ratio, and operating. The Aspen flow sheet and the H2A will be updated to reflect new data as it
becomes available.
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Abstract
The copper-chloride hybrid thermochemical cycle is one of the best potential low temperature
thermochemical cycles for the massive production of hydrogen. It could be used with nuclear reactors
such as the sodium fast reactor or the supercritical water reactor. Nevertheless, this thermochemical
cycle is composed of an electrochemical reaction and two thermal reactions. Its efficiency has to be
compared with other hydrogen production processes like alkaline electrolysis for example.
The purpose of this article is to study the viability of the copper chloride thermochemical cycle by
studying the hydrolysis reaction of CuCl2 which is not favoured thermodynamically. To better
understand the occurrence of possible side reactions, together with a good control of the kinetics of the
hydrolysis reaction, the use of optical absorption spectrometries, UV visible spectrometry to detect
molecular chlorine which may be formed in side reactions, FTIR spectrometry to follow the
concentrations of H2O and HCl is proposed.

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

243

STUDY OF THE HYDROLYSIS REACTION OF THE COPPER-CHLORIDE HYBRID THERMOCHEMICAL CYCLE USING OPTICAL SPECTROMETRIES

Introduction
Rising world energy demand requires the development of new energy vectors. Hydrogen is a good
candidate if its massive production can be achieved at low cost. The use of nuclear heat together with
water-splitting cycles is a potentially interesting way to massively produce hydrogen. The iodine
sulphur thermochemical cycle is the reference water-splitting cycle and has been the subject of many
studies these last years all over the world. The maximum temperature needed in this cycle to realise
SO3 dissociation requires the use of a high temperature nuclear reactor (VHTR, HTR).
The French decision in 2006 to realise a Generation IV nuclear reactor prototype by year 2020 has
led to promote the sodium fast reactor as the reference solution. The maximum temperature available
with this type of nuclear reactor is around 500°C. If such a reactor is used to produce hydrogen, using
a thermochemical cycle, it is necessary to find a thermochemical cycle compatible with this level of
temperature.
Among the various low temperature thermochemical cycles described in the open literature, the
copper-chloride hybrid thermochemical cycle is a very promising candidate. It has been studied
extensively at Argonne National Laboratory, USA and in AECL, Canada where it is scheduled to be
coupled with a supercritical water reactor.
Theoretical evaluations of the efficiency of this cycle are around 40% (Lewis, 2005), a value which
has to be validated.

Description of the hybrid copper-chloride thermochemical cycle
The hybrid copper-chloride thermochemical cycle is a hybrid cycle which requires both electricity and
heat to split the water molecule. It was described first by Dokiya (1976) and then Carty (1981).
A simplified description of this cycle is given in Table 1.

Table 1: Description of the hybrid copper-chloride thermochemical cycle
1
2
3

Reactions
2CuCl(a) + 2HCl (a) → H2(g) + 2CuCl2 (a) (electrochemical)
2CuCl2(s) + H2O(g) → Cu2OCl2 (s) + 2HCl(g)
Cu2OCl2 (s) → 2CuCl(l) + ½O2(g)

Temperature (°C)
<100
300-390
450-530

The electrolysis reaction is extensively studied in AECL, Canada and in ANL, USA. It is beyond the
scope of this work.
The hydrolysis reaction of CuCl2, Reaction 2, is a solid gas reaction which is not favoured
thermodynamically and requires an excess of water. This excess of water will have to be separated in
the final products.
It leads to the formation of a final product Cu2OCl2, the thermodynamic data of which are not
very well known. The presence of side reactions in the hydrolysis reaction cannot be excluded, in
particular the formation of molecular chlorine according to the reactions:
2 HCl + ½ O2  Cl2 + H2O (Deacon reaction)
CuCl2  CuCl +½ Cl2
Reaction 3 is the high temperature reaction, the only one which is thermodynamically favoured.
The formation of molecular chlorine by dissociation of CuCl2, which does not react in Reaction 2,
cannot be excluded.
To assess the viability of the copper-chloride cycle, a dedicated experimental programme is
proposed: the study of the occurrence of possible side reactions. In order not to change the speciation
of the vapour phase, the use of optical absorption spectrometry is proposed: UV visible spectrometry
to detect the possible presence of molecular chlorine, product of side reactions.
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The experimental set-up to study Reactions 2 and 3
An experimental set-up was designed to study the hydrolysis reaction (Figures 1 and 2). It is composed
of a water vapour generation part. Argon gas, the gas vector bubbles in a water tank at 18°C. A quantity
of about 20 mbar of water is carried in the carrier gas. The hydrolysis reaction takes place in a tubular
oven containing CuCl2. An optical UV visible spectrometer Ocean Optics analyses the gas phase in order
to detect the potential presence of chlorine. The measurement is made in an optical cell placed in a
thermo-regulated oven. The hydrogen chloride formed in the reaction is condensed and measured by
conductimetry. Additional measurements such as pHmetry, ionic chromatography are used.

Figure 1: Schematic of the experimental set-up
Dry gas
Preparation of argon
Gas vector

Moisture measurement
Humid gas
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by UV-visible
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Figure 2: Photograph of the experimental set-up
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Experimental results
Proof of chlorine formation
The experiment is run first at 118°C to remove water from the initial hydrated CuCl2, 2H2O commercial
product. After around one hour, water vapour is generated at a temperature close to 390°C The
formation of HCl is monitored by conductimetry. No chlorine is observed. At a time T, a temperature
jump is made to reach 530°C, the formation of molecular chlorine is then identified by its spectral
absorbance. The amount of chlorine increases and then decreases when 530°C is reached.

Figure 3: Chronogram of the experiment: temperature,
conductimetry and chlorine absorbance versus reaction time
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Figure 4: Absorption spectra of molecular chlorine versus temperature between 390 and 530°C
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Hydrolysis reaction at 390°C
The hydrolysis reaction is then realised at 390°C in order to avoid chlorine formation. The solid
product which is formed is analysed using DRX. Melanothallite Cu2OCl2 appears to be the major
product of the reaction (Figure 5).
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Figure 5: DRX spectrum of the final product of the hydrolysis reaction
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Reactions 2 and 3 conducted simultaneously
The hydrolysis Reaction 2 is then realised at 390°C without chlorine formation. The temperature is
then raised to 530°C to realise Reaction 3, the dissociation of the melanothallite. During this step, a
transient species is observed around 330 nm which disappears at 530°C. The gases formed are
collected in three containers and analysed by mass spectrometry. Oxygen formation is measured. DRX
spectrum realised on the final product indicates the presence of CuCl and CuO.

Figure 6: DRX spectrum of the final product of Reaction 3
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The hydrolysis reaction kinetics using optical absorption spectrometries
For a better control of the kinetics of the reactions, the use of optical spectrometries is proposed.
Based on our experiences regarding the study of VLE measurements for the iodine-sulphur
thermochemical cycle, the use of FTIR spectrometry to study the kinetics of the hydrolysis reaction is
proposed. The experimental set-up is modified to allow FTIR measurements using a Bruker tensor 27
spectrometer (Figure 7).

Figure 7: Photograph of the experimental set-up with FTIR spectrometer

FTIR spectrometry allows the measurement of H2O and HCl concentrations in the gaseous phase.
It is first used to monitor CuCl2, 2H2O dehydration. It is then used to follow the kinetics of the hydrolysis
reaction. The validity of the choice of FTIR spectrometry for HCl concentration measurement is
checked with conductimetry measurements.

Figure 8: Dehydration of CuCl2, 2H2O: H2O monitoring using FTIR spectrometry
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Figure 9: Dehydration of CuCl2, 2H2O: water loss versus time
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Figure 10: Hydrolysis reaction monitored using FTIR
spectrometry: H2O and HCl concentrations versus time
1.60E+00
HCL(%)
1.40E+00
H2O (%)

1.20E+00

Concentration [%v]

1.00E+00
8.00E-01
6.00E-01
4.00E-01
2.00E-01
0.00E+00
-15
-2.00E-01

5

25

45

65

85

105

125

time (UA)

Conclusions
In order to assess the viability of the copper-chloride hybrid thermochemical cycle, a dedicated
experimental programme has been conducted. The existence of side reactions giving rise to molecular
chlorine has been demonstrated.
A careful control of the temperature of the hydrolysis reaction enables a complete formation of
Cu2OCl2.
To have a better control of the kinetics of the hydrolysis reaction, the use of FTIR spectrometry
enablea to follow H2O and HCl concentrations versus reaction time. It is used to first monitor CuCl2
dehydration and then control the hydrolysis reaction by following H2O and HCl concentrations versus
reaction time.
Future developments will be focused on oxygen measurement in the high temperature reaction
of the cycle using if possible optical absorption technique.
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Abstract
The Cu-Cl thermochemical cycle is among the most attractive technologies proposed for hydrogen
production due to moderate temperature requirements and high efficiency. In the present study, one of
the main steps of the cycle – H2 gas production via CuCl-HCl electrolysis – was investigated using a
newly designed electrolyser system. The electrolysis reaction was performed with the applied voltage
from 0.35 to 0.9 V. The current efficiency of the electrolysis system was evaluated based on the observed
rate of hydrogen production. The effects of temperature and reagent flow rate on the electrolysis
performance were studied. Several types of anion-exchange and cation-exchange membranes were
tested in the electrolyser, and their performance was compared with respect to process efficiency and
tolerance to copper crossover.
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Introduction
With the global tendency for growing power consumption and environmental concerns caused by
fossil fuel combustion, the search for alternative fuel technologies becomes a critical issue. Hydrogen
has been recognised as a promising clean energy source, with one of the main advantages being the
zero carbon dioxide emission. However, a pure form of hydrogen is not readily available in nature
because of its high volatility. Currently, the major hydrogen production processes include methane
steam reforming, coal gasification, water electrolysis and thermochemical methods (Kothari, 2004;
Rosen, 1996; 1996a; Pickard, 2008). The thermochemical methods for hydrogen production have been
attracting more attention lately due to their suitability for large-scale hydrogen production and the
possibility of using the waste heat of nuclear power plants and other sources. The thermochemical
cycles do not release by-product greenhouse gases and are confined in an ideal case for water splitting
without consumption of other reagents. Hundreds of thermochemical cycles have been identified
as potential technologies for hydrogen production over a wide range of temperature conditions. The
copper-chlorine (Cu-Cl) alternative thermochemical cycle is regarded as one of the most promising
approaches due to a moderate temperature (around 500°C), less complexity, inexpensive chemicals
and high efficiency (Lewis, 2005). However, very limited research has been done on this cycle since the
technology is relatively new.
The Cu-Cl thermochemcial cycle in this study consists of an electrochemical reaction (1) and two
thermal reactions (2) and (3):
CuCl + 2HCl → 2CuCl2 + H2

(1)

CuCl2 + H2O → CuCl2•CuO + 2HCl

(2)

CuCl2•CuO → 2CuCl + (1/2)O2

(3)

Hydrogen is produced in the electrochemical process. The proof-of-principle and efficiency
studies for the thermal reactions in the Cu-Cl cycle were recently reported elsewhere (Orhan, 2009;
Naterer, 2008; 2008a). This paper presents an investigation of the electrolysis step of the Cu-Cl cycle
with the use of a number of commercially available cation- and anion-exchange membranes.

Experimental
Electrolyser system
The schematic of the electrolyser system is shown in Figure 1. A 5-cm2 PEM fuel cell hardware
(Electrochem Inc.) was employed as an electrolytic cell. To perform electrolysis, the aqueous solution
of CuCl (0.2 M) mixed with aqueous HCl (2 M) was supplied from Reservoir 1 to the anode of the
electrolyser via Pump 1. The aqueous HCl solution (2 M) was supplied from Reservoir 2 to the cathode
of the electrolyser via Pump 2. The hydrogen-producing electrolysis reaction was driven by an
external applied voltage in the range 0.35-0.9 V.
The H2 produced in the electrochemical reaction was collected from the cathode side in a gas
collector. The experimental temperature range was 24-65°C. The pressures for the anode and cathode
sides of the electrolyser were monitored separately using two pressure gauges and were controlled
independently by two back-up pressure regulators. The flow rate of the anolyte varied from 3.4 to
22 ml/min, and the flow rate of the catholyte varied from 4.4 to 27 ml/min. The catholyte was recycled
during the operation. Since the CuCl aqueous solution was sensitive to oxidation, ultra-high purity
nitrogen gas was passed through both reactant reservoirs continuously during the experiment to
prevent their contact with air.
A Gamry electrochemical measurements system and a Pine Bi-Potentiostat were used to study
the experimental decomposition potential and current response to the applied voltage. The
experimental variables were electrolyte flow rate and temperature. Linear sweep voltammetry (LSV)
technique was the main method used to study the electrolytic processes.
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Figure 1: Schematic diagram of the CuCl(aq)/HCl(aq) electrolytic system

Membranes
Ion exchange membrane (IEM) is a key component of the CuCl-HCl electrolytic system and is used to
separate the anodic and cathodic compartments as well as to provide ionic conductivity. For high
performance, the IEM needs to have high counter ion conductivity and selectivity as well as good
mechanical properties to withstand the aggressive concentrated HCl(aq) environment. To select the
best membrane for the CuCl-HCl electrolyser, a variety of commercial membranes were evaluated,
including anion exchange membranes (AEM) produced by Tokuyama Soda (AHA, AMX, ACS, ACM,
AM-3) and Asahi Glass (AHT), as well as Nafion, a proton exchange membrane produced by E.I. du Pont
de Nemours & Co., Inc. The membranes were characterised for swelling, ion exchange capacity (IEC),
and conductivity.
The membrane conductivity was measured in a specially designed “clip”-type conductivity cell
(Figure 2). The cell consists of two compartments with a membrane fixed in between. Two titanium
disk electrodes are applied to both sides of the membrane. Both compartments could be filled with
various solutions of a desired concentration.

Figure 2: Schematic of the conductivity cell
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The conductivity measurements were performed by two-electrode electrochemical impedance
spectroscopy (EIS) using the Gamry Electrochemical Measurements system.
The membrane conductivity was measured in HCl(aq) solutions of different concentrations and
in 2 M HCl + 0.2 M CuCl solution to model the catholyte and anolyte solutions in the electrolyser. All
membranes were equilibrated in the same solutions for 20 hours before starting the measurements.
Detailed characterisation data for a number of commercial anion exchange membranes are published
elsewhere (Gong, 2009). The AHA membrane, which demonstrated the highest conductivity in HCl
(12.61 mS/cm) compared to other membranes with similar IEC and water uptake, was selected to
prepare a membrane electrode assembly (MEA) and carry out electrolysis tests with this MEA. The
ACM membrane with lower conductivity values was also chosen for the electrolysis tests due to its
proton blocking properties and high Cl– selectivity.
Membrane electrode assemblies (MEA) with AEM were prepared with a single-sided ELAT
electrode (20% Pt on Vulcan XC-72 and 0.5 mg/cm2 Pt loading) on the cathode side and carbon only
electrode on the anode side. The electrodes were assembled on both sides of a membrane without a
press procedure and the assembly was sealed in the electrolytic cell.
An MEA with Nafion membrane was prepared by hot pressing (160°C, 96.5 bar, 2 min,) the
double-sided ELAT electrode (20% Pt on Vulcan XC-72 and 0.5 mg/cm2 Pt loading) on the cathode side
and carbon only electrode on the anode side. Prior to the MEA preparation, the Nafion membrane was
purified using a standard procedure (Ticianelli, 1998).

Results and discussion
Open circuit potential measurements
At the electrolyser anode Cu(I) is generally oxidised to Cu(II) in aqueous HCl solution. However, a
number of various reactions may exist in anolyte since dissolution of CuCl is HCl(aq) results in different
anion complexes, such as HCuCl2(aq), CuCl2–(aq), CuCl32–(aq), etc. On the cathode, proton is reduced to
H2 gas. For example, in the case of a proton conductive membrane, the half-reactions and the total
process can be presented as:
Anode: HCuCl2(aq) → CuCl2(aq) + H+ + e–

(4)

Cathode: H+ + e– → (1/2) H2(g)

(5)

Total: HCuCl2(aq) → CuCl2(aq) + (1/2) H2(g)

(6)

Measurements of the open circuit potential (OCP) were performed by linear sweep voltammetry
with the anode of the electrolyser set as the working electrode, and the cathode set as both counter
and reference electrodes. The hydrogen reference electrode condition was created by saturating the
catholyte with H2 gas at the room temperature. The measured OCP values were refered to the standard
hydrogen electrode (SHE). Since the potential of the hydrogen reference electrode varied from SHE
depending on the HCl concentration used in the experiement, this correction was taken into account
for all measured OCP.
At 24°C, with 0.2 M CuCl + 2 M HCl anolyte and 2 M HCl catholyte fed to the electrolyser, the
experimental OCP values were 422 mV and 420 mV for the Nafion membrane and AHA membrane,
respectively. The OCP was also measured for the AHA membrane with higher concentration: 1 M CuCl +
6 M HCl anolyte and 6 M HCl catholyte. In this case the experimental OCP was 466 mV at temperature
of 24°C.

Equilibrium redox potential for the Cu(I,II)-HCl-H2O system
Thermodynamic analysis was performed to determine the equilibrium redox potential for the
Cu(I) → Cu(II) conversion in the HCl(aq) solution. These data are important for estimating the voltage
efficiency of the electrolyser and understanding the phase equilibria in the anolyte over the
experimental ranges of temperature and applied potential.
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A new thermodynamic model for the Cu(I,II)-HCl-H2O system was developed on the basis of the
representative data on CuCl(s) solubility in aqueous solutions of HCl in a concentration interval from
1 to 6 mol kg–1 HCl (Akinfiev, 2009). The model takes into account a number of aqueous Cu(I) species
[Cu+, CuOHo, Cu(OH)2–, CuClo, CuCl2–, HCuCl2o], aqueous Cu(II) species [Cu2+, CuOH+, CuOo, HCuO2–,
CuO22–, CuCl+, CuCl2o, CuCl3–, CuCl42–)] and a mixed Cu(I)/Cu(II) chloride aqueous complex, Cu2Cl3o. The
thermodynamic approach used a modelling approach based on: i) the standard thermodynamic
properties of the listed above species; ii) a model for the activity coefficients; iii) use of HCh software
(Shvarov, 1999).
The equilibrium Cu(I) → Cu(II) conversion (electrolysis) calculations were carried out for two
anolyte solutions of CuCl in HCl(aq): (a) 0.2 M CuCl in 1 M HCl(aq), and (b) 1 M CuCl in 6 M HCl(aq),
which are two compositions used in our electrolysis tests.
The calculated distribution of the main Cu(I) and Cu(II) species versus redox potential (Eh) during
the equilibrium electrolysis for solutions (a) and (b) is shown in Figure 3. The main Cu(I) species for
the 0.2099 mol kg–1 CuCl(aq) solution in 2.099 mol kg–1 HCl are HCuCl2o and CuCl2– while the main Cu(II)
species are Cu2+ and CuCl+. In the more concentrated anolyte solution (b) (1.172 mol kg–1 CuCl in
7.031 mol kg–1 HCl), there are the same Cu(I) species, but the speciation of Cu(II) becomes more
versatile with the input of CuCl2o, CuCl3– and CuCl42–.

Figure 3: Speciation diagrams for the Cu(I) → Cu(II) conversion in equilibrium
electrolysis in (a) 0.2 M CuCl + 2 M HCl(aq) and (b) 1 M CuCl + 6 M HCl(aq)
Case (a): m(Cl–) = 1.889 mol.kg–1 and m(H+) = 1.974 mol.kg–1 at Eh = 0.2 V
and m(Cl–) = 2.173 mol.kg–1 and m(H+) = 1.884 mol.kg–1 at Eh = 0.8 V.
Case (b): m(Cl–) = 5.859 mol.kg–1 and m(H+) = 6.014 mol.kg–1 at Eh = 0.2 V
and m(Cl–) = 5.473 mol.kg–1 and m(H+) = 5.798 mol.kg–1 at Eh = 0.8 V.
The listed molalities are in accordance with electroneutrality of the aqueous solutions.

(a)

(b)

The results of our thermodynamic calculations show that the theoretical OCP for both solutions
is close to the experimentally observed values, which are 0.421 and 0.466 V for solutions (a) and (b)
respectively. These calculations take into account the influence of a small amount of atmospheric
oxygen which is normally dissolved in water. Note that based on our calculations the virtually full
conversion of Cu(I) to Cu(II) takes place at ~0.7 V, while in the experiment reported by Stolberg (2008),
this value is apparently close to 0.9 V.

Effect of operating temperature and flow rate on electrolysis kinetics
Linear sweep voltammetry measurements with a scanning range from 0.3 to 0.9 V and a sweep rate of
1 mV/s were used to evaluate the process kinetics. The set of voltammetric polarisation curves for the
CuCl(aq)/HCl(aq) electrolysis obtained at 24, 45, and 65°C in the cell with the AHA anion-exchange
membrane (Gong, 2009) show that the electrolysis process is prompted by the temperature increase.
A similar effect was observed with the Nafion-115 membrane. The apparent enhancement of the
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electrolytic performance with increasing temperature is likely due to an increase in the transfer
coefficient and higher exchange current density. We believe that increasing the system operating
temperature can be a factor to increase the overall efficiency of the CuCl(aq)/HCl(aq) electrolysis.
The electrolysis measurements were conducted at three flow rates: i) anolyte 3.4 ml/min and
catholyte 4.4 ml/min; ii) anolyte 11.8 ml/min and catholyte 11 ml/min); iii) anolyte 22 ml/min and
catholyte 27 ml/min). The tests were run at ambient temperature and pressure. Linear sweep
voltammetry data obtained for the AHA and Nafion 115 membranes indicated very little effect of the
flow rate on the electrode kinetics as long as the mass transport limitation is not reached. Apparently,
the higher flow rates of reactants passing through the electrodes do not speed up the electrochemical
conversion rates in the electrolyser used in this study.

Current efficiency
A proper estimation of the electrolysis efficiency provides guidance to the improvement of the processes
and the electrolyser design. In this study, the current efficiency, ηc, of the electrolysis system was
determined from the experimentally produced amount of hydrogen, H2(exp), divided by the theoretical
value, H2(theor) calculated from the Faraday’s law:
ηc = [H2(exp)/H2(theor)]

(7)

Out of all tested membranes, AHA, AMX and AHT reach the highest efficiency values (90, 96 and
91%, respectively) in the operating current range below 100 mA. At higher operating currents, copper
precipitation was observed in the membrane assemblies with the AHA and AMX membranes, which
resulted in a drop in current efficiency down to ~30%. Copper permeation through the membrane
from the anode to the cathode leads to parasitic electrochemical reduction and withdrawal of electrons
from the hydrogen production reaction. For the AHT membrane, the current efficiencies were high
and quite stable at all operating temperatures. No copper precipitation was observed after the
experiment with this membrane.

Summary
A proof-of-concept study was carried out to show that CuCl/HCl electrolysis can be efficiently used in
the Cu-Cl thermochemical cycle. A laboratory-scale CuCl/HCl electrolyser was designed and constructed
to carry out the electrolytic measurements.
Experimental values of the open circuit potential (OCP) measured by linear sweep voltammetry
using the newly developed CuCl/HCl electrolyser were found to be consistent with the theoretical
thermodynamic calculations. The performed electrolysis tests over wide ranges of temperature
demonstrated that the elevated temperatures enhance the system performance. The current efficiency
of the CuCl/HCl electrolyser, estimated using the amount of produced hydrogen, at current densities
below 100 mA was found to be above 90% for a number of tested commercially available membranes.
The current efficiency at current density above 100 mA was reduced mainly due to permeation of Cu
through the membranes.
The copper crossover from the anode to the cathode and copper precipitation inside the membrane
and at the cathode were observed with a number of tested commercial membranes. It was found that
the AHT membrane of Asahi Glass Inc. exhibited the highest tolerance to the copper crossover.
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Exergy analysis of the Cu-Cl cycle
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Gif-sur-Yvette, France

Abstract
The CuCl cycle is a hybrid thermochemical cycle to produce hydrogen using both electricity and heat to
split water into hydrogen and oxygen. Already described in the early 70s, it has recently been revisited
because of its low maximal temperature and its high potential efficiency. Furthermore, raw materials
are cheap, which allows a drastic diminution of constraints for industrial deployment.
All steps have been demonstrated in laboratory. However they have been demonstrated in conditions
where they cannot be easily coupled together, which may induce unexpected issues in an effective
cycle. This paper will focus on issues for cycle integration, as well as giving potential improvement
ideas from the exergetic point of view.
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Introduction
Among the various low temperature thermochemical cycles described in the open literature, the
hybrid copper-chloride (Cu-Cl) thermochemical cycle is an interesting candidate. It has been studied
extensively at Argonne National Laboratory (United States) and in AECL (Canada), where it is
anticipated to be coupled with a supercritical water reactor.
The Cu-Cl hybrid cycle was first described by Dokiya (1976), then Carty (1981). Its initial formulation
was based on the electrolysis of cuprous chloride CuCl to cupric chloride CuCl2 and H2, and on CuCl2
decomposition at high temperature combined with the reverse Deacon reaction. Recent studies involve
an intermediate copper oxychloride Cu2Cl2O formed during the decomposition of CuCl2, as well as
reaction of solid copper Cu with hydrogen chloride HCl to produce hydrogen (Lewis, 2005). We will
focus our analysis on this version of the cycle, before studying some potential improvements from the
exergetic point of view.

Description of the hybrid copper-chloride thermochemical cycle
Following Argonne National Laboratory (Lewis, 2005) and the University of Las Vegas (Khan, 2005), the
cycle can be split into five steps.
Table 1 summarises the main thermodynamic data and steps for this cycle.

Table 1: Thermodynamic data for Cu-Cl cycle
Step
1
2
3
4
5

Equation
2Cu(s) + 2HCl(g)  2CuCl(l) + H2(g)
4CuCl(s)  2Cu(s) + 2CuCl2(aq)
2CuCl2(aq)  2CuCl2(s)
2CuCl2(s) + H2O(g)  Cu2Cl2O(s)+ 2HCl(g)
Cu2Cl2O(s)  2CuCl(s) + ½O2(g)

T (°C)
450
60
60-200
400
550

ΔG (kJ/mol)
0
See below
See below
30 (e)
-11(e)

ΔH (kJ/mol)
-54
62-72
70-80
110 (e)
140

Data presented here have been extracted from JANAF tables except the following:
Values for Eqs. (2) and (3) are dependant on the molar concentrations of CuCl and CuCl2 in
HCl-H2O solution.
The sum of Eqs. (2) and (3) gives the following equation:
4CuCl(s)  2CuCl2(s) + 2Cu(s)
As these are pure component, enthalpy and free enthalpy changes can be found in
thermodynamical tables:
ΔG2+ ΔG3 = ΔG4CuCl  2CuCl2 + 2Cu = 2 × (-161)-4 × (-120) = +158 kJ/mol
ΔH2 + ΔH3 = 2 × (-205)-4 × (-138) = +142 kJ/mol
Estimations for ΔH3 can be found based on Kahn (2005) and Kosa (1994), and therefore ΔH2 can be
deduced.
ΔG2 is linked to the effective reversible voltage in Eq. (2) by Faraday’s law. Then ΔG3 can be
deduced from this reversible voltage.
Data for Cu2Cl2O are not well known. Estimation (e) for the free enthalpy of reaction is based on
preliminary CEA experiments (Doizi, 2009) and calculations (Boerio-Goates, 2008). CEA demonstrated
that the reaction could be processed close to completion using an over-stoichiometry of 15H2O for
1CuCl2 at a pressure of 0.02 bar H2O for a temperature around 390°C. Using these results and the mass
action law, ΔG could be estimated around -RT ln((PHCl)2/PH2O) • 40 kJ/mol, probably a little less due to
kinetic issues. Extrapolation of JBG calculations gives a close value around 30 kJ/mol.
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As some intermediate thermodynamic data are missing or not well known (enthalpy of mixing of
CuCl and CuCl2 in HCl/H2O mixtures for example) and some heat exchanges or separation are not
linear (for instance, HCl/H2O mixture has an azeotrope which cannot be crossed), we decided to proceed
to a global exergy analysis instead of a flow sheet analysis.

Bases of exergy analysis applied to water-splitting thermochemical cycles
Exergetic efficiency ηex for hydrogen production by thermo water-splitting at a temperature Ta can be
defined as the quotient of the recoverable work (here equal to the free enthalpy of water formation)
divided by this quantity plus the sum of the exergy losses Di = Ta ΔSi in the process [Eq. (6)]. Thermal
efficiency ηT from a heat source at temperature T is linked to this efficiency by transformation of heat
into work [Eq. (7)].
η ex =

ΔG H 2O (Ta )

ΔG H2O (Ta ) +

 T ΔS
a

(6)
i

i

η T = η ex

T 

ΔH H 2O (Ta ) ∗  1 − a 
T 

∗
ΔG H 2O (Ta )

(7)

ΔSi is the internal entropy generation of the process, and Di = Ta ΔSi is the exergetic loss
associated with the temperature Ta.
As not all thermodynamic data are known, it is not possible to give a good estimate of exergy
efficiency of the cycle. But in many cases, a minimal exergy loss can be found, which will eventually
give an upper bound efficiency for the exergy efficiency of the cycle (as all exergy losses are cumulative)
and therefore for the thermal efficiency of the cycle.

Bases of the minimal exergy loss estimation
In a thermochemical process we will always find irreversibilities listed below.

Heat exchange
There are many heat exchanges in thermochemical cycles, because of the large flows of materials
which need to be handled, and always one heat demand or heat release for each chemical reaction.
Assuming constant pinch ΔT = T2-T1 between one heat source at T1 and a heat demand at T2,
exergy loss for a heat flow Q at temperature Ta can be evaluated to:
 1
1
−
D H min = − Q Ta 
 T1 T2





(8)

Separations
Separation of remaining reactants and products are one of the main issues in many thermochemical
cycles or high temperature electrolysis. Usually “reversible” chemical reactions are used. Here the term
“reversible” is used in terms in chemical reversibility, but in terms of exergy the chemical reaction
usually has to be handled in a very irreversible manner to ensure that reactants and products do not
mix together.
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Two strategies can be used to drive a chemical reaction:
•

Try to complete the reaction.
This is done using a clear negative free enthalpy change of the reaction ΔGr(T). In this case we
will always have the following entropy generation for N moles of product: ΔS = -N ΔGr(T)/T
implying an exergy loss:
D R min = − N

•

Ta
ΔG R
T

(9)

Try to handle an incomplete reaction. This is usually done using a ΔG close to 0. In this case, an
extra exergy loss has to be added to separate the products and the remaining reactants. This
depends on the phases of the products and can sometimes be handled later in the process;
in any case an additional step for handling this separation has to be added (distillation,
membrane separation, etc.).
For instance, separating a two-gas mixture requires a minimum amount of energy equal to
their free enthalpy of mixing; therefore for separating N moles of two gases with an x molar
fraction for the first gas we have, assuming a mixture of two ideal gases:
D S min = NRT (xln(x ) + (1 − x )ln(1 − x ))

(10)

In practice this value is usually 5 to 10 higher, even more if no simple separation can be found.
Liquid-gas or solid-gas separation exergy loss can usually be neglected as long as the
saturation vapour pressure of the liquid (solid) phase is low (and kinetics fast enough).

Use of electricity
As soon as electricity is used, it has to be transformed from heat. This induces an exergy loss, first in
the heat to electricity conversion then in the isentropic behaviour of the machine using the heat:

D W min

Ta



1 −
T
= W ∗
− 1

 η el η i





(11)

where ηi is the isentropic efficiency of the machine.

Electrolysis step
For an electrolyser, instead of an isentropic coefficient, we take into account the overvoltage necessary
for driving the electrolysis (ohmic resistance, anodic-cathodic overvoltage); here the exergy loss is
simply connected to this overvoltage by Faraday’s law:
ΔGr = n F(E-Erev) where F is Faraday’s constant (96 500 C.mol–1) and n the number of electrons
involved.
Typical values are between 0.2 (optimistic goals for industrial high temperature electrolysis) to
0.6-0.8 V (effective overvoltage of alkaline electrolysis) or even more for some acid electrolysis.
Eq. (11) becomes for the electrolyser, to take into account the exergy loss for the conversion of
heat to work:
Ta



1−
T

D E = nFE ∗
− 1  + nF(E − E rev ) Ta T

 η el
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Evaluation of exergy losses in the Cu-Cl cycle
In this study we take the following assumptions and simplifications into account in our calculations:
•

an average temperature for nuclear heat T around 773 K for heat to electricity conversion in
Eqs. (11,12) and an electrical efficiency ηel = 0.42;

•

a temperature pinch of 50 K for any heat transfer between a nuclear heat and heat demand in
thermochemical process, assuming heat is provided at least at 673 K;

•

a reference temperature Ta for exergy of 298 K.

Step 1: 2Cu(s) + 2HCl(g)  2CuCl(s) + H2(g)
In this step, the chemical reaction and the solidification of the generated copper chloride release an
important amount of heat at high temperature (54 + 36 =90 kJ/mol). But this heat can be used in Step 4.
Using Eq. (8) assuming T = 623 K (and 563 K for Step 4), we find:
DH = 90*(1/563 – 1/623)*298 = 5 kJ
In this range of temperature, the free enthalpy of reaction at 1 bar is always close to 0. Therefore
it is not possible to complete the reaction and extra energy must be brought to separate H2 from HCl.
According to Eq. (9) DSmin = 13 kJ. The usual value will be at minimum 5 to 10 times this value so over
100 kJ/mol (for example it is possible to operate at very high pressure to shift the reaction to the right
which requires compressing 2 moles of HCl, recovering only work for decompressing 1 mole of
hydrogen).
Exergy loss type
Heat exchange
Chemical reaction
Separation issues

Estimation
5 kJ
Negligible (ΔG ≈ 0)
Min = 13 kJ probable > 100 kJ

Step 2: 4CuCl(aq)  2CuCl2(aq) + 2Cu
In this step CuCl needs first to be dissolved in the HCl/H2O matrix. If it is close to the solubility limit,
this can be minimised and exergy loss can probably be limited to low values, around 5-10 kJ/mol
(if not, extra exergy loss should be taken into account).
As electricity is needed, an exergy loss for converting heat to electricity is required. The reversible
voltage could be in the range 0.3 V to 0.6 V, depending on the concentrations of the species. It has to
be noted that the low voltage found by ANL for this reaction may be unrepresentative of an effective
voltage, because the CuCl2 concentration obtained was very low (Lewis, 2005), which will increase the
exergy loss to separate CuCl2 from water in Step 3 (see below).
An overvoltage is necessary to drive the electrolytic reaction, and also to allow that most of CuCl
and not only a few per cent will be transformed. We will assume a minimal overvoltage around 0.2 V
but this could be probably in the range 0.6 V.
This gives an effective voltage between 0.5 and 1.2 V. According to Eq. (12), exergy loss for heat to
electricity conversion can be estimated between 76 and 230 kJ/mol.
The electrolyser also releases some heat Q = (2FE – ΔH) at a temperature Te around 360 K, generating
an exergy loss equal to (2FE – ΔH) (1 – Ta/Te). This implies an exergy loss around 20-30 kJ. This could
probably however be recovered for cogeneration of hot water.
In any case, there will also be some CuCl remaining with CuCl2 in the mixture, but it can remain
with CuCl2 for the rest of the process.
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Exergy loss type
Heat release from electrolyser
Electrolyser voltage
CuCl absorption
Remaining CuCl

Estimation of exergy loss
20-30 kJ (may be used for cogeneration)
76-230 kJ
5-10 kJ
Can be done in next step

Step 3: CuCl2(aq)  CuCl2(s)
CuCl2 has to be separated from its HCl/H2O aqueous matrix. In practice there is 1 to 2 moles of HCl and
10 moles or more of water for one mole of CuCl2 [or even more than 20 in some experiments (Lewis,
2005)].
To separate CuCl2 it is first necessary to evaporate water and HCl, which implies over 40 * 20 kJ of
heat of vaporisation plus the heat of mixing of HCl and H2O, so over 500 kJ of heat per mole of CuCl2.
This has to be handled in a multi-stage process at different temperature and pressure to minimise the
final heat demand, by condensing H2O and HCl. We will assume a minimal pinch of 20 K because we
are handling solid-gas mixture and an average temperature of this process around 473 K. The internal
minimal heat exchange loss is then: DH1 = 2 * 500 (1/473 – 1/493) *298 = 25 kJ.
The global free enthalpy change (around 100 kJ) to separate CuCl2 and HCl from water ΔGmix has
also to be provided.
Assuming that this free enthalpy change is provided by heat, the best case scenario is heat
provided by nuclear heat at 673 K with a heat release at 350 K (the evaporation process will not work
below this temperature), and applying Carnot’s law, a minimum heat demand would be around
(100)/(1-350/673) = 210 kJ with a minimal heat release of 110 kJ at 350 K.
The exergy loss due to the pinch of 50 K with nuclear heat can be estimated to
DH2 = 210 * 298 * (1/673 – 1/723) = 6 kJ.
The heat release generates a minimal exergy loss of DH3 = 110 * (1/350 – 1/673) * 298 = 16 kJ according
to Eq. (8).
Exergy loss type
Heat exchange with nuclear heat
Internal heat exchanges
Heat release at low temperature

Estimation of exergy loss
Min = 6 kJ
Min = 25 kJ
Min = 16 kJ

Step 4: 2CuCl2(s) + H2O(g)  Cu2Cl2O(s) + 2HCl(g)
Here the free enthalpy change is clearly positive. This implies handling of a large amount of water
(15 or more) to produce the 2 moles of HCl required, and also working at low pressure.
This large amount of water has to be separated from the HCl product. According to Eq. (10), the
minimum exergy loss in this separation is around 34 kJ. This separation is in practice not easy, as
there is an azeotrope between HCl and H2O around 1 mole of HCl for 10 moles of water.
The heat demand has to be provided by nuclear heat, which generates a small exergy loss
according to Eq. (8): DH = 3 kJ.
Exergy loss type
Heat exchange with nuclear heat
Separation of products and reactants
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Estimation of exergy loss
3 kJ
Min = 34 kJ probably over 150 kJ
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Step 5: Cu2Cl2O(s)  2CuCl(s) + 0.5O2(g)
The reaction is operated with a negative enthalpy change, generating some entropy loss (5 kJ) according
to Eq. (9).There is no separation issue. As this reaction is endothermic, heat has to be provided by
nuclear heat. Assuming an average pinch of 50 K we find a small exergy loss DH = 3 kJ.
Exergy loss type
Heat exchange
Chemical reaction
Separation issues

Estimation
3 kJ
5 kJ
0 kJ

Global evaluation
A global evaluation of the main exergy losses in all these steps can be deduced:
Step
Step 1
Step 2
Step 3
Step 4
Step 5
Global evaluation

Minimal exergy loss
18 kJ
101 kJ (20 can be recovered)
47 kJ
37 kJ
8 kJ
211 (191) kJ

“Realist” exergy loss
100-150 kJ
120-260 kJ
100-200 kJ
100-200 kJ
8 kJ
328-700 kJ*

* Global evaluation for realist exergy losses is lower than the sum of the different steps, as
some separation issues can be dealt with at the interfaces between two steps.

These exergy losses can be compared with industrial alkaline electrolysis.
For an effective voltage of 1.8 V (against reversible voltage of 1.12 V) and a temperature of 90°C,
exergy losses of alkaline electrolysis are “limited”, according to Eq. (12), to DE = 267 kJ and DH = 18 kJ
for the heat release at 90°C

Possible improvements
The global exergy analysis described above shows that this version of the cycle needs important
modifications to become competitive, mainly because of separation issues of products and reactants.
A generic idea is to try to handle different steps together, to avoid separation issues between two
steps. Different strategies are quickly checked here.

Combining Step 1 and Step 4
Using this strategy, HCl generated in Step 4 can be directly used in Step 1 and therefore does not need
to be separated from H2O. Also the heat from Eq. (1) can be directly used in Eq. (4).
But obviously, Step 1 has to be handled at high pressure and Step 4 at low pressure, so no
practical solution can be found.

Combining Step 1 and Step 2
This idea refers to the Dokiya cycle (1976) where H2 was directly generated by CuCl2 electrolysis. AECL
recently performed some experiments on this electrolysis (Solber, 2008). One of the main issues here
is to avoid the deposit of copper according to Eq. (2) of the ANL cycle:
4CuCl  2CuCl2 + 2Cu
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A good way to avoid this is to do it in conditions where Eq. (1) can process to the right side in
aqueous solution:
Cu + 2HCl(aq)  2CuCl(aq) + H(g) (1 bis)
This can be done using high concentrated HCl because this lowers HCl free enthalpy of mixing
with H2O close to zero and also increases the solubility of CuCl and therefore the variation of the free
enthalpy of mixing of CuCl with the HCl/H2O solution (Fritz, 1982). However under such conditions the
purity of the hydrogen needs to be checked.

Combining Step 4 and Step 5
As we have seen before, use of intermediate oxychloride is very problematic, because it can only be
produced with a large over-stoichiometry of H2O and only at low pressure. An alternative is to try to
directly decompose CuCl2 at high pressure and use the reverse Deacon reaction:
2CuCl2(s)  2CuCl(l) + Cl2(g)
Cl2(g) + H2O(g)  2HCl(g) + 0.5O2(g)
The reverse Deacon reaction is usually conducted at high temperature over 600°C, but can be
handled at 500°C or even lower using an H2O over-stoichiometry. Also CuCl2 decomposition should
usually be performed at a temperature over 600°C, but if Cl2 is removed by the reverse Deacon reaction,
the temperature can be lowered to 500°C or less.
This seems interesting, but the separation of O2 from the remaining Cl2 and the separation of HCl
from the large over-stoichiometry of H2O will remain important issues.
Pushing this idea to some extreme, it could be interesting to see if the global reaction:
2CuCl2 + H2O  2CuCl + 2HCl + 0.5O2
could be directly done in aqueous solution at high pressure and temperature (around 350°C).
If so, a new version of the CuCl cycle (without any solid phase!) could be:
•

first oxygen generation in large amounts of H2O with low HCl concentration:
2CuCl2(aq) + H2O  2CuCl(aq) + 2HCl(aq) + 0.5O2(g) (P = 150 bar, T = 350°C)

•

hydrogen will be generated in high concentrated HCl solutions at low temperature:
2CuCl(aq) + 2HCl(aq)  2CuCl2(aq) + H2(g) (T = 60-90°C, electrolysis)

These two chemical steps have to be combined to an intermediate distillation step where H2O
and HCl solvent concentrations are adjusted.

Conclusion
The global exergy analysis shows that the CuCl cycle requires important modifications to become
competitive due to problematic separation issues. However multiple variations and simplifications are
possible and could help to solve these issues. We have proposed a variation of the cycle, which requires
only low temperature heat (below 400°C) and avoids the use of solid phases.
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Abstract
We investigated a novel, continuous hybrid cycle for hydrogen production employing both heat and
electricity. Calcium bromide (CaBr2) hydrolysis, which is endothermic, generates hydrogen bromide
(HBr), and this is electrolysed to produce hydrogen. CaBr2 hydrolysis at 1 050 K is endothermic with a
181.5 KJ/mol heat of reaction and the free energy change is positive at 99.6 kJ/mol. What makes this
hydrolysis reaction attractive is both its rate and the fact that well over half the thermodynamic
requirements for water-splitting free energy of ΔGT = 285.8 KJ/mol are supplied at this stage using
heat rather than electricity. These experiments provide support for a second order hydrolysis reaction
in CaBr2 forming a complex involving CaBr2 and CaO and the system appears to be: 3CaBr2 + H2O →
(CaBr2)2·CaO + 2HBr. This reaction is highly endothermic and the complex also includes some water
of hydration. COMSOLTM multi-physics modelling of sparging steam into a calcium bromide melt
guided the design of an experiment using a mullite tube (ID 70 mm) capable of holding 0.3-0.5 kg
(1.5-2.5 10–3 kmol) CaBr2 forming a melt with a maximum 0.08 m depth. Half of the experiments
employed packings. Sparging steam at a steam rate of 0.02-0.04 mol/mol of CaBr2 per minute into this
molten bath promptly yielded HBr in a stable operation that converted up to 19 mol% of the calcium
bromide. The kinetic constant derived from the experimental data was kinetic constant was
2.17 10–12 kmol s–1 m–2 MPa-1 for the hydrolysis reaction.
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Introduction
The objective of this study was to demonstrate experimentally that a sparging contactor can be used
for CaBr2 hydrolysis as the first stage for hydrogen production. The calcium-bromine (Ca-Br) cycle
investigations combine both modelling and experimental studies of a novel continuous “hybrid” cycle
employing both heat and electricity for hydrogen production (Yang, 2008). The interest in engineering
the calcium-bromine cycle for continuous operation is that it permits the use of components and
materials that will operate in a consistent, non-cycling chemical and thermal environment. The
simplified hybrid Ca-Br cycle has two reaction stages and one electrochemical stage, compared with
the four chemical stages in the Japanese UT-3 cycle. At these temperatures, theoretical considerations
would suggest that an integrated water-splitting cycle would require three to four theoretical stages
(Funk, 1966).
“CaBr2 hydrolysis with HBr formation” (1 020-1 050 K)

CaBr2 + H2O → CaO + 2HBr

(1)

This reaction is highly endothermic. At a design temperature of 1 050 K, the heat of reaction is
181.5 kJ/mol, and the free energy change is positive at 99.6 kJ/mol. However, analysis of these
experiments provides evidence for a second order hydrolysis reaction in CaBr2 with the formation of a
complex involving CaBr2 and CaO. A more accurate representation of the system appears to be:
3CaBr2 + H2O → (CaBr2)2·CaO + 2HBr

(2)

A moisture level of ~1.4 moles H2O:CaBr2 is needed to close and reconcile the material balance
where the calcium bromide initial charge to the melt bath is employed since the final complex is still
uncertain.
“CaBr2 regeneration with oxygen formation” (850-1 050 K) CaO + Br2 → CaBr2 + ½O2
“Bromine regeneration – PEM electrochemical” (333 K)

2HBr → Br2 + H2

(3)
(4)

The equilibrium constant K, based on experimentally measured partial pressure or gas
concentration of H2O and HBr (Marchetti, 1973) is two to four orders of magnitude greater than the
thermodynamically calculated equilibrium constant based on the US National Institute of Standards
and Technology (NIST) data. The explanation of this is that the basic chemistry is not adequately
expressed in Eq. (1), but rather is linked to the complex formation shown in Eq. (2). While the
equilibrium constant suggests the difficulty of getting higher conversion, a reactor can be designed to
overcome the kinetic limitations. Therefore, it is important to obtain experimental kinetic data using a
prototype reactor contacting heterogeneous reactant and products.
A classic study of the hydrolysis of calcium, strontium, barium and their common halide salts
(Robinson, 1926) concluded that “bromides in general are more easily hydrolysed than chlorides”, and
it found that running steam over solid CaBr2 in a ceramic boat for 30 minutes at 963 K (690°C) caused
63% of the calcium bromide (CaBr2) to react to CaO while hydrolysing the CaBr2 to hydrogen bromide
(HBr.) HBr was recovered in a sodium hydroxide bath and determined by wet-chemistry titration. This
work was later pursued by Euratom (EUR, 1972, 1973, 1974) as the initial stage of the Mark-1 and then
in Japan as the UT-3 cycles. The Euratom report indicated that a significantly greater rate of reaction
is expected for the molten phase reaction, which is the focus of this investigation.

Hydrolysis modelling
Before constructing and experiment, two options were considered for bringing the reactants together
continuously (Lottes, 2008). In the first option, molten CaBr2 is sprayed with or into a high temperature
steam environment. The CaBr2 droplets act as heat carriers for the reaction as well as one of the
reactants. In the second option, steam bubbles are sparged through a pool of molten CaBr2. Both of
these candidate systems consist of a continuous fluid medium as one reactant and a dispersed fluid
in the form of droplets or bubbles as the other reactant. Modelling of these systems is, therefore,
similar with the roles of the gas and liquid phases reversed.
Given the much greater heat carrying capacity of a pool of molten CaBr2, sparging steam into
molten CaBr2 appeared to be the best candidate for a calcium bromide hydrolysis reactor in a hybrid
thermochemical water-splitting cycle. For a single 2 mm diameter bubble, a negligible amount of CaO
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will be formed, go into solution, and be drawn into the wake of the spherical cap bubble at an
essentially isothermal condition. A parameter sweep of bubble size is shown in Figure 1. The analysis
indicates that good conversion of steam to HBr can be obtained over a broad range of kinetic rate
constant, near that determined from published experimental data.

Figure 1: Left: Laminar flow field around a 400-μm diameter spherical steam
bubble rising at 0.06 m/s. Right: Mean flow around a 4-mm equivalent sphere
diameter spherical-cap steam bubble rising at 20 cm/s in molten CaBr2 at 1 013 K.

Based on these modelling results it appeared that laboratory experiments involving the reaction
of steam with molten calcium bromide in a sparging reactor would be successful, producing appreciable
conversion. In fact, preliminary experiments at Argonne have produced reactions rates up to an order
of magnitude higher than previous experiments using solid calcium bromide either as a matrix or as
crystals. Of special importance, model results also showed low temperature steam would reach melt
temperatures within a few milliseconds thus simplifying system design.
The models developed in this paper, combined with further experiments to determine the reaction
rate will help to size the bubble column reactor and identify the optimum operating range for bubble
size to maximise conversion of steam to HBr in the reactor. The reaction might produce eutectic and/or
solid calcium oxide products which would be convected away from the bubble surface reaction front.
Some of these reaction products may end up in the wakes of bubbles, and the effects on the reaction
rate at the trailing edge of the bubble surface need investigation. The bubble models will couple internal
circulation, mixing and diffusion of steam and HBr to and from the reaction front at the surface.
Results of this modelling will aid in reactor design. Additional modelling may be required to aid in
sparger tube or bubble distributor design. Bubble scale modelling will also be extended to model the
effects of bubbles riding in the wakes of other bubbles. Based on results of bubble scale modelling,
sub-models will be developed to characterise reaction progress and interfacial heat, mass, momentum
transfer between bubbles and the surrounding molten CaBr2 pool. These sub-models can then be
incorporated into larger reactor scale models.
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Experimental test apparatus
The process diagram (Figure 2) shows the details of the hydrolysis test apparatus. The four major
components of the test apparatus are: i) hydrolysis reactor; ii) furnace; iii) steam generator; iv) receiver
containing sodium hydroxide buffer solution for capturing HBr generated from the reactor.

Figure 2: Apparatus for sparging steam into molten CaBr2 to investigate the hydrolysis reaction

Hydrolysis reaction test apparatus
The ambient-pressure bench-scale reactor consists of a one-end-closed mullite tube (OD 76 mm ×
ID 70 mm × 457 mm long), the other end of which is sealed with a stainless steel (SS) flange assembly.
CaBr2 melt is contained in a quartz or sintered alumina crucible (70 mm diameter × 200 mm long),
which is placed inside the mullite reactor tube. The reactor tube is placed in a high temperature furnace
with electric resistance heat elements. Steam is sparged into the melt through a 6.3 mm OD diameter
tube (lance) made of SiC (Hexloy®) or sintered alumina. The gases exit the reactor near the top.
The temperature of the melt is measured with a type-K thermocouple immersed in the bath
through a protective SiC (Hexloy®) tube. The lance and the thermocouple tube can be raised or lowered
inside the reactor through Swagelok fittings with Teflon ferrules. A Teflon O-ring is used to seal
the furnace tube. The furnace is heated slowly to melt CaBr2 and to reach the reaction temperature.
A Lindberg Blue-M Crucible Furnace (2.6 kW of heating) was used to maintain the melt and a Riemers
Model ABAH8E1F steam generator supplied low temperature steam.
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Capture/neutralisation of product HBr
The product gases containing unreacted steam and HBr leave the reactor through a port in the SS
(or Pyrex glass) flange assembly. The product gases then pass through a heat-traced line, a glass trap,
and a glass condenser (chilled to 12°C) and are collected into a tank containing (10 N) sodium hydroxide
solution for HBr capture. The system is designed so that all gases introduced to it must pass through
the condensate/neutralisation tank, where liquid or gaseous hydrogen bromide is neutralised by the
following reaction:
HBr + NaOH → NaBr + H2O

(5)

The use of a concentrated sodium hydroxide solution (10 N) in sufficient volume to neutralise all
hydrogen bromide product formed during the reaction time ensures that even trace levels of HBr will
not be released from the receiver to the vent.

Experimental procedures
Reagent grade anhydrous CaBr2 (199.888 M.W.) was poured into the melt bath. For start-up and
shutdown, argon, an inert gas, is used to purge the test apparatus. On start-up, argon gas flows at a
rate of 1 L/min to remove residual air in the reactor and the rest of the system before the temperature
is raised. The presence of air (oxygen) in the reactor alters the reaction path and produces bromine
gas. Minor amounts of bromine could be detected with potassium iodide-starch test paper from the
opening of the gas outlet; this testing showed that no release of Br2 gas was taking place. Argon is also
sparged as fine bubbles in the deionised water for deaerating the feedwater to the steam generator.
At the end of the experiment, the steam is shut off and a flow of argon gas is started to purge HBr
from the reactor and the rest of the system.
Reagent steam is produced at 423 K, 0.525 MPa (5.25 bar). Superheating of 50 K takes place in the
feed lines so that the steam enters the Lindberg furnace at about 473 K. The reagent steam is metered
into the reactor by means of a metering valve. Significantly, COMSOLTM modelling showed that the
steam would quickly reach the temperature of the bath with only a small draw on the heat reservoir.
Success in adopting the approach of feeding low temperature steam considerably simplified the
steam feed arrangement, which employed 316 SS up to the connection with the alumina sparger feed
near the top of the furnace.
Produced HBr is scrubbed by the use of 10 N sodium hydroxide solution to form sodium bromide.
For all the runs, the initial inventory is 1.25 L of sodium hydroxide solution. The NaOH solution was
sampled at regular intervals and sent to Argonne’s Analytical Chemistry Laboratory for analysis. Volume
aliquots of solution samples were diluted with reagent water and analysed by ion chromatography to
determine bromide. Separate aliquots were diluted with acid addition and analysed by inductively
coupled plasma-atomic emission spectrometry (ICP-AES) to determine calcium. During the data analysis,
adjustments are made for the addition of condensed unreacted steam to the neutralisation solution.
Samples of molten salts (calcium bromide-calcium oxide melts; ~2 10–3 L) were collected on a
graphite rod thrust to the bottom of the molten salt bath. Melt samples are taken at the beginning of
the test run before steam is on and at the end of test run after steam is shut off and the system is
purged with argon for at least 15 minutes. The melt samples were also collected for analysis. The salt
samples are ground to powder with an agate mortar and pestle under dry nitrogen in a glove-bag
enclosure. To determine the amounts of bromide and oxide present in each salt, a portion of powder
(50 10–6 kg) is treated with methanol (3 10–3 L), which dissolves the CaBr2 fraction but does not dissolve
CaO. The methanol solvent was filtered using suction through a 2.5 cm diameter, 5-μm pore-size,
Teflon filter (Millipore), and the solids on the filter are washed with additional methanol. The
methanol filtrate is subsequently transferred to a beaker with water and the volume is reduced by
heating to expel the methanol. The remaining water solution is transferred to a volumetric flask and
diluted for analysis by ion chromatography to determine Br in the salt sample. The solids collected on
the filter are dissolved in dilute nitric acid solution, brought to volume in a volumetric flask, and
analysed by ICP-AES to determine calcium, which is assigned as calcium oxide.
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Results and discussion
In the initial phase of the test programme, shake-down tests were performed to study the behaviour
of the melt phase; evaluate compatibility of materials, controls and safety; and validate the HBr
capturing process. The analysis of the NaOH solution showed that calcium bromide was not carried
over by flowing product gases as vapour and/or by entrainment. Over the course of the reaction for
each test run, the molten reagent CaBr2 with the CaO product maintained a single phase, consistent
with the anticipated behaviour of the molten eutectic composed of CaBr2/CaO that formed as the
molten reagent CaBr2 was consumed. The quartz glass proved to be unsuitable for hydrolysis in any
zone where the bath and steam were in contact, while commercial alumina and silicon carbide were
practical and showed no evidence of corrosion or surface degradation after being cycled through these
experiments. The experiments show that both alumina and SiC are compatible with the melt
although SiC seems to plug more readily. Details around the test apparatus showing the original
funnel-design quartz glass sparger are attractive concepts (Figure 3), but all reported runs employed a
non-funnel straight tube.

Figure 3: Sparger assembly showing funnel concept

Test conditions are presented in Table 1, which has been organised from highest to lowest
bromine accumulation rates in the NaOH capture solution. These do not reflect the actual run order.
All tests were performed at atmospheric pressure. Figure 4 shows bromine as a function of reaction
time for all the tests. After the steam feed was shut off the furnace kept the melt at the reaction
temperature while an argon flow through the apparatus swept any uncollected bromine into the
NaOH bath. The sample collected at the end of this sweep appears as the final data point in Figure 4
for each test.
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Figure 4: Bromine accumulation in condensate/neutralisation tank

Table 1: CaBr2 test runs
1
CaBr2 reactant, kg
CaBr2 reactant, kg-mol
CaO reactant, kg
CaBr2 and CaO end of run, wt. %
-3

Melt height, 10 m

Steam injector, 10-3 m

Packing depth and bead size, 10-3 m
Steam flow, kg/s

2

Cummulative Steam reactant, kg-mol
Final sample time, s (min.)
-3

4

5

6

7

8

0.3000

0.5000

0.3000

0.3008

0.3000

0.2520

0.4200

5.05E-03

3.00E-03

5.00E-03

3.00E-03

3.01E-03

3.00E-03

2.52E-03

4.20E-03

0.0
85.6%

0.0
88.7%

0.0
95.4%

0.0
94.1%

0.0
96.8%

0.0
93.9%

0.0480
85.3%

0.0800
80.5%

83 (initial)

84 (initial)
with alumina
beads

93 (initial)
85 (final)

83 (initial)

90 (initial)
with alumina
beads

53 (initial)
44 (final)

90 (initial)
with alumina
beads

94 (initial)
78 (final)

SiC
63.5 OD
39.6 ID

SiC
95.3 OD
6 holes of
-6
2
4 10 m
bottom 2 cm

Alumina
63.5 OD
39.6 ID

Alumina
95.3 OD
6 holes of
-6
2
4 10 m
bottom 2 cm

SiC
95.3 OD
6 holes of
-6
2
4 10 m
bottom 2 cm

Alumina
95.3 OD
39.6 ID

Alumina
95.3 OD
6 holes of
-6
2
4 10 m
bottom 2 cm

Alumina
63.5 OD
39.6 ID

None

45 alumina
beads ~3mm

None

65 alumina
beads ~3mm

65 alumina
beads ~3mm

None

65 alumina
beads ~3mm

None

-5

1.19 10
7800 (130)

-5

2.32 10
18060 (301)

-5

2.32 10
19860 (331)

-5

2.32 10
7800 (130)

-5

1.19 10
8400 (140)

-5

2.32 10
12060 (201)

-5

2.32 10
12600 (210)

2.32 10
6900 (115)

Steam flow time, s (min.)

3

0.5044

-5

8.88E-03

5.17E-03

2.32E-02

2.56E-02

1.00E-02

5.57E-03

1.55E-02

1.62E-02

7080 (118)

10080 (168)

20820 (347)

33000 (550)

10800 (180)

14400 (240)

16020 (267)

14400 (240)
1250

1250

1250

1250

1250

1250

1250

1250

-3

30

33

39

45

33

30

33

24

-3

119

62

340

326

84

20

169

196

NaOH solution-SUM, ml (10 L)

1399

1345

1629

1621

1367

1300

1452

1470

63.5

37.5

52.8

46.3

26.2

21.6

3.1

0.7

7.94E-04

4.69E-04

6.61E-04

5.79E-04

3.28E-04

2.70E-04

3.88E-05

9.13E-06

NaOH solution-initial, ml (10 L)
NaOH solution samples, ml (10 L)
NaOH solution increase, ml (10 L)
-3

-3

Br in NaOH - TOTAL, (10 kg)
Br in NaOH - TOTAL, kg-mol
Br: CaBr2 reactant molar ratio (%)
Melt temperature, K
NOTES

15.7%

15.6%

13.2%

19.3%

10.9%

9.0%

1.5%

0.2%

1046 ± 5

1050 ± 2

1019-1021

1048-1055

1050 ± 2

1051.8 ± 2

1044-1055

1043-1061

HBr formed
and captured
in melt

HBr formed
and captured
in melt

Stopped due to
plugging
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temperature
investigated

130-150 min
new tube
inserted
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Test 1 shows the results for straight steam sparging using a SiC tube into CaBr2 (0.5 kg) of reactant.
This is the maximum charge the physical dimensions of the bath could hold in the heat zone of the
furnace. A total of 15.7 mol% of the available bromine was transferred to the capture bath. Previous
“shake-down” experiments had shown that low steam flow rates resulted in plugging the sparger and
this is an indication that the hydrolysis reaction is rapid at 1 050 K. The steam rate used (2.32 10–5 kg/s)
was employed in all but two experiments because it mitigated plugging.
Test 2. CaBr2 reactant (0.3 kg) employed both a larger diameter SiC sparger with multiple holes
in the bottom and the use of packing to improve contact time between the steam and CaBr2. This
permitted the steam rate to be reduced to (1.19 10–5 kg/s) while avoiding plugging The CaBr2 utilisation
for Test 2 of 15.6 mol% bromine matching Test 1.
Test 3. CaBr2 reactant (0.5 kg) the temperature was lowered by 30 K to 1020 K. A steam rate of (2.32
10-5 kg/s) was employed in a straight steam sparging mode using an alumina sparger and the
experiment ran in a stable manner. The experiment was terminated before the reactivity of the
reagent was exhausted. A total of 13.2 mol-% bromine was transferred to the capture bath.
Test 4. CaBr2 reactant (0.3 kg) employed an alumina sparger with multiple openings and contacting
beads. A steam rate of (2.32 10–5 kg/s) was employed in what proved to be the experiment with the
highest CaBr2 reagent utilisation with 19.3 mol% bromine was transferred to the capture bath.
Test 5. CaBr2 reactant (0.3 kg) employed a sparger with multiple openings and contacting beads
matching Test 4. The only difference was the use of a SiC sparger in place of the alumina. A steam
rate of (2.32 10–5 kg/s) also was employed as in Test 4. The experiment was terminated because of
plugging. While it might seem premature to conclude that SiC was at a disadvantage compared to
alumina for this service, no SiC sparger operated longer than 130 minutes before plugging and in
comparing Tests 4 and 5, the performance was nearly indistinguishable until the system plugged.
Test 6. CaBr2 reactant (0.3 kg) employed a straight steam sparging mode using an alumina sparger.
This was the first experiment in the programme. The low steam rate of (1.19 10–5 kg/s) led to poor
reagent use and plugging. This experiment should be compared against Test 2 run later in the
programme to show the benefits of the efforts to improve the steam contacting even with the
minimum quantity of CaBr2. The flat initiation period at the beginning of the test is an artefact of the
early experimental protocol that slowly blended the steam into the ongoing argon purge while turning
down the purge. It soon became clear that the reactor was quite stable in operation and this practice
was discontinued. After about 40 minutes, the trend of the reaction rate is established. The reaction
rate is calculated as the slope of the HBr formation profile. After steam is stopped, argon gas purging
is continued for an extended period of time to purge HBr from the reactor. The total HBr captured in
the NaOH solution is used to calculate the total conversion rate.
Table 1 shows that there is a general agreement of CaBr2 conversion calculated by Br balance from
the analysis of the sodium hydroxide solution and by CaBr2 balance from the melt analysis. Accuracy
of CaBr2 concentration determined from the melt analysis depends on how much chemically associated
water as CaBr2.nH2O remains when CaBr2 is cooled down, as well as on the homogeneity of the melt.
Evidence for segregation of CaBr2 and CaO in the melt samples appears to be substantial and difficult
to eliminate at the level of pulverisation and sample size, which could influence the accuracy of the
analysis results.
Test 7 and 8. CaBr2 reactant was mixed with reagent grade CaO (56.08 M.W.) to ascertain whether
it might be possible to use the experimental set-up to simulate the system in Eq. (1). This was done to
collaboratively with Professor Boča to re-investigate the phase diagram for the CaBr2/CaO system
published by Euratom (Boča, 2007). Only trace levels of Br escaped the melt and it is clear that this
simple mixing does not simulate the more complex hydrolysis chemistry.
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Reaction constant
Determination of the reaction constant from the experimentally measured rate of HBr formation is
achieved by applying the reaction given by Eq. (1) to a single steam bubble:
Vb

d [HBr ]
= k f a [PH2O ][CaBr ]n
dt c

(6)

The reaction is assumed to be first order in steam partial pressure and nth order (to be determined
from the kinetic data) with CaBr2 concentration. Similarly, the rate equation for consumption of H2O is
given by:

Vb

kf
d [H 2 O]
=−
a [PH 2 O ][CaBr2 ]n
dt c
2

(7)

which can be simplified to the following form for integration over the contact time, tc:
dPH2O
= −k′PH2O
dt c

(8)

where:
k′ =

kf (a V )
b

2ρm

[CaBr2 ]n

(9)

It should be noted that the grouping is an effective reaction rate as commonly used in gas-liquid
reactors.
Integration of Eq. (8) yields the k f a rate of steam conversion for a given contact time tc.
PH 2 O = PH 2 O (t c = 0 )e − k′t c

(10)

The steam conversion, xc, is given by:
xc = 1 – PH2O/PH2O(tc = 0)

(11)

The rate of steam consumption is equal to the steam flow rate times the steam conversion, and
the rate of HBr formation is twice the rate of steam consumption. The formation of HBr at a given
reaction time tR depends upon the melt composition. A second-order reaction of CaBr2 was found to
match the experimentally measured reaction rates far better than a first-order reaction. The reaction
constant is then derived from the rate of HBr formation, which is experimentally measured. The
observed kinetic constant was 2.17 10–12 kmol s–1 m–2 MPa–1 (1.30 10–4 g-mol min–1 cm–2 bar–1) for the
hydrolysis reaction, which is 24 times greater than the constant reported for solid CaBr2 reaction. This
higher rate promises to significantly reduce the size and design complexity of the hydrolysis reactor.

Conclusions and recommendations
This modelling and experimental investigation of steam sparging into molten CaBr2 supports the
following conclusions:
•

Early modelling of the system provided critical guidance to developing the apparatus and
interpreting results.

•

The operation of the hydrolysis reaction was quite stable, with undetectable carry-over of
molten salt, which proves that it should be possible to design a continuous CaBr2 hydrolysis
reactor.

•

The use of alumina packing to better distribute the steam bubbles was also investigated, and
the kinetic results show that there was enhanced contact of steam and CaBr2. Therefore,
various design options for steam distribution should be investigated further.
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•

Use of low-temperature steam at 473 K (200°C) as a reagent is practical in a molten-phase
hydrolysis reactor. What is significant about this is that the process engineering will need to
focus only on the heat exchange to main a low-pressure melt (i.e. CaBr2-CaO) at the design
reaction temperature of 1 050 K (777°C).

•

The observed kinetic constant is 24 times greater than the constant reported for solid CaBr2
reaction. This higher rate promises to significantly reduce the size and design complexity of
the hydrolysis reactor.

The comparison of the kinetic constants between various experimentalists needs to be reviewed,
recognising that there is evidence for a complex being formed. The novel method investigated here
for sparging steam into a molten calcium bromide bath to form HBr with no apparent side-products
suggests a path forward for thermochemical hydrogen production cycles, with both technical and
engineering advantages.
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Abstract
The International Atomic Energy Agency (IAEA) is developing software to perform economic analysis
related to hydrogen production. The software is expected to analyse the economics of the four most
promising processes for hydrogen production. These processes are: high and low temperature
electrolysis, thermochemical processes including the S-I process, conventional electrolysis and steam
reforming. The IAEA HEEP software is expected to be used for comparative studies between nuclear
and fossil energy sources. Therefore, typical conventional methods are also to be included in HEEP to
enable comparison with nuclear hydrogen production. The HEEP models will be based on some
economic and technical data, and on cost modelling. Modelling will include various aspects of
hydrogen economy including storage, transport and distribution with options to eliminate or include
specific details as required by the users.
Development of HEEP is based on the IAEA’s successful programme during the development of DEEP.
This IAEA DEEP software has been distributed free of charge to more than 500 scientists/engineers and
researchers from 50 countries interested in cost estimation of desalination plants using nuclear/fossil
energy sources. DEEP is not a design code. A number of member states engaged in nuclear desalination
activities in their countries have used DEEP for conducting feasibility studies for establishing large
nuclear desalination projects based on different nuclear reactors types and desalination processes.
HEEP is expected to be similar to the IAEA software DEEP which is being used to perform economic
analysis and feasibility studies related to nuclear desalination in the IAEA and other member states.
It is expected that HEEP will have similar architecture to DEEP but with the possibility of easy update
and future expansion. Various major processes and technologies are to be incorporated in the HEEP
programme as the basis for modelling the performance and cost characteristics of hydrogen production
plants. The pre-alpha version of HEEP has been completed and the release of the beta version is
expected to be in the first quarter of 2009.
The paper will present further details on the IAEA activities towards the development of HEEP and
hydrogen production using nuclear energy in general.
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Introduction
Nuclear power is the only large-scale carbon-free energy source that, in the near and medium term,
has the potential to significantly contribute to the global energy sector, especially in the area of
non-electric applications of nuclear energy. Indeed, nuclear power is expected in the future to
compensate for the limited and uncertain fossil fuels. However, nuclear power must move beyond its
historical role as solely a producer of electricity to other non-electric applications. These applications
include seawater desalination, district heating, heat for industrial processes, and electricity and heat
for hydrogen production. Such applications have tremendous potential in the future in terms of
ensuring world-wide energy and water security for sustainable development (IAEA, 2000b).
In recent years, various agencies which are already involved in nuclear energy development
programmes have carried out studies on non-electric applications of nuclear power. Similarly, the
IAEA launched a programme on co-generation applications in the 90s in which a number of member
states have been and continue to be actively involved. This programme, however, concerns primarily
with seawater desalination and district and process heating, utilising the existing reactors as a source
of heat and electricity. In recent years, the scope of the Agency’s programme has been widened to
include other more promising applications such as nuclear hydrogen production and higher
temperature process heat applications. OECD/NEA, Euratom and GIF have also evinced interest in the
non-electric applications of nuclear power based on future generation advanced and innovative
nuclear reactors
As an alternative path to the current fossil fuel economy, hydrogen economy is envisaged in
which hydrogen would play a major role in energy systems and serve all sectors of the economy,
substituting for fossil fuels. Hydrogen as an energy carrier can be stored in large quantities, unlike
electricity, and converted into electricity in fuel cells, with only heat and water as by-products. It is
also compatible with combustion turbines and reciprocating engines to produce power with near-zero
emission of pollutants. The production of clean hydrogen is a key component of the energy chain
(i.e. from production to the final uses). However, various in-depth studies might be needed to evaluate
the competitiveness of hydrogen chains to serve the future growing markets. A greater appreciation is
emerging of the economic and financial aspects of hydrogen production, particularly the suggestion
that the ability to switch between two possible product streams e.g. electricity/hydrogen and heating/
desalination, may improve economics. The economics of an integrated complex of nuclear production
of electricity, hydrogen and fresh water may look further more attractive.
The current worldwide hydrogen production is roughly 50 million tonnes per year (IAEA, 1999).
Although current use of hydrogen in energy systems is very limited, its future use could become
enormous, especially if fuel-cell vehicles would be deployed on a large commercial scale. Meanwhile
in near term, the developments on plug-in-vehicles and hybrid vehicles could provide enough
experience on the hydrogen use in transport sector. The hydrogen economy is getting higher visibility
and stronger political support in several parts of the world.
Nuclear-generated hydrogen has important potential advantages over other sources that will be
considered for a growing hydrogen economy. Nuclear hydrogen requires no fossil fuels, results in
lower greenhouse gas emissions and other pollutants, and lends itself to large-scale production. These
advantages do not ensure that nuclear hydrogen will prevail, however, especially given strong
competition from other hydrogen sources. There are technical uncertainties in nuclear hydrogen
processes, certainly, which need to be addressed through a vigorous research and development effort.
Hydrogen storage and distribution are also important areas of research to be undertaken for bringing
in a successful hydrogen economy regime in the future.
As a greenhouse-gas-free alternative, the United States, Japan and other nations are exploring
ways to produce hydrogen from water by means of electrolytic, thermochemical and hybrid processes.
Most of the work has concentrated on high temperature processes such as high temperature steam
electrolysis (HTE) and the sulphur-iodine (SI) and calcium-bromine cycles. These processes require
higher temperatures (>750°C) than can be achieved by water-cooled reactors. Advanced reactors such
as the very high temperature gas-cooled reactor (VHTGR) can generate heat at these temperatures, but
will require several years before they are commercially deployed. There are estimates that for SI or
even for HTE process, the hydrogen cost can be brought to $2/kg levels, if O2 credit is also taken into
account. If the natural gas price ranges between $6-8/MBtu and CO2 sequestering costs are also
included, hydrogen by steam methane reforming (SMR) would cost more than nuclear hydrogen.
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In several countries, many activities on hydrogen production and cost assessments within the
hydrogen economy are ongoing. Some countries have already developed their own models such as the
German-French E3-database, the hydrogen cost analysis model in Canada, and other models in the
United States.
The IAEA is taking the first step towards the development of a common cost assessment software
for nuclear hydrogen i.e. HEEP, similar to the Desalination Economic Evaluation Program (DEEP). For
HEEP development, there are some technologies that can be considered mature for such economic
assessment models like steam reforming and low temperature electrolysis. Promising processes such
as thermochemical water-splitting and high temperature steam electrolysis need to be considered.
Hydrogen production from biomass or waste is expected to take place but not on a large scale.
HEEP will be based on basic methods of hydrogen production which are: high temperature
thermochemical cycles (e.g. sulphur-iodine, hybrid sulphur), moderate temperature thermochemical
cycles [e.g. copper-chlorine and hybrid hydrogen process in the lower temperature (HHLT)] and high
temperature steam electrolysis to be compared to the conventional electrolysis and steam reforming.
Due to both high temperature (more than 850°C) and strongly corrosive environment, selection of
suitable material for the thermochemical components of the sulphuric acid decomposition is still an
issue in case of sulphur-iodine and hybrid-sulphur cycles. Development of high performance materials
for the sulphur-iodine process is still being investigated world wide. Figures 1 and 2 show the overall
stages to be considered and the structure of HEEP.

Figure 1: Processes considered in HEEP
Nuclear
power plant

Intermediate loop

Hydrogen
production plant

Hydrogen
storage and
handling facility

Source of
energy

Generation of
hydrogen

Hydrogen
transportation

Transport of
hydrogen

Figure 2: Structure of HEEP
Input from
database

And/or

Input from user

FORTRAN

Input interface

Microsoft
Visual Basic

Executing

Postprocessing

Reports
and graphs

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

283

DEVELOPMENT OF THE HYDROGEN ECONOMIC EVALUATION PROGRAM (HEEP)

Furthermore, HEEP will consider several reactor concepts including water reactors such as PWR
and PHWR for the lower temperature range, the very high temperature reactors (VHTR), fast breeder
reactors (FBR) and molten-salt cooled reactors for the high temperature range, and super-critical
water reactor (SCWR) capable of output temperatures up to around 625°C for the medium range of
temperature.
As more emphasis is placed on developing a hydrogen economy to reduce dependence on fossil
fuels, particularly in transportation areas, nuclear systems for producing hydrogen may play an
increasingly important role in the overall energy sector. Indeed, the use of nuclear technology for
non-electricity related applications is an important aspect of the proposed Generation IV nuclear
systems (Verfondern, 2007).
Cost assessment in HEEP is expected to include storage (liquefied or gaseous), transport and
distribution of hydrogen. The detailed transport model may include distribution centres in the software
at a later stage. The concept of a nuclear hydrogen economy is expected to be based on hydrogen
generation using nuclear power, and the transport of energy stored in the hydrogen. The production
facility will consist of a high temperature reactor combined with a thermochemical plant. The high
temperature heat will be converted directly into chemical energy where basic production is hydrogen.
Transport and distribution will also be considered in HEEP. Large and small scale storage tanks may
serve as options for long-term and short-term energy demand balancing. Such cost assessment will
be developed on step-by-step approach as new R&D concepts are developed. Figure 3 shows the
preliminary cost assessment considered in the pre-alpha version of HEEP.

Figure 3: Major cost components in HEEP

Since safety considerations will affect the final cost of hydrogen, they will be included in HEEP.
Major guidelines for the set-up of such considerations will be established based on the available
information of HTGR plant. Later development may also include various safety-related layouts of
other HTR such as the Japanese HTTR. It is also hoped that HEEP will include, perhaps in later versions,
some important safety features such as specific activity enclosure (i.e. intermediate loop), primary
circuit contamination system for maintenance of primary circuit surfaces, measures to reduce the
hydrogen and tritium permeation, etc. The product hydrogen may represent no major risk to the
nuclear plant if transported away directly after production from the place of generation to its
(liquefaction and) storage site. For a chemical plant based on the iodine-sulphur thermochemical
cycle, the hydrogen producing section (HI decomposition) is expected to be located far away from the
nuclear buildings as it needs only the lower level of process heat. Further risk reducing means are to
be anticipated as part of the overall safety aspects of hydrogen production.
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The desired features of HEEP are:
•

ability to estimate “levelised cost of hydrogen generation”;

•

user friendly interface to input, view and edit the data required;

•

built-in intelligence to avoid run-time error;

•

report generation and display results in graphical form.

Contributors to HEEP could be research institutions who are already involved in activities on
hydrogen production, and previous developers of DEEP and other related software. The IAEA is
contracting some recognised experts to assist in all stages of HEEP development.

Analogy to DEEP
Development of HEEP will mainly be based on the successful IAEA programme implemented during
the development of DEEP. Though DEEP is not a design code, this IAEA software has been distributed,
and is still being distributed, free of charge to more than 500 scientists/engineers and researchers
from 50 countries interested in cost estimation of desalination plants using nuclear/fossil energy
sources. A number of member states engaged in nuclear desalination activities in their countries have
used DEEP for conducting feasibility studies for establishing large nuclear desalination projects based
on different nuclear reactors types and desalination processes.
HEEP is expected to have very similar features and characteristic merits of the IAEA. DEEP
comprises modules for several desalination and energy generation options: multi-effect distillation
(MED), multi-stage flash (MSF), reverse osmosis (RO), including all possible hybrid combinations. DEEP
contains 11 energy modules: five nuclear reactors, three of which are nuclear steam power plants,
superheated steam boilers for coal, oil or gas, an open cycle gas turbine, a combined cycle gas turbine,
a diesel, used as power-only plant and a boiler (steam or hot water), used as heat-only plant. Steam
extraction/condensing turbine models are assumed both for the nuclear and the fossil energy options
(IAEA, 2000, 2000a).
DEEP can combine all the above-mentioned technologies for all plant sizes, with a focus on plants
of several 10 000 m3/d or bigger. For each plant option, DEEP calculates power and water production
performance and resulting costs for distillation (MED or MSF), for both stand-alone and contiguous RO
systems, and for a hybrid plant. The spreadsheet methodology of DEEP is suitable for economic
evaluations and screening analyses of various desalination and energy source options. The spreadsheet
includes simplified models of several types of nuclear/fossil power plants, nuclear/fossil heat sources,
and both distillation and membrane desalination plants. Current cost and performance data have
already been incorporated so that the spreadsheet can be quickly adapted to analyse a large variety of
options with very little new input data required. The spreadsheet output includes the levelised cost of
water and power, breakdowns of cost components, energy consumption and net saleable power for
each selected option. Specific power plants can be modelled by adjustment of input data including
design power, power cycle parameters and costs.
The spreadsheet serves three important goals:
•

enabling side-by-side comparison of a large number of design alternatives on a consistent
basis with common assumptions;

•

enabling quick identification of the lowest cost options for providing specified quantities of
desalinated water and/or power at a given location;

•

giving an approximate cost of desalinated water and power as a function of quantity and site
specific parameters including temperatures and salinity.

However, the user is cautioned that the spreadsheet is based on simplified models. For planning
an actual project, final assessment of project costs should be based on more substantive information
including project design and specific vendor data. As a result, HEEP is expected to be similar in many
respects to modules for several most promising processes of hydrogen production, energy generation
options, and functionality. For several coming years, HEEP will be a living document from the software
development point of view. Each development stage will be discussed among experts, and their
recommendations will be reflected in another update of the software itself.
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IAEA support activities
The IAEA has been supporting these national efforts with the preparation and publication of several
guidebooks, TECDOCs, and computer programs as well as the provision of technical assistance
through the framework of technical co-operation programmes. In 2007, 5he IAEA launched a
Co-ordinated Research Project (CRP) on “Advances in nuclear power process heat applications” with
institutes from eight countries in order to share the relevant information, optimise the resources and
integrate related R&D efforts. The CRP covers a review of reactor designs suitable for coupling with
desalination and hydrogen production systems, the safety consideration of coupling and economic
assessments. In addition, the IAEA is planning to hold technical meetings next year on non-electric
applications and hydrogen production. The first version of HEEP is hoped to be released early next year.
The HEEP development was initiated following a technical advisory meeting on hydrogen
productions in September 2007. The meeting helped catalyse the activities in many countries towards
the development and testing of the HEEP software. In addition, the meeting covered major topics
related to hydrogen production such as:
•

design aspects of high temperature nuclear reactors suitable for hydrogen production;

•

most promising hydrogen production processes;

•

allocation of cost of hydrogen production using high temperature reactors;

•

available models for the production and delivery of hydrogen;

•

assessment of hydrogen economy using nuclear power and market viability of nuclear
hydrogen options.

Six experts representing six countries attended the meeting. The countries are Canada, France,
Germany, India, Japan and Republic of Korea. It was recognised that contributors to HEEP can be
research institutions who are already involved in activities on hydrogen production, and previous
developers of DEEP and other related software.

Conclusion
Interest in nuclear hydrogen production has been growing in several member states over the past
decade. Nuclear power can play a significant role with respect to a large scale hydrogen production.
Different reactor types and thermochemical cycles are seen as promising technologies for nuclear
hydrogen production. The IAEA is taking the lead to develop software, called HEEP, which will reflect
all stages of the hydrogen production technologies, transport, storage and economy. HEEP software
development will take several years to reach a mature status so long as the technologies and process
involved are still under R&D. The pre-alpha version of HEEP has been completed and the release of the
beta version is expected to be in the first quarter of 2009.
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Dan Keuter
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Entergy Nuclear

Abstract
Entergy is the second largest nuclear owner/operator in the United States with five nuclear units in the
south operating under a cost of service structure and an additional six units in the Northeast and
Midwest operating as merchant generating facilities. As a major nuclear operator in the merchant
sector, Entergy wears the risk of nuclear operations – revenues are directly dependent upon operational
performance. Our investment in merchant nuclear operations reflects our belief that use of nuclear
energy in the competitive merchant environment can be an economically viable business venture.
Over the past 10 years, our success in the merchant sector has led to our support for the expanded use
of nuclear energy and more specifically the development and deployment of advanced nuclear
technologies. Of particular interest today is Entergy’s support for the development of HTGR – nuclear
technologies that can expand the application of nuclear energy into the broader energy marketplace.
Studies and economic evaluations, thus far, have indicated that HTGR can compete with premium
fossil fuels in supplying process heat for industrial processes and may well become competitive in the
production of hydrogen for the bulk market. We believe that the application of nuclear energy in the
broader energy marketplace is of vital importance to our nation’s energy security and as an
experienced merchant nuclear operator, we believe that business opportunities in this broader energy
market will emerge.
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Introduction
To put our perspective as a nuclear owner/operator in context, some background on Entergy and our
nuclear interests is appropriate.

Who is Entergy?
Entergy is the fourth largest utility company in the United States with approximately 30 000 MW of
generating capacity. We own eleven (11) commercial nuclear units and are currently the nation’s
second largest nuclear operator. Prior to 1999, Entergy owned and operated five (5) nuclear plants in a
regulated service territory that spanned Louisiana, Texas, Mississippi and Arkansas. Entergy’s
experience in commercial nuclear operations was viewed by the corporation’s senior executives as a
core competency and in 1999, the company embarked on a nuclear growth strategy that subsequently
resulted in the purchase of six (6) additional units in the Northeast and Midwest areas of the
United States (See Figure 1).

Figure 1: Entergy’s nuclear fleet
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The five nuclear facilities in Louisiana, Texas, Mississippi and Arkansas are operated under a cost
of service agreements with state government agencies. Under these agreements, Entergy’s investment
cost recovery and a modest return on the investment are assured through the rate base. In contrast to
the five nuclear plants in Entergy’s service territory, the six additional nuclear units that were
purchased in the Northeast and the Midwest operate in and provide electricity to the merchant
market place. Electric power pricing is established by the open market and through bilateral power
purchase agreements established between Entergy and the load serving entities or end-users. In these
merchant operations there are no rate base or cost of service agreements and therefore, no certainty
or assurance of cost recovery and return on investment. The nuclear owner/operator wears all the risk
in these merchant operations and achieves investment recovery and a return on the investment solely
through revenues derived from nuclear operations and the consequent sale of electricity. Success in
the merchant marketplace is therefore a direct result of operational performance.

Entergy’s nuclear growth strategy
Because Entergy’s performance in merchant nuclear operations has been successful, our company is
evaluating options and preparing for future growth in this area. As has been publicised, Entergy is
transferring its merchant nuclear assets in the Northeast and the Midwest into a separate company
called Enexus Energy. A separate third entity, Equagen, whose ownership will be shared by Entergy
and Enexus Energy is also being formed to operate all of the facilities – both regulated and merchant
(see Figure 2). Facility operations conducted by this single operating company will retain the economies
of scale available to large fleet operations while the segregation of merchant facilities and regulated
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Figure 2: Entergy’s corporate restructuring
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facilities will make future growth in merchant operations more feasible. Coupled with this corporate
realignment to facilitate growth in the merchant nuclear marketplace is our support for new nuclear
technology development in both light water and high temperature gas-cooled reactor technologies.
We have adopted a two-track approach to new nuclear development. This two-track approach includes
our active participation and leadership in the NP-2010 initiative, specifically our role in forming the
NuStart industry alliance which promoted and invested in the development of two advanced light
water reactor designs and the demonstration of the new 10 CFR 52 one-step licensing process. The
second element of this two-track approach is our active support for the development of the advanced
high temperature gas-cooled reactor (HTGR) and associated hydrogen production technologies. Our
support for the development of the HTGR technology began in 2001, even before the NGNP Project was
sanctioned by the EPACT of 2005. Over the past several years, we have taken a leadership role in the
formation of an NGNP Industry Alliance which, we believe, will collaborate with the DOE to bring the
HTGR technology to the commercial marketplace.

Entergy’s interest in nuclear H2 production
Entergy’s interest in nuclear production of hydrogen emerged largely a result of our support of HTGR
technology development and that fact that one of the largest hydrogen markets in the United States
lies within the Entergy service territory. Coupled with this large market is a substantial hydrogen
infrastructure (pipelines and end-user facilities) that already exists within the Mississippi River
Corridor and along the coastline of the Gulf of Mexico (see Figure 3).

Figure 3: H2 market within Entergy service territory
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Entergy believes that the bulk H2 market is growing steadily and that it presents a potential
growth opportunity for an experienced commercial nuclear operator. Although we do not envision
any appreciable market development in the near term, we do see potential business growth
opportunities over the longer term and believe that a nuclear operator’s participation (even to a
limited extent) during the technology development may be beneficial in ensuring commercial viability
for the long-term opportunities. For this reason, we have participated in nuclear hydrogen production
studies and intend to continue our support of the development efforts as long as the prospective
opportunities remain viable.
As a nuclear operator, Entergy’s explicit interest in the advanced technologies is in their viability
for commercial deployment. From our standpoint there are key considerations that must be addressed
in assessing commercial viability. These considerations include:
•

Is there a commercial market for the advanced technologies?

•

Are these technologies economically competitive with the alternatives?

•

Are there other drivers that make a compelling argument for development and deployment?

•

Are the deployment and operational risks acceptable in today’s business climate?

Nuclear production of hydrogen
Over the past several years, Entergy has participated in and even sponsored several studies relating to
hydrogen production using nuclear energy. These studies, which appear to span the full range of
nuclear hydrogen production possibilities, have included the use of existing nuclear facilities (LWR)
with conventional electrolysis, the use of existing facilities with advanced conventional electrolysis
techniques, the use of HTGR with advanced water-splitting technologies, and even the coupling an
HTGR with the Steam Methane Reforming (SMR) process. It is important to note that the results of
these studies as well as the information that is publicly available on nuclear production of hydrogen is,
in our view, still very preliminary with regard to commercial viability. There is a lack of specificity in
cost and economic modelling – largely due to the developmental nature of the technologies and the
consequent lack of maturity in facility design. This lack of specificity causes uncertainty in: i) the
investment cost assumptions; ii) the operations and maintenance cost assumptions; iii) the assessment
of operational and deployment risks. Only with further development and more definitive design detail
can commercial viability and a compelling business case be determined with reasonable assurance.

Hydrogen production using existing technologies
Recent studies sanctioned by the DOE focused on the production of hydrogen from nuclear energy
using existing technologies. This study as well as the preliminary results suggest that the use of existing
nuclear technologies with conventional electrolysis will likely be economically viable only in selected
niche markets or forecourt applications. In such scenarios, the electrolysers are powered from the
electric grid and the link to nuclear is only indirect and formalised through bilateral power purchase
agreements between the nuclear generating company and the electrolyser owner. Hydrogen costs in
these scenarios are largely a function of the electricity cost and although various modelling scenarios
utilising “off-peak” power to drive the electrolysers have been considered, no clear business case has
emerged. This notwithstanding, advancements are currently being made in alkaline electrolyser
technology which could substantially lower the investment costs and potentially even the operating
costs. If these advancements prove to be as beneficial as projected or if natural gas prices rise and
remain elevated, a legitimate business case for conventional electrolysis in niche markets and beyond
may evolve.

Hydrogen production using advanced technologies
The use of HTGR coupled with advanced water-splitting processes reflects the potential for a direct
application of nuclear energy in the production of hydrogen. The HTGR is not a new technology,
though there are efforts under way in the United States and around the globe to advance the
technology to make it suitable for application in the broader energy marketplace. Of particular note is
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the DOE’s NGNP project that focuses on extending HTGR technology for commercial deployment as a
passively safe, process heat producer that can be co-located with an energy end-user facility. Although a
variety of water-splitting processes have been evaluated for coupling to an advanced HTGR, the leading
candidates currently under consideration include the sulphur-iodine (SI) process, the hybrid sulphur
(HyS) process, and the high-temperature steam electrolysis (HTSE) process. One additional hydrogen
production option using an advanced technology that has received consideration is the coupling of
the HTGR heat source with a steam methane reforming (SMR) facility. While the preliminary economic
projections for this SMR coupled option are somewhat appealing, there several attendant disadvantages
remain. They include consumption of a premium fossil fuel (natural gas), cost fluctuations associated
with natural gas price volatility, and carbon emissions associated with the reformation process.
Assessing the economic viability of hydrogen production using advanced technologies will
require a variety of considerations including evaluation of capital or investments costs, operating and
maintenance costs, technical risks, safety, operability and reliability. Since these advanced technologies
are still in the developmental stage, there is large uncertainty in cost projections and as a consequence
no definitive judgment can be made regarding commercial viability. As the developmental efforts on
HTGR and the advanced water-splitting technologies progress, however, better certainty in assessing
commercial viability will evolve. We also believe, however, that other considerations such as volatility
in fossil fuel pricing, the security of energy supply and the possible enactment of carbon emissions
legislation might well become influential in making the business case for these technologies.

Market outlook
Based on our participation in nuclear production of hydrogen studies, it appears that the best market
potential for nuclear production of hydrogen in the foreseeable future will involve the HTGR
technology coupled with either one of the advanced thermochemical water-splitting processes or
coupling an HTGR to an SMR facility. Over the past several years, Entergy along with NGNP project
personnel have conducted an outreach programme in the industrial sector to assess the potential
market for these advanced technologies. As a result of this outreach effort, a large potential market
for these technologies beyond the traditional nuclear energy applications of electric power generation
has become more apparent. The distinct characteristics and capabilities of HTGR technology appear to
be well suited for industrial application where there is a demand for high temperature process heat.
These potential applications include:
•

“upstream” petroleum recovery operations such as enhanced oil recovery, tar sands production
and oil shale recovery;

•

“downstream” petrochemical/refinery operations;

•

fertiliser production operations;

•

industrial chemical facility operations;

•

coal-to-liquids (CTL) and coal-to-gas (CTG) conversion processes (inclusive of H2 production).

We believe that these applications represent a large potential market and should provide the
incentive necessary to pursue development of these advanced technologies to the point where more
definitive judgments regarding their commercial viability can be made. Several independent studies
have been conducted and conservatively estimate the size of these potential markets to be well over
600 modules (assuming ~500 MWth per reactor module). Several specific market areas are described in
the following subsections to better characterise the potential application and markets for the
advanced HTGR and hydrogen production technologies.

Tar sands
The Canadian tar sands deposits in Alberta are the second largest oil reserves in the world after those
of Saudi Arabia. It is estimated that the total recoverable reserves are approximately equivalent to
200 billion barrels of oil, an order of magnitude larger than the oil reserves of the United States. Tar
sands are mixtures of bitumen (a heavy, viscous oil), sand, water and clay. The bitumen is a solid at
room temperature. With surface mining operations, the mixture is heated in large tanks until the
sand and clay settle and the oil floats on the hot water to the top of the tank. There are also in situ oil
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recovery methods that inject steam into underground deposits [steam assisted gravity drain (SAGD)]
where the steam condenses, heats the tar sands and allows the bitumen to flow to production wells.
Hydrogen must be added to bitumen to convert it to syncrude that can then be sent by pipeline to
refineries to be converted into gasoline, diesel and jet fuel. This process is extremely energy intensive
and today, most of the energy is provided by natural gas. The total quantities of natural gas ultimately
required for recovery of the tar sands by using natural gas are two to three times the total natural gas
reserves of Canada.
Using nuclear energy to produce 100 000 barrels of bitumen per day (87 000 barrels of syncrude)
would displace the use of natural gas and avoid the release of about 100 megatonnes of carbon dioxide
per year. For the 100 000 barrel per day bitumen plant, about 1 000 MW(th) of steam is required plus
100 to 200 MW(e) of electricity. Another hundred to several hundred megawatts of electricity would be
required to produce hydrogen by high-temperature electrolysis. The hydrogen requirements depend
upon whether the goal is to convert bitumen to syncrude that can be transported by pipeline to a
refinery or to fully convert the bitumen directly to gasoline, diesel and jet fuel at the production site.

Coal-to-liquids
The process for converting coal to liquids (CTL) was developed in Germany in the 1920s and by
World War II became the source of 90% of that nation’s liquid fuel requirements. Sasol, a South
African company uses a technology similar to the Germans and currently produces up to 10 million
metric tonnes of liquid fuel per year meeting about 40% of the country’s current liquid fuel demands.
There is a growing interest in other countries with major coal reserves, such as the United States and
China, to develop processes that can exploit their large indigenous coal deposits to meet their growing
petroleum requirements. If, for example, the coal deposits in the United States were converted to
liquid hydrocarbons, they would represent over 60% of the world’s proven oil reserves. China is
experiencing growth in coal liquefaction as a way of utilising its coal reserves and reducing its
dependence on imported oil. Sasol is actually planning two CTL plants in China (Sasol, 2007) and in
the United States, nine states are actively considering CTL facilities.

The most advanced process for producing liquid fuels from coal entails gasifying the coal with
steam to form “syngas” (a mixture of hydrogen and carbon monoxide), removing the sulphur from the
syngas, making the necessary mixture adjustments, then routing to a Fischer-Tropsch (F-T) process
which assembles hydrocarbon building blocks in the presence of a catalyst to produce high quality
clean fuels. While this is an attractive process for converting a very abundant resource, coal, into
petroleum products, there are several disadvantages. The process is quite energy intensive, requiring
either coal or a premium fossil fuel to fire the gasifier and electricity to power the air separation plant.
Integrating an HTGR (coupled to a water-splitting process to provide oxygen and hydrogen) into this
overall CTL process eliminates the air-to-oxygen plant (reduces overall electric power requirements),
simplifies the syngas production step and eliminates the water-gas shift reaction (the dominant
source of CO2 from the process). As a result of these process simplifications, there are significant
savings in the CTL plant capital costs, coal costs, and operations and maintenance costs. Use of the
HTGR for hydrogen and oxygen input to the CTL process offsets the use of coal as the hydrogen source
and enhances the product yield per unit of coal input. With process optimisation, the integration of
the HTGR into the CTL process could improve hydrocarbon utilisation from ~30% to greater than 95%
and eliminate essentially all CO2 emissions from the conversion process.
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Oil shale
The United States has sufficient oil shale deposits to meet our current oil demands for approximately
100 years. Many oil shale deposits are thick (200 to 700 m) and can yield up to 2.5 million barrels of oil
per acre, or about $125 million/acre (with oil at $50/barrel). Methods for low-cost in situ recovery of
shale oil are being developed by Shell Oil and others. The leading option involves drilling wells into oil
shale and using electric heaters to raise the bulk temperature of the oil shale deposit to ~370°C to
initiate chemical reactions that produce light crude oil, and then pumping the oil to the surface. (Note:
shale oil contains no oil, the heating of the oil shale causes chemical reactions to yield oil.)
Approximately 250 to 300 kW-hr of electricity are required for down-hole heating per barrel of oil.
An alternative method being considered is the use of HTGR to provide high temperature heat to
replace the electricity. Direct use of high temperature heat avoids the factor-of-2 loss in converting high
temperature heat to electricity (which is then used to heat oil shale). The concentrated characteristics
of United States oil-shale deposits make it practical to transfer high temperature heat over limited
distances from a reactor to the oil shale deposits while operating the reactor for 40 to 60 years.

Commercial feasibility
Our evaluations on the production of hydrogen from nuclear energy have included a wide spectrum of
processes and techniques from conventional electrolysis using existing nuclear technologies to
thermochemical water-splitting and high temperature electrolysis using advanced high temperature
gas-cooled reactors. Since hydrogen production from nuclear energy will likely be a merchant operation,
economic viability will depend on the competitiveness of nuclear produced hydrogen with the more
traditional SMR process. Unless and until advancements are made in conventional electrolysis, it is
unlikely that existing nuclear technologies and conventional electrolysis will be competitive with SMR
in the bulk hydrogen markets. We believe that HTGR coupled with compatible advanced hydrogen
production processes do, however, have the potential to be competitive with SMR.
While the potential market for the advanced HTGR and nuclear hydrogen production technologies
is substantial, key considerations such as: i) economic competitiveness with the alternatives;
ii) feasibility of licensing and permitting; iii) the acceptability of the operating risks and off-take
contracts, must be assessed and deemed satisfactory before this commercial market becomes viable.

Economic competitiveness
Although we have a basic understanding of the advanced hydrogen production processes being
considered for incorporation with the NGNP project, our assessment as to their commercial viability is
very limited due to the developmental nature of the technologies and the lack of sufficient design
maturity. Over the past several years, we have participated in several studies with the DOE and the
Idaho National Laboratory that have resulted in what we believe to be the best available projections
for cost and economics for hydrogen production using an HTGR. As depicted in Figure 5, these studies
indicate a H2 production cost in the range of $2/kg-$4/kg. In this range nuclear production of hydrogen
is competitive with SMR when natural gas is above $8/MMBTU and perhaps as high as $16/MMBTU.
An NGNP study currently underway suggests that the cost of hydrogen is actually in the higher
end of this range. At face value, these price ranges are clearly not competitive with hydrogen
produced by SMR at today’s natural gas prices. In assessing economic competitiveness, however,
consideration must be given to the volatility in natural gas prices, the security of supply and the
potential cost consequences of carbon legislation – all of which may influence the economics and the
commercial viability discussion. Given the uncertainty in the basic cost assumptions, the fluctuation
in natural gas prices seen over the past several years, and the possibility of carbon emissions legislation,
it seems logical that further technology development and design work be done to more accurately
estimate costs and hopefully improve economic competitiveness.

Licensing and permitting
There will no doubt be challenges to overcome in licensing a nuclear facility co-located or in the
proximity of a major industrial complex and coupling its output to the industrial facility processes.
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Figure 5: Hydrogen pricing using an HTGR
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These challenges notwithstanding, we believe that licensing and permitting the co-location and
integration of a nuclear facility and an industrial complex is feasible. We further believe that the
safety characteristics of an HTGR are such that nuclear operations can be conducted with little if any
impact on the broader industrial facility operations. Likewise, we believe that the design of the nuclear
plant along with the conduct of nuclear operations can support co-location and integration with
industrial facilities – with no adverse impact on the safety of the nuclear facility.

Operating risks and contractual agreements
Supplying high-temperature process heat and/or producing hydrogen from a nuclear energy heat
source will, in all likelihood, be a merchant operation. It is likely that an experienced nuclear operator
will assume responsibility for the conduct of nuclear operations and enter into a long term agreement
with an end-user for the process heat, electricity or hydrogen off-take. Although the specifics of such
an agreement have yet to be determined, it is likely that the key elements will include reliability of
supply, a take-or-pay commitment for the product, provisions for cessation or reduction of industrial
facility operations, and an off-take pricing scheme mutually beneficial to both parties.

The national interest
There are three inter-linked energy challenges that industry and government face: the rising and
volatile prices for premium fossil fuels such as oil and natural gas, dependence on foreign sources for
these fuels, and the risks of climate change due to carbon emissions. Oil and natural gas supplies are
used as “energy” to power our vehicles, to power our industrial processes and to heat and cool our
homes and businesses. Our economy, the way we live, is dependent upon a secure supply of energy –
energy security. It is important to note that these premium fossil fuels are also the feedstocks used to
produce the chemical products that are found in medicines, cell phones, clothes, tennis shoes,
antifreeze, lubricants, shampoos, cosmetics, automobile interiors, paints and coatings, carpet and
textiles, agricultural chemicals, glues and epoxies, and many other products that we use in our
everyday lives. Because these products are so pervasive in our everyday lives, it is essential that the
supply of feedstocks from which they originate be secure – once again, energy security.
The United States currently imports approximately 60% of its oil supply and approximately 20%
of its natural gas supply from foreign countries, and not all of these supplier countries are aligned with
United States policies. Volatility in energy costs and uncertainty in the long-term supply of energy are
causing larger industrial companies to focus on expansions outside the United States. This import
scenario must change if our nation is to achieve energy security and to maintain economic prosperity.
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Currently, nuclear energy is utilised in only one of the four major energy consumption sectors
(depicted in Figure 6) – the generation of electricity. In the United States and throughout most of the
globe, nuclear energy is used to generate electricity utilising light water reactor (LWR) technology
operating at temperatures around 300°C. Advanced HTGR can operate at 800°C and above and have
the potential to provide the high-temperature process heat and hydrogen required by major industrial
operations. Major industrial operations account for approximately 20% of the total United States
energy consumption and do so by burning premium fossil fuels. Nuclear-produced high temperature
process heat can displace the burning of fossil fuels to produce heat for chemical production, oil refining,
enhanced oil recovery, tar sands recovery, shale oil production and other major industrial processes.

Figure 6: United States primary energy consumption by source and sector – 2007
(Quadrillion BTU)

We believe that there are national interests served by extending the application of nuclear energy
into the broader energy sector. These national interests include:
•

a reduction in the use of premium fossil fuels;

•

a more effective utilisation of indigenous coal and uranium resources;

•

a reduction in the dependence and costs associated with imported oil and natural gas;

•

a reduction in carbon emissions.

Closing remarks
Entergy has a significant investment in nuclear energy and is genuinely interested in its future.
Of particular interest to us is the expanded use of nuclear energy in the broader energy market. While
the commercial viability and competitive economics of the advanced nuclear hydrogen production
technologies may be uncertain at this stage of development, they do hold the potential of facilitating
expanded use of large indigenous coal resources, reducing our imports of oil and natural gas, and
reducing carbon emissions. These potential benefits are clearly in the national interest and are key
elements in achieving energy security. As a consequence, we believe continued investigation and
development is warranted unless and until it becomes clear that commercial viability is unachievable
or unless and until a better alternative is identified.

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

297

NUCLEAR H2 PRODUCTION – A UTILITY PERSPECTIVE

Note
Much of the insight and cost/economic projections were obtained through participation in and
support of the Idaho National Laboratory and in particular the NGNP project activities.
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Alkaline and high-temperature electrolysis for nuclear hydrogen production

Jérôme Gosset, Nathalie Collingnon
AREVA Research & Innovation Corporate Department
Paris La Défense, France

Abstract
In anticipation to energy world evolution in the coming decades, we will discuss the role that hydrogen
can play in the future energy systems.
Facing strong energy demand growth in the transport field, expected oil production limitation and
climate change constraints, the oil industry has to raise difficult challenges requiring short-term
actions. Hydrogen being a key molecule for this industry, we will show how nuclear produced
hydrogen can contribute to resolve some of the oil industry challenges, within a compatible time frame
with the inertia of climate mechanisms.
Technical solutions to produce hydrogen using nuclear energy and electrolysis will then be described.
We will describe the relevant characteristics of alkaline electrolyser technology. Using results of
nuclear-aided petrochemical processes technico-economic studies, we will show that synthetic fuels
are accessible at reasonable costs.
We will also discuss the limitations of these technological solutions and describe which improvements
and evolutions can be expected and looked for, as regards both the nuclear industry and electrolyser
technologies. For the latter, we will discuss both alkaline and high-temperature electrolysis. The
evolutions to be looked for should minimise development efforts, therefore we will argue why
advanced thermal integration should be studied in order to avoid too-stringent requirements on both
the nuclear reactor and the electrolyser. Remaining challenges will be discussed.
As a result, our paper will show how and why the nuclear industry, and specifically AREVA, will be
able with relatively limited developments to massively decarbonise transportation from well to wheel,
through a variety of applications.
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Towards an evolution of the energy systems, linked to transportation and fuels
Three incompatible constraints make inevitable a major transformation of the energy systems. First,
the strong growth of the energy demand in transportation, driven by population growth and economic
growth. Second, the peak oil, or to say the least the production plateau expected by 2020 around
100 Mbl/d. This plateau implies that an alternative source of energy than oil from wells will be required
to satisfy demand. And third, the climate change issue, which imposes to quickly and drastically reduce
greenhouse gas emissions. This constraint is particularly strong on the oil and automobile industries.
This analysis is now shared by a growing number of players in the energy industry. And it is,
naturally, around fuel and transport industries that major evolutions will occur. The challenges that
these two industries will have to face can be summarised in four main questions:
•

How to reduce CO2 emissions released during fuels production?

•

What kind of energy source could be used in the oil and petrochemical industry tomorrow?

•

How to satisfy the fuel demand? That is, with which sources of energy and which carbon
sources. Will it be necessary to resort to synthetic fuels?

•

The reduction of carbon footprint vehicles is necessary in order to protect the growth potential
of car manufacturers, how will the vehicles motorisation evolve? Will electrification take a big
share and if yes, when?

It should be noted that for air, sea and truck transportation, electrification is not conceivable. For
these applications, the only CO2 emissions reduction option that will not limit growth will be in the
use of clean fuels or synfuels.

Clean production of hydrogen as an opportunity for clean fuel
The oil industry has to enrich crude oil with hydrogen to produce lighter petroleum products. Today,
the vast majority of hydrogen in refineries is produced by steam methane reforming, this production
accounts for approximately 1% (~0.3 Gt) of the CO2 world emissions. For comparison, it is approximately
equal to 15% of avoided CO2 emissions thanks to the world nuclear reactors fleet. Besides, the
tradition Fischer-Tropsch process to produce synfuels has a poor conversion yield and is a large CO2
emitter: one-third of the resource is used to produce the hydrogen required for the process, when
another third is used to produce the energy required for the process. Two-thirds of the carbon
resource is therefore converted directly into CO2, and not into fuel.
Reducing the environmental impact of fossil fuel and synthetic fuel production requires a
massive production of clean hydrogen which water electrolysis technology can offer: in water
electrolysis, electricity enables breaking water molecules into its elementary components hydrogen
and oxygen. In the case where the electricity is produced free of CO2 emissions hydrogen is also
produced CO2 free.
In a generic way, the challenges which the oil and automobile industries are facing can be dealt
with by using nuclear power, via:
•

the use of hydrogen stemming from water electrolysis as a replacement to hydrogen
stemming from fossil raw material or from methane;

•

the use of the co-produced oxygen;

•

the direct use of electricity and\or nuclear heat in petrochemical processes.

These generic interfaces are applicable in all of the oil industry processes: synthesis of fuels,
refining, and heavy oil production. As a result, clean massive hydrogen production is a technology
enabling substantial CO2 abatements in the oil industry (Boardman, 2008; Forsberg, 2009).
As illustrated in Figure 1, the timing for CO2 emissions reductions is crucial to the evolution of
climate. Besides, CO2 emissions from the transportation sector have to be reduced massively and
quickly if the climate is to be protected. It is therefore of major importance that technologies able to
go at commercial scale in due time are made available.
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Figure 1: A sense of emergency: climate change impacts are very different depending
on how fast we start to reduce CO2 emissions due to the inertia of climate mechanisms

The CO2 capture and sequestration cannot meet these challenges since the expected time frame
for deployment would be longer than are time horizons authorised for CO2 emissions reduction, for
which should also be considered the uncertainties lying in the world geological storage capacity.
We will show in the next section that this is not the case with nuclear and electrolysis.

Clean fuels are at hand
Technically speaking, hydrogen can be massively produced without CO2 emissions in the short term
as light water reactors and alkaline electrolysis technologies are available and mature. Companies like
Hydrogen Technologies (StatoilHydro Group) have been selling these products for many years, see
Figure 2. These existing technologies still have room for improvement; they are, thus, solutions for the
mid-term. Some companies are currently working to improve the performances and economics of
alkaline electrolysis (Bourgeois, 2008). They could be supplanted, in the long run, by not yet available
technologies: for example, high-temperature nuclear reactors and high-temperature electrolysis,
or even thermochemical processes driven by high-temperature heat from nuclear plants if their
development succeeded.

Figure 2: Light water reactors such as EPRTM and alkaline electrolysis such as Hydrogen
Technologies’ method are well established technologies to produce CO2-free hydrogen
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Considering process integration, a typical synfuel process like CtL can be modified to use
hydrogen and oxygen produced from water electrolysis using nuclear energy, and to use also directly
some electricity. This process evolutions, sketched on Figure 3, lead to quite energy efficient layouts
as some very energy intensive pieces of equipments are removed, the air separation unit (ASU) being
the most important one. The idea of the modified process is to turn every carbon entering the process
into fuel, the energy and all of the hydrogen coming from nuclear and water. Therefore the CO shift is
removed too, as there is no need to produce hydrogen from the coal enabling all CO molecules to go to
the Fischer Tropsch unit.

Figure 3: Traditional coal-to-liquid process
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Figure 4: Coal-to-liquid process coupled to a nuclear energy source
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Economically speaking, synthetic fuels are accessible with a cost sharply less than USD 150/bl,
which compares fairly with the USD 120/bl cost of traditional CtL processes.
Besides, it is possible to turn refineries quasi-CO2 free thanks to the supply of hydrogen, oxygen
and clean electricity. On the basis of the early 2008 economic conditions (high level of fossil fuels
prices, around USD 140/bl) and considering nuclear electricity costs at around EUR 55/MW, such
modified refineries are more profitable than conventional ones.
Besides, in comparison to usual processes, the use of nuclear power in the synfuel production
processes allows to drastically increase conversion yield:
•

using biomass, conversion ratio is doubled;

•

using coal, conversion ratio is tripled.

With such substantial gains, BtL becomes a viable option (the needed agricultural or forest areas
being strongly reduced) and coal-to-liquids can also be reconsidered (CO2 emissions being strongly
reduced). As an immediate consequence, the perspectives of deployment of more generally XtL
processes can be reconsidered as less pressure is exerted on resources. Moreover, nuclear plants not
only provide hydrogen to the petrochemical processes, but oxygen and electricity as well.
Finally, it is crucial to note that the cost of synfuel barrels is strongly dependent on the cost of
electricity. In a very capital-intensive case such as the nuclear power, the cost of the synfuel barrels is
therefore very sensitive to the capital cost.
Another attractive option is to seize the opportunity for producing hydrogen via alkaline
electrolyses from electricity consumption during off-peak periods. Purchasing electricity at low cost
during off-peak periods makes possible to reduce hydrogen production costs and leads to considerable
savings. However, coupling the production of hydrogen by electrolysis with low electricity price leads
to a discontinuous process. The petrochemical processes being continuous, a hydrogen temporary
storage has to be included in the system.
As a result, the nuclear option can, in the short term, enable large CO2 emission reductions based
on available light water reactors and alkaline electrolysis technologies. The economic attractiveness
of this solution depends on the electricity cost but also on the CO2 and natural gas prices.

High-temperature technologies
To improve the intrinsic economics of nuclear electrolysis, in the long term, hydrogen production by
high-temperature electrolysis coupled with high-temperature nuclear reactors is an attractive alternative
option. Today, high-temperature electrolysis is at an early stage of development, see Figure 5. Size

Figure 5: Development roadmap of different electrolysis technologies
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scales of high-temperature electrolyser prototype are in the range of tens of square centimetres, and
test runs are in the range of a thousand hours. An AREVA R&D programme is currently under way to
develop high-temperature electrolysers, see Figure 6. This programme encompasses and covers all
aspects of the electrolysers, from cell materials to system integration and massive hydrogen plant
cost assessment.

Figure 6: AREVA roadmap for high-temperature electrolysis
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However, in such a high-temperature option, even if the HTE development is a success, a critical
issue will remain providing heat at around 900°C, which would require heavy reactor developments
for a rather limited market, thus leading to development, engineering and licensing cost amortisation.
Systems should thus be designed to provide heat using reasonably ambitious high-temperature
reactors so that technology is available in due time compared to climate change timings. Such an
option can be offered with a 600°C HTR which would provide 550°C heat to steam, combined with
electrolysers’ outlet gases heat regeneration, the completion of energy requirements to reach 900°C
being provided by electric heating, as summarised in Figure 7. Rough numbers for the energy balance
of such a layout is given in the following table for a 600 MWth nuclear reactor, see Table 1.

Figure 7: Schematic view of good efficiency system
delivering steam at 950°C using a 600°C HTR reactor
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Table 1: Energy balance of Figure 7 heating system, 600 MWth nuclear reactor case
Regeneration
Steam transport loop
Electricity to heat the steam to 900°C
Electrolysis itself (at 3.1 kWe/m3)

~ 41 MWth
~ 17 MWth
~15 MWe
~ 240 MWe

Such a solution is obviously less efficient than the one including a VHTR since it only provides
1.9 kg H2/s instead of 2.1 kg H2/s in the VHTR case (DOE, 2006), but the difference is not that important.
Anyhow, it is small enough to make it possible for the cost of hydrogen in this “heat + electricity”
option to turn out to be competitive as less stringent requirements will be put on the reactor and
other systems such as:
•

less advanced materials for high-temperature management involved;

•

less fuel challenges;

•

no 900°C heat to be carried on at least a few hundred meters, no advanced heat carrier like
helium or molten salt;

•

no lifetime issues with heat exchangers at both ends operating in the 950-900°C range, under
substantial pressure differential.

Conclusion
Technological elements for transition to nuclear-hydrogen sustained oil processes are ready. However
further developments are required for these free CO2 hydrogen production assisted sustainable fuel
production processes: demonstration of integration, overall H2 plant design, etc. Either based on alkaline
water electrolysis, or on high-temperature electrolysis, although these challenges remain significant
challenges they are addressable in a limited time frame to enable mid-term industrial deployment.
Even if the economics of the nuclear hydrogen production are already rather good, they can
be improved in the long term by consuming electricity during off-peak periods and developing
high-temperature electrolysis. In order to keep most of the R&D efforts focused on electrolysis
challenges, it is suggested that 900°C heat generation systems are based on relatively simple designs
for the high-temperature reactors, meaning reactors not over 600°C.
Synthetic fuels will enable reconciling the necessity of reducing, in the short term, the issues of
transportation and deployment of the alternative motorisations of vehicles. They will thus give time
to the car industry to ensure the transition towards the electrical vehicle, which is, by far, more
energy efficient than the thermal vehicle running on synfuels.
The hurdles to be passed for a major evolution of fuels and transport, by use of nuclear energy and
electrolytic hydrogen are quite important. Among those, are the new interfaces between the petroleum
industry and the power industry, which have very different time lines and mental sets. As the positive
potential of this solution is proven, it is now of major importance to exchange with the oil industry
and progressively identifying economic opportunities for first applications or demonstrations of clean
synfuel production.
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Abstract
Both nuclear and solar energy represent significant carbon-free sources, which may contribute robust
elements to a cleaner energy economy, to develop domestic energy sources for the purpose of energy
security and stability, and to reduce national dependencies on imports of fossil fuels. Hydrogen, on the
other hand, represents a fuel which is clean, powerful and an environmentally benign source of energy
to the end-user. The current production of hydrogen is mainly based on hydrocarbons as feedstock,
e.g. steam reforming of natural gas. Over the long term, however, water-splitting processes such as
thermochemical cycles or high temperature electrolysis will become the principal basis of H2 production.
In Germany, R&D activities started in the past to investigate the possibility of utilising nuclear and
solar primary energy input to provide process heat in the temperature range of 800-1 000°C. Such
“allothermal” production processes promise significant savings of the fossil resources and a reduction
in specific CO2. In the long run, coupling nuclear or solar heat sources to thermochemical cycles enables
bringing down CO2 emissions to zero, since the only raw material is water. The paper will give an
overview on the potential of nuclear and solar primary energy input to the hydrogen production
processes of steam-methane reforming and thermochemical cycles of the sulphur family and describe
respective research activities of the past and present in Germany.
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Introduction
In 2004, the world’s consumption of primary energy amounted to 10 224 million TOE, of which a
dominant fraction of 88% originates from fossil fuels. Satisfying the need of future generations for a
more sustainable development, the objective of climate change policies must be to enhance the trend
towards renewable energies and other non-fossil alternatives. Both nuclear and solar energy represent
significant carbon-free sources, which may contribute robust elements to a cleaner energy economy,
to develop domestic energy sources for the purpose of energy security and stability and to reduce
national dependencies on imports of fossil fuels. Hydrogen, on the other hand, represents a fuel
which is clean, powerful and an environmentally benign source of energy to the end-user.
Currently hydrocarbons are the most applied feedstock for mass production of hydrogen and will
continue to be so for the next decades. Steam reforming of natural gas covering world wide about half
of the hydrogen demand, is one of the essential processes in the petrochemical and refining industries.
In conventional plants, the process heat required is provided by burning a part of the natural gas
(autothermal). An alternative option would be to provide an external process heat source (allothermal)
and, thus, saving resources and reducing specific CO2 emissions. In the long term, the clean production
methods will most certainly be based on water as feedstock. High temperature electrolysis reduces
the electricity needs up to about 30% and could make use of high temperature heat and steam from
an HTGR. In thermochemical (hybrid) cycles, a series of thermally-driven chemical reactions takes
place where water is decomposed into hydrogen and oxygen at moderate process temperatures.
Nuclear and solar primary energy may serve different purposes, if used for the clean production
of hydrogen, and they complete each other. While nuclear energy could play a major role in centralised
H2 production on a large scale at a constant rate, solar and other renewable energy sources with their
low-density energy and typically intermittent operation mode will be preferable for dispersed systems
of H2 generation. In addition, both types can be applied to generate electricity and provide it to the
grid at any place. Also natural gas could be used as feedstock for centralised and decentralised H2
production. Both grid-bound forms of energy are consumer-friendly and widely available.

Nuclear and solar primary heat source
Before a CO2-free hydrogen production will be established on the future energy market, it is desirable for
a transition phase to replace autothermal with allothermal processes, where an adequate heat carrier
system is taken to transfer heat from outside into the hydrocarbon splitting process. The output of
hydrogen per unit feed stock may be increased by 30-40%. This strategy includes the production not
only of hydrogen, but also of liquid energy alcohols in a subsequent step, e.g. methanol synthesis.

Nuclear process heat reactor
Future nuclear reactors are expected to be further progressed in terms of safety and reliability,
proliferation resistance and physical protection, economics, sustainability (GIF, 2002). One of the most
promising nuclear reactor concepts of the next generation (Gen-IV) is the VHTR. Characteristic features
are a helium-cooled, graphite-moderated thermal neutron spectrum reactor core with a reference
thermal power production of 400-600 MW. Coolant outlet temperatures of 900-1 000°C or higher are
ideally suited for a wide spectrum of high temperature process heat applications.
The co-generation of hydrogen is done by connecting the VHTR to a H2 production plant via an
intermediate heat exchanger (Figure 1). Top candidate production methods, considered presently by
various countries, are the sulphur-iodine (S-I) or alternative thermochemical (hybrid) cycles and high
temperature electrolysis (HTE). Assuming a plant availability of 90% and an overall conversion
efficiency of (aimed at) 50%, the system would have a capacity of 27.4 t/d of hydrogen (higher heating
value) per 100 MW of nuclear thermal power.
The technology of the VHTR benefits from the broad experience gained from respective research
projects in the past such as the German Prototype Nuclear Process Heat (PNP) project. But also HTGR
operation like the currently operated HTTR in Japan and the HTR-10 in China, as well as comprehensive
R&D efforts which were recently initiated in many countries to investigate HTGR systems in connection
with nuclear hydrogen production provide valuable knowledge.
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Figure 1: Very high temperature reactor with hydrogen production system

Heat from concentrating solar systems
To achieve process temperatures in the range beyond 800°C, in principle, two mature solar
technologies are available: solar dishes and central receiver systems. The former technology is limited
in size (< 100 kW per unit) and suitable for decentralised applications. For a commercial scale-up,
solar-thermal central receiver systems (CRS), also called solar tower systems, can achieve the required
temperature level and multi-megawatt power levels. CRS have been under investigation since the
1970s, when various installations were planned and built world wide. One example is the research
plant CESA-1. Several hundred tracked and typically slightly shaped mirrors, so-called heliostats, are
arranged around a tower. They redirect and concentrate solar radiation to one spot on top of the
tower, where the radiation is collected and converted to process heat to power a steam or gas turbine.
Alternatively the heat can be used for high temperature (600-2 000°C) chemical reactions either
directly at the tower platform or by transferring the heat via a heat transfer fluid to a chemical plant.
In 2007, the first commercial CRS was brought into operation and connected to the power grid, the
10 MW(e) plant PS10 near Seville in Spain (Figure 2). It has a 75 000 m2 heliostat field of 624 heliostats
with 120 m2 each, a saturated steam receiver and a 30 minute thermal storage. It generates 20 GWh/yr
of solar electricity. The construction of a second power tower, the 20 MW PS20, was completed nearly
at the same site. The Spanish Abengoa group is building at their Plataforma Solar of Sanlucar la Mayor
(PSSM) the world’s largest solar platform with a total CSP capacity of 300 MW, including the 11 MW
PS10, two 20 MW PS20 power towers, and five 50 MW parabolic trough plants. A high temperature
prototype plant has recently been inaugurated in Jülich, Germany. It features a DLR development, an
open volumetric receiver made of ceramic honeycomb structures.

Figure 2: View of Abengoa’s Plataforma Solar Sanlucar La Mayor near Seville, Spain,
with the 11 MW PS10 and construction of the 20 MW PS20 (Abengoa Solar)
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Heat decoupling
The combination of an external heat source with chemical processes will need a device to decouple
the heat from its origin to the heat utilisation system. In the case of a nuclear plant, the intermediate
heat exchanger (IHX) must provide a clear separation between nuclear plant and heat application.
Under normal operating conditions, the IHX prevents the primary coolant from accessing the process
plant and, on the other side, process gases from being routed through the reactor containment, thus
limiting or excluding a radioactive contamination of the product (e.g. by tritium). Furthermore the
physical separation allows for the heat application facility to be conventionally designed meaning
easy maintenance and repair works under non-nuclear conditions. The VHTR will have three heat
exchanging levels (see Figure 1), from the primary side to an intermediate circuit, then to a heat
delivery system of the chemical plant before transferred to various chemical processes.
Different technologies for heat exchanging components designated for nuclear applications have
been developed in the past. Two IHX components, one with a helical tube bundle and the other one
with U-tubes, designed for a power level representative for large and medium-sized plants were
constructed by German companies and tested under conditions of nuclear process heat applications
in a 10 MWt component test loop (KVK) with 950°C helium on the primary and 900°C helium on the
secondary side (Harth, 1990). In the Japanese HTTR, a 10 MW helically coiled IHX component is
presently being operated under the same conditions. New IHX designs currently under investigation
for nuclear applications are the so-called printed circuit heat exchangers (PCHE), composed of metal
plate layers containing alternately coolant channels for the primary and secondary fluid and stacked
together to a solid, all-metal core. PCHE are highly compact, robust and thermally efficient.
In the case of solar powered systems, decoupling of heat source and chemical plant facilitates the
compensation of fluctuating and intermittent available power input. This is particularly important if
units of the chemical system require steady-state conditions over long periods. Beyond that decoupled
systems allow for an easier integration of thermal and chemical storage units to compensate daily or
seasonal variation of solar supply. The same applies for hybrid operation, i.e. the combination with
burner firing or with a nuclear heat source.
For both nuclear and solar systems, appropriate material selection will be essential. A qualification
programme for high temperature metallic materials must demonstrate their good long-term performance.
In the nuclear case, candidate materials will be exposed to helium of 1 000°C with impurities such as
CO, CO2, H2, H2O, CH4 and to neutron irradiation. The experience gained so far has disclosed that the
technical solution of material problems requires further efforts in the future.

Allothermal steam reforming of methane
Nuclear steam reforming
Within the German projects on the application of nuclear process heat for steam reforming of methane,
the nuclear high-temperature reactor design, the development of major components in the 125 MW
scale was confirmed with the operation of the EVA/ADAM test facilities. The follow-up test facility,
EVA-II, represented a complete helium circuit containing a bundle of reformer tubes (Nießen, 1988).
The nuclear heat source was simulated by an electrical heater with a power of 10 MW to heat up
helium gas to a temperature of 950°C at 4.0 MPa. As can be seen from the schematic on the left-hand
side of Figure 3, the principal components of heater, reformer bundle and steam generator were
housed in separate steel pressure vessels in a side-by-side arrangement. The vessels of helium heater
and steam reformer were connected by a co-axial helium duct of 5 m length.
Two reformer bundles both with convective helium heating were investigated in the EVA-II facility.
They differed in the way of channelling the helium flow. The first bundle tested was a baffle design
tube bundle for a power of 6 MW consisting of 30 tubes. Inside each splitting tube, an internal helical
tube with an outer diameter of 20 mm was used to recirculate the product gas. The second steam
reformer bundle tested was of annulus design for a power of 5 MW. It consisted of 18 tubes with each
splitting tube placed inside a guiding tube channel, where the hot helium was flowing upwards
through the annular gap. The specific data of both tubes and catalytic systems were very similar
compared to components planned for nuclear applications. Also the loads imposed on the supporting

310

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

THE PRODUCT OF HYDROGEN BY NUCLEAR AND SOLAR HEAT

Figure 3: Schematic of the EVA nuclear steam reformer (left) and the SOLASYS solar reformer (right)

structures were characteristic to the nuclear case. The tests have demonstrated the industrial
feasibility of the components for a large-scale hydrogen production and have been providing results of
high importance for any allothermal chemical process (Nießen, 1988).

Solar steam reforming
At the Weizmann Institute of Science (WIS) in Rehovot, Israel, a 480 kW solar steam/CO2 methane
reformer was designed, constructed and operated intermittently during two years as a complete solar
heat pipe system (Epstein, 1996). The insulated pentagon-shaped reformer box contained eight tubes
(length: 6.4 m, diameter: 51 mm) in two rows made of Inconel 617. The 4.5 m long heated section
contained the catalyst. In the case of CO2 reforming, which is thermodynamically more efficient and
easier to operate under changing conditions (as in solar), the catalyst was 1% Ru on alumina. The
tubes were directly heated by the solar radiation entering through a 600 mm aperture and reflected
from the walls of the enclosure. The heat take-up was found to be quite uniform with no tendency of
local overheating. The maximum average surface temperature was ~930°C and the heat flux in the
range of 80-84 kW/m2. The flow rate of the process gas, which could be varied over a wide range of
CO2/H2O/CH4 feed mixtures, was limited to ~300 kg/h due to higher than expected pressure drop.
It entered the reformer tubes at ~500°C and 1.6-1.8 MPa and left at ~800-830°C.
CSIRO in Australia has successfully demonstrated steam reforming of natural gas using solar
energy. The test rig used a commercially-available solar dish concentrator (Edwards, 1996). The test
rig is equipped with a tube-type receiver-reactor containing spiral-shaped metallic absorber tubes
filled with a catalyst bed. Investigations into using a mix of steam/CO2 for reforming the high CO2
natural gas sources in Australia are being considered.
The project ASTERIX (Langnickel, 1993) has demonstrated that solar energy can be used for steam
reforming of methane and be coupled to conventional production lines for mass production of
synthesis gas. The ASTERIX plant was a small but complete chemical production plant installed at a
solar tower (CESA-1) of the Plataforma Solar de Almería. In co-operation with research centres and
industrial partners from Germany and Spain, DLR developed process units for steam generation,
pre-heating of feed, reactor, cooling and water separation and adapted it to the solar tower. The
central unit, the reformer, included registers of tubes convectively heated by hot air. The heat transfer
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medium air was provided by the so-called GAST loop (Becker, 1989) at temperatures of up to 980°C
and a pressure of 0.8 MPa. It made use of the GAST receiver equipped with ceramic tubes, which was
located on a platform of the CESA-1 tower and heated by concentrated radiation from the adjacent
heliostat field. The tests were carried out at a power level of 150-200 kW (power absorbed by the
reformer) over several hundreds of hours.
An alternative concept is the so-called direct absorption concept, which applies solar-receiver
reactors. According to this concept a solar reformer was developed by DLR in the SOLASYS project
(Tamme, 2003) based on earlier experiences in the projects SCR and CAESAR (Bauer, 1994). It allows
the concentrated radiation to penetrate through a transparent aperture into the reformer, where it is
absorbed directly by the irradiated absorber. The reaction gases pass through the absorber which
serves simultaneously as a heat transfer unit and as support for the catalyst. The quartz window,
used as aperture closure, enables the reformer to be operated under pressure. A schematic of the solar
receiver is shown in Figure 3 (right). The reformer was operated up to 0.9 MPa and 780°C. The pilot
reformer was tested at a power level of about 300 kW(th) at the solar tower of the Weizmann Institute
of Science in Rehovot, Israel. In a follow-up project SOLREF (Möller, 2006), the operation conditions
will be about 1.5 MPa and 950°C.

EVA-ADAM energy transportation system
Steam reforming reactions in combination with their reverse reaction, the methanation, can form the
basis of a long-distance energy transportation system using the energy carrier hydrogen. Such a
system in connection with an HTGR was first suggested in the 1970s by FZJ and became known under
the acronym “EVA-ADAM”. Its principle is the storage of energy in form of latent heat by an
endothermic chemical reaction in a gas, the transportation of the gas to the consumer’s site, where in
the exothermic reverse reaction, the stored energy is liberated in the form of heat for further
utilisation. The transportation system is a closed cycle.
Within the project NFE, German acronym for “nuclear long-distance energy”, comprehensive
R&D activities were conducted to utilise process heat from an HTGR for the production of synthesis
gas by steam methane reforming. The reforming part in the EVA experimental facility was already
previously described. The counterpart of EVA is ADAM, acronym for “plant with three adiabatic
methanation reactors”, where in the reverse reaction the original educts methane and water plus heat
can be regained. After separation the methane can be piped back to the EVA site to close the cycle,
while the steam could be used in other process applications.
The WIS solar reformer described above was completed by a methanation system to demonstrate
the EVA-ADAM energy transportation providing valuable information for system improvements in
the future.

Thermochemical water-splitting
In water-splitting processes, the heat input is directly converted into the chemical energy of the
hydrogen. Thermochemical cycles are composed of several reaction steps which, in the sum, lead to a
decomposition of water into hydrogen and oxygen. The supporting chemical substances are regenerated
and recycled, and remain – ideally – completely inside the system. The only inputs are water and heat.
The mainly welcome by-product is oxygen that can be further used as a commodity.
Numerous cycles have been proposed in the past and investigated in terms of their characteristics
like reaction kinetics, thermodynamics, separation of substances, stability, processing flow scheme
and cost analysis. Only a few, however, were deemed sufficiently promising and thus worth further
investigation. Among the cycles whose partial reactions are being investigated in more detail also with
respect to their coupling to an HTGR or a solar heat source, are those of the sulphur family originally
developed in the USA (Norman, 1981), later pursued and modified by various research groups.
Other processes considered worth of further investigation are the so-called Westinghouse
process, a sulphuric acid hybrid (HyS) cycle where the low-temperature step runs in an electrolysis
cell to produce the hydrogen, the CuCl cycle, a lower temperature (< 500°C) hybrid cycle investigated
at ANL, or the so-called UT-3 process based on a four-step cycle with calcium and bromine.
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Concerning solar-powered processes, two-step cycles are also under investigation, which require
higher temperatures like the Zn/ZnO cycle or ferrite cycles. Most recently a closed ferrite cycle was
demonstrated in the HYDROSOL-2 project in a 100 kW range on a solar test tower in Almería (Roeb, 2008).

VHTR and sulphur-based thermochemical cycles
Concerning the coupling to a nuclear heat source the S-I process is the most intensively studied
thermochemical cycle. Due to the high temperatures (> 800°C) needed for the H2SO4 decomposition,
the first choice is to combine it with a very high temperature reactor (VHTR).
The S-I process was verified at the Japan Atomic Energy Agency (JAEA) and successfully
demonstrated in a closed cycle in continuous operation over one week achieving a hydrogen production
rate of 30 Nl/h. The next step is the design and construction of a pilot plant operated under the
simulated conditions of a nuclear reactor, i.e. (electrically heated) helium of 880°C at 3 MPa and with
an expected yield of 30 Nm3/h (Kubo, 2004). At a later stage, it is planned to connect the S-I process to
the HTTR for hydrogen production at a rate of 1 000 Nm3/h (Figure 4).

Figure 4: Coupling of S-I cycle to a nuclear reactor

In the framework of the US DoE, French CEA International Nuclear Energy Research Initiative
(INERI), another project is focused on the development and demonstration of the S-I cycle. A key issue
is the exclusive use of scalable engineering materials for all components of the loop. CEA has designed
and tested the Bunsen reaction section, General Atomics (GA) is developing and testing the HI
decomposition section and Sandia National laboratories (SNL) is developing and testing the H2SO4
decomposition section. These three sections were initially developed as stand-alone experiments,
but meanwhile have been assembled into an integrated lab-scale (ILS) experiment to perform a
closed-loop demonstration of the S-I cycle at GA in San Diego.
The connection scheme developed by the European Projects HYTHEC and RAPHAEL (Le Duigou,
2007) represents a self-sustainable plant concept in which, in addition to the heat supply to the S-I
cycle, the electrical demand of the internal consumers is provided by the nuclear reactor. The high
temperature flow exiting the nuclear reactor transfers its heat via an IHX to a secondary loop which
interacts with the components of the S-I cycle components. The high temperature heat flow is split and
partially directed to the chemical part of the cycle and another part to a Brayton cycle for electricity
production needed to power pumps, compressors, heat pumps and other auxiliaries.
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Solar-driven HyS cycle
A special focus of the development regarding solar thermochemical processes is the high temperature
endothermic decomposition of sulphuric acid. The solarisation of this step was part of the R&D
activities of the European project HYTHEC (HYdrogen THErmochemical Cycles) with an emphasis on
components development and process improvement (Noglik, 2009).
A prototype receiver-reactor for the solar decomposition of sulphuric acid has been developed
and qualified. The concept of a volumetric receiver-reactor has been proven feasible in practice. High
conversion almost up to the maximum achievable can be achieved with a platinum catalyst. Further
investigations with a less expensive catalyst, iron oxide, provided evidence of the potential of such
material.
The potential of solar-powered processes was investigated for the HyS hybrid cycle including
flow sheeting, component sizing and techno-economic analyses. The studies were based on an annual
average thermal power of 50 MW(th) for a region close to Lake Nasser in Egypt (Figure 5). A step-wise
iteration led to a basic flow sheet for this specific process version, which formed the basis for the
assessment of heat balance and component sizing. The determining factors for the economics of the
process were evaluated and alternatives were developed. A first optimisation of the process indicated
that for the electric power generation, the application of a separate receiver is by far advantageous
compared to an integrated version.

Figure 5: Results of a design study – potential heliostat field
set-ups for an annual average receiver power of 50 MW(th)
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Solar-nuclear hybrid systems
Solar-nuclear hybrid variants of the HyS cycle process have also been investigated to explore potential
synergies. Two hybrid plant designs were analysed:
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•

In the first, trivial case of hybridisation, all thermal energy required for the process steps,
mainly vaporisation and splitting of sulphuric acid, is delivered by solar, whereas all electric
consumers, mainly electrolysis are driven by nuclear. This way, the electrolysis can be run
continuously, while the sun provides the high-temperature heat for the splitting process.

•

In the second approach, an HTGR and a solar reactor are assumed to provide all thermal energy
needed. In addition, nuclear energy drives the electric power generation for the electrolysis of
all SO2 produced. It is thus a constantly-running nuclear-powered HyS cycle which consumes
additional solar produced SO2. This way, each technology is well used, but there is a high
degree of redundancy regarding the plant components.
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A preliminary evaluation of the hydrogen production costs based on solar, nuclear and hybrid
operation lead to the following results: Small plants are powered most favourably by solar energy,
while nuclear plants are most economic at high power levels > 300 MW(th); hybrid systems may have
their niche in the mid-range of 100 to 300 MW(th).
The recently started EU FP7 project HycycleS (Roeb, 2009) builds up upon the results of HYTHEC
and aims at the qualification and enhancement of materials and components for key steps of
solar- and nuclear-powered thermochemical cycles. Emphasis is placed on materials and components
for sulphuric acid evaporation, decomposition and sulphur dioxide separation. The suitability of
materials and the reliability of the components will be shown in practice by decomposing sulphuric
acid and separating its decomposition products in scalable prototypes.

Conclusions
For future hydrogen production based on allothermal reforming processes, it will be important and
necessary to retrieve and re-evaluate all data and manufacturing experiences obtained in the frame of
the above-mentioned large-scale experiments in terms of a technological and economical appraisal.
The experience and knowledge on nuclear steam methane reforming, which were bundled in the
Research Centre Jülich, was also significantly influencing the development of solar steam reformer
systems. Both nuclear and solar can be adjusted to the typical thermal power sizes of present modular
power plant designs of up to 600 MW. It will thus support the design of novel components up to an
industrial scale, which are required in allothermal reforming processes as well as in high temperature
electrolysis, or in thermochemical processes. The decomposition of sulphuric acid which is the central
step of the sulphur-based family of those processes, especially the hybrid sulphur cycle and the
sulphur-iodine cycle will be further investigated in the recently started EU project HycycleS, which is
co-ordinated by the German Aerospace Centre.
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Sustainable electricity supply in the world by
2050 for economic growth and automotive fuel

Paul Kruger
Stanford University, USA

Abstract
Over the next 40 years, the combustion of fossil fuels for generation of electricity and vehicle
transportation will be significantly reduced. In addition to the business-as-usual growth in electric
energy demand for the growing world population, new electricity-intensive industries, such as battery
electric vehicles and hydrogen fuel-cell vehicles will result in further growth in world consumption of
electric energy. Planning for a sustainable supply of electric energy in the diverse economies of the
world should be carried out with appropriate technology for selecting the appropriate large-scale
energy resources based on their specific energy. Analysis of appropriate technology for the available
large-scale energy resources with diminished use of fossil-fuel combustion shows that sustainable
electricity supply can be achieved with equal contributions of renewable energy resources for large
numbers of small-scale distributed applications and nuclear energy resources for the smaller number
of large-scale centralised applications.

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

317

SUSTAINABLE ELECTRICITY SUPPLY IN THE WORLD BY 2050 FOR ECONOMIC GROWTH AND AUTOMOTIVE FUEL

Introduction
The continuous quest for abundant and sustainable electric energy for the growing world population
is evident in the growth of electric energy generation per capita as noted in Figure 1 for the period
from 1980 to 2005 and forecast to 2030. World population grew from 4.453 billion in 1980 to 6.470 billion
in 2005 at a mean annual growth rate (MAGR) of 1.50%/a and is forecast to grow to 8.373 billion by 2030
at a MAGR of 1.03%/a (US Census Bureau, 2008). The data for electricity generation are 8.03 trillion kWh
in 1980 to 17.3 trillion kWh in 2005 at a MAGR of 3.00%/a and forecast to grow to 33.3 trillion kWh by
2030 at a MAGR of 2.57%/a (US DOE/EIA, 2008). Table 1 summarises the growth in world electric energy
intensity (in units of million kWh/cap). The electricity generation per capita is forecast to more than
double over the 50-year period at a MAGR of 1.5%/a.

Figure 1: World energy intensity, 1980-2030

Table 1: World electric energy intensity, 1980-2030
Year
1980
2030
Increase

Electric energy
generation (PWh)
8.03
33.26
4.1 X

Population
(billion)
4.45
8.37
1.9 X

Intensity
(MWh/cap)
1.80
3.97
2.2 X

The quest for abundant and sustainable electric energy is hampered by several pressures facing
the world. One of them is the anticipated growth of population by 3 billion people by 2050 at an ever
increasing demand for electric energy as noted in Table 1. A second one is the growth of existing and
new electric-energy-intensive technologies, such as information technology, electronic communication
and homeland security. Another is the world concern about reducing emission of greenhouse gases
from fossil-fuel combustion as it affects global climate. Still another is the apparent need for regulatory
and technical conservation to reduce the consumption of electricity and automotive fuels.
It is also apparent that the exponential growth in electricity consumption per capita cannot be
sustained world wide indefinitely. The economic growth of the world depends strongly on the
availability of electricity and transportation. Therefore, it behooves the world population to use the
most appropriate technologies to seek the optimum mixture of available large-scale energy resources
to provide the most sustainable supply of electricity and transportation fuels.

Appropriate technology
Appropriate technology, as envisioned in the US National Environmental Policy Act signed into law on
1 January 1970, implies use of the most effective resources and technologies that result in the minimum
acceptable impact upon the environment. The world concern about metropolitan air pollution and
global climate change resulting from tailpipe exhaust and greenhouse gas emission suggests a marked
reduction in the combustion of fossil energy resources for generation of electricity and production of
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automotive fuels. The interpretation of appropriate technology by the renewable and the nuclear
energy communities has been in continuous conflict in relation to large-scale production of electricity
and alternative transportation fuels (Kruger, 2008).
Transportation with reduction in use of petroleum-based fuels will require a large additional
demand for electric energy. Renewable and nuclear energy are the only resources available for
large-scale replacement of fossil fuels. A useful parameter for evaluating the appropriate technologies
for these resources is their specific energy, generally defined as the amount of energy available per
unit mass (e.g. in units of Btu/lb or kJ/kg). Figure 2 (adapted from Kruger, 2006) shows the historical
progression of increasing specific energy of resources that have been adapted world wide. Solar energy
(in the form of photovoltaic electricity) has the largest specific energy of the earth’s natural resources;
hydrogen has the largest specific energy of the chemical combustion resources; and uranium has a
specific energy from nuclear fission about one million times greater. The only other nuclear energy
resource with higher specific energy foreseeable at this time is the thermonuclear fusion of the
heavier isotopes of hydrogen (deuterium and tritium) which would duplicate the energy of the sun on
earth. With the rapid increase in the cost of petroleum-based fuels and the growing development of
fuel-cell, plug-in electric hybrid, and all-electric battery vehicles, it seems apparent that planning for
the future increase in electric energy demand for both recharging of battery electric vehicles and
production of hydrogen for fuel-cell vehicles will become more urgent.

Figure 2: Specific energy of major fuels

Electricity demand for hydrogen fuel
The electric energy requirement for a future world hydrogen fuel-cell vehicle fleet that could replace
the conventional vehicle fleet by 2050 has been estimated (Kruger, 2001, 2005). The parameters of the
hydrogen vehicle fleet (HFleet) electric energy demand model, the extrapolated input values for 2010
(the date when industrial production is likely to start), and the historical mean annual growth rates
are summarised in Table 2 together with current forecast values.
For the current estimate, several changes in the input data for the model have been made.
Although all of the selected values have large uncertainty and can be changed as additional data
become available, the bases for the selected values for the model include:
1) The growth rate for the vehicle fleet limited to 1.0%/a, about 10% more than the UN forecast
for population growth rate from 2000 to 2050 of 0.90%/a.
2) Mean annual travel distance for the fleet held constant at 12.285 VKT/vehicle, the weighted
fleet average estimated for 2010.
3) Fleet fuel economy increasing linearly from 40 to 80 km/kg H2 as a result of technical
development of fuel-cell vehicles.
4) The growth rate for electricity generation (at the 2010 values) limited to 1.35%/a, about
1.5 times the UN forecast population growth rate of 0.90%/a.
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Table 2: Input values in 2005 and 2008 to the HFleet model for 2010
Parameter (units)
Population (109)
Vehicle fleet (106)
Light vehicles
Heavy vehicles
Fleet
Travel distance (1012 VKT)
Light vehicles
Heavy vehicles
Fleet
Fuel Economy (km/US gal)
Light vehicles
Heavy vehicles
Fleet
Electricity
Energy demand (PWh)
Installed capacity (TW)

2005 value
6.89

MAGR (%/a)
1.30

537
264
801

1.16
2.48

7.81
2.03
9.84

0.57
1.30

37.5
13.3
32.5

-0.34
1.16

20.2
4.19

2.76
2.09

2008 value
6.87

801

9.84

32.5
21.0
4.64

Table 3 lists the results of the model for 2010-2050. Figure 3 shows the business-as-usual (BaU)
growth of the world vehicle fleet at the revised growth rate of 1.0%/a and the potential growth of a
hydrogen fuel-cell fleet at an initial production of 10 000 vehicles in 2010 for MAGR of 20, 30, and
40%/a. Figure 4 shows the concomitant growth of hydrogen fuel (HFuel) required for the vehicle fleet.
Figure 5 shows the growth of total electric energy generation including the production of the
hydrogen fuel requirement as a function of the MAGR of the hydrogen fuel-cell vehicle fleet based on
linear improvement in the conversion efficiency from 50 kWh/kg to 40 kWh/kg by development of
higher-temperature electrolysis.

Table 3: Summary of the world model results, 2010-2050
Year
2010

2020

2030

2040

2050

MAGR
(%/a)
–
BaU*
20
30
40
BaU*
20
30
40
BaU*
20
30
40
BaU*
20
30
40
BaU*

HFleet
(106 veh)
0.01
801
0.06
0.14
0.29
885
0.38
1.90
8.31
977
2.37
25.7
207
1080
14.5
28.9
1046
1192

HFuel
(109 kg)
0.00
–
0.02
0.03
0.07
–
0.08
0.39
1.70
–
4.16
8.80
36.3
–
2.23
44.3
161

ElecEn
(PWh)
0.000
21.0
0.001
0.002
0.003
24.0
0.003
0.017
0.076
27.5
0.173
0.188
1.51
31.4
0.869
1.73
6.26
36.0

SysCap
(TW)
0.000
4.64
0.000
0.000
0.000
5.31
0.000
0.002
0.010
6.07
0.002
0.025
0.203
6.94
0.012
0.231
0.839
7.93

* BaU fleet size and electricity without hydrogen fuel-cell vehicles.
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Figure 3: HFleet growth as f(MAGR)

Figure 4: HFuel demand as f(MAGR)

Figure 5: Electricity demand, 2010-2050

Electricity demand for an electric vehicle fleet
A major observation in Figure 3 is the 20-25 year lag time between the year fuel-cell vehicle
manufacture begins and the year when the integrated hydrogen vehicle fleet size reaches a significant
fraction of the total fleet size. Among the potential alternatives to reduce the use of petroleum-based
fuels during the lag-time period for fuel-cell development, electric vehicle technology is the most
rapidly being developed. The likely types of electric vehicle for widespread manufacture and
utilisation will be either the plug-in hybrid electric vehicle (PHEV) and/or the all-electric battery
electric vehicle (BEV). For either choice, the additional electric energy consumption of the total world
electricity supply will be significant.
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The development of electric batteries, e.g. lithium metal hydride and lithium-ion, for long-range
automobile travel (EPRI, 2005) are not yet developed for commercial production. Although reliable data
are not yet available for key engineering parameters, such as electric power storage, battery mass,
driving range, lifetime and electricity recharging efficiency, it is possible to compare estimates of the
future magnitude of electricity demand for an all-electric vehicle fleet to that of a hydrogen fuel-cell
vehicle fleet under the same input conditions.
Development of vehicle batteries with sufficient electricity storage capacity for commercial
production of plug-in hybrid electric vehicles has provided a large potential for a significant reduction
in the use of petroleum-based fuels. The PHEV can make the use of light-duty vehicles that have small
daily travel requirement an important fraction of national vehicle fleets. For example, the US
Department of Transportation has reported (US DOT, 2008) that the average daily vehicle trip was
about 10 miles and that 50% of daily vehicle travel was less than 30 miles. A PHEV with a fully-charged
battery that can store enough energy for a travel distance of about 40 miles (PHEV40) can be driven for
about 30 miles with 80% charge depletion, leaving reserve electricity for vehicle operation. The daily
range with parking at a site having recharging facilities could increase the daily range to 60 miles. For
long-distance travel, a new industry could emerge for “refuelling” higher-range all-electric battery
vehicles with rapid replacement of almost charge-depleted batteries with fully-charged batteries at
widely distributed battery interchange “refuelling” sites.
The hydrogen vehicle fleet (HFleet) electric energy demand model is useful for comparing the
electricity demand for an all-electric vehicle fleet (EFleet) with that for an HFleet operated under
similar conditions. The input parameters for a comparison were selected for an initial fleet of 10 000
light-duty vehicles in 2010 with production at a mean annual growth rate of 30%/a with daily travel of
30 miles per day for 260 days per year (i.e. 5 days per week for 52 weeks). For the BEV, the charge
depletion rate from 2010 to 2050 was reduced linearly from 0.25 to 0.17 kWh/mile at a recharge
efficiency of 0.85 kWh(travel)/kWh(recharge) and for the HFCV, the electrolytic efficiency was reduced
from 50 to 40 kWh/kg H2, both reductions attributed to technical improvements. Table 4 shows the
results of the comparison, which are illustrated in Figure 6.

Table 4: Electricity consumption for BEV and HFCV 30-mile local travel
Year
2010
2030
2050

E or H
fleet size
(million)
0.01
1.90
361

EFleet
electricity
(TWh)
0.023
3.66
563

HFleet
electricity
(TWh)
0.098
13.3
1 878

Consumption
ratio
(HFlt/EFlt)
4.3
3.6
3.3

Figure 6: Electricity demand, 2010-2050

The comparison for the short-distance daily travel, showing a declining four- to three-fold
advantage in electric energy consumption ratio for the BEV, was based on current technology for
lithium-ion batteries and electrolytic production of hydrogen, neither of which are in large-scale
commercial production. The distinction between the two, with increased demand to reduce the
combustion of petroleum-based fuel, will certainly change by 2050 as the two technologies develop.
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Energy resources for a sustainable electricity supply
Two major parameters with large uncertainty need careful estimation with respect to selection of
energy resources for future electric power supply. The first is the attainable growth rate of the world’s
economies under stresses of globalisation. The second is the rate of technical development of
affordable alternative energy resources for generation of electricity and for replacing the consumption
of petroleum-based fuels for world wide automotive transportation. A key aspect of the latter parameter
as shown in Figure 2 is the time lag of 20-25 years for an alternative-fuel vehicle fleet growing
from inception, even at a rate of 40%/a, to reach a significant fraction of the business-as-usual
petroleum-based vehicle fleet.
Table 5 shows a potential distribution of the three major world energy resources forecast for
generation of electricity (US DOE/EIA, 2008) through 2030. The data show the effect of reduced growth
rate of electricity supply at MAGR of 1.35%/a compared with the EIA forecast of 2.57 %/a. The data also
show the reduction in the forecast fraction of both renewable and nuclear energy for the generation of
electricity compared to the increase in the fraction from fossil fuels.

Table 5: Potential distribution of energy resources for
the world electricity supply and hydrogen fuel, 2010-2050

Year
2005
2010
2030
MAGR (%/a)
2050

Forecast supply
DOE/EIA*
Model
(PWh)
(PWh)
17.3
–
21.0
21.0
33.3
27.5
2.57
1.35
n/a
36.0**

Forecast
Renewables
(PWh)*
(%)
3.16
(18)
3.70
(18)
5.00
(15)
1.74
18.0
(50)

Fossil fuels
(PWh)*
(%)
11.53
(67)
14.55
(69)
24.51
(74)
2.95
X

On-line nuclear
(PWh)*
(%)
2.63
(15)
2.75
(13)
3.76
(11)
1.53
Y

* Source: DOE/EIA-0484(08), Internet 2008.
** Total demand = 42 PWh, (36 PWh (w/o H2 fuel) + 6 PWh (w/ H2 fuel)).

Table 5 shows the estimate of electricity demand carried out to 2050 based on a continued
business-as-usual growth rate to 36 PWh. For production of 160 billion kg of hydrogen fuel, another
6 PWh of electric energy would be required. With the expectation that the world desire for use of
renewable energy resources could result in supplying 50% of the forecast electricity demand by 2050,
the other 50% would have to come from some combination of fossil and nuclear energy, labelled X
and Y in Table 5.
The choice of the values of X and Y, which have long-term consequences, requires consideration
of the conflicting problems of sustainable national economy and world environmental threat. The
economy issues stem from such needs as the increase in electricity supply and the reduction of
petroleum import. The environmental issues stem from such desires as the abatement of global
emission of greenhouse gases and local emission of smog-forming vehicle exhaust.
The time lag for new technology infrastructure ensures that use of fossil fuels for energy generation
and hydrogen fuel cannot go to zero over a short-term period. If 50% of the world electricity supply
can be achieved by 2050 with renewable resources, the need for fossil-fuel combustion (X) can be
reduced by the potential growth of nuclear energy utilisation.
Table 6 lists a potential distribution of energy resources that could achieve a world electricity
supply of 36 PWh by 2050 with X = 0% and Y =50%.
The potential for solar conversion technology is very large with many possible methods to generate
electricity and produce hydrogen as a transportation fuel. One set of methods could generate 3 PWh/a
of electricity by the use of building-integrated photovoltaic (BIPV) arrays on all small residential
buildings. A second set could generate 3 PWh/a with photovoltaic arrays on all factories, non-residential
buildings, and other large structures. The third set could generate 3 PWh/a at solar collector farms by
solar thermal electricity generation stations.
Solar radiation could become the major energy resource for electricity supply in residential
buildings for a world population of 9 billion people by 2050. Generation of 3 PWh/a could be achieved
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Table 6: Energy resources for a world electricity supply of 36 PWh by 2050
Energy resource
Solar conversion
Residential PV
Structure PV
Thermal
Wind turbines
Nuclear reactors

Electricity supply
(PWh/a)
(%)
25
3
3
3
9
25
18
50

Number of installations
300 million
10 million
17 000
600 000
1 800

for an average installation of 5 kW(AC) per building producing an average of 2 000 kWh/a per installed
kW. At 10 000 kWh per building housing 30 inhabitants, the number of installations could reach
300 million residential buildings. For larger structures, such as large office buildings and industrial
structures, with large surface areas, the number of installations can be approximated by the Pearl River
tower being built in China (Hansen, 2007). The data for the PV installation of 3 000 m2 area, a power
capacity of 240 kWp, providing an annual electric energy supply of 296 MWh (Boyer, 2008), used as a
model of current technology for large structures indicates that 10 million such installations could
produce 3 PWh/a. For solar thermal concentrated power, 3 PWh/a of electricity could be achieved with
trough, power tower and dish/engine conversion technologies. On the basis of installing sufficient
areas with collectors to produce 100 MWe at an average capacity factor of 20%, the number of
installation sites would be about 17 000.
The potential of wind energy to produce large-scale electric power is focused on the development
of wind-turbine tower technology from current sizes of 1 to 3 MWe to turbines that will produce 3 to
5 MWe. The number of 5 MW wind turbines that could produce 9 PWh/a by 2050, estimated for an
average electricity generating ratio of 3 GWh per installed MW (American Wind Association, 2007),
would be about 600 000. These would be located in areas of sufficient mean annual wind speeds for
commercial operation and as an auxiliary resource in other locations.
The lingering national concerns about the safety of commercial nuclear power have resulted in
very low forecasted growth in use of nuclear energy. Several governments with nuclear plants have
legislated for the closing of existing nuclear plants and many other governments have forbidden the
construction of nuclear power plants. However, the growing need for nuclear energy is becoming
increasingly apparent in the world. The world currently has more than 400 operating nuclear power
plants and many more are planned or under construction. The large specific energy of the fissionable
low-enriched nuclear fuel makes it an efficient choice as an appropriate technology. A 1 350 MWe
nuclear reactor operating above an 80% plant factor generates about 10 TWh of electricity per year. The
number of such nuclear power plants in the world that could supply 18 PWh/a would be about 1 800.

Conclusions
It is very likely that the current rate of growth of electricity supply cannot be sustained as the costs of
energy and environmental concerns escalate. The model results, based on a reduced business-as-usual
growth rate in world consumption of electricity over the next 40 years, show a strong need to plan for
a larger sustainable electricity supply, especially if the world converts to electric battery and/or
hydrogen fuel-cell vehicles to reduce dependence on petroleum-based fuels for transportation.
The most appropriate technology for achieving a sustainable electricity supply, as the replacement
of fossil-fuel combustion increases exponentially in time, must be the use of an optimum combination
of renewable and nuclear energy according to their specific energy and the distribution and scale
of their application. The million-fold difference in specific energy emphasises their appropriate
applications. Renewable energy should be used for electricity generation in the very large number of
distributed structures, such as individual buildings. It could also be used for large numbers of
distributed battery recharging and hydrogen refuelling stations. The integrated demand for electricity
by location could be very small to very large. Nuclear energy should be used for electricity generation
in the smaller numbers of centralised large-scale applications, such as electricity supply for
metropolitan cities, large airports, industrial parks, and central recharging and refuelling facilities
where the electricity consumption must be large.
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Abstract
The French Atomic Energy Commission has decided to launch a mutualised platform devoted to research
and technological development on high-temperature processes of hydrogen production coupled with
energy sources which do not emit greenhouse gas. This platform is called PROHYTEC (PROduction
Hydrogen TEChonologies) and will be the French contribution to the demonstration programme part of
the European SUSHYPRO agreement. In this context, PROHYTEC will be ambitious, versatile and
modular.
This platform is built in partnership with local industry leaders in the field and academic partners.
Thus PROHYTEC aims at:
•

assessing the industrial feasibility of such processes;

•

federating the actors of R&D on topics relative to H2 production;

•

creating an efficient tool for the continuous formation of professionals as well as for the
training of researchers and students.

It will be located inside the centre of Cadarache to benefit from the existing facilities (buildings, fluid
systems, electric power, area).
The planning foreseen is based on the European hydrogen roadmap:
•

2011: Operational electrical hot source simulating a nuclear reactor with a thermal power of
1 MWth.

•

2013: First demonstration of the industrial feasibility of high-temperature steam electrolysis
(HTSE) for H2 massive production.

•

2015: Extrapolation to a thermal power ranging from 2 to 5 MWth while keeping the same
configuration (i.e. simulation of hydrogen production by HTSE coupled with a nuclear reactor).

•

>2012: Demonstration of industrial interest of other thermochemical cycles for massive
production of H2 depending on the conclusions of the Hycycles project funded under the
7th Framework Programme (2008-2011). This configuration will require the implementation
in PROHYTEC of an intermediate helium circuit at high temperature. A precise schedule is
remains to be set up.

Some preliminary figures are given in order to illustrate what PROHYTEC will be.
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Introduction
The development of new processes of massive production of hydrogen, to be coupled with energy
sources which do not emit gas with greenhouse effect, such as nuclear and renewable energy sources,
is essential to the deployment of a hydrogen field in Europe in the medium and long term. These new
processes aim to reach a large-scale production, the costs of which would be significantly cheaper
than the basic electrolysis. Classified in majority in the family of the processes functioning at high
temperature (beyond 500°C), these processes still require huge technical and financial efforts to reach
a possible industrial deployment by 2020 (EC, 2007). This deployment would require 1-10 MW
demonstration-scale platforms by 2015. This has encouraged ENEA (Italy), CIEMAT (Spain), DLR
(Germany) and CEA (France) to recently sign a framework agreement on sustainable hydrogen
production “SUSHYPRO” which aims at sharing among themselves their experimental skills and
equipments, for the development of specific R&D and collaboration projects. Complementary to ENEA,
CIEMAT and DLR which are involved in solar production of hydrogen CEA is involved in the R&D on
processes that are coupled with heat supplied by nuclear reactor (Yvon, 2010).
At the same time, a project for a demonstration platform for validating the “production of
hydrogen by high-temperature processes and technologies” (PROHYTEC) has succeeded in obtaining
the financial support of the French authorities of the order of EUR 2 million in 2009. This paper
illustrates the objectives, specifications and foreseen deployment of this platform.

Objectives of PROHYTEC
The PROHYTEC platform aspires to be in the southeast of France the European centre of competences
on massive production of hydrogen by high-temperature processes using nuclear heat. Nevertheless it
is worth mentioning that this platform is obviously open to any international collaboration. In making
available its existing facilities and providing all partners with a high level of skills and experience the
centre of Cadarache of the French atomic energy commission will effectively meet the needs in
industrial qualification of such processes.
In this objective, this platform aims at being:
•

Ambitious, i.e. of a sufficient size (power) for guaranteeing the relevancy of the industrial
scaling up and for assessing the technical economics analysis.

•

Versatile, i.e. capable of testing different types of components (heat exchangers, electrolysers,
thermochemical cycles) and/or sub and integrated processes in a view of demonstration. This
versatility criterion also denotes the capability for PROHYTEC to be a “plug and play” like facility.

•

Modular, i.e. capable of taking into account power requirements not yet established.

The PROHYTEC platform is built up in partnership with local industries involved in H2 production
and academic laboratories. One of its main purposes is to be a place of fruitful exchanges so as to
create an efficient framework for continuing and graduate educations in these technologies.
Thus, PROHYTEC will represent the French contribution to the technological demonstration
portion of the SUSHYPRO agreement.
The platform governance will rely on a steering committee composed of financial backers and a
scientific board. The steering committee will be responsible for the realisation of the tests operated by
CEA as proprietor of the platform. Particular agreement between members of the governance boards
will have to deal with confidentiality and intellectual property rights.
It is worth noting that these objectives are subject to time constraints due to European and
national H2 roadmaps which make 2015 a key date, and by PROHYTEC funding which requires the
heat source to be operational by 2011 for preliminary tests of H2 production by 2013 (see § Schedule).

Specifications
Based on the results of INNOHYP-CA, three high-temperature processes appear to be possibly
demonstrable by 2015, the sulphur-based thermochemical cycles and steam electrolysis.
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One of the most challenging sections of the sulphur-based plants concerns the thermal
decomposition of sulphuric acid. The EU FP7 project HYCYCLES (2008-2010) aims at giving an ultimate
answer as concerns the industrial feasibility of the H2SO4 decomposer (sulphuric acid evaporation and
sulphur trioxide splitting) made of SiC ceramics (Poitou, 2008). Experimental demonstration of the
thermal-hydraulic performance of SiC heat exchangers operating as sulphuric acid decomposer will
be conducted by CEA and the French company BOOSTEC due to their broad expertise in that field.
This demonstration is a prerequisite to the global demonstration of the integrated sulphur-based
thermochemical cycles.
Thus it has been chosen to firstly specify PROHYTEC for high-temperature steam electrolysis
demonstration. Depending on the results of HYCYCLES some particular components of sulphur-based
thermochemical cycle could also be qualified in a second time. The fact is that HTSE meets well the
required modularity of PROHYTEC since the minimal electrical and thermal powers for HTSE industrial
demonstration are still debated. The reliability of the electrolyser is of major importance in the final
cost of the produced H2. It depends not only on the durability of the performance (say more than
50 000 h to be competitive with alkaline electrolysis) but also on the probability of failure of one stack.
For both reasons it is of great interest to have the capability to test for a long time a sufficiently high
number of stacks for statistics analysis. Depending on the design of the stacks the required electrical
power should be above several hundreds of kW corresponding to the 1-10 MW prototypes required in
the European H2 roadmap. In a first step the thermal power of the heat source of PROHYTEC has thus
been fixed at 1 MWth potentially increasable to 5 MWth.

The heat source
Basically this heat source has to be representative of any nuclear source including the present light
water reactors or possible next generation nuclear reactors as VHTR, GFR or SFR. Pragmatic design
considerations have led to first simulate a PWR since the supplementary heat input required for
future reactors could be brought by additional superheater simply implemented in the process part of
PROHYTEC (see § The process part). Thus the reference design of PROHYTEC simulates the coupling of a
PWR with an HTSE of about one thermal MW. The temperature of the heating source is thus about 270°C.
For environmental and physical considerations this “PWR-like” heat source should use electricity
instead of other energy sources (fuel, biomass, natural gas…). Preliminary design studies using water
for the heat coupling with the process part have shown that the water working pressure should be
about 45 atm in order to fulfil the power requirement of 1 thermal MW at the electrolyser or at the
intermediate heat exchanger levels. On another hand a thermal fluid capable to work under 300°C will
present the essential advantage to be operated at a moderate pressure (about 2 atm). A strong constraint
concerns the duration of the tests; the objective is to have the heat source (including pump…) worked
with no disturbance for at least 5 000 h and possibly 10 000 h.
Conservative estimations have been performed for taking into account the transient phase of
starting up; all the heat retrieved in the low- and high-temperature (recuperative) exchangers and
part of the heat required for the steam generator is supposed to be furnished to the process fluids as
electricity. Except the steam flow rate which will have to be reduced during this phase all other
operating conditions remain identical to those prevailing in the normal functioning mode of the HTSE.
Based on this assumption it has been shown that the required power of the heat source (about 1 MW)
is compatible with the available electrical power even during the heating up phase of the platform.

The process part
Due to its required versatility, the platform should not be dependent on a particular design of the HTS
electrolyser. Beyond the different possibilities of steam and air feeding the cathodic and anodic
compartments of the electrolyser (mixed or not with H2) some key components are generic as the
steam generator, both low- and high-temperature (recuperative) heat exchangers, the superheater.
As a function of the type of stacks plugged in PROHYTEC different gas distribution can be
implemented without major difficulties. Nevertheless, particular attention must be paid to the
conception of process parts where temperature exceed 600°C since plumbing fixtures for gas
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Schematic illustration of the heat source and process part of PROHYTEC

distribution do not usually stand these temperatures. In the same way the superheater must be
carefully designed when using heating rods since the thermal power dissipated in this component is
about 0.1 MW and even higher during the transient phase of heating up.
Dehydration of the exhaust gases is also of crucial importance not only from technical economics
considerations (H2O recycling) but also for operational reasons since the gas mass flow meters do not
stand any humidity. For the moment the management of the produced H2 is still under debate: either
burnt or recycled in a PEMFC coupled to the electrical grid or used for qualifying another process or
stored…. In a pragmatic manner, the short term objective of H2 production by 2013 requires to
conduct the safety studies on the simpler option that will be available at that time.
For a 1 thermal MW considered for the steam generator, first process simulations lead to H2 and
O2 mass flow rates respectively of the order of 90 kg/h and 730 kg/h. The water mass flow rate
required is about 820 kg/h. It is worth mentioning that this 1 thermal MW objective will depend on the
availability of corresponding stacks of electrolysers. If only a few hundreds of kW stacks could be
tested by 2013, PROHYTEC is designed to function at this lower power.

Implementation
PROHYTEC is located inside the CEA Cadarache Centre and thus benefit from many advantages:
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•

Available electrical power of 3.3 MW potentially increasable to 7.8 MW in a few years.

•

Available facilities including demineralised water treatment unit and storage capacity. The
capacity of production of demineralised water is about 10 tonnes/h continuously during
6 hours before stopping during a few hours.

•

Available H2 safety lines in Building 704 due to passed qualification experiments of H2
catalytic traps, pumps, valves… of PWR under accidental conditions.
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Views of PROHYTEC located in Building 704 in CEA Cadarache

Another important advantage lies with particular skills in chemical engineering, computer-aided
design and handling of gases under severe conditions of temperature (1 000°C) and pressure (100 atm).
These skills have been developed partly due to the technological implication of CEA Cadarache in the
development of GFR and especially in heat exchangers (printed circuit and plate fins) and thermal
barriers for which patents have been deposited. Another important factor is the strong relationship
between the Cadarache Centre and the competitiveness cluster Capenergies, the aim of which is to
profit from regional and national advantages by developing a first-class sustainable energy industry.
The label Capenergies has been given to PROHYTEC in September 2008 and should attract potential
stakeholders as being a guarantee of quality. As a key point the experts of Capenergies have pointed
out the importance to link PROHYTEC to other international projects.

Schedule
As already described, the heat source has to be operational by 2011 for first tests of H2 production by
2013. These milestones lead to a first schedule depicted in the following table.

Schedule of implementation of PROHYTEC
T1

2009
T2 T3

T4

T1

2010
T2 T3

T4

T1

2011
T2 T3

T4

T1

2012
T2 T3

T4

Heat source
Studies
Realisation
Tests
VT
Studies
Realisation
SG
Studies
Realisation
SH and HR
Studies
Realisation
WT
Gas drying
Safety studies
Performance
testing
VT: Voltage transformer (from 15 kV to 400 V), SG: Steam generator (or the intermediate heat exchanger), SH: Superheater
(steam heated from 770°C up to 800°C), HR: Heat recuperators (at low and high temperature), WT: Water treatment.
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In this schedule, the performance (or acceptability) testing are planned in the second semester of
2012 and could go on up to the first semester of 2013. Thus, this schedule should match the objective
of first tests of H2 production by 2013.
In parallel to these developments, the capability (modularity) of PROHYTEC to test HTSE at a
higher thermal power has to be assessed in an objective of performance testing by 2015. Typically,
calculations have shown that the electrical power which could be injected in the HTSE is about
2.5 MW when the exchange thermal power at the steam generator level is about 0.8 MW. When the
available power will be about 7.8 MW the thermal power could be of 1.9 MW and the electrical power
injected in the HTSE of about 5.9 MW. This increase in power could match the objective of 2015 but is
still to be defined.
On another hand, HYCYCLES will end in 2011. Depending on its results it could be of interest to
test the sulphuric acid decomposer at high power. This could be performed on PROHYTEC provided
that an intermediate helium loop at high temperature will be implemented. The schedule of such
tests is still to be set up.

Concluding remarks
The PROHYTEC platform is one of the 1-10 MW demonstration scale platforms required in the H2
roadmaps in order to match the needs in energy of certain markets (refinery, petrochemicals,
transportation…). In the European roadmaps, these demonstration tests should be performed by 2015
in order to scale-up industrial processes by 2020. By 2013 PROHYTEC will be capable to validate the
industrial feasibility of H2 production by HTSE at a 1 thermal MW scale (at the steam generator level)
corresponding to a HTSE electrical power ranging from a few hundreds of kW (say 500 kW) to about
2 MW. Beyond 2013, the power of the heat source (and then the HTSE) could be increased up to a few
MW. In parallel, depending on the results of HYCYCLES some particular components of sulphur-based
thermochemical cycles could also be tested on PROHYTEC provided that some adaptation was made.
PROHYTEC aims at being an area where academic discussions and industrial interests could meet
by promoting collaborative projects with international stakeholders. Thus PROHYTEC is a real
opportunity to participate in the emergence of an energy industry which will preserve the environment
and the climate.
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Abstract
The DOE Nuclear Hydrogen Initiative (NHI) is investigating candidate technologies for large scale
hydrogen production using high temperature gas-cooled reactors (HTGR) in concert with the Next
Generation Nuclear Plant (NGNP) programme. The candidate processes include high temperature
thermochemical and high temperature electrolytic processes which are being investigated in a
sequence of experimental and analytic studies to establish the most promising and cost effective
means of hydrogen production with nuclear energy. Although these advanced processes are in an
early development stage, it is important that the projected economic potential of these processes be
evaluated to assist in the prioritisation of research activities, and ultimately in the selection of the
most promising processes for demonstration and deployment.
The projected cost of hydrogen produced is the most comprehensive metric in comparing candidate
processes. Since these advanced processes are in the early stages of development and much of the
technology is still unproven, the estimated production costs are also significantly uncertain. The
programme approach has been to estimate the cost of hydrogen production from each process
periodically, based on the best available data at that time, with the intent of increasing fidelity and
reducing uncertainty as the research programme and system definition studies progress. These
updated cost estimates establish comparative costs at that stage of development but are also used as
inputs to the evaluation of research priorities, and identify the key cost and risk (uncertainty) drivers
for each process. The economic methodology used to assess the candidate processes are based on the
H2A ground rules and modelling tool (discounted cash flow) developed by the DOE Office of Energy
Efficiency and Renewable Energy (EERE).
The figure of merit output from the calculation is the necessary selling price for hydrogen in dollars per
kilogram that satisfies the cost inputs and economic parameters. The NHI implementation decouples
the hydrogen production process costs from the HTGR energy source so that the cost of energy
(thermal and electric) is treated parametrically. A later stage of the study will address reactor specific
optimisation when candidate reactor costs are available. The H2A modelling tool also allows for
uncertainty factors to be applied to the inputs for sensitivity analyses. Cost information (capital,
operating and energy costs), performance (efficiency, durability), technical readiness and uncertainty/
risk assessments are being compiled in an updatable database for the NHI systems – to serve as the
starting point for the next iteration and update. These integral cost metrics provide one of the key
inputs to support near-term R&D decisions.
The initial application of this cost methodology to the NHI processes was based on early versions of
the thermochemical and high temperature electrolytic processes being evaluated by NHI. These
estimates, which had to be based on preliminary data and therefore, contained a higher level of
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uncertainty, showed that the cost of hydrogen was comparable for all NHI processes within the
uncertainty bounds. At that stage the cost of energy was estimated to be the largest single component
and efficiencies for all candidate processes were projected to be in the range of 40%. These initial
results are now being updated based on the results of a recent industry assessment performed by
Westinghouse/PBMR/Shaw Team under the sponsorship of the NGNP programme. This paper will
provide an update on the status of the cost estimates based on the latest information from the NHI
research programme and the industry cost study.

Introduction
DOE NE’s Nuclear Hydrogen Initiative (NHI) is investigating several promising methods for hydrogen
production with nuclear energy as part of DOE’s overall hydrogen programme activities. The primary
candidates under development are high temperature thermochemical-based processes and high
temperature electrolytic-based processes. There are several other alternative candidates under
evaluation with the intent of establishing the most promising and cost effective means of hydrogen
production with nuclear energy but these technologies are not as mature and are not considered here.
The nuclear reactor heat source utilised in the NHI designs is the high temperature gas-cooled reactor
(HTGR) system, which is being advanced by the DOE’s Next Generation Nuclear Plant (NGNP) Project.
Although these advanced processes are in an early development stage, it is essential that a
consistent framework and methodology of evaluating the economic potential of these processes be
established to assist in the prioritisation of limited development funds and the selection of the most
promising processes for demonstration and deployment.

NHI framework for economic evaluation
Ultimately the objective of the evaluations is to compare the costs of hydrogen production between
processes as a critical component in technology selection decisions and to determine which of these
processes are potentially the most cost effective and therefore should be considered for development
priority. Comparing these processes is difficult as they are in early stages of development, technology
is still uncertain and costs are very uncertain.
The development of a framework for data and analysis leverages the experience gained in hydrogen
production cost studies co-ordinated through the H2A Production Analysis Program of the DOE Office
of Energy Efficiency and Renewable Energy (EERE). The framework takes as input capital and operating
cost estimates for a given hydrogen production process, and it convolutes this technical input with set
economic parameters. The figure of merit output from the calculation is a necessary selling price for
hydrogen in dollars per kilogram that satisfies the cost inputs and economic parameters.
The initial adaptation and application of this framework to NHI processes was based on early
versions of the thermochemical and high temperature electrolytic processes being evaluated by NHI.
Those results provided a starting point that is intended to be updated on a continuing basis as results
become available from the research programme or other sources. Although it is still early in the
development process, these ongoing efforts to provide an integral cost metric are one of several key
inputs needed to support R&D decisions in the near term.

Objectives of NHI framework
The objective of the effort is to provide a consistent and transparent framework and methodology for
economic assessments of the NHI technologies. Intended applications include:

334

•

to assess the comparative costs of hydrogen production processes to support technology
demonstration sequence and/or down-select decisions;

•

to support trade-off studies to optimise the design and the allocation of limited R&D resources;

•

to understand relative cost and risk (uncertainty) drivers as guide to R&D resource allocation;

•

to assess pertinent market issues and uncertainties as a further guide to R&D.
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The nuclear hydrogen production framework can also be used to assess trade-offs between
component cost, performance, O&M cost, fuel cycle cost, lifetime and other factors affecting the cost
of hydrogen and hence guide related R&D funding priorities. Further, market entry challenges associated
with product introduction and higher initial costs and risks will be assessed to gain insights for
mitigating strategies for such challenges.

The H2A Production Analysis Program
In 2005, DOE EERE organised the H2A Production Analysis Program. The primary objectives of that
effort were as follows:
•

to improve the consistency and transparency of the ground rules and assumptions for the
economic analyses of hydrogen systems within the DOE hydrogen programmes, as well as
within related industry programmes;

•

to develop a tool for consistent analyses and reporting of the economics of hydrogen
production and delivery systems, as well as for R&D direction and portfolio analyses;

•

to validate the consistent ground rules, assumptions and analyses methodology through
deliberations with a select group of key industrial collaborators, including nuclear utility and
vendor representatives.

The H2A model is a spreadsheet-based (Microsoft Excel®) calculation tool which gives the
required selling price of hydrogen for the input capital and operating cost factors for a hydrogen
production plant and for the specified economic parameters, including the rate of return on
investment. The units of the resultant price are dollars per kilogram, which serves to normalise the
comparisons and happens to be approximately equal to the price of gasoline with the same energy
content on a lower heating value basis. The results of H2A have been published on the DOE website
[www.hydrogen.energy.gov/h2a_analysis.html]. While the tool includes agreed-upon H2A reference
values for several financial parameters, the user is also given the opportunity to vary parameters such
as internal rate of return, plant life, feedstock costs and tax rate, to examine the technology using
their own basis. The calculation part of the tool uses a standard discounted cash flow rate of return
analysis methodology to determine the hydrogen selling cost for the desired internal rate of return.
Some advantages of this method are that construction time and plant start-up phase can be modelled
with proper accounting for interest during construction, and over the life of the plant replacement of
significant capital items can be scheduled. Inflation can be input to the model, but in the discounted
cash flow analysis the effect of inflation is nullified except for a small impact on the tax depreciation.
For this reason, the calculated selling price for hydrogen is the fixed or levelised price over the plant
life in reference year dollars.
The major categories of input to the H2A computer model are as follows:
•

Plant capital costs (USD)
– Direct
 Equipment
 Installation (field material & labour)
– Indirect
– Replacement capital

•

Plant operation and maintenance
– Fixed (USD/yr)
 Staff
 Other labour costs
 Materials and services for maintenance and repair
– Variable (USD/kg H2)
 Thermal power consumption and costs
 Electric power consumption and costs
 Feedstock: water; chemicals; catalyst
– Performance
 Efficiency
 Capacity factor
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Specifically, the model may be applied for the integrated energy supply and process plant for
hydrogen production, or the input energy to the plant may be generalised in terms of costs for heat in
USD/MWt-h and costs for electric power in USD/MWe-h. For the H2A analyses the heat and electric
power were modelled as costs per unit energy inputs. Thus, the nuclear reactor economic detail is
decoupled in the analysis so that the evaluation concentrates on the process plant.

Candidate systems
The DOE NHI presently focuses on three hydrogen production technologies that potentially can be
coupled with HTGR heat sources to supply the energy to split water into hydrogen and oxygen. These
are sulphur-iodine thermochemical water-splitting (S-I) cycle, high temperature (steam) electrolysis
(HTSE) cycle and the hybrid sulphur thermo-electrochemical water-splitting (HyS) cycle.

Earlier analyses
The initial analyses utilising the framework were complete two years ago. The input costs for
developmental items were estimates based on the technologists concerned with the given processes.
Costs were itemised for the main unit operations. (In chemical engineering and related fields, a “unit
operation” is a basic step in a process.) The conventional parts of the plant were subject to a mix of
cost-estimating approaches, scaling factors and installation factors. Bulk costs were not necessarily
based on actual layouts. Performance was based on the flow sheet mass and energy balances, which
were in early stages of development.
Four cases were evaluated, since there was interest in the comparison of two alternate methods
for HI separation. Required selling prices for hydrogen were calculated to be between about USD 3.00/kg
and USD 3.50/kg, and efficiencies were from 39 to 44%. This result is shown in Table 1.

Table 1: Results from 2007 evaluation
Hydrogen process
Sulphur-iodine
HI section: extractive distillation
Sulphur-iodine
HI section: reactive distillation
High temperature electrolysis
Hybrid sulphur

Efficiency

H2 selling price

40%

USD 3.41/kg

39%

USD 3.05/kg

44%
43%

USD 3.22/kg
USD 2.94/kg

Recent work
In 2008, the US Department of Energy’s NGNP programme initiated an evaluation of the three NHI
hydrogen technologies by the Westinghouse/PBMR/Shaw Team. The evaluation was led by Shaw, and
interacted with all the technology constituents within the NHI. Shaw is a world-wide engineering,
construction and industrial services company. An objective of the study was to take advantage of
Shaw’s expertise in chemical process design, deployment experience and depth of capability in cost
estimating from actual projects. The Hydrogen Plant Alternatives Study has only recently been
completed.
The study evaluates the three hydrogen production technologies and processes – S-I, HyS and
HTSE – on consistent technical and economic bases. This would be the first such systematic
comparison.
The economic viability of each technology was assessed based on capital costs, operating costs,
technical risk, safety and operability. Standard industry practice with respect to process engineering
and cost estimating were used to assess the economic viability of each technology for commercial
implementation. Only limited credit was given for cost improvements from technology breakthroughs.
All of these technologies are at an early stage of development, but the effort was to estimate a
commercially operable plant that could be deployed (technology development through design and
construction) in only ten years.
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Three flow sheets with consistent assumptions, and using commercially available equipment
where possible, were developed. The flow sheets and mass and energy balances were used to generate
sized equipment lists. Estimated costs for unit operations are based on industry databases for materials
and labour, and on the estimates of technical experts from associated research and development
programmes. Installation costs, including labour and field bulk materials, were estimated on a
subsystem basis.
Final hydrogen selling price was calculated using the capital and operating cost results from the
hydrogen alternatives study and the H2A analysis tool. The cost data was subsequently entered into
the NHI analysis framework database, and further calculations have been done using the data from
the Shaw base cases. Results of those calculated hydrogen prices are reported below.

Reference designs
Choice of a basis for plant design, particularly plant sizing and interface with the nuclear heat supply
system, can be approached differently with different results. One can choose to size the hydrogen
process plant to fit one nuclear reactor unit and then increase plant scale by adding nuclear units.
In this evaluation, the choice is to set the size of the hydrogen plant at about the output level of the
largest hydrogen plant that users would want or that suppliers would build considering present norms
of the petrochemical industry. That plant size is approximately 175 000 Sm3/h (150 MMSCFD, 365 t/d,
4.2 kg/s). For that level, depending on the hydrogen process, the HTGR nuclear units are applied in
integer numbers to provide the necessary high temperature heat input according to each process. In the
model, additional heat available from the HTGR units is converted into electricity in a Rankine cycle
with a condensing steam turbine generator system. This electric power is provided to the hydrogen
production system. Excess electric power for the hydrogen process is imported from the electric grid.
For the HTGR, a generic nuclear heat supply system (NHSS) was assumed to generate a nominal
550 MWt of heat and deliver helium at 910°C to the process coupling heat exchanger(s) of the process
plant. Helium returns to the NHSS in the range of 275 to 350°C. The three hydrogen production
technologies from the NHI were as follows:
•

The sulphur-iodine (S-I) cycle includes the feature of a H2SO4 decomposer with silicon carbide
tubes, as has been developed at Sandia National Laboratories (Moore, 2007). For this decomposer
the Shaw model takes the design and costing from a variant of the design by Westinghouse
(Hu, 2008). The HI section utilises the reactive distillation option. The process plant is coupled
with three NHSS and produced 4.4 kg/s of hydrogen. Oxygen is sold as a by-product. The process
plant used all of the nuclear heat and so no electricity was generated on-site. The amount of
grid power consumed was 330 MWe.

•

The hybrid sulphur (HyS) cycle utilises the same H2SO4 decomposer and acid concentration
section as the S-I plant. The SO2 electrolysers are polymer electrolyte membrane (PEM)
technology. The hydrogen plant is coupled to two NHSS and produces 4.0 kg/s of product.
Oxygen is sold as a by-product. The Rankine “bottoming” cycle generates 133 MWe for the
electrolysis section and an additional 198 MWe is imported.

•

The high temperature (steam) electrolysis (HTSE) cycle is the variant utilising air sweep on the
anode side of the cells. It takes heat from only one NHSS and puts out 4.0 kg/s of hydrogen.
The Rankine “bottoming” cycle generates 176 MWe. The oxygen by-product is not sold, and
365 MWe is taken from the grid.

Databases
Shaw’s estimating organisation used their FACES system, which is regularly updated from purchase
order data. However, a significant factor in the results of the study come from the timing of the cost
estimating, which was mid-2008, at the time commodity prices and other factors in the cost
calculations were at recent peaks.
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Input heat and power sources
Without reference to a particular HTGR, an input parameter of USD 30/MWt-h was used for the cost of
nuclear heat was. Electricity cost was set based on a 2008 price of USD 75/MWe-h. The H2A modelling
tool, as published, is based on an assumption that all costs and the selling price have the same rate of
inflation. However, for the Shaw assessments, energy costs are projected to rise more rapidly than
general inflation, and so a modification to the H2A model was been made to add this analysis
capability. For the analysis, real escalation, over and above any inflation, is included at 1%/yr over the
plant life for the electric power bought or sold. The assumed reactor outlet temperature for evaluating
component costs and process efficiencies was 950°C.

Results
Resulting hydrogen selling prices from the Shaw analysis were high compared to earlier estimates,
particularly the 2007 NHI framework cases. The high price is the result of conservative assumptions in
the development of the three process flow sheets, in the cost-estimating process and in the energy
cost parameters input to the cost calculations.
As a starting point for further evaluations of the NHI technologies, a series of changes to the cost
inputs were made. The NHI process development teams were asked to review the Shaw study and to
suggest areas where there might be alternative assumptions or configurations. Without altering the
systematic approach to the parallel evaluation of the technologies, these adjustments were made to
enable exploration of sensitivities. The Shaw results and the varying hydrogen price with these
changes are plotted in Figure 1. The rightmost set of bars (above “1”) shows the Shaw base case results.
A first adjustment to the Shaw results is made to the energy cost inputs. The nuclear heat cost and
electric power costs are reduced to the same values used in the 2007 analyses, and so nuclear heat
cost is reduced from USD 30/MWt-h to USD 20/MWt-h and electricity cost from USD 75/MWe-h to
USD 60/MWe-h. Also, the escalation in the cost of imported electric power is taken out to provide a
consistent comparison with earlier studies and to be more in line with current economic realities. The
resulting lower hydrogen prices are shown in the next set of bars in Figure 1 (above “2”).

Figure 1: Varying hydrogen price for cost model variations
12.00
11.00

S-I

Hydrogen Selling Price, $/kg

10.00

HyS

9.00

HTSE

8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00

1

2

3

4

5

To adjust for the cost estimating having been done at around the time of the peak in the
commodity “bubble”, three cost factors were considered. In mid-2008 the price of carbon steel plate as
an index was up a factor of 1.7 from its average in 2005 to 2007. The price of nickel, which is reflected
in the cost of stainless steel and might more accurately track the cost of the process plant capital
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equipment was up by 1.4 over 2005-2006 (nickel peaked in late 2007). The Chemical Engineering Plant
Cost Index (CECPI), which is a composite of equipment, site material, labour and engineering costs in
the industry, peaked at 1.3 times the 2005-2007 value. In consideration of these indices, a factor of
1.5 is taken to be the approximate excess capital cost due to the cost estimating at the cost peak. The
third set of bars in Figure 1 (above “3”) shows the hydrogen selling price for the three technologies
with this additional adjustment to the equipment and bulk materials costs.
In the analysis of the HTSE hydrogen plant, the anode air sweep option was used as the reference,
and when diluted with air, by-product oxygen is not likely to be saleable, whereas in the S-I and HyS
flow sheets there is a pure oxygen by-product. A further revision to the HTSE case is plotted next in
Figure 1 (above “4”) for the HTSE case of no air sweep equipment and adds sale of by-product oxygen.
Two additional adjustments are made to attempt to bring the S-I, HyS and HTSE evaluations to a
common level of capital cost uncertainty. In the HI section of the S-I process, the highly corrosive
fluids require vessels, piping and equipment specially lined with either tantalum or niobium alloy,
which for the process industry are exotic materials. The technologists familiar with the S-I Integrated
Laboratory Experiment were of the opinion that the extent of this corrosion resistant material was
excessive in the Shaw design, and so for the last bar for S-I in Figure 1 (above “5”) the amount of exotic
material lining is reduced (by approximately 30% in the HI feed and distillation equipment and by 50%
in the iodine recovery portion) and replaced with glass or Teflon® lining.
The second adjustment is to a non-conservative cost input to the Shaw evaluation. The
equipment capital costs for the SO2 electrolyser in HyS and the steam electrolyser in the HTSE are
based on projected cost targets. For both electrolyser technologies the cost targets were adopted from
the development programmes for the associated fuel cells, and those targets appear to be far from
being achieved. To show the effect of a more realistic outcome to compare with the S-I case the last
bars for HyS and HTSE Figure 1 (above “5”) show the price if the uninstalled costs of these components
were doubled.
There is a trend in Figure 1 for the costs of the three technologies to converge in a range of
USD 4.50/kg to USD 6.00/kg, which is 50 to 75% higher overall than the costs calculated in the 2007
evaluation. A comparison of the earlier and recent capital cost summaries is insightful. The largest
factor in the increase in hydrogen cost, after adjustments from the Shaw base cases, is the cost of the
conventional parts of the plant and not of the new technologies. For example, in the 2007 calculations
the capital costs for the electrolysers in the HyS and HTSE plants were, respectively, 66 and 82% of the
total capital cost of the plant. In the recent analyses the fractions are 24 and 35%.
Another notable element of the cost increases is the inclusion in the Shaw flow sheets of
subsystems for hydrogen product purification and for feed water purification. For S-I and to a lesser
extent for HyS, concern with the carry-over of sulphur to the product necessitated a significantly
costly purification subsystem on the product end of the cycle. For HTSE, the issue is uncertainty in the
purity of input steam and effects on the electrolysis cells, and so a large feedwater purification
subsystem impacts the overall capital cost. In the earlier evaluations these subsystems were not
considered significant enough to include.
The data in Figure 1 do not take into account the conservative efficiencies resulting from the
Shaw flow sheet mass and energy balances. Technologists developing the S-I, HyS and HTSE
processes offered suggested improved mass and energy balances to consider along with the adjusted
energy and capital cost cases.
For S-I, the H2A model was re-run with the “Mathias” model flow sheet (Mathias, 2003), which
has increased heat recovery in the HI section and other thermodynamic modelling features that result
in a large increase in process efficiency. For the HyS cycle the model was further adjusted with
improvements of lower cell voltage (525 vs. 600 mV) and reduced thermal demand in the acid
concentration step. For HTSE the improvement was to eliminate the air sweep subsystem. The before
and after efficiencies for these improved cycles and the resulting hydrogen selling prices are in
Table 2 (the costs in the third column of Table 2 correspond to the set of bars in Figure 1 above “3”.)
The ranges of hydrogen selling prices from Table 2 are plotted as the solid bars in Figure 2. The
bars with dashed lines extend the range to include the unadjusted Shaw base case (the leftmost bars
in Figure 1). This is not a sensitivity plot, but the relative sensitivity of the S-I technology to capital
cost and efficiency is demonstrated by the large band of hydrogen price, which spans a factor of two.
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Table 2: Results with revised capital costs and efficiencies

Hydrogen process
Sulphur-iodine
Hybrid sulphur
High temperature electrolysis

Shaw results adjusted for
energy and capital costs
Efficiency
H2 price
25%
USD 7.27/kg
35%
USD 4.94/kg
33%
USD 4.22 /kg

Further adjusted
for efficiency
Efficiency
H2 price
42%
USD 3.57/kg
38%
USD 4.40/kg
37%
USD 3.85/kg

Figure 2: Hydrogen selling price range
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The range of accuracy generally accepted for preliminary, pre-conceptual categories of cost estimates
(estimates based on less than 10% design progress) is ±40%. Given that additional factor, one cannot
conclude a cost advantage for any one production cycle.

Conclusions
The results of our work in the investigation of nuclear-heated, high-temperature hydrogen production
technologies show significant quantitative uncertainty. The causes are understood and are outlined in
this paper. Resolution will require significant additional development, refinement of designs and
confirmation of system performance. The economic analysis work is a continuing process as part of
the DOE’s NHI, and the product price range can be narrowed as available input data is updated from
the development programme.

Within hydrogen production technologies
The earlier and more recent evaluations have shown which various parts of the process plants are the
“cost drivers” within each of the three hydrogen production technologies. These have been used as
indications for prioritising R&D efforts in the NHI programme.

Between hydrogen production technologies
The formal approach taken to evaluate nuclear hydrogen technologies provides useful results for
comparison of the various technologies. The range of relative variation in product hydrogen price in
the evaluations is the result of several factors. One of the most significant is the uncertainty of new
technology performance in flow sheets and simulation models that drive the process efficiency. These

340

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

NHI ECONOMIC ANALYSIS OF CANDIDATE NUCLEAR HYDROGEN PROCESSES

uncertainties are expected at the early development and demonstration phase, but the technology
must mature further and simulation models need to be better supported before the uncertainties in
product price can converge.
For the unique and high-technology equipment in the systems – the sulphuric acid decomposer
in S-I and HyS and the two different electrolysers in HyS and HTSE – costs of equipment in the
eventual commercial plant are based on development targets and only weakly derived from
examination of fabrication technologies and manufacturing details. This is a manifestation of the
immaturity of the designs, which require further iteration and refinement within the current
development and demonstration phase.
One additional factor not directly covered in this paper is the issue of performance stability and
the associated costs for refurbishment, repair or replacement of components with lifetimes shorter
than the overall plant. None of the laboratory experiments to date for S-I, HyS or HTSE has run long
enough and provided data that can be used to quantify degradation factors or lifetimes. Performance
variation with time and limited lifetimes of components can be factored into the analysis, particularly
as operating cost and replacement capital inputs.
As the NHI hydrogen technology development proceeds, distinctions between the economics of
the technologies should become more apparent.

Comparison to alternatives
Comparisons of the calculated hydrogen prices from the current NHI technologies to prices from other
sources of hydrogen are problematical. The most significant uncertainty is the cost of input energy,
which comes as nuclear heat or as electricity, in varying ratio for the different technologies. The cost
of heat depends on the costs of building and operating the HTGR, which is uncertain at this point. The
cost of electricity is either dependent on the same uncertain HTGR cost if the electricity is to be
generated at the site of the hydrogen plant using the same reactor heat source, or it is dependent on
the price of grid electricity if imported. In most of the cases in the NHI evaluation, the electric power is
both generated on site and imported. Any prediction of grid electricity prices in distant future years is
speculation, considering energy resource issues and the likely imposition of significant constraints on
carbon combustion.
Another precaution in making comparisons of hydrogen price to other technologies is that cost
models for the NHI technologies assume all would be deployed as very large chemical process plants.
In the present conceptual design phase, there is appropriately little focus on the optimisation of the
systems of conventional piping, valves, instrumentation, structural works and other bulk components.
For those in the process industry familiar with such large, complex plants, the hydrogen technologies
are similarly unfamiliar. The interaction with established process industry engineers at Shaw is a first
iteration to mutually instruct and provide familiarity that can lead to optimised design. Certainly the
“high-tech” portions of the process need the greatest attention to advance the overall development.
However, so much of the plant cost is in the conventional portion that overall optimisation is
essential for a nuclear hydrogen plant to deliver product at a competitive price. This suggests that the
process design must mature to improve the cost basis for the conventional portion for the plant.
These conclusions justify continuing the periodic evaluation of the candidate process hydrogen
prices and maintenance of the NHI framework with a database of cost input factors as the
technologies and designs mature.
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Abstract
We analyse the market viability of four potential nuclear hydrogen technologies. We focus on the
value of product flexibility, i.e. the value of the option to switch between hydrogen and electricity
production depending on what is more profitable to sell. We find that flexibility in output product is
likely to add significant economic value to a nuclear hydrogen plant. Electrochemical technologies lend
themselves more easily to flexible production than thermochemical technologies. Potential investors in
nuclear hydrogen may therefore see these as more viable in the marketplace.
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Introduction
Nuclear energy has the potential to play an important role in the future energy system as a large-scale
source of hydrogen without greenhouse gas emissions. Thus far, economic studies of nuclear
hydrogen tend to focus on the levelised cost of hydrogen without accounting for the risks and
uncertainties that potential investors would face. A financial model based on real options theory to
assess the profitability of different nuclear hydrogen production technologies in evolving electricity
and hydrogen markets is presented in Botterud (2008). The model uses Monte Carlo simulations to
represent uncertainty in future hydrogen and electricity prices. It computes the expected value and
the distribution of discounted profits from nuclear hydrogen production plants. Moreover, the model
quantifies the value of the option to switch between hydrogen and electricity production, depending
on what is more profitable to sell.

Results
We use the model to analyse the market viability of four potential nuclear hydrogen technologies
(Table 1). Our analysis finds that the flexibility to switch between hydrogen and electricity production
leads to significantly different relative viability of the different technologies, compared to a levelised
cost analysis for hydrogen as the sole product (Table 2). The flexibility in output products adds
substantial value to plant designs that allow a switch between hydrogen and electricity generation.
Electrochemical hydrogen production processes (HPE and HTE) therefore have a distinct advantage
compared to thermochemical processes, since the electricity which is used as input to the electrolysis
instead could be sold directly to the electricity market during periods of high electricity prices. For a
complete documentation of model and results we refer to (Botterud, 2008).

Table 1: Nuclear hydrogen technologies
Hydrogen production process
High-pressure water
electrolysis (HPE)
High-temperature
steam electrolysis (HTE)
High-temperature
sulphur-iodine cycle (SI)
Hybrid sulphur thermoelectrochemical cycle (HyS)

Nuclear reactor type
Advanced light
water reactor (ALWR)
High-temperature
gas-cooled reactor (HTGR)
High-temperature
gas-cooled reactor (HTGR)
High-temperature
gas-cooled reactor (HTGR)

Product flexibility?
Yes
Yes
Pure hydrogen
Fixed hydrogen and
electricity production

Table 2: Summary of results
Technology
HPE-ALWR
HTE-HTGR
SI-HTGR
HyS-HTGR

Product
flexibility?
Yes
Yes
No
No

Levelised
cost [$/kg]
2.98
2.93
3.26
2.97

Expected
profit [M $]
283
295
-348
19

Expected value
of flexibility [M $]
266
212
0
0

Conclusion
We conclude that flexibility in output product is likely to add significant economic value for an
investor in nuclear hydrogen. Product flexibility increases the market viability, and this should be
taken into account in the development phase of nuclear hydrogen technologies.
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Abstract
A new energy transformation system based on carbon recycle use was discussed. A concept of an
Active Carbon Neutral Energy System (ACRES) was proposed. Carbon dioxide is regenerated artificially
into hydrocarbons by using a heat source with non-carbon dioxide emission, and the regenerated
hydrocarbon is re-used cyclically as an energy carrier media in ACRES. Feasibility of ACRES was
examined thermodynamically in comparison with hydrogen energy system. Carbon monoxide was the
most suitable for a recycle carbon media in ACRES because of relatively high energy density in
comparison with hydrogen, and high acceptability to conventional chemical, steel and high-temperature
manufacturing industries. A high-temperature gas reactor was a good power source for ACRES.
ACRES with carbon monoxide as recycle media was expected to be one of the efficient energy
utilisation systems for the reactor.
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Introduction
Energy supply security is an important matter for industrial and economical development of a society.
Steep change and instability of the market prices of primary energy sources is causing economic
confusion in any ages. This paper discusses the establishment of energy supply security from the
standpoint of carbon recycle use. Carbon is the most important energy media for manufacturing
industry and social life of human beings. Carbon supply security is an essential condition for a
sustainable society. In Japan, the supply of fossil fuels of primary energy depends almost entirely on
imports. Enthalpy of import fuel is 82% (18.9 × 1018 J) of all of using primary energy in Japan (METI,
2007). Seventeen per cent (17%) of fossil fuel is converted into plastics products, and the remainder is
consumed for heat sources. The Kyoto protocol came into effect in 2005. Japan has undertaken an
obligation to follow the protocol, and is thus required to drastically reduce its carbon dioxide (CO2)
emissions. However, CO2 reduction is inextricably linked to restricted use of carbon resources and
leads to depression of activity of manufacturing and service industries. Co-establishment of carbon
supply security and reduction of CO2 emissions is an important subject for a development of a
modern society.
A new energy system in which carbon is reused cyclically was discussed. A carbon recycle
system has already existed in nature as a natural carbon neutral system. In this paper, a concept of an
Active Carbon Neutral Energy System (ACRES) was proposed against the natural system. CO2 is
regenerated artificially into hydrocarbons consuming a primary energy source with no CO2 emission,
and re-used cyclically in ACRES. ACRES recycles carbon, and transform energy without CO2 emission.
Because ACRES was expected to solve the above carbon problems, the feasibility of ACRES was
discussed thermodynamically.

Proposal of ACRES
Conventional water energy systems and ACRES
ACRES is compared with conventional recycle energy systems in this section. A conventional recycle
energy system based on water is depicted in Figure 1. Figure 1(a) shows a conventional steam engine
in which water/vapour phase change is use for energy conversion. The primary energy is used for
evaporation of water, and a phase change from steam to water provides energy output. Figure 1(b)
indicates a hydrogen system in which water is decomposed into hydrogen (H2) and oxygen by energy
input, and oxidation of H2 provides energy output. The H2 energy system is superior to vapour system
at long-term energy storage with small loss and higher energy density. However, H2 needs quite large
work for compression up to 700 bars in storage, high-cost security in terms of explosion prevention
and system complexity for energy conversion for energy output like fuel cells. Those requirements are
still subject to market development of H2 energy system.

Figure 1: Conventional recycle energy systems using water
(a) Steam engine system

(b) Hydrogen system

H2 + O2

H2O(v)
Work, W

Energy,
E

E

W

H2O(l)

H2O

Water phase change

Water decomposition /
oxidation

A concept of the proposed ACRES is shown in Figure 2. Carbon dioxide (CO2) with/without water
is the ground state of carbon. CO2 is converted into hydrocarbons and alcohols by energy input using
some catalytic technologies (Kusama, 1996). Produced hydrocarbon is useful for co-production process.
The hydrocarbon provides thermal and electricity energies during oxidation into CO2. The hydrocarbons
can be used as raw materials for industrial materials. The hydrocarbon is easily stored and transferred
under lower compression pressure with small risk of explosion as compared with H2. The hydrocarbons
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Figure 2: Concept of ACRES

CxHyOz + O2
W
Material

E
CO2 + H2O

CO2 reduction/oxidation
Carbon dioxide system
have quite a high affinity with common manufacturing industries. If the carbon recycle system can be
established thermally and kinetically, it is expected that the system would be easily integrated into
conventional industries. A natural carbon recycle energy system has already existed in plant life in
nature, and is an ideal recycle system. However, the potential amount of biomass is not sufficient for
a modern society. Specifically, it is less than 10% of all energy demand in Japan. The natural recycle
system thus cannot sustain energy demand in Japan (Kameyama, 2005). Therefore, an artificial active
carbon recycle system was proposed as ACRES in this study. The feasibility of ACRES was discussed
from enthalpy balances in this paper.

Structure of ACRES
The structure of ACRES shown in Figure 3 consists of three elemental processes of hydrocarbon usage,
CO2 recovery and separation, and hydrocarbon regeneration. In the usage process, the hydrocarbon can
be used for both heat source and material. CO2 generated from hydrocarbon consumption is recovered
by physical and chemical sorptions. Sorbed CO2 in a sorption material is separated thermally from
material by a heat input. This process produces highly concentrated CO2. The recovered CO2 is
regenerated into hydrocarbon in the regeneration process. The regeneration process is endothermic
and requires energy input. In ACRES, the total energy input at recovery and separation (ES), and
regeneration (ER) should be larger than the energy output at the usage process (EU).
ES + ER > EU

(1)

ACRES is energy consumption process, then, a discussion of the energy balance of the system is
required for the feasibility evaluation of the system.

Figure 3: The three elemental processes in ACRES
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separation
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Input E > output E
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Enthalpy evaluation of ACRES
Practical hydrocarbons are examined those availability in ACRES by an enthalpy balance evaluation.

Availability of ACRES with methane
Methane as a basic hydrocarbon was discussed firstly. The structure of an ACRES in which methane
was recycled is shown in Figure 4. With a methane process, methane combustion [Eq. (2)] produces
heat, methane steam reforming [Eq. (3)] produces hydrogen, and polymerisation of methane [Eq. (4)]
produces polymeric materials:
CH4 + 2O2 → CO2 + 4H2O

(2)

CH4 + H2O → 4H2 + CO2

(3)

xCH4 → (-CH2-)x + x/2H2

(4)

CO2 is recoverable by physical adsorptions of active carbons or zeolites, or a chemical sorption by
carbonation of calcium oxide (CaO) at the CO2 recovery and separation process. CaO is absorbable
chemically CO2 at temperatures of 500-800°C [Eq. (5)]. CaO can remove CO2 from hydrocarbon reaction
system at the reaction temperature for CO2 production with small sensible heat loss, and also enhance
reaction rate and yield of the CO2 production reaction (Kato, 2003).
CaO + CO2 → CaCO3

(5)

In a process of methane regeneration form CO2, a two-step reaction of hydrogen production by
water electrolysis and methanation of CO2 with the hydrogen [Eqs. (6) and (7)] is available:
4H2O → 4H2+2O2

(6)

CO2+4H2 → CH4+2H2O

(7)

Figure 4: Structure of ACRES with methane
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The enthalpy balance of ACRES for methane is shown in Figure 5. Required enthalpies per one
molecule of methane for the processes of usage and regeneration are depicted in high heat value
(HHV). The recovery and separation process needs relatively smaller enthalpy than that of other
processes, and is capable to be driven by waste heat at relatively lower temperature (less than 100°C).
Because enthalpy evaluation for the recovery and separation process had uncertainties, the process
was not accounted for in this system evaluation. In the regeneration process it was assumed that
hydrogen was used for hydrocarbon regeneration by the two-step reaction in Eqs. (6) and (7). Production
of H2 of 4 mol requires an enthalpy of 967 kJ/mol-CH4. Methanation of CO2 with H2 leads to an
exothermic reaction of 165 kJ/mol-CH4. Regenerated methane has a reaction enthalpy of 802 kJ/mol-CH4.
A circulation rate (η) which is a formation enthalpy ratio between regenerated hydrocarbon and
required hydrogen is defined in Eq. (8).
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Figure 5: Enthalpy balance of ACRES with methane
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(8)

The η of methane ACRES was 83%. This means that enthalpy loss generates in methanation
process. However, when the same amount of enthalpy is stored in methane or H2, methane storage
pressure is reduced to one-third for H2 storage. Compression work can be reduced also to one-third for
methane storage in comparison with H2 storage. For comparison of energy efficiency between ACRES
and H2 system, a comprehensive discussion is needed. A chemical reaction equilibrium for CO2/methane
system is shown in Figure 6. It was assumed in the evaluation that the reaction proceeded at an
equivalent ratio under a pressure of 100 kPa. A CO2/methane system is reversible around 500°C.
Exothermic heat of methanation is recoverable by other endothermic reactions like steam reforming.
Enthalpy loss of methanation can be minimised by coupling with other endothermic reaction processes.

Partial pressure in equilibrium

Figure 6: Chemical reaction equilibrium for CO2/methane system
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The η of some hydrocarbons were calculated:
CO (104%) > methanol (93%) > ethanol (88%) > methane (83%)

(9)

A higher η means that enthalpy loss for regeneration of the hydrocarbon becomes smaller.
Methanol and ethanol are generally in liquid phase, easy in terms of transportation and storage, and
applicable to vehicle. Carbon monoxide (CO) has the highest η in the hydrocarbons.
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ACRES with CO
The η of CO is 104%. This demonstrates that CO has a higher energy density than H2. CO is a popular
energy material in conventional chemical, steel and other manufacturing industries. Then, ACRES for
CO was evaluated secondary. Figure 7 shows a structure of ACRES for CO. In the CO process, oxidation
of CO [Eq. (10)] for heat output and shift reaction of CO for H2 production [Eq. (11)] are available.
CO can also be converted into polymeric materials by polymerisation [Eq. (12)]:
CO + 1/2O2 → CO2

(10)

CO + H2O → H2 + CO2

(11)

xCO + yH2 + zO2 → CxH2yO(2z+x)

(12)

CO is regenerative from CO2 by electrolysis [Eq. (13)] using a solid oxide fuel cell (Jensen, 2007).
CO2 → CO + 1/2O2

(13)

A two-step reaction of hydrogen production by water electrolysis and reduction of CO2 with the
hydrogen [Eqs. (14) and (15)] is a practical process for CO regeneration.
H2O → H2 + 1/2O2

(14)

CO2 + H2 → CO + H2O

(15)

The enthalpy balance of ACRES for CO is shown in Figure 7. Required enthalpies per one
molecule of CO for the processes of usage and regeneration are depicted in HHV. The regeneration
process is assumed to use hydrogen for CO regeneration using the two-step reaction in Eqs. (14) and (15).

Figure 7: Structure of ACRES with CO
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Production of H2 of 1 mol needs an enthalpy of 242 kJ/mol-CO. Reduction of CO2 into CO with H2 is
endothermic reaction required heat input of 41 kJ/mol-CO. Because CO has higher energy density than
H2, CO is one of the most popular media in chemical processes.
A chemical reaction equilibrium for CO2/CO system of Eqs. (14) and (15) is shown in Figure 9.
It was assumed in the evaluation that the reaction proceeded under an equivalent ratio and a
pressure of 100 kPa. CO2/CO is reversible around 700°C.
CO regeneration in Figure 8 needs heat input over 700°C in Figure 8. Because η of ACRES for CO
was 104%, the ACRES for CO can recover all of enthalpy of H2. Waste heat at high temperature around
700°C generated from high-temperature processes can be utilised in the reaction. Energy saving of the
high-temperature processes is achievable by ACRES with CO. CO is quite acceptable for conventional
chemical and manufacturing industries. Thus, it is expected that CO is the most appropriate
candidate for a regenerative media in ACRES.
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Figure 8: Enthalpy balance of ACRES with CO
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Figure 9: Chemical reaction equilibrium for CO2/CO system
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Value of ACRES
The value of ACRES is that the system uses carbon cyclically, and does not emit CO2 into the
atmosphere. Non-carbon primary energy sources are essential for ACRES. ACRES with CO was the
most effective recycle system in this study. CO regeneration in Eq. (15) needs heat at a temperature
above 700°C. High-temperature gas reactor (HTGR) was the most suitable energy source for ACRES
because of high temperature output up to 950°C with non-carbon emission and sufficient fuel for a
country demand (Fujikawa, 2004). Thermochemical reduction of CO2 is ideal process for reduction
method like water reduction. Electrolysis of CO2 with an electric output from a power plant of a HTGR
is also one of the candidates. High-temperature electrolysis of CO2 using both heat and electricity
outputs from HTGR is expected to have higher efficiency than atmospheric electrolysis like water
high-temperature electrolysis.
ACRES is an energy transformation system with energy consumption. Direct use of primary
energy in energy demanding process without through ACRES has the highest efficient with the
smallest energy loss. When recycling hydrocarbon in ACRES has higher benefit for energy demanding
process than a direct use of a primary energy, the ACRES will have a practical value. In conventional
chemical, steel and other high-temperature manufacturing industries, CO has a higher affinity with
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processes than electricity and heat of primary energies. ACRES has potential in those industries.
ACRES still requires technologies for CO2 recovery and hydrocarbon regeneration. Development of a
practical process using ACRES and the optimisation of the process will be required in the next study.

Conclusions
For an establishment of a practical ACRES, selections of recycling hydrocarbon media and primary
energy source for the system drive were important. Methane was the easiest material for regeneration
and cyclic use. Methanol or ethanol with ACRES was suitable for vehicle use. CO was the most suitable
for a recycle media in ACRES, because CO had higher energy density and affinity than H2 to chemical
processes in conventional manufacturing industries. HTGR was a candidate of primary energy source
of ACRES. ACRES with CO driven by heat output from HTGR was the most applicable combination.
ACRES was expected to have higher efficiency than H2 energy system and be a candidate of energy
systems for establishment of carbon supply security in a modern society.
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Nuclear safety and regulatory considerations for nuclear hydrogen production

William Reckley
US Nuclear Regulatory Commission, USA

Abstract
The use of a nuclear power plant to produce hydrogen or for other process heat applications will
present challenges to the licensing process. Potential safety and regulatory issues have been evaluated
to identify possible research needs, policy concerns and licensing approaches. A brief description of
nuclear power plant licensing in the United States and a discussion of specific issues for using nuclear
power plants for process heat applications are presented.
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Introduction
The use of nuclear power plants to produce hydrogen or for other process heat applications at
chemical or petroleum facilities will introduce some challenges to the licensing of the nuclear plants
by the US Nuclear Regulatory Commission (NRC). The use of a nuclear power plant to support
hydrogen production is an important part of the Next Generation Nuclear Plant (NGNP) programme
that is being co-ordinated by the US Department of Energy (DOE) in accordance with the Energy Policy
Act of 2005 (EPAct). A licensing strategy for an NGNP prototype reactor was prepared by a joint working
group of staff from DOE and NRC (DOE/NRC, 2008). As part of the NGNP programme, the NRC staff
evaluated potential safety and regulatory issues to identify possible research needs, policy concerns
and licensing approaches. These efforts included the completion of a phenomena identification and
ranking tables (PIRT) evaluation related to process heat and hydrogen co-generation (NRC, 2008).

Licensing approaches
The EPAct assigns the development of the NGNP reactor design and deployment to the DOE and
requires that it be licensed by the NRC. In the development of the NGNP licensing strategy, the DOE
and NRC considered the various possible approaches that are available using existing NRC regulations.
The NRC maintains two general approaches to the licensing of nuclear power plants. The first set of
licensing regulations is defined in Part 50 of Title 10 of the Code of Federal Regulations (10 CFR Part 50)
and includes the combination of construction permits and operating licenses. This licensing approach
was used for the existing operating plants in the United States and is similar to the regulatory approach
in many other countries. While offering possible advantages in terms of experience and a possible
earlier start for the construction programme, the traditional licensing process under 10 CFR Part 50
included problems for the licensing process such as continual design changes during construction,
evolving regulatory requirements between licensing reviews for construction and operations, and
legal hearings held for both construction permits and operating licenses. Figure 1 shows the history of
the time period in years between issuance of construction permits and operating licenses for nuclear
plants operating in the United States.
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Figure 1: Duration of construction for US operating nuclear power plants

OL Issuance

Although the duration of construction was influenced by various factors, including the accident
at Three Mile Island, economic conditions and power needs, the history and trend of extended times
to obtain operating licenses was a motivation for the development of an alternate licensing process,
which is defined in 10 CFR Part 52. The licensing process in 10 CFR Part 52 involves the possible
submittal of a nuclear power plant design for certification and the approval of specific sites via an
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early site permit before an application is made for a combined construction permit and operating
license. The combined license application can then reference the design certification and early site
permit having resolved many technical and legal issues during the design or siting processes. However,
an applicant need not reference a certified design or early site permit but can instead include all of
the required information in the combined license application. An advantage for licensing is that the
design information is reviewed only once and supports both the construction and operations phases
of the facility. This can, however, be a challenge for the NGNP or other new designs in that design
decisions need to be finalised well ahead of actual construction. The licensing reviews under way or
expected in the United States are shown in Figure 2, with all combined license applications
referencing a design expected to be certified by the NRC and with several referencing early site
permits issued or under review by the NRC.

Figure 2: Combined license applications submitted or expected in the United States

The licensing strategy for the NGNP project recommended that the prototype facility develop a
combined license application that would not be preceded by a design certification or early site permit.
This strategy was developed to support the specific scenario defined in the EPAct and included the
location of the prototype in Idaho with a goal for operation in 2021. The project may change following
the solicitations of interest by DOE, the subsequent selection of technologies and the identification of
possible commercial partners. The licensing approach and schedule may likewise need to change if
the NGNP project evolves beyond the specific assumptions in the original licensing strategy.

Safety and regulatory considerations
The mission of the NRC is to license and regulate nuclear power plants and other civilian use of
by-product, source and special nuclear materials to ensure adequate protection of public health and
safety, promote the common defence and security, and protect the environment. The focus of the
agency is, therefore, on keeping radiation exposures to workers as low as reasonably achievable and
limiting the release of radioactive materials to the public from power plants through normal effluent
pathways and during possible transients or accidents. The NRC staff is assessing various safety and
regulatory issues associated with high temperature gas-cooled reactors and other aspects of the NGNP
programme. One tool used in this process has been the use of phenomena identification and ranking
tables or PIRT to document the current state of knowledge and potential safety significance of various
issues. A specific PIRT was developed for the process heat and hydrogen co-generation applications
that may be associated with the NGNP prototype or subsequent high temperature gas-cooled reactors
(NRC, 2008). As documented in the PIRT, issues associated with coupling a nuclear reactor to a
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hydrogen production or other facility can be grouped into the three general categories: i) events or
releases from the hydrogen plants; ii) heat transport system events and failures; iii) events or releases
from the nuclear plant.

Events or releases from the chemical plant
The NRC has traditionally considered during the licensing of nuclear power plants the hazards posed
by nearby industrial facilities, nearby transportation routes and hazardous or flammable materials
used at the nuclear site. Existing guidance includes the NRC staff’s standard review plan for nuclear
power plant applications (NRC, 2007) and specific regulatory guides such as Regulatory Guide 1.91,
Evaluation of Explosions Postulated to Occur on Transportation Routes Near Nuclear Power Plant Sites, (NRC,
1978) and Regulatory Guide 1.78, Assumptions for Evaluating the Habitability of a Nuclear Power Plant
Control Room During a Postulated Hazardous Chemical Release (NRC, 2001). The existing guidance may
need to be modified to address different chemicals and/or concentrations than those traditionally
evaluated as well as the expected close proximity to the nuclear plant of the hydrogen production or
other co-generation facility.
A chemical release from a hydrogen production facility coupled to a nuclear power plant could
introduce hazards for both nuclear plant systems, structures and components (SSC) and to plant
operators. This includes the possible routine or accidental release of oxygen from the hydrogen
production facility. Hazards to SSC could include blast effects from explosions, fires, degradation from
chemical exposure and possibly rendering equipment inoperable (e.g. starvation of oxygen from diesel
generators). The operators of the nuclear power plant could likewise face hazards from explosions,
fires or toxic chemicals. The applicant for the NGNP prototype reactor or other nuclear plant coupled
to a hydrogen production facility will need to analyse such hazards and demonstrate that nuclear
power plant safety is provided by measures such as separation, existing design features (e.g. building
structures, control room isolation) or special design features (e.g. berms, blast walls). A summary of
issues from the NRC’s hydrogen production PIRT is provided in the following table:

Table 1: Summary of hydrogen PIRT chart for chemical releases
Event
Hydrogen release

Evaluation criteria
Damage of SSC
Operator impairment

Oxygen release

Damage of SSC
Operator impairment

Flammable release

Damage of SSC
Operator impairment

Corrosive release

Damage of SSC
Operator impairment

Toxic gas release
Suffocation gas release

Operator impairment
Damage of SSC
Operator impairment

Issue (phenomena, process, etc.)
Blast effects
Heat flux
Burn and heat flux to people
Plume behaviour
Allowable concentration
Spontaneous combustion
Burn to plant operators
Plume behaviour
Heat flux
Blast effects
Burns to people
Plume behaviour
Allowable concentrations
Burns to people
Plume behaviour
Toxic concentrations and effects
Plume behaviour
Back-up power/O2 concentrations
Concentration for people

Heat transport system events and failures
The existing nuclear power plants in the United States are used exclusively to generate electricity.
As large and relatively complex facilities, there are a number of upsets and accidents that can challenge
the operation of the plants and the barriers in place to prevent the release of radioactive materials.
As shown in Figure 3, the NGNP prototype or subsequent high temperature gas-cooled reactors will be
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Figure 3: Simple schematic of possible nuclear hydrogen production facility

coupled to a hydrogen production facility and possibly other chemical or petroleum facilities. There is
also a possibility that the NGNP could serve multiple purposes such as producing energy for electricity
generation and process heat applications. The close coupling of a nuclear power plant to a hydrogen
production facility or other co-generation facility will introduce additional concerns that will need
analysis and possible design features such as control systems, barriers between nuclear and process
systems, detection systems and mitigation systems to protect the nuclear fuel and prevent the release
of radioactive materials.
Specific concerns about the coupling of nuclear and process facilities involve the intermediate
heat transport system connecting the primary reactor coolant and the process facility. For example, a
failure of the intermediate heat exchanger could lead to a rapid blow-down of the helium coolant
from the primary coolant system which could in turn pressurise the intermediate coolant loop and
provide a possible pathway for radioactive materials bypassing the nuclear containment structure.
Additional concerns would depend on the working fluid in the intermediate loop and the possible
introduction of that fluid to the reactor core through the break in the intermediate heat exchanger.
The introduction of water and its effects on the graphite used in high temperature gas-cooled reactors
is a special concern. Key parts of the research and development efforts related to NGNP will be to
develop and assess materials and important SSC such as the intermediate heat exchanger and
to develop computer models to analyse the thermal-fluidic behaviour of the nuclear plant systems.
A summary of issues from the NRC’s hydrogen production PIRT related to the coupling of heat
transport systems is provided in the following table:

Table 2: Summary of hydrogen PIRT chart for heat transport systems
Event
Loss of heat load (process facility)
Temperature transient
(process facility)

Evaluation criteria
Damage of SSC
Damage of SSC

Intermediate heat exchanger failure

Damage of SSC

Process heat exchanger failure

Damage of SSC

Mass addition to reactor (He)

Damage of SSC

Mass addition to reactor
(hydrogenous material)

Damage of SSC

Loss of intermediate fluid

Damage of SSC
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Issue (phenomena, process, etc.)
Loss of heat sink to reactor
Cyclic loading
Harmonics
Blow-down effects
Large mass transfer
Pressurisation of either secondary or primary side
Fuel and primary system corrosion
Turbomachinery response; potential for gas
mixture with He
Reactivity spike due to neutron thermalisation
Chemical attack of TRISO layers and graphite
Loss of heat sink, cooling
Hydrodynamic loading
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Events or releases from the nuclear plant
Normal operation and some events initiated on the reactor side of the facility can impact the chemical
plant and create possible pathways for the release of radioactive materials. During operation of the
nuclear plant, tritium will be produced through the fission process, activation and reactions with the
3He isotope present in the coolant. Some of the tritium will migrate through the heat exchangers and
make its way to the hydrogen production facility, including the hydrogen produced for subsequent
use in the economy. Although the levels of tritium making their way to the hydrogen facility and
commercial product may be very small, it may be necessary to evaluate the possible worker and
public doses from this source and, if appropriate, establish regulatory limits. In addition to the safety
and regulatory issues, the presence of minor amounts of tritium may introduce concerns in the area
of public acceptance of hydrogen production using nuclear power plants. The contamination of the
hydrogen facility with fission products other than tritium is less likely given the number of barriers
but monitoring would likely be required as it is for possible effluents from currently operating nuclear
plants. Anticipated operational occurrences and more severe transients can occur within the nuclear
plant due to malfunctions of equipment, interruptions of electrical power or other initiating events.
Such transients could lead to a loss of heat source to the hydrogen production or other co-generation
facility and increase stresses on piping and heat exchanger tubes as a result of the changes in
temperature. The NRC would review such transients to ensure that the reaction of the hydrogen
production plant would not lead to a more serious challenge to the cooling of the nuclear reactor core
or to a possible release of radioactive materials. A summary of issues from the NRC’s hydrogen
production PIRT related to events or releases from the nuclear plant are provided in Table 3.

Table 3: Summary of hydrogen PIRT chart for nuclear plant events or releases
Event

Evaluation criteria
Damage of SSC
Dose to process gas users:
industrial and consumers

Issue (phenomena, process, etc.)
Diffusion of 3H

Radiological release pathways
through heat exchanger loops
and plant

Dose to public

Accidental radionuclide release

Power or thermal transients
initiated in nuclear reactor

SSC, stress on heat exchanger or
other component in contact with
balance of plant

Transient causes stress on SSC;
induces possible transient in
process facility

Anticipated operations: tritium
transport (long-term safety)

Diffusion of 3H

Conclusion
The NRC is currently developing the needed infrastructure and knowledge base to prepare for the
licensing of the NGNP prototype and other small and medium-sized reactors. The use of high
temperature gas-cooled reactors to provide process heat for hydrogen production or other chemical or
petroleum facilities will introduce some additional issues for the licensing process. The NRC will build
upon existing guidance for topics such as nearby chemical facilities or transportation routes in
reviewing the analyses performed by applicants for nuclear plants coupled to chemical facilities.
Tools such as the NGNP PIRT will identify issues, assess safety significance and define research and
development needs, including the development of computer models to analyse transients and
accidents, for DOE, vendors and the NRC.
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Abstract
A transient control volume model of the sulphur iodine (S-I) and Westinghouse hybrid sulphur (HyS)
cycles is presented. These cycles are some of the leading candidates for hydrogen generation using a
high temperature heat source. The control volume models presented here are based on a heat and
mass balance in each reaction chamber coupled to the relevant reaction kinetics. The chemical kinetics
expressions are extracted from a relevant literature review. Two assumptions regarding reaction
chamber pressure are identified, namely a constant pressure condition and a differential form of ideal
gas law. The HyS model is based on an application of the Nernst equation. This application of the
Nernst equation suggests that in the HyS cycle the hydrogen generation rate is directly proportional to
the SO2 production rate. The observed chemical kinetic response time of the sulphuric acid
decomposition section is on the order of 30 seconds, whereas the response time of the hydrogen iodide
decomposition section is on the order of 500 seconds. It is concluded that the decomposition of
hydrogen iodide (HI) is the rate limiting step of the entire S-I cycle.
High temperature nuclear reactors are ideal candidates for use as a driving heat source for both the
S-I and HyS cycle. The pebble bed modular reactor is a type of very high temperature reactor (VHTR)
suitable for nuclear hydrogen generation. A methodology for coupling of the S-I or HyS cycle to a pebble
bed modular reactor (PBMR) via an intermediate heat exchanger (IHX) is developed. A 2-D THERMIX
heat transfer model of a PBMR-268 is presented, and this model is coupled to a point kinetics model.
The point kinetics model was developed to meet the same specifications as the RELAP5 point kinetics
module. A steady-state integration of the S-I and HyS cycle models to the PBMR 268 heat transfer
model is performed. The integration assumes that 100% of the heat energy from the PBMR-268 is
deposited into the chemical plant via the IHX. The steady-state energy balance suggests that, for the
S-I cycle, 74% of the heat energy from the PBMR-268 is used for the decomposition of HI, with the
remaining 26% used for the decomposition of sulphuric acid (H2SO4). The S-I and HyS hydrogen
generation models are coupled to the PBMR-268 heat transfer and point kinetics models. The coupling
of the PBMR-268 models to the hydrogen generation models is a fully transient coupling through the
intermediate heat exchanger. Two step insertions of USD +0.25 and USD -0.25 are initiated on the
nuclear reactor side of the coupled plant and the response is observed on the chemical plant side.
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Introduction
Hydrogen is a candidate for an all purpose energy carrier. Since the American oil crises of the 1970s,
hydrogen has been regarded as an attractive supplement or replacement for fossil fuels as an energy
carrier. The recent rapid development in the area of fuel cells and fuel cell powered vehicles yields
additional impetus to the development of hydrogen as an energy carrier. Hydrogen has an energy
density from combustion of around 120 MJ/kg, in comparison natural gas has an energy density of
43 MJ/kg, gasoline has an energy density of 44.4 MJ/kg, and ethanol has an energy density of 26.8 MJ/kg
(Thomas, 2001). The waste product of hydrogen combustion is water, which is a great environmental
advantage of hydrogen compared to the fossil fuels. Hydrogen is the most abundant element in the
universe. Hydrogen is also very chemically reactive, and thus it is not found on Earth in its elemental
form. The major challenges in shifting to a hydrogen economy involve generation, storage and
transportation of hydrogen.
The most common current method of hydrogen generation is hydrocarbon extraction, typically
from natural gas (Rostrup-Nielsen, 2005). The fundamental problem with this method is that it retains
an inherent reliance on fossil fuels and emits greenhouse gases. Thus, neither the problem of energy
reserves nor the problem of carbon emission is solved. A carbon-free method of hydrogen generation
that is independent of fossil fuel supplies is required for a sustainable hydrogen economy.
Water covers more than two-thirds the surface of the Earth, however directly splitting water into
hydrogen and oxygen requires temperatures of above 2 200 K (Kogan, 2000). There are few terrestrial
heat sources capable of providing such temperatures on a large scale. In addition to direct splitting of
hydrogen, there is also the option of a thermochemical cycle. A thermochemical cycle consists of a
series of chemical reactions performed in parallel, of which the overall reaction is the splitting of
water. Thermochemical cycles still require high temperatures, on the order of 1 100 K (Brown, 2003).
There are several heat sources under consideration for driving thermochemical cycles, namely nuclear
energy. Two of the primary candidates for use as thermochemical water-splitting cycles are the
sulphur-iodine cycle and the Westinghouse hybrid sulphur cycle. A potential driving scheme for a
thermochemical cycle is shown in Figure 1.

Figure 1: Nuclear hydrogen generation scheme

The sulphur-iodine (S-I) cycle consists of three chemical reaction steps expressed as sections:
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•

Section 1 (Bunsen reaction, 393 K): I2 + SO2 + 2H2O → 2HI + H2SO4

•

Section 2 (sulphuric acid decomposition, 1 123 K): H2SO4 → H2O + SO2 + 1/2O2

•

Section 3 (hydrogen iodide decomposition, 773 K): 2HI → H2 + I2
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Sulphuric acid (H2SO4) and hydriodic acid (HI) are produced via the Bunsen reaction. The Bunsen
reaction is exothermic. Utilising a nuclear heat source, these two acids are then decomposed into
their relevant constituents. The H2SO4 decomposition reaction produces oxygen, sulphur dioxide and
water. The HI decomposition reaction produces hydrogen and iodine. With the exception of hydrogen
and oxygen, the other products are reused in the Bunsen reaction. As the name suggests, the S-I cycle
is a cyclic process. The intent of the S-I cycle is to act as a veritable “black box” where water is split
into hydrogen and oxygen. In reality, a variety of reactants are involved in the process, but they are
recycled continuously, so that the only inputs to the system are heat and water and the only outputs
are hydrogen and oxygen. The heat input is supplied via a high temperature nuclear reactor.
A simplified flow sheet for the S-I cycle is shown in Figure 2.

Figure 2: Simplified S-I cycle schematic
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The Westinghouse sulphur cycle, also known as the HyS cycle, was developed in the United States
by Westinghouse during the oil crises of the 1970s (Brecher, 1976). In the HyS process, unlike the
electrolysis of water, hydrogen is actually produced at the electrolyser cathode (Brecher, 1976). Similarly,
sulphuric acid is produced at the electrolyser anode (Brecher, 1976). The HyS cycle consists of a
decomposition step and an electrolysis step expressed as the following equations.
•

Decomposition (sulphuric acid, 1 123 K): H2SO4 → H2O + SO2 + ½O2

•

Electrolysis: 2H2O + SO2 → H2SO4 + H2

In the HyS cycle, the decomposition of sulphuric acid is the same as Section 2 of the S-I cycle.
Thus, the difference between the S-I cycle and HyS cycle is the removal of the Bunsen reaction and
the replacement of Section 3 with an electrolysis process. A simplified flow sheet for the HyS cycle is
shown in Figure 3.
Both a nuclear reactor and a thermochemical hydrogen generation plant can be subject to a
variety of transient scenarios. Each plant has its own start-up and shutdown scenarios, in addition to
a wide variety of other transients. For the nuclear plant, this includes minor reactivity adjustments,
off-normal operation and accident scenarios. In addition, the chemical plant is also subject to a wide
variety of potential transient events, including start-up, shutdown, piping system failures, tank failure,
heat exchanger failure and a wide variety of other accidents (Marsh, 1987). The point of interaction
between the chemical plant and the nuclear reactor is the intermediate heat exchanger. The function
of the intermediate heat exchanger is to transfer energy from the nuclear reactor to the chemical
plant, thereby driving the chemical reactions.
Because the nuclear reactor and hydrogen generation plant are so strongly coupled via the IHX,
any event that occurs on one side of the loop will by definition effect the other side of the loop.
By coupling two independently validated models of a high temperature nuclear reactor and a S-I/HyS
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Figure 3: Simplified HyS cycle schematic

thermochemical hydrogen generation plant, some idea of the behaviour of the coupled system is
attained. In this paper, a pebble bed modular reactor (PBMR) is considered as the primary heat source
for an S-I/HyS thermochemical hydrogen generation plant.
This paper describes previously developed models of the S-I/HyS cycle and a PBMR-268. A general
coupling methodology via the IHX is developed, and applied to these models. Finally, two nuclear
reactor driven transient scenarios are considered.

Simplified S-I/HyS cycle model
A simplified transient analysis model of the sulphur iodine and Westinghouse hybrid sulphur cycle was
presented by Brown, et al. (2009). This model is utilised in this paper via coupling to a PBMR-268 model
and a simple point kinetics model. Some of the key tenants of the analysis model are summarised;
however interested readers are referred to the original paper for greater detail. The S-I and HyS
analysis model is a control-volume model which treats the chemical plant as a closed system.
In this paper the chemical kinetics of the S-I cycle are assumed to be elementary. It is trivial to
write each of the reaction rate equations from the chemical reactions themselves. Each reaction rate
constant is calculated via an Arrhenius expression. In Section 1, the depletion rate of sulphur dioxide
is expressed as (Brown, 2009):
d[SO2 ]
= k1 ⋅ [I 2 ] ⋅ [H 2O]2 ⋅ [SO2 ]
dt

(1)

The chemical kinetics for Section 2 is expressed as:
d[H 2 SO 4 ]
d[SO3 ]
=−
= k2 ⋅ [SO3 ]
dt
dt

(2)

Thermodynamic calculations reveal that there is a significant reverse reaction rate for the
decomposition of HI (Brown, 2009). This reverse reaction rate requires an accurate consideration of
several coupled reaction rate equations. These expressions are:
d[H 2 ]
= k3 ⋅ [HI ]2 − k− 3 ⋅ [H 2 ] ⋅ [I 2 ]
dt
d[H 2 ] d[I 2 ]
=
dt
dt
1 d[HI ]
= −k3 ⋅ [HI]2 + k− 3 ⋅ [H 2 ] ⋅ [I 2 ]
2 dt
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(3)
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In the HyS cycle, the production rate of hydrogen is directly proportional to the production rate of
SO2. The basis for this is Farada’s law of electrolysis, which states:
n H 2 ,rxn = n SO2

NI
2F

(4)

Readers with a substantial interest in these expressions, and the related literature review are
directed to (Brown, 2009). The steady-state concentrations of reactants are shown in Table 1.

Table 1: Steady-state reactant concentrations
Section 1: Bunsen reaction (liquid phase, 393 K, 7 bar)
Components
Concentration, mol/m3
SO2
315.1
I2
9 901.5
H2O
14 685.0
HI
2 567.8
H2SO4
206.1
Section 2: H2SO4 decomposition (gas phase,1 123 K, 709 kPa)
Components
Concentration, mol/m3
H2SO4
0.1
H2O
34.7
SO3
11.8
SO2
19.5
O2
9.8
Section 3: HI decomposition (gas phase, 773 K, 2.2 MPa)
Components
Concentration, mol/m3
H2
5.2
I2
51.6
HI
161.1
H2O
148.1

Each of the reactions of the S-I cycle proceeds in a chemical reaction chamber. For each reaction
chamber a full mass balance can be written. In the simplified model utilised in this paper the chemical
plant is treated as a closed system. Each reaction chamber is considered to have constant volume.
Thus, in each reaction chamber we can have flow into, flow out, generation and accumulation. Thus
the comprehensive molar balance for each species, i, in the reaction chamber is given as:
MR

dyi
dX
dX 

+ y i  min + Δν
 = mi ,in + ν i
dt
dt
dt



(5)

The reaction chamber energy balance is written in terms of the total internal energy, U. In each
reaction chamber, reactant with a given energy is added, reactant with a given energy leaves, and
heat is added via the intermediate heat exchanger. Thus:
dU
=
dt

 (m

i , in h i , in

i

) − (mi,out hi,out ) + Q HX

(6)

i

Similarly the energy balance in each reaction chamber is written in terms of the total enthalpy, H:
dH
=
dt

 (m

i , in hi , in

i

) −  (mi,out hi,out ) + Q HX + VR dP
i

dt

(7)

In terms of the average specific heat, this energy balance can be rewritten as:
MR cP

dTR
=
dt

 m (h
i ,in

i
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i ,in

− hi ) − Δh RXN

dX 
dP
+ Q HX + VR
dt
dt

(8)
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The extent of reaction in each reaction chamber is calculated via the above kinetics expressions.
These expressions are dependent on the concentrations of the reactant and the temperature of the
reaction chamber, via the Arrhenius expressions. This is expressed generally as:
X = X (TR , Ci )

(9)

Ideal gas law is assumed as the equation of state in the S-I/HyS cycle model. Comparison between
ideal gas law and the Peng Robinson equation of state yielded a relative error of only 0.18% (Brown,
2009). Thus, the assumption of ideal gas law in the model of the S-I/HyS cycle is justified.
PVR = M R RTR

(10)

The heat transfer through the intermediate heat exchanger is the crux of the coupled system. The
heat transfer through the intermediate heat exchanger is given via the following simple expression:
Q HX = U ⋅ A ⋅ ΔT = m He (h He ,in − h He ,out )

(11)

PBMR-268 model
The PBMR-268 is a pebble bed type high temperature gas-cooled reactor with a design power of
268 MWth. The PBMR-268 is helium-cooled and graphite-moderated, with a dynamic inner reflector
composed of graphite balls. This reactor design has many important characteristics, namely passive
safety. Additionally, the high coolant temperature makes it ideal for thermochemical hydrogen
generation. A thermal model of a PBMR-268 was developed utilising the thermal-hydraulics code
THERMIX-DIREKT. THERMIX-DIREKT solves the 2-D mass, energy and momentum balance equations
for the Ergun’s resistance model for pebble bed reactors.
A PBMR is a thermal reactor, thus delayed neutrons are the important factor in reactor response.
A thermal reactor has a time constant of about 55 seconds. In the chemical plant, Section 2 and
Section 3 have different response times. Section 2 has a response time on the order of 20 seconds,
whereas Section 3 has a response time on the order of 500 seconds. The limiting reaction rate in the
chemical plant is that of Section 3. Since the chemical plant is composed of cyclic processes, we know
that the slowest reaction rate will occur in Section 3, the HI decomposition section. The response rate
of Section 3 provides at least a first-order approximation of the overall plant response.
The PBMR-268 model is derived from the PBMR-268 design. Numerous assumptions were made
regarding the geometry of the PBMR-268 design in the benchmark specification. Some of the most
important geometric simplifications are (Seker, 2005):
•

core is assumed to be 2-D (r,z);

•

flattening of the pebble bed’s upper surface;

•

flow channels within the reactor are parallel;

•

removal of the bottom cone;

•

removal of the de-fuel channel.

The intra-pebble coolant flow is simplified such that the flow occurs at equal speed in parallel
channels (Seker, 2005). The side reflector control rods are modelled as concentrations of boron in a
concentric cylinder (Seker, 2005).
A scaling analysis of the hydrogen generation by the thermochemical plant was performed. For a
steady-state power of 268 MWth in the heat exchanger, the simplified model hydrogen production
rate was scaled to 142.3 mol/s. In a transient scenario, this steady-state production rate will change.
The nuclear reactor kinetics was modelled using simple point kinetics. The point kinetics model
utilised in the calculation was developed as an analogue to the point kinetics module of the RELAP5
code. The number of delayed neutron groups considered was six. A Doppler feedback coefficient of
-0.0095 was used. Xenon feedback was also modelled, although due to the time scales considered in
this document the xenon feedback is not relevant and has almost no impact on the results.
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In a coupled nuclear hydrogen production system, a transient is initiated on either the nuclear
reactor side or the chemical side of the plant. There are many potential transients that occur in a
nuclear reactor system. Some examples are (Reitsma 2004):
•

depressurised loss of forced cooling with or without SCRAM;

•

pressurised loss of forced cooling with or without SCRAM;

•

load following accidents;

•

control rod withdrawal;

•

control rod ejection.

Model integration and coupling
The hydrogen and THERMIX-DIREKT codes have three points of interaction:
1. initial steady-state solution;
2. initiating event coupling;
3. in-transient feedback.
First, a steady-state solution is attained in both the THERMIX model and hydrogen model. Second,
a transient is initiated, either in the chemical plant model or in the point kinetics model. Finally, the
THERMIX, point kinetics and hydrogen generation models all interact in each time step. The integration
scheme is shown in Figure 4.

Figure 4: Coupling flowchart

Coupling of the codes is performed through the IHX. The data exchanged between the codes
consists of the flow rate and temperature of helium through both hot and cold legs of the IHX. The
hydrogen model calls THERMIX and the point kinetics model every time step and then new temperature
and flow rate values are returned. This process is repeated each time step.
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At steady state several significant results of this coupling are noted. The energy deposited via the
IHX into Section 2 is 68.01 MWth, and the energy deposited via the IHX into Section 3 is 199.9 MWth.
Thus, 25.3% of the PBMR-268 power is deposited into H2SO4 decomposition whereas 74.7% of the
PBMR-268 power is deposited into HI decomposition. These percentages are dependent on the model
assumptions, namely single constant volume reaction chambers which are sized according to simple
chemical kinetics expressions. Nevertheless, they give important insight into the relative importance
of the two chemical plant sections as portions of the nuclear reactor heat sink.

Test matrix and results
In this paper two transient scenarios are considered that are initiated via the nuclear reactor side of
the test loop. The scenarios consist of reactivity insertions of USD 0.25 and USD -0.25 respectively.
These reactivities were chosen to represent minor reactivity adjustments via control rods. The response
due to these reactivity insertions are observed in a hypothetical S-I cycle plant with a design hydrogen
generation rate of 142.3 mol/sec. These transient scenarios are simple, in that they involve a very
explicit driving force. In these scenarios, the nuclear reactor is the real driving force behind the
transient behaviour, with the chemical plant providing feedback in a responsive role. Eventually, this
model will be used to investigate benchmark problem type accident scenarios, such as loss of flow
accidents or load following transients. However, these simple control rod adjustments were chosen
for this paper due to relative simplicity and the preliminary nature of this work.
Results for the insertion of USD -0.25 of reactivity are shown in Figures 5-10. This reactivity
removal causes a precipitous drop in reactor power, followed by a new steady-state power condition.
In Figures 8 and 9, it is evident that a new accumulation of reactants occurs in both reaction chambers.
This accumulation of reactants is due to slower reaction rates, because less energy is available to
drive the reactions. Figures 8 and 9 also illustrate the difference in response times between the two
reactions, with Section 2 having a response time of approximately ~50 seconds and Section 3 having a
response time on the order of ~500 seconds. This is a very important conclusion, as it suggests that
Section 3 is the rate-limiting step of the entire S-I cycle chemical plant. Finally, in Figure 10 we note the
response of the hydrogen generation rate, which adjusts to a rate of ~80 mol/sec in about ~300 seconds.
Similar results are indicated for the insertion of USD +0.25 of reactivity. These results are shown
in Figures 11-16. The insertion of this level of reactivity causes a spike in reactor power followed by a
new steady-state condition. In contrast to the reactivity removal, we note in Figures 14 and 15 that
there are fewer reactants “available” for reaction in each reaction chamber. This is due to the increase
in reaction rates caused be the greater availability of energy. Finally, in Figure 16 we note the response
of the hydrogen generation rate, which adjusts to a rate of ~200 mol/sec. However, due to feedback
from the chemical plant a new steady-state condition has not quite been reached, and the hydrogen
production rate continues to adjust.

Conclusions
A transient control volume model of the S-I and HyS cycle is presented. An important conclusion based
on the results of this model is that the rate-limiting step of the entire S-I cycle is the HI decomposition
section. In the HyS cycle, the rate-limiting step is the H2SO4 decomposition. A generalised methodology
for coupling these thermochemical cycle models to a nuclear reactor model is overviewed. The models
were coupled to a THERMIX-DIREKT thermal model of a PBMR-268 and a point kinetics model. Key
assumptions in the PBMR-268 model include flattening of the core and parallelisation of the flow
channels.
Two reactivity insertions of USD -0.25 and USD +0.25 were investigated. Interesting results
included the relative accumulation or dissipation of reactants due to a respective decrease or increase
of available energy. It is noted that these two transient scenarios, while interesting, are quite simple
with the nuclear reactor providing a distinct driving force and the chemical plant responding.
Chemical plant driven transient scenarios provide an interesting opportunity for further study. Events
including piping system failures, tank failure and heat exchanger failure, could prove to be important
as each scenario represents a partial or total loss of heat sink for the nuclear reactor.
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Figure 5: USD -0.25 reactivity insertion

Figure 6: USD -0.25 reactivity insertion reactor power

Figure 7: USD -0.25 reactivity insertion IHX temperatures

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

371

TRANSIENT MODELLING OF S-I CYCLE THERMOCHEMICAL HYDROGEN GENERATION COUPLED TO PEBBLE BED MODULAR REACTOR

Figure 8: USD -0.25 total moles in Section 2

Figure 9: USD -0.25 total moles in Section 3

Figure 10: USD -0.25 H2 generation rate
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Figure 11: USD +0.25 reactivity insertion

Figure 12: USD +0.25 reactivity insertion reactor power

Figure 13: USD +0.25 reactivity insertion IHX temperatures
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Figure 14: USD +0.25 total moles in Section 2

Figure 15: USD +0.25 total moles in Section 3

Figure 16: USD +0.25 H2 generation rate

374

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

TRANSIENT MODELLING OF S-I CYCLE THERMOCHEMICAL HYDROGEN GENERATION COUPLED TO PEBBLE BED MODULAR REACTOR

Nomenclature
CR

Concentration of reaction chamber

cv

Specific heat at constant volume

F

Faraday’s constant

γ

Constant

H

Total enthalpy

h

Enthalpy

I

Applied current

J

Reaction quotient

kz

Rate constant of reaction Z

m

Molar flow rate

MR

Number of moles in reactor

N

Number of electrolysers

n

Electrolysis rate

P

Reactant pressure

R

Universal gas constant

ρ

Density

Q HX

Heat transferred in heat exchanger

t

Time elapsed

T

Fluid temperature

T0

Reference temperature

TZ

Temperature of reactant Z

TR

Bulk temperature in reactor chamber

U

Internal energy

VR

Reactor volume

ν

Stoichiometric coefficient

dX

Reactant X produced by reaction

y

Mole fraction of reactant

[Z]

Concentration of chemical species Z
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Proposed chemical plant initiated accident scenarios in a
sulphur-iodine cycle plant coupled to a pebble bed modular reactor

Nicholas R. Brown, Shripad T. Revankar, Volkan Seker,1 Thomas J. Downar1
Purdue University, IN USA
1University of Michigan, MI USA

Abstract
In the sulphur-iodine (S-I) cycle nuclear hydrogen generation scheme the chemical plant acts as the
heat sink for the very high temperature nuclear reactor (VHTR). Thus, any accident which occurs in
the chemical plant must feedback to the nuclear reactor. There are many different types of accidents
which can occur in a chemical plant. These accidents include intra-reactor piping failure, inter-reactor
piping failure, reaction chamber failure and heat exchanger failure. Since the chemical plant acts as
the heat sink for the nuclear reactor, any of these accidents induce a loss-of-heat-sink accident in the
nuclear reactor. In this paper, several chemical plant initiated accident scenarios are presented. The
following accident scenarios are proposed: i) failure of the Bunsen chemical reactor; ii) product flow
failure from either the H2SO4 decomposition section or HI decomposition section; iii) reactant flow failure
from either the H2SO4 decomposition section or HI decomposition section; iv) rupture of a reaction
chamber. Qualitative analysis of these accident scenarios indicates that each result in either partial or
total loss of heat sink accidents for the nuclear reactor. These scenarios are reduced to two types:
i) discharge rate limited accidents; ii) discontinuous reaction chamber accidents.
A discharge rate limited rupture of the SO3 decomposition section of the SI cycle is proposed and
modelled. Since SO3 decomposition occurs in the gaseous phase, critical flow out of the rupture is
calculated assuming ideal gas behaviour. The accident scenario is modelled using a fully transient
control volume model of the S-I cycle coupled to a THERMIX model of a 268 MW pebble bed modular
reactor (PBMR-268) and a point kinetics model. The Bird, Stewart and Lightfoot source model for
choked gas flows from a pressurised chamber was utilised as a discharge rate model. A discharge
coefficient of 0.62 was assumed. Feedback due to the rupture is observed in the nuclear reactor,
intermediate heat exchanger and the other sections of the chemical plant. The effect of rupture disk
size on the discharge rate and subsequent feedback is evaluated. The SO3 decomposition reaction
chamber is considered as a single reaction chamber of large volume (92.95 m3). Since the volume is so
large, a rupture disk of 0.02 m2 was considered. For the 0.02 m2 rupture disk, more than 5 000 moles
are lost from the SO3 decomposition chamber in only 30 seconds. Despite this significant loss of reactant,
the extent of reaction in the SO3 decomposition reaction chamber falls from 141.3 moles/sec to
138.2 moles/sec, due to the moles of reactant still in the reaction chamber. Feedback in the hydrogen
iodide (HI) decomposition section is an order of magnitude smaller, due to the large volume of the
reaction chamber and slow response time (500 sec). Feedback in the nuclear reactor is seen via
increasing average and maximum fuel temperatures as well as decreasing reactor power. It is concluded
that a reaction chamber rupture will manifest as a loss of heat sink accident in the nuclear reactor.
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Introduction
The S-I cycle chemical plant is split into three main reactions, which are described here, as “sections”
of the chemical plant:
•

Section 1 (Bunsen reaction): I2 + SO2 + 2H2O → 2HI + H2SO4

•

Section 2: H2SO4 → H2O + SO2 + 1/2O2

•

Section 3: 2HI → H2 + I2

Section 1 operates at 393 K, Section 2 operates at 1 123 K, and Section 3 operates at 773 K. The
section of the plant dedicated to the Bunsen reaction is dubbed Section 1, H2SO4 decomposition is
dubbed Section 2 and HI decomposition is dubbed Section 3.
Any heat source which provides both high amounts of heat energy and the high temperatures
required for the endothermic Section 2 and Section 3 reactions is acceptable for the S-I cycle. The heat
transfer to each section consists of a series of heat exchangers manufactured out of a ceramic material
or a special metal, such as silicon carbide or Hastelloy. The selection of these special materials is due
to the high relative degree of corrosion and temperature resistance. A high power density is also
required for the S-I cycle, making nuclear energy a particularly attractive option. General Atomics,
Sandia National Laboratories and the University of Kentucky produced a comprehensive steady-state
flow sheet for an S-I cycle system (Brown, 2003).
Several reactors are candidates for use as a high temperature heat source for the S-I cycle.
Candidates include the modular helium reactor (MHR) and pebble bed modular reactor (PBMR). One of
the most thoroughly investigated candidates is the PBMR. Recent work has been performed in
benchmarking the THERMIX code to the PBMR-268 design (Reitsma, 2004; Seker, 2005).
In a coupled nuclear hydrogen generation system, the reactor loop will be coupled to the
chemical loop via an intermediate heat exchanger (IHX). This coupling is illustrated in Figure 1.

Figure 1: S-I cycle coupling through IHX

Safely implementing a thermochemical nuclear hydrogen generation scheme requires a robust
understanding of the interaction between the nuclear plant and the chemical plant. In turn, this requires
robust models of the chemical plant, reactor thermal-hydraulics and reactor physics. Efforts have
been conducted in both the transient modelling of the sulphur-iodine (S-I) and hybrid sulphur (HyS)
thermochemical cycles, as well as coupling to models of the pebble bed modular reactor (PBMR-268)
(Brown, 2009).

Importance of chemical plant initiated scenarios
Accident scenarios initiated in the PBMR plant have been described and thoroughly modelled as
benchmark problems (Reitsma, 2004). While modelling these scenarios in a coupled nuclear reactor/
chemical plant scheme is interesting, it should be noted that in most of these scenarios the nuclear
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reactor acts as the driving force for the transient. Thus, in the coupled system the chemical plant
merely provides a response to these reactor initiated scenarios. A more interesting and currently
unresolved problem is accident scenarios initiated by the chemical plant.
Chemical plants themselves are subject to a variety of accident scenarios. These scenarios have
not been modelled in detail for an S-I cycle system and are not fully understood. A thorough literature
review indicates not one single paper regarding proposed chemical plant initiated accident scenarios
in a coupled nuclear hydrogen generation system. However, it is evident that, in terms of safety, these
scenarios could be very important. The chemical plant acts as the heat sink for the nuclear reactor,
and any scenario which impedes the ability of this heat sink to function effectively is potentially serious.
In the chemical plant, examples of transient driving forces are (Marsh, 1987):
•

intra-reactor piping system failure;

•

storage tank failure;

•

inter-reactor piping system failure;

•

process tank failure;

•

heat exchanger failure;

•

valve failure.

In terms of nuclear reactor response, each of these chemical plant events is a partial or total loss
of heat sink accident.

Proposed accident scenarios
Several accident scenarios are proposed which are initiated by the chemical plant. These scenarios
include intra-reactor piping system failures, as well as reaction chamber failures. The proposed
accidents are summarised in Table 1.

Table 1: Proposed accident scenarios in S-I chemical plant
Category
Intra-reactor piping failure

Reaction chamber rupture

Name
Bunsen failure
Reactant flow pipe failure
Product flow pipe failure
Single reaction chamber failure

Section
Bunsen reactor
Section 2 or Section 3
Section 2 or Section 3
Section 2 or Section 3

Pipe break sequences
Bunsen failure/pipe break
The Bunsen reactor failure scenario is depicted in Figure 2. In this scenario the flow out of the Bunsen
reactor is shut down. This could be due to several different reasons, such as a pipe break leaving the
Bunsen reactor, or an interruption of reactant supply to the Bunsen reactor. However it happens, the
initiating event of this accident is a failure of the Bunsen reactor.
There are several important consequences of the failure of the Bunsen reactor. The initial
consequence of the failure is a lack of reactant flow to both the Section 2 and Section 3 chemical
reactors. However, heat input is still present and each reactor still has an initial concentration of
reactants present. Thus, the reactions will initially continue unabated in both sections. However, as
the reactions continue, the concentrations of reactants will deplete, altering the reaction rates as well
as the reaction heat input. Additionally, since the input to the pre-heater and evaporator is no longer
present this will lead to a substantial immediate loss of heat sink for the nuclear reactor.
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Figure 2: Bunsen failure

This scenario highlights an important recurring theme in each of the scenarios presented in this
paper, namely that the sections of the chemical plant transform from continuous coupled reactors to
discontinuous batch reactors. A discontinuous batch reactor is shown in Figure 3.
•

Reactant flow to reaction chambers shut off.

•

Reaction chambers, evaporators and pre-heaters will shut down, along with any accompanying
heat sink.

•

Continuous coupled reactor becomes discontinuous batch reactor.

Figure 3: Discontinuous reactor

Reactant flow feed pipe failure in a single section of the chemical plant
The reactant pipe flow failure scenarios are depicted in Figures 4 and 5. In these scenarios the
reactant flow to a single section is interrupted via pipe break. The primary reason for such a scenario
would be a pipe break leaving the Bunsen reactor or a heat exchanger failure. The immediate
consequence is failure of the pre-heater and evaporator of the section in question, as well as the
transformation of the section in question from a continuous reactor to a discontinuous batch reactor.
As the reactants deplete, these reactors will shutdown, eliminating the reaction component of the
nuclear reactor heat sink. Eventually either of these scenarios would lead to the shutdown of the
entire chemical plant, due to the interruption of the required cyclical nature. Thus, this scenario is a
pronounced partial loss-of-heat-sink accident progressing to a full loss-of-heat-sink accident. The
length of time it takes for this progression to occur is the amount of time it takes for the reactant in
the newly created discontinuous reactor to deplete.
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•

Reactant flow to single section shut off.

•

Partial loss of heat sink (pre-heater/evaporation of a single section) progresses to total loss of
heat sink.

•

Accident is more severe if it occurs in Section 2, due to rapidity of response.
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Figure 4: Section 2 reactant feed failure

Figure 5: Section 3 reactant feed failure

Product flow pipe failure in a single section of the chemical plant
The product flow pipe failure scenarios are depicted in Figures 6 and 7. In these scenarios the product
flow coming from either section is prevented from returning to the Bunsen reactor via a pipe break.
Thus, these scenarios may be reduced to the Bunsen reactor failure scenario.
•

Reactant flow to reaction chambers shut off.

•

Reaction chambers, evaporators and pre-heaters will shutdown, along with any accompanying
heat sink.

•

Continuous coupled reactor becomes discontinuous batch reactor.
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Figure 6: Section 2 product flow failure

Figure 7: Section 3 product flow failure

Reaction chamber rupture scenarios
Reaction chamber rupture
In the reaction chamber rupture scenario a single reaction chamber ruptures, causing a breach of
reactants and heat. Due to the pressures involved, the initial result of this accident scenario would be
the critical flow of various reactants out of the reaction chamber. The immediate consequence of such
a scenario would be the loss of the reaction heat sink in a single section. This scenario is interesting,
because depending on the size of the reaction chamber, the degree of parallelisation of the chemical
plant and the size of the break, the consequences and time scale of the accident could vary greatly.
It is also noteworthy that heat is still being added to this system while mass is being lost. The relevant
scenarios are displayed in Figures 8 and 9.
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•

Reactants flow out of reaction chamber, slowing the reaction rate.

•

Flashing liquids in the pre-heater?

•

Heat is still being added, mass is being lost.
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Figure 8: Section 2 reaction chamber rupture

Figure 9: Section 3 reaction chamber rupture

Preliminary modelling of reaction chamber rupture
In this section a preliminary modelling of a reaction chamber rupture in Section 2 of the S-I cycle is
described. The S-I cycle model utilised is detailed in Brown (2009) and the PBMR-268 model used is
detailed in Seker (2005). The discharging gas is modelled using the source model presented in Bird
(1960) for choked gas flows. The composition of the discharging gas is shown in Table 2. A graphical
representation of the discharge is shown in Figure 10. The discharge rate model is:

[

(k +1 ) (k −1 ) 
2  V   g c kP0  2 
 




 k − 1  C D A   d 0  k + 1 


]


t = F (1−k ) 2 − 1 
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Table 2: Composition of the discharging gas
Gas
Sulphuric acid, H2SO4
Water, H2O

Mole fraction
0.0008
0.4577

Sulphur trioxide, SO3

0.1553
0.2575

Sulphur dioxide, SO2
Oxygen, O2

0.1287

Figure 10: Discharging gas for area = 0.02 m2 break

Results are shown in Figures 11-13. These results are slight, largely because they only represent
the initial phase after the initiation of the accident. In Section 2, it is evident that the reaction rate
decreases as the amount of reactants in the section decreases. In Section 3, there are competing
effects, namely fewer input reactants available, but more reaction heat input. Thus, we see the
oscillatory behaviour shown in the figure. The magnitude of this oscillation is indeed small, however.
Due to an increase in reactor temperature, in Figure 13 the reactor power begins to decrease. This is
the expected behaviour of the PBMR due to the passively safe temperature feedback.

Figure 11: Extent of reaction in Section 2 for area = 0.02 m2 break
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Figure 12: Extent of reaction in Section 3 for area = 0.02 m2 break

Figure 13: Extent of reaction in Section 3 for area = 0.02 m2 break

Conclusions
It is evident that important transient scenarios can be initiated by the chemical plant side of a coupled
nuclear thermochemical hydrogen generation scheme. The first step to understanding these potential
accident scenarios is proposing the scenarios and investigating through qualitative reasoning and
later modelling.
This paper presents seven potential accident scenarios in two categories. The categories are
dubbed as: i) discontinuous reactor accidents; ii) reaction chamber rupture events. Brief qualitative
descriptions and analyses of these accident scenarios are presented. Additionally, a scheme is
proposed for modelling scenarios where a reaction chamber rupture is present.
Additional work must be performed regarding the efficacy and specific applicability of these
scenarios. Limiting factors should be identified, and more specific examples of these scenarios must be
established. Parametric studies of these limiting factors must be performed. Essential to the modelling
of these scenarios is an S-I cycle flow sheet which has been properly scaled-up to an industrial scope.
This is in contrast to the current flow sheets, which are for bench scale type experiments (Brown, 2003).
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Nomenclature
t

Time after leak starts, seconds

F

Fraction of initial gas weight remaining in vessel at time t

V

Volume of the source vessel

CD

Coefficient of discharge

A

Area of the source leak

k

Specific heat ratio

gc

Gravitational conversion factor (for English units)

P0

Initial gas pressure

D0

Initial gas density
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Conceptual design of the HTTR-IS nuclear hydrogen production system:
Detection of the heat transfer tube rupture in intermediate heat exchanger

H. Sato, N. Sakaba, N. Sano, H. Ohashi, Y. Tachibana, K. Kunitomi
Japan Atomic Energy Agency, Japan

Abstract
One of the key safety issues for nuclear hydrogen production is the heat transfer tube rupture in
intermediated heat exchangers (IHX) which provide heat to process heat applications. This study
focused on the detection method and system behaviour assessments during the IHX tube rupture
scenario (IHXTR) in the HTTR coupled with IS process hydrogen production system (HTTR-IS system).
The results indicate that monitoring the integral of secondary helium gas supply would be the most
effective detection method. Furthermore, simultaneous actuation of two isolation valves could reduce
the helium gas transportation from primary to secondary cooling systems. The results of system
behaviour show that evaluation items do not exceed the acceptance criteria during the scenario.
Maximum fuel temperature also does not exceed initial value and therefore the reactor core was not
seriously damaged and cooled sufficiently.
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Introduction
Japan Atomic Energy Agency (JAEA) has been conducting R&D on both high-temperature reactors and
hydrogen production technologies. Concerning reactor technology, an HTTR was constructed at Oarai,
Japan and successfully delivered 950°C heat outside its reactor vessel (Fujikawa, 2004). Regarding
hydrogen production technology, JAEA has been conducting R&D for a thermochemical water-splitting
iodine-sulphur process (IS process), and achieved a continuous hydrogen production of 31 NL/h for
175 hours using a bench-scale apparatus in 2004 (Kubo, 2004). Followed by pilot plant experiment,
JAEA plans to construct a hydrogen production system with the IS process utilising heat from the HTTR
(HTTR-IS system), which is expected to be the world’s first demonstration on hydrogen production
utilising heat directly supplied from a nuclear reactor (Sakaba, 2007).
One of the key issues for the nuclear hydrogen demonstration is the IHX tube rupture scenario
(IHXTR). In case of the HTTR design, the secondary cooling system is included in the containment
vessel (CV), and cooling ability is sufficient by secondary pressurised water cooling system during the
scenario. Hence, there is no significant impact on either reactor safety or public exposure. In contrast,
the secondary cooling system of HTTR-IS system penetrates the CV and reactor building in order to
provide heat to the hydrogen production plant. Thus the containment isolation valves should be
automatically closed detecting an appropriate signal from engineered safety features actuation system
in order to reduce radionuclide transportation from primary to secondary cooling system. Furthermore,
core cooling and component integrity should be reinvestigated due to the procedure change in IHXTR.
This paper summarises the HTTR-IS nuclear hydrogen production system and discusses detection
method of heat transfer tube rupture of IHX and system analysis results during IHXTR.

Conceptual design of the HTTR-IS system
A tentative flow diagram of the HTTR-IS system is shown in Figure 1 and the major design specifications
are shown in Table 1. The HTTR-IS system consists of the reactor, primary cooling system, secondary
cooling system and IS process. At rated operation of the HTTR-IS system, primary pressurised water
cooler (PPWC) and IHX are used in parallel and remove the heat of the reactor core. The heat produced
by the reactor core transfers to the secondary cooling system at the IHX. Secondary cooling system
penetrates CV and flows through the inner tube of the concentric hot gas duct in order to provide heat
to the IS process. At the IS process, secondary helium gas provides heat to process heat exchangers,
etc., such as a H2SO4 decomposer, a HI decomposer, and a re-boiler of the HI distillation column.
Downstream of the IS process, a steam generator and a helium gas cooler are installed as a thermal
buffer. Finally, the helium gas is compressed by a secondary helium circulator and flows through the
outer tube of the concentric hot gas duct and flows back to the IHX.

Figure 1: Flow diagram of the HTTR-IS system
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Table 1: Major specifications of the HTTR-IS system
Item
Reactor power
Thermal load of IS process
Reactor outlet temperature
Reactor
inlet temperature
Primary
cooling system
Reactor inlet pressure
Reactor inlet flow rate
IS process inlet temperature
IS process outlet temperature
Secondary
cooling system
IHX inlet pressure
IHX inlet flow rate

Value
30 MWt
Ca. 8 MWt
950°C
395°C
4.0 MPa
10.1 kg/s
880°C
253°C
4.0 MPa
2.5 kg/s

Figure 2 shows a schematic diagram of the helium pressure control system in the HTTR-IS system.
The primary coolant pressure is controlled by the primary helium pressure control system at about
4.0 MPa with actuating valves of the helium storage and supply system. Secondary coolant pressure is
controlled higher than primary helium pressure at about 0.07 MPa by primary-secondary differential
pressure control system in order to prevent radionuclide transportation from the primary to secondary
cooling system with actuating valves of the secondary helium storage and supply system. The flow
meter is installed at the inlet and outlet of the primary and secondary helium storage and supply
systems. In the current HTTR, the integral flow rate of the primary helium gas supply is calculated by
the software in order to detect the leakage rate of primary cooling system.

Figure 2: Schematic diagram of the helium pressure control system in the HTTR-IS system
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Description of IHXTR
In the current HTTR, the whole secondary cooling system is involved in the CV so that there is no
need for considering radionuclide transportation outside of the CV in case of IHXTR. Also, the safety
analysis result showed that there are no significant impacts on reactor cooling ability and therefore
the scenario is not identified as a selected event in the safety evaluation.
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On the other hand, the IS process in the HTTR-IS system should be built outside and set at an
appropriate distance from the reactor building in order to prevent flammable and toxic gas inflow to
the building from the reactor safety point of view (Sakaba, 2008). Hence, the secondary cooling system
will be modified to penetrate the CV and reactor building in order to provide heat to the IS process.
The IHXTR in the HTTR-IS system would result in radionuclide transportation to the outside of the CV.
In order to reduce radionuclide transportation from the primary to the secondary cooling system,
containment isolation valves should be installed. These valves will be automatically closed by the
signal detecting the heat transfer tube rupture of IHX. Meanwhile, the current engineered safety
features actuating system is not designed to detect the rupture since the scenario did not impact on
the reactor safety of the original HTTR. Therefore, a detection method of heat transfer tube rupture of
IHX should be established.

Detection method of IHX tube rupture
The strategy of detection method establishment is to apply the simple and reliable method since it
would comprise the engineered safety featured actuation system.
During the IHXTR, helium flows through the rupture point from the secondary to the primary
cooling system until the pressure of both balances. In the meanwhile, pressure control systems try to
maintain the set pressures of cooling systems. The following parameters would vary sensitively:
•

differential pressure between primary and secondary cooling system;

•

primary helium gas recovery flow rate due to primary helium pressure control system;

•

secondary helium gas supply flow rate due to primary-secondary differential pressure control
system.

Monitoring differential pressure between the primary and secondary cooling systems would be
one of the candidates for detecting the heat transfer tube rupture. Meanwhile, the pressure varies
even at normal operation and therefore there is a concern of malfunction of CV isolation valves. In case
of primary helium gas recovery flow rate, primary helium pressure control system only covers the
rated operation since the system activates when the primary coolant pressure reaches about 3.95 MPa.
On the other hand, the primary-secondary differential pressure control system covers start-up,
shutdown and rated operations. The control system keeps supplying helium gas to the secondary
cooling system during the scenario. Thus, monitoring the entire secondary helium gas supply would
be an effective way to detect the tube rupture.

Numerical evaluation of the detection methods
The availability of the proposed detection method was evaluated. Furthermore, system behaviour is
assessed during the scenario. A system analysis code developed for VHTR systems is used for these
calculations.

Outline of the system analysis code
JAEA conducted an improvement of the RELAP5 MOD3 code (US NRC, 1995), the system analysis code
originally developed for LWR systems, to extend its applicability to VHTR systems (Takamatsu, 2004).
Also, a chemistry model for the IS process was incorporated into the code to evaluate the dynamic
characteristics of process heat exchangers in the IS process (Sato, 2007). The code covers reactor power
behaviour, thermal-hydraulics of helium gases, thermal-hydraulics of the two-phase steam-water
mixture, chemical reactions in the process heat exchangers and control system characteristics. Field
equations consist of mass continuity, momentum conservation and energy conservation with a two-fluid
model and reactor power is calculated by point reactor kinetics equations. The code was validated by
the experimental data obtained by the HTTR operations and mock-up test facility (Takamatsu, 2004;
Ohashi, 2006).
Figure 3 shows the nodalisation of the HTTR-IS system model. The reactor consists of the internal
flow path (P2), permanent reflector blocks (HS25), upper plenum (B4), reactor pressure vessel (RPV)
(HS30), vessel cooling system, reactor core bypass flow (P10), lower plenum (B12) and reactor core. The
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Figure 3: Nodalisation of the HTTR-IS system model
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reactor core is classified into two sections: a hot channel with a flow channel (P6), fuel (HS10) and
graphite block (HS11), and average channels with a flow channel (P8), fuel (HS20) and graphite block
(HS21). The flow rate of the reactor core bypass flow is adjusted by a pressure loss using valve model
(V9). Radiation heat transfer in radius direction are considered and heat produced by the fuel transfers
to RPV. The vessel cooling system is modelled setting a RPV surface temperature in this model. PPWC
consists of helium flow (B32), pressurised water flow (P102) and heat transfer tube (HS50). The IHX
consists of primary side (P18), secondary side (P62) and heat transfer tube (HS40). The steam generator
is a thermo-siphon type and classified into: an upper plenum (SV260, 270 and B250), heat exchange
sections (SV220, 222, 230, 232, 240 and 242), a lower plenum (B210), a downcomer (P300), helium flow
(P66) and heat transfer tubes (HS220, 230, 240). A mechanical-draft type air cooler is modelled
considering the elevation from the steam generator and consists of a water-steam mixture flow (P360),
air flow (TV401-425) and heat transfer tubes (HS360). The air flow rate is set as a boundary condition.
Primary gas circulators (Pump 20, 36, 42 and 82), a secondary gas circulator (Pump 74) and pressurised
water pumps (Pumps 124 and 128) are modelled and their rotational speed is controlled by primary,
secondary and pressurised water flow rate control system, respectively. The primary and secondary
helium storage and supply systems are modelled by storages tanks (TV178, 183, 184, 186 and 190),
supply and recovery valves (V179 and 182, TJ185, 187 and 189), and actuated by pressure control
systems. Containment isolation valves (V77 and 91) are modelled as motor valves and actuate by a CV
isolation signal produced by a trip system.
In the following calculation, a deterministic approach would be applied in order to evaluate
reactor safety conservatively. Steady-state conditions were initialised based on values used in the
HTTR safety review (Saito, 1994).
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Detection method evaluations
Detection method evaluations are conducted using the HTTR-IS system model. CV isolation valves are
set to actuate when the integral of secondary helium gas supply exceeds the actuation conditions.
In this calculation, the value 0.2% of secondary cooling system mass is selected as a reference case.
Regarding the actuation time of the isolation valves, we selected the previous design value of 30 seconds
for the high temperature isolation valve (HTIV) (Nishihara, 1999) and 5 seconds, which is feasible in
the utilised temperature range (Tanaka, 1999), for the actuation time of low temperature isolation
valve (LTIV) as a reference.
Figure 4 shows the calculation results of integral of secondary helium gas supply and isolation
valve stem position. Transient initiates from a double-ended break of one heat transfer tube in the
IHX at 0 second. The primary-secondary differential pressure control system activates when the
differential pressure exceeds 0.029 MPa and supplies helium gas from the storage system to secondary
cooling system. When the integral of the secondary helium gas supply exceeds the actuation condition
of isolation valves, isolation valves intends to isolate the secondary cooling system. IHX heat transfer
tube rupture detection and secondary cooling system isolation times are 15 and 45 seconds after the
event, respectively. The amount of helium gas transportation from the primary to secondary cooling
systems until the secondary cooling system isolation is 0.35 kg, which is about 0.05% of total mass
involved in the primary cooling system. The results showed the effectiveness of the proposed method.

Figure 4: Calculation results of integral of secondary
helium gas supply and isolation valve stem position
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Based on the reference case, parametric calculations were conducted specifying the actuation
condition and time of isolation valves as a parameter. Table 2 shows the actuation times of isolation
valves, calculation results of secondary cooling system isolation time and amount of helium gas
transportation from primary to secondary.

Table 2: Conditions of parametric calculations
Run
no.
1
2
3
4
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Actuation time of
isolation valves (s)
(HTIV/LTIV)
30/5
5/5
30/30
5/30

Detection time
of rupture (s)
15
15
15
15

Secondary
cooling system
isolation time (s)
45
21
45
20

Amount of helium gas
transportation from primary to
secondary cooling systems (kg)
0.35
0.12
0.17
0.07
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Run 2 shows that reducing the actuation time of HTIV from 30 to 5 seconds could drop the
amount of the helium transportation by more than 60%. In addition, Run 3 shows that the interfacing
the actuation of HTIV and LTIV simultaneously is effective for the reduction of helium gas transport
from primary to secondary. Furthermore, Run 4, which sets the actuation time of HTIV larger than
LTIV would considerably reduce the amount of the helium transportation by more than 80%.
The results are due to the difference in differential pressure behaviour at IHX. Figure 5 shows the
influence of the isolation valves actuation sequence on the differential pressure behaviour at IHX,
which is defined as a subtraction from secondary to primary coolant pressure. Though the profile of
differential pressure behaviour at IHX is almost the same in all of the cases, occurrence time of the
peaks and their intensity are different in each case because of the momentum change difference which
are induced by the difference of isolation valves actuation time and occurrence time of secondary
circulator trip.

Differential pressure between
primary and secondary cooling system (MPa)

Figure 5: Influence of the isolation valve actuation
sequence on differential pressure behaviour at IHX
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Plant dynamics evaluation
The system behaviour during the IHXTR was evaluated. In this calculation, analytical conditions,
e.g. reactivity coefficients, total reactivity worth of control rods, etc., used in the HTTR safety review
were introduced. In addition, 20 and 30 seconds were selected for the actuation condition and time of
isolation valves based on the previous results of parametric studies. Acceptance criteria, established
in the original HTTR safety review (Saito, 1994) were used to assess the reactor safety. Figure 6 shows
the transient behaviour of evaluation items. As a beginning, heat transfer tube rupture induces helium
gas transportation from secondary to primary. After the pressure balance between the primary and
secondary cooling systems, primary helium gas flows into the secondary cooling system. Isolation
valves then simultaneously actuate and isolate the secondary cooling system. Reactor scrams by the
“secondary cooling system flow low” at 39 seconds. As calculation results show that evaluation items,
which are the primary coolant pressure, heat transfer tube temperature of PPWC and IHX and RPV
temperature do not exceed the acceptance criteria. In addition, maximum fuel temperature also does
not exceed the initial value and therefore the reactor core was not seriously damaged and was cooled
sufficiently.
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Figure 6: Calculation results of transient behaviour of primary coolant pressure,
heat transfer tube temperature of PPWC and IHX, RPV temperature and fuel temperature
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Conclusion
IHXTR is one of the potential concerns for the demonstration of nuclear hydrogen production. The
detection method of the heat transfer tube rupture of IHX in the HTTR-IS nuclear hydrogen production
system was proposed in this paper. In addition, system behaviour was evaluated with a deterministic
approach. The results are summarised as follows:
•

Monitoring the integral of the secondary helium gas supply due to the primary-secondary
pressure differential control system enables the immediate detection of heat transfer tube
rupture of IHX.

•

Interfacing isolation valves simultaneously could reduce the helium gas transportation from
the primary to the secondary cooling system.

•

Evaluation items to be evaluated do not exceed the acceptance criteria during the IHXTR.

The requirement of the isolation valve actuation time would be determined in the next step
considering the results of public radiation exposure assessment and detail valve design.
This result is expected to contribute to the demonstration of the nuclear heat utilisation not only
for the IS process but also for various heat application systems coupled to the HTTR.
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Abstract
Throughout the past decades, the need to reduce greenhouse gas emissions has prompted the
development of technologies for the production of clean fuels through the use of zero emissions
primary energy resources, such as heat from high temperature nuclear reactors. One of the most
promising of these technologies is the generation of hydrogen by the sulphur-iodine cycle coupled to a
high temperature nuclear reactor, initially proposed by General Atomics. By its nature and because
these will have to be large-scale plants, development of these technologies from its current phase to its
procurement and construction phase, will have to incorporate emergency mitigation systems in all its
sections and nuclear-chemical “tie-in points” to prevent unwanted events that can compromise the
integrity of the plant and the nearby population centres. For the particular case of the SI thermochemical
cycle, a large number of safety studies have been developed; however, most of these studies have
focused on hydrogen explosions and failures in the primary cooling system. While these are the most
catastrophic events, it is also true that there are many other events that without having a direct
impact on the nuclear-chemical coupling, could jeopardise plant operations, safety of people in nearby
communities and bring economic consequences. This study examined one of these events, which is the
formation of a toxic cloud driven by an uncontrolled leakage of concentrated sulphuric acid in the
second section of the General Atomics SI cycle. In this section, the concentration of sulphuric acid is
close to 90% in conditions of high temperature and positive pressure. Under these conditions, sulphuric
acid and sulphur oxides from the reactor would immediately form a toxic cloud, that in contact with
operators could cause fatalities, or could produce choking, respiratory problems and eye irritation to
people in neighbouring towns. The methodology used for this analysis is the design based on
probabilistic safety assessment (PSA). Mitigation systems based on the isolation of a possible leak, the
neutralisation of a puddle of sulphuric acid and finally the flushing of that puddle were proposed and
later analysed with PSA. Many scenarios were taken into account to determine changes and their
impact on the probability of failure of the system, and finally the information produced in the PSA,
was used to provide feedback and optimise the design of toxic cloud mitigation system. The specific
recommendations from the study suggest the following design changes due to the PSA sensitivity runs:
remove the redundant stop valve in the original design, eliminate the flushing system and add a
second emergency diesel generator.
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Introduction
General Atomics’ sulphur-iodine process (SI) for hydrogen production is currently one of the best
candidates for the production of the energy carrier on a large scale, chiefly due to its high efficiency
(57% upper bound) (Kasahara, 2007) and because it is a zero emissions technology. However, due to
the nature of chemicals involved in the cycle, appropriate mitigation systems should be taken into
account to avoid unwanted situations and contingencies.
The cycle consists essentially of three process sections (Norman, 1978), which are: synthesis of
sulphuric and iodhidric acid (Bunsen section), concentration and decomposition of sulphuric acid
(Section II) and concentration/decomposition of iodhidric acid (Section III).
The chemical reactions involved in each section are:
I2 + SO2 + 2H2O • 2HI + H2SO4 (Bunsen)

(1)

H2SO4 • H2O + SO2 + ½O2

(2)

2HI • H2 + I2

(3)

The first reaction is carried out exothermically at about 120°C (Brown, 2003) and is succeeded by a
three-phase separation system and a second reactor whose function is to increase the conversion of
reactants. For this part of the process, temperature and pressure conditions do not represent a
dangerous situation, even so, the chemical activity makes it necessary to take security measures
oriented to minimise the effects of a possible leak.
The third reaction takes place in a reactive distillation tower where the iodhiric acid is
concentrated and decomposed simultaneously, to produce hydrogen at a temperature range from
200 to 310°C and pressure up to 22 bar (Brown, 2003). This section requires analysis of iodhidric acid
leak and hydrogen explosions, though these sections are not covered in this paper as they will be the
subject of future developments.
To carry out the second reaction (Section II, decomposition of sulphuric acid), which is the section
of interest in this paper, it is required to concentrate the sulphuric acid from its initial 20% by weight
concentration to a final 90% mass fraction. This is achieved through the use of three concentrating
systems, which are: isobaric flash, isoentalpic flash and vacuum distillation. Once concentrated, its
pressure and temperature are raised up to 7 bar and 800°C in order to achieve the necessary conditions
for progress of reaction (Brown, 2003). The high operating temperatures required in this section,
coupled with the need for primary energy sources free of carbon, make high temperature gas-cooled
reactors unbeatable as a first option to supply energy to the process.
In the case that any of the mechanical elements of this section presented a failure, the formation
of a concentrated acid puddle would occur with the simultaneous release of sulphur oxides. Subsequent
to this release, and in the absence of mitigation systems, an acid cloud could form (Greenberg, 1991),
extremely dangerous due to its high toxicity (LC50 = 320 mg/m3/2hr) (McAdams, 2006).
It is precisely in this second section, where the dangers due to the leakage of sulphuric acid and
associated oxides require a special mitigation system, which is intended to avoid toxic cloud formation
and its consequent effect on the surrounding civilian population. For example, in October 2008, a leak
of concentrated sulphuric acid, at the Indspec Chemical Corporation, caused the evacuation of more
than 2 500 people in Pennsylvania, United States (Associated Press, 2008).
For this type of mitigation system, probabilistic safety assessment (PSA) can be used as a tool for
evaluation of and feedback to designs. Originally developed on the basis of rules and standards of
engineering, resulting in a design enriched by statistical aspects and which meets acceptable risk
levels for a plant in normal operation.
When this kind of PSA study is developed, wherein top event quantification, sensitivity analysis
and dynamic management of the proposed systems are required, the complexity of data processing
and calculations requires the use of appropriate software, such as the processing PSA package
Saphire® 6.0, developed by Idaho National Laboratory for the Nuclear Regulatory Commission of the
United States and which is used in this work (Smith, 2005).
Using Saphire® 6.0 the system can be defined and data entered through a clear and graphic
interface for further processing and analysis.

398

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

USE OF PSA FOR DESIGN OF EMERGENCY MITIGATION SYSTEMS IN A HYDROGEN PRODUCTION PLANT

Methodology for PSA-aided design
The methodology for design of mitigation systems, which is proposed in this paper, is a simple
combination of existing techniques, based on the dynamic feedback of process engineering and
probabilistic safety assessment, which aims to develop reliable and effective systems in mitigation of
unwanted consequences to events, using a lesser amount of calculations and iterations through a
sequential process.
The system design follows a logical sequence, which starts with hazard identification from a
process flow sheet, goes through the initial proposal of the protection system, and culminates in the
final design of the system, as shown in Figure 1. It should be noted that this process covers all the
mitigation systems in the plant; however, this study only presents a case for an acid leak in Section II
of the General Atomics SI process. This danger was identified in a previous qualitative analysis, in
which Hazop was used (Mendoza, 2009).
In this paper, we show a simple case starting from the preliminary design structure, which was
postulated by following the steps shown in Figure 1. It should be noted that this case relates to risks
during operation and does not cover other states such as shutdown and start-up.

Figure 1: Process for PSA-aided design

Physical demarcation of the analysis area
Although the sulphuric acid achieves a final concentration of 90% in the distillation column bottoms,
the negative pressure in the tower minimises the possibility of leaks in this equipment.
The region which is considered in the analysis lies between the column bottoms pumping system
and the chemical reactor E207, due to the severe conditions of acidity pressure and temperature in
this part of the SI cycle (90% ac., T 1 100 K and up to 7 bar) (Brown, 2003).
Figure 2 shows, framed in a box (at the bottom left), the mechanical equipment that will be
covered by the emergency mitigation system designed in this paper.
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Figure 2: PSA covered area

Preliminary system design
Once the information necessary to mitigate sulphuric acid leakage within the area indicated above
was collected, a system was proposed which is composed of three protective barriers, which are
described below.

Primary system (isolation system)
The primary system is intended to isolate the major equipment in order to prevent reverse flow and
exhaust oxides in a gaseous state. It consists of a special “restraint type” valve (check) and two
motorised shutdown valves, arranged in series. The system includes a low pressure detector on the
main pipe that trips the sulphuric acid pumps, isolates the process and stops the helium flow into the
reactor and heaters (emergency system EAS-200).
One of the precursors of the critical event is the failure of isolation in any of the endpoints, either
from the pumping system to the heating train, from the decomposition reactor to the previous train,
or in the helium supply lines. This is because, in the former case, the flow of sulphuric acid to spill
will be greater than that permissible, in the second case there is an emission of sulphur oxides in a
gaseous state from the decomposition reactor and in the third the flow of helium through stagnant
heat exchangers would increase emissions.
The electrical support for this system is the emergency generator for the section of sulphuric acid
decomposition. The pressure detectors PI201 and PI202 trip the system on low pressure. The diagram
of the primary system is shown in Figure 3.

Neutralisation system
If for some reason the primary system failed, a leak of acidic compounds would occur that should be
treated to prevent formation of toxic clouds. The second barrier against toxic clouds proposed here is
a chemical mitigation system, which uses a calcium carbonate dilution as a neutralisation agent.
In this second system, an automatic hopper delivers calcium carbonate to a dilution water tank,
where an electric mixer stirs and homogenises the blend. To cover a possible mixer failure, a diesel
pump, with enough capacity to homogenise the tank contents by turbulent backflow, is also placed.
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Figure 3: Isolation system EAS-200

Once the solution exits the homogenisation tank, the default pump (other pump in standby) will
send the solution through the main line to the sprinklers located in the sulphuric acid decomposition
section. This system is not considered successful if the mixing of water and carbonate does not take
place, or there is no flow to the sprinklers.
The electric back-up to this process is independent of that of the isolation system, the diesel
generator is a different brand and capacity, therefore common cause failure will not be considered
(Fullwood, 2000). The activation of the neutralisation process is carried out by the emergency system
EAS-200, and leak detectors AI201 and AI202, as shown in Figure 4.

Figure 4: Neutralisation system EAS-300
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Emergency flushing system (EFS)
This system is similar to that of neutralisation, however the EFS pumps only pure water to the leak
area. It functions as a rinse, and due to the high volume it handles, it can dilute the acid spill to
innocuous concentrations. Because the EFS can produce violent reactions during the first moments of
its actuation, it should be employed only as a final measure.
System activation is given by the EAS-300 logic, when a low calcium carbonate concentration or
low flow is detected by AI302 and FI301 analysers, as shown in Figure 5.
EFS shares its electric back-up with the neutralisation system.

Figure 5: Emergency flushing system EAS-400

Event tree
The event tree of this study considers the three elements of mitigation system that are described in
the previous section. The sequence that conducts to the critical end state can be identified in Figure 6
as sequence 4, and corresponds to toxic cloud formation.

Figure 6: Event tree in Saphire® 6.0
Initiating event

402

Mitigation systems

Sequence

End state

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

USE OF PSA FOR DESIGN OF EMERGENCY MITIGATION SYSTEMS IN A HYDROGEN PRODUCTION PLANT

Initiating event
The initiating event corresponds to a leakage in any mechanical equipment, pipe or flange, located
between the vacuum column C-201 and the decomposition reactor E-207, as shown in Figure 6. Since
the pipeline will be under severe conditions of acidity, pressure and temperature, an occurrence
frequency of 5.23E-5/year is assumed, which is the generic value for catastrophic pipe failure
(including straight pipe and connections) (Bari, 1985).

End states
The “end state” is considered successful (OK) when the primary isolation system works without
complications. If this system fails, but the neutralisation is successful, there will be corrosion of
equipment and mechanical supports, and then, the final state will be “minimal damage”.
In the event of failure of the isolation and neutralisation systems, success with the EFS system,
the violent reaction of water and acid, coupled with the delayed action, would cause severe damage to
plant personnel. This situation is identified as the third end state: “personal injury”.
Finally, if the three mitigation systems failed, the formation of toxic cloud would be unavoidable
and therefore the final state would take this name (toxic cloud formation).

Fault trees
Based on the process architecture of the three mitigation systems: isolation, neutralisation and
flushing; fault trees were developed for each of them.

Failures considered in the system equipment
a) Valves: failure to open and to close, depending on its function and location.
b) Pumps: failure to start and to keep running (when applicable).
c) Catastrophic failure of: low pressure switches, analysers and leak detectors.
d) Failure in the electricity supply.
e) Mixers: failure to start.
f) Tanks: unavailability due to maintenance.
g) All mechanical equipment: unavailability due to maintenance.*
h) Systematic failures in bypass helium lines, which include: failure to close the main helium
line, failure in signal reception and valve actuators.
i) Common cause failures are considered where they apply.

Assigned probability to basic events
Although the process conditions are severe, the materials to be installed during the construction
phase must be the result of engineering studies, reducing the probability of failure at normal levels.
For this reason, generic data were taken for equipment and accessories.
Data for unavailability and lambdas were taken from the Guide to PSA (AICHE, 1989) for the
majority of mechanical equipment, valves and diesel generators; data for pressure switches, analysers
and stirrer, were taken from Table 5.1: “Data on selected process systems and equipment” (Bari, 1985).
The previous tables summarise criteria and parameters for the failure probabilities calculation,
beginning with a list of failure probability model definitions in Table 1, followed by specific data on
mechanical equipment in Table 2, and ending with some unavailability reported values in Table 3.

Unavailability due to maintenance is not considered for the isolation system, because it is a passive system
*
sunk in the hydrogen production process, which is only manipulated when the plant is offline. If a human error
(during maintenance) were produced, it would be detected and corrected during the start-up sequence.

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

403

USE OF PSA FOR DESIGN OF EMERGENCY MITIGATION SYSTEMS IN A HYDROGEN PRODUCTION PLANT

Table 1: Calculation models
Model

ID

Periodically tested standby
components

PTS

Non-repairable continuous
operation

NCO

Q = 1 - e − λ0 T M

Unavailable due
to maintenance

MAN

Q = f mc Tmc

HUM

Q = HEP f mc Ts

DEM

Q = Qd

Human error
after maintenance
Unavailability on demand

Equation

Q = 1-

1 - e- λs Ts
λs T s

+ λs TR

Parameters
λS = Failure rate during standby
TS = Time between test
TR = Average reparation time
Q = Unavailability
λ0 = Failure rate during operation
TM = Mission time
fmc = Corrective maintenance frequency
Tmc = Average corrective maintenance time
fmc = Corrective maintenance frequency
HEP = Human error probability
Qd = Unavailability on demand

Table 2: Parameters for unavailability calculation (AICHE, 1989)

PTS
PTS
PTS
PTS
NCO

λs, λ0, fmc
Hr-1
1E-5
2.6E-6
2.0E-7
2.0E-6
1E-4

Ts, Tm, Tmc
Hrs
1 440
1 440
1 440
1 440
2

TR
Hrs
8
8
8
8
–

7.25E-3
1.89E-3
1.46E-4
1.89E-3
2.00E-4

MAN

6.6E-5

20

–

1.32E-3

HUM

6.6E-5

1 440

HEP = 0.03

2.85E-3

Equipment

Failure mode

Model

Moto pump
Motorised valve
Check valves
Check valves
Moto pump

To start
To close
To open
To close
To keep running
Unavailable by
maintenance
–

Moto pump
Valves

Q

Table 3: Reported or estimated unavailabilities
Equipment
Pressure switch
Leak detectors
Diesel generator
Main supply of electric energy (estimated)

Unavailability
4.96E-5 (Bari, 1985)
4.32E-4 (Bari, 1985)
1.76E-2 (Bari, 1985)
2.9E-3*

*25 hours of electric break a year (estimated).

Preliminary design redefinition
The system, with information listed in the previous section, was run on the Saphire® 6.0 platform,
yielding results and executing a sensitivity analysis.
It can be appreciated, from this analysis, that factors which contribute most to the end state are
the main electricity supply (FRP), diesel generators (FGD2 and FGD1), valve V51 to close (V51AC), valve
V13 to open and unavailability due to maintenance of the emergency tanks (TO2MAN and TO1MAN),
as shown in Figure 7.
The frequency of the final state, considering the initial system is 5.29 E-09/year, and is largely
dominated by the failure of power and vulnerability in the valves of the primary system. At first
glance it appears that the addition of a second diesel generator to the safety systems would be of
great help in reducing the global risk.
The greatest contribution to the overall risk is the ternary set: main electric supply failure, failure
of first generator and failure of a second generator, contributing 88.8% of total risk.
If we remove the flushing system, although the relative increase in the frequency of the final state
would be one order of magnitude greater, the absolute increase would be offset by subsequent changes.
The frequency without EFS increases from its initial value of 5.29E-09/year to a new 4.797E-08/year.
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Figure 7: Importance measures in original system

The process of reconfiguring the system was made in five iterations with minor changes at each
stage, as shown in Table 4. It should be noted that the number of iterations can be reduced if major
changes are made, however, in this way the effects of individual modifications could be hidden.

Table 4: Reconfiguration stages
Stage
Original
Flushing system is removed
A new redundant valve is added to V51
Check valve is removed from Tank T01
Valve V53 is removed
A new diesel generator is placed in the neutralisation system

Frequency
year-1
5.29 E-09
4.79 E-08
5.48 E-09
5.43 E-09
5.46 E-09
8.46 E-10

In the first stage, the EFS was eliminated to assess their importance in the overall level of safety
(given the disadvantages of its use), and although there was an increase of almost 10 times the critical
frequency of the final state, it was appreciated that minor modifications in valves could return the
initial value of event frequency.
Subsequent amendments were made to provide more certainty in the system, placing a redundant
valve to the V51, and removing the redundant valve V53, which was placed to isolate the E-207 reactor.
It should be noted that this change produces a significant savings, adding a valve specified at low
temperature and removing the other whose specification was high temperature (considerably more
expensive).
Changes in the neutralisation system consisted of adding a second back-up power generator and
removing the suction valve V01, located in the suction tank, by changing the geometry of the system
(pump below minimum level of the tank).
At the final stage, the mitigation system is composed of an isolation system and a system for
neutralisation (both with changes to the originally proposed).
The new system provides optimum configuration, saving space and money, in addition to raising
the safety level of the original system, even with the elimination of a complete flushing system.
For this process, a sensitivity analysis was performed at each stage. It should be noted that
although the order of implementation of changes will not alter the final frequency, it affects decision
making, therefore it should be done with the greatest caution possible.

Conclusions
The design of safety systems supported by PSA provides efficient designs at a lower cost than those
based solely on engineering criteria, guaranteeing a priori an adequate level of safety with a
predetermined risk acceptance. It is also a useful tool for appropriate location of isolation valves.
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In the particular case of Section II of the SI process of General Atomics, an adequate system of
isolation, a system for neutralisation and a second electrical power back-up will maintain the frequency
of toxic cloud formation, resulting from leakage of sulphuric acid, below 1E-09 per year, which is only
16% of the frequency calculated for a system whose design is based only on process engineering.
It should be noted that in areas where there is not a reliable supply of electricity, the reliability of
back-up electrical generators is one of the elements that have more influence on the overall safety of
a mitigation system.
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Heat pump cycle by hydrogen-absorbing alloys to assist
high-temperature gas-cooled reactor in producing hydrogen

Satoshi Fukada, Nobutaka Hayashi
Department of Advanced Energy Engineering Science
Kyushu University
Japan

Abstract
A chemical heat pump system using two hydrogen-absorbing alloys is proposed to utilise heat
exhausted from a high-temperature source such as a high-temperature gas-cooled reactor (HTGR), more
efficiently. The heat pump system is designed to produce H2 based on the S-I cycle more efficiently.
The overall system proposed here consists of HTGR, He gas turbines, chemical heat pumps and
reaction vessels corresponding to the three-step decomposition reactions comprised in the S-I process.
A fundamental research is experimentally performed on heat generation in a single bed packed with a
hydrogen-absorbing alloy that may work at the H2 production temperature. The hydrogen-absorbing
alloy of Zr(V1-XFeX)2 is selected as a material that has a proper plateau pressure for the heat pump
system operated between the input and output temperatures of HTGR and reaction vessels of the S-I
cycle. Temperature jump due to heat generated when the alloy absorbs H2 proves that the alloy–H2
system can heat up the exhaust gas even at 600°C without any external mechanical force.
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Introduction
Hydrogen is a secondary (and transportable) energy resource as well as electricity. At present, the
major part of the secondary energy is electricity produced from oil, coal and natural gas. On the other
hand, hydrogen can be effectively produced from water by the primary resources of nuclear energy
and so on from the global viewpoints of less carbon emission and reliable energy resources. In order
to promote the change of the major energy resources from oil to nuclear energy, it is inevitable to
develop a new hydrogen production technology that can utilise nuclear reactors more efficiently.
Kyushu University has been selected as one of the Centre of Excellence (COE) programmes by
the Japanese Ministry of Education, Culture, Sports, Science and Technology. We also involved in the
hydrogen project that is financially supported to promote hydrogen research. An overview of
hydrogen-related research performed at Kyushu University is schematically illustrated in Figure 1.
Our research group has been investigating hydrogen science and technology from the field of energy
chemical engineering. Our recent experimental or analytical results on the overall hydrogen system
(Fukada, 2006, 2009; Nishikawa, 2006), on hydrogen-absorbing alloys (Fukada, 2004a, 2004b, 2005), on
hydrogen production by steam-methane reforming (Fukada, 2004, 2007a), ceramic fuel cells (Fukada,
2007, 2009a), proton-conducting membrane fuel cells (Hatakenaka, 2008; Takata, 2007), molten salt
working as high temperature (Fukada, 2006a, 2007b, 2008), etc., are published in scientific journals.

Figure 1: Kyushu University hydrogen project

Technology for directly converting nuclear heat to electricity has been fully developed. At present,
around 30% of the total electricity used in Japan comes from nuclear power stations. The heat to
electricity conversion ratio by means of a He gas turbine of the high-temperature gas-cooled reactor
(HTGR) is expected maximally 50%. The electricity to hydrogen conversion ratio by electrolysis of
more than 90% is achieved. Therefore, if HTGR conjugated with thermochemical splitting of water
such as the S-I cycle is utilised for hydrogen production in the future, the overall heat to hydrogen
conversion ratio should be more than 50%, and the efficiency of 55% is targeted at the S-I cycle in
Japan. If not, there is no advantage in converting the primary energy of nuclear heat to the secondary
energy of hydrogen. The present heat to hydrogen production efficiency based on the S-I cycle is
estimated to be 43%. Therefore, it is inevitable to enhance the heat utilisation efficiency. It is very
important to elevate the heat utilisation in the HTGR system.
Figure 2 shows our proposal for utilising nuclear heat more efficiently. This is a proposal to
combine hydrogen production with direct electricity production using ceramic fuel cells through
high-temperature coolant. Hydrogen in the system is produced by the steam-methane reforming or
the S-I cycle, the heat for which will be supplied from HTGR. Hydrogen after purification is utilised to
generate electricity by means of proton-conducting ceramic fuel cells or is used for hydrogen cars. In the
former Information Exchange Meeting held at Oarai, Japan in 2005 (Fukada, 2006), we presented our
experimental results of direct energy conversion by proton-conducting ceramic fuel cell supplied with
CH4 and H2O at 600-800°C. From the viewpoint of less CO2 emission and better environmental safety,
water-splitting reaction by the S-I cycle is promising for the future energy resources. In the present
study, a heat pump system working at high temperature is introduced.
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Figure 2: High-temperature H2 utilisation system comprising HTGR,
H2 production plant, heat pump, tentative H2 absorbing bed and ceramic fuel cell

In this study, we propose a new technology of heat pump cycle operated at the He coolant of
HTGR. The chemical heat pump is packed with two Zr-V-Fe compounds of the C15 cubic Laves-phase
alloy has the largest enthalpy change among the hydrogen-absorbing alloys (Osumi, 1993) and,
therefore, it is expected that the temperature of He coolant is increased by the reaction heat during
hydrogenating. The heat pump cycle we propose is incorporated in the three splitting reactions (H2SO4,
and HI and SO3) comprised in the S-I cycle. In other words, the entropy change of He coolant can be
converted to the enthalpy change of hydrogen production. It leads to the enhancement of the overall
utilisation of reactor heat. The details of our experimental and analytical results are presented in the
present exchange meeting. Previously, chemical heat pumps using LaNi5 and so on were proposed
(Dantzer, 1988). However, these systems work only at around room temperature. There was no
research on heat pump working at high temperature of HTGR.

High-temperature chemical heat pump using hydrogen-absorbing alloys
Energy conversion efficiency
When heat of high temperature is converted to electricity by a gas turbine and an electric generator,
the overall heat efficiency, η, is maximised by the Carnot cycle, the efficiency of which is expressed by
η = 1 – TL/TH. The ideal reversible cycle is operated between a high-temperature source and a
low-temperature source denoted by TH and TL, respectively. Therefore, it is profitable from a viewpoint
of energy conversion to operate it at higher temperature. At present, actual gas turbine using fossil
fuel is operated at the efficiency of maximally 50%. As described in the introduction, it is necessary to
produce hydrogen with a higher efficiency compared with the ideal Carnot cycle using nuclear heat.
This is because the efficiency of energy conversion from electricity to hydrogen is more than 90%,
when the high-temperature steam electrolysis is utilised. In this meaning, it is very important to raise
the overall heat utilisation, when nuclear heat is utilised for hydrogen production.

Selection of materials for chemical heat pump
The C15 Laves-phase alloy of ZrV2 has the largest enthalpy change of hydrogenating, ΔH (= 200 kJ/mol),
among all the hydrogen-absorbing alloys (Osumi, 1993). On the other hand, a similar Laves-phase
alloy of ZrFe2 has an almost zero enthalpy change of hydrogenating, ΔH = 0. A partial displacement of
V by Fe decreases ΔH, and therefore the hydrogen plateau pressure increases. The entropy change of
hydrogenating, ΔS, is almost independent of the alloys. This is because almost all entropy of gas is lost
in hydrogen-absorbing alloys. Figure 3 shows the experimental results of the plateau pressure and ΔH
NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010
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for hydrogenating Zr(V1-XFeX)2. The details of the experiment were presented in previous works (Fukada,
2004a, 2004b, 2005). As seen in the figure, the ΔH decreases almost linearly with the displacement
by Fe. This means that the arbitral alloy with proper plateau pressure can be formed by using the
Zr(V1-XFeX)2 alloy. In other words, we can select the alloy that can hydrogenate at proper temperatures
adjusted to the S-I cycle.

Figure 3: Plateau pressure and ΔH of Zr(V1-XFeX)2 alloys (Fukada, 2009)

Temperature conditions of S-I cycle
The thermochemical dissociation of water is initiated from the following Bunsen reaction. This
reaction is an exothermic reaction, and therefore it proceeds between room temperature and 100°C:
2H2O + SO2 + I2 =2HI + H2SO4 + ΔH1

(1)

The two reaction products of H2SO4 and HI are dissociated by the following three reactions that
are well known as the S-I cycle:
2HI = H2 + I2 + ΔH2

around 300°C

(2)

H2SO4 = H2O + SO3 + ΔH3

around 500°C

(3)

SO3 = SO2 + 1/2O2 + ΔH4

around 900°C

(4)

The sum of Eqs. (1)-(4) leads to the water split reaction of H2O = H2 + (1/2)O2 + ΔH0. Since ΔH0 is
242 kJ/mol, the direct dissociation of water proceeds around at 4 000 K, when calculated from the
Gibbs energy relation of ΔG = ΔH – TΔS = 0. The temperature cannot be achieved in usual reaction
vessels. Therefore, after the generation of H2SO4 and HI, the ΔH0 is divided into three reactions of
Eqs. (2)-(4). Thus, the large enthalpy change of water splitting, ΔH0, is divided into three endothermic
enthalpy changes. This results in the following relation:
ΔH0 = ΔH1 + ΔH2 + ΔH3 + ΔH4

(5)

Consequently, the reaction temperature can be de-elevated. Figure 4 schematically shows a
chemical heat pump adjusted to the temperature conditions of the S-I cycle and HTGR. The chemical
heat pump has a potential ability to convert non-reversible sensitive heat to reversible latent heat.

Operating cycle of heat pump
Figure 5 schematically shows one cycle of the chemical heat pump on the pressure-reciprocal
temperature relation (van’t Hoff plot) of two hydrogen-absorbing alloys, which are the Ma-H2 and Mb-H2
systems. At the first stage of heat pump, Alloy A is in a desorbed state denoted by Ma at temperature
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Figure 4: Chemical heat pump system conjugated with HTGR and S-I cycle

Figure 5: Operating cycle of chemical heat pump using
hydrogen absorbing alloys that is shown in van’t Hoff plot

TL, and Alloy B is in a hydrogenated state denoted by MbHX at the temperature of TM. The hydrogen
equilibrium pressure of Ma, i.e. pA,L, is designed to be lower than that of MbHX, i.e. pB,M. Therefore,
hydrogen is transferred from the Alloy B of MbHX to the Alloy A of Ma. At the same time, heat is
supplied for desorbing hydrogen from MbHX, and heat is extracted for hydrogenating Ma. With time
elapsing, Alloy A is changed from Ma to MaHX and Alloy B from MbHX to Mb.
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Then, the A hydride of MaHX is heated from TL to TM, and the Alloy B shown by Mb is heated from
TM to TH. Consequently, the hydrogen equilibrium pressure of MaHX rises to pA,M, and that of Mb rises
to pB,H. Since it is designed that pA,M is higher than pB,H, hydrogen is transferred from Alloy A to Alloy B.
Heat is supplied to MaHX in order to desorb hydrogen from Alloy A. At the same time, heat is extracted
in hydrogenating Mb to MbHX. In this condition, heat is flowed from the low temperature of TM to the
higher temperature of TH. Then the B bed remained TH during hydrogenating. The second stage is the
reversal of the first stage. After the second stage, Alloys A and B are at the same initial condition of the
first stage. Thus, the absorption-desorption cycle is continued, and the heat pump cycle is completed.
The entropy change of hydrogen-absorbing alloy is almost constant regardless of different alloys.
This means that the intercept along the vertical axis in Figure 5 is almost the same regardless of
different alloys. In addition, the enthalpy change that means the slope of the van’t Hoff plot in
Figure 5 decreases with the partial displacement of V by Fe. Therefore, two alloys comprised in the
heat pump can be found.

Experiment of high-temperature heat pump
Temperature enhancement during H2 absorption
An alloy of ZrV1.9Fe0.1 was manufactured from metal ingots of Zr, V and Fe in an Ar-arc melting
furnace, and the alloy was crushed and screened between 12 to 32 mesh in an Ar globe box, because
the alloy is flammable in air. The alloy particles of 5.012 kg were packed in a dual cylindrical vessel
made of SUS-316. After evacuated by a diffusion pump at temperature of 600°C, the alloy bed is cooled
or heated to a specified temperature of T0 by the outside electric furnace. After sufficient time,
electricity input to furnace was stopped. At the same time, hydrogen was supplied under a constant
flow rate dented by W. Temperature was measured in several positions in the bed, and it was found
that the temperature was almost uniform in the bed.
Figure 6 shows several experimental results of variations of temperature in the inside of the
ZrV1.9Fe0.1 particle bed with hydrogenating. T is a local temperature, qm is the average hydrogen absorbed
amount in the bed, and q0 is the saturated absorbed amount after sufficiently long time has elapsed.
The experimental temperatures shown by solid lines increased without any external heating during
hydrogenating.

Figure 6: Temperature enhance factor with hydrogen absorption amount

Figure 7 shows the maximum temperature increase defined by Tmax-T0 that is plotted as a
function of the inlet temperature of T0 and the hydrogen flow rate of W. Heat generated during
hydrogenating of ZrV1.9Fe0.1 is consumed for heating hydrogen introduced to the bed and heat leakage
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Figure 7: Experimental temperature jump and total H2 absorption
amount of ZrV1.9Fe0.1 alloy as a function of inlet temperature at bed

from the outside cylinder. When W < 5 L/min, the values of Tmax-T0 increases with W. This is because
heat generation during hydrogenating is insufficient. On the other hand, when W > 5 L/min, Tmax-T0 is
independent of W and a function of only T0. This is because heat released during hydrogenating is
efficiently transferred to hydrogen gas. In this experiment, the temperature jump of 100°C was
observed even at T0 = 600°C. In addition, the temperature jump is in proportion to the total hydrogen
absorption amount of q0. This result implies that ZrV1.9Fe0.1 can heat up coolant gas even at 600°C.
Therefore, it is proved that the high-temperature heat pump cycle is effectively operated under the
condition of HTGR.

Continuous H2 desorption during heating
It is important for heat pump operation to observe whether hydrogen desorbs from the Zr-V-Fe alloy
with sufficiently fast rates or not. Figure 8 shows variations of the rate of hydrogen desorbed from the
ZrV1.9Fe0.1 bed with time, after the bed has been saturated with hydrogen. Only temperature is controlled
in such a way where T-T0 is in proportion to time. The hydrogen desorption rate is maintained almost
constant nevertheless. Consequently, it is proved that the present alloy can absorb and desorb
hydrogen with a controlled rate and heat can be supplied in the bed and extracted from it during
absorption and desorption.

Figure 8: H2 desorption rate from ZrV1.9Fe0.1 alloy by heating
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Conclusions
A chemical heat pump system was proposed to enhance the heat utilisation of HTGR. The overall heat
pump cycle was explained on the pressure-reciprocal temperature relation. A heat pump packed
with two hydrogen-absorbing alloys can be designed for its operation during three heat sources
corresponding to the three decomposition reactions comprised in the S-I cycle. A Zr(V1-XFeX)2 alloy
was tested for a high-temperature heat pump system to assist energy conversion of HTGR. A small
mock-up test using ZrV1.9Fe0.1 particles proved to be able to heat up the temperature of the heat pump
at least ΔT = 100°C at the initial temperature of T0 = 600°C. Fast hydrogen desorption from the alloy was
also proved experimentally.
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Heat exchanger temperature response
for duty-cycle transients in the NGNP/HTE

Richard Vilim
Argonne National Laboratory, USA

Abstract
Control system studies were performed for the next generation nuclear plant (NGNP) interfaced to the
high-temperature electrolysis (HTE) plant. Temperature change and associated thermal stresses are
important factors in determining plant lifetime. In the NGNP the design objective of a 40-year lifetime
for the intermediate heat exchanger (IHX) in particular is seen as a challenge. A control system was
designed to minimise temperature changes in the IHX and more generally at all high-temperature
locations in the plant for duty-cycle transients. In the NGNP this includes structures at the reactor
outlet and at the inlet to the turbine.
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Introduction
Several industries in the United States could benefit from a stable, secure and inexpensive source of
hydrogen and process heat. These industries include producers of fertilisers and refiners of carbon-rich
crude oil. In the scenario envisioned nuclear hydrogen would replace hydrogen currently obtained
from steam-methane reforming of natural gas. Industries that have in the past met their hydrogen
needs with natural gas are faced with growing environmental constraints and increased global
competition for this commodity. Production of hydrogen within the United States using nuclear power
could reduce the economic uncertainty these industries now face.
The goal of this work was to develop requirements for the control and protection systems to
operate the NGNP as a co-producer of hydrogen and process heat. The investigation of control and
protection system requirements is addressed through plant transient analyses. A dynamic systems
simulation code is used to predict plant response to several events drawn from the plant duty-cycle
list. These include transients associated with normal operating manoeuvres during load change and
with anticipated upsets including loss of load. The key issue is whether operational and safety goals
can be achieved while simultaneously achieving a 40-year lifetime. Time-dependent temperature
profiles were generated that can be used by equipment designers to determine thermal stresses and
from this component lifetime. The focus is on the intermediate heat exchanger (IHX) since this
component is believed to be the most limiting with respect to plant lifetime.

Plant description
The coupled nuclear-hydrogen plant investigated in this paper was studied in earlier work (Vilim,
2007). There the full power condition and the combined plant efficiency were estimated. The plant
appears in Figures 1 through 3 as three modules – the primary system, the power conversion system
and the high-temperature electrolysis plant. The interface between the nuclear side and the chemical
plant appears in these figures in the form of the flow paths that connect these three modules.
In the present work and that of Vilim (2007) the electrolytic cell was operated exothermically
compared to a more recent trend where it is operated thermal neutral (McKellar, 2007). In McKellar
(2007), an ASR of 0.4 ohms-cm2, current density of 0.25 amp/cm2, and cell outlet temperature of 850°C
compare with values of 0.7 ohms-cm2, 0.45 amps/cm2, and 970°C, respectively, used in the present
work. The values of the main operating parameters are presented in (Vilim, 2008).

Figure 1: Primary system and intermediate heat exchanger
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Figure 2: Power conversion unit equipment configuration

Figure 3: High-temperature steam electrolysis equipment configuration

Duty-cycle transients
The duty-cycle event list defines the types and frequency of transients that form the plant design
basis. The temperature time history for these events is calculated to generate the corresponding
time-varying thermally-induced stresses. The damage plant components will sustain over a 40-year
lifetime is then estimated from this data. Given current target NGNP conditions the IHX appears to be
the component with the limiting lifetime. A main concern is transient-induced temporary imbalance
between energy production in the nuclear plant and energy absorption in the chemical plant and the
resulting time-varying temperatures that develop across the IHX.
An important consideration from the standpoint of analysis of the combined NGNP/HTE plant is
the types of transients in the duty cycle list. About 85% of the useful reactor thermal power (i.e. that
reactor power not ultimately rejected as waste heat) ends up being communicated to the chemical
plant as electrical power passed through the NGNP/HTE interface. Thus transients in the chemical
plant act on the reactor through changed electric power load and are therefore from the standpoint of
the nuclear plant classic electric-load transients. And transients in the nuclear plant are just the classic
transients for an electricity-only nuclear plant. Therefore the duty-cycle events for the NGNP/HTE that
cause thermal fatigue in the nuclear plant will be essentially the same set of transients considered in
electricity-only nuclear plants. These transients are described below.

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

419

HEAT EXCHANGER TEMPERATURE RESPONSE FOR DUTY-CYCLE TRANSIENTS IN THE NGNP/HTE

Change in electric generator load
An operating requirement of meeting a 10% step change in hydrogen production rate at the plant
fence without exceeding operating limits is set. Operating limits include a specification for maximum
temperature rate of change in components. The limits are a function of material properties and
required component lifetime. The determination of limits is outside the scope of the current project.
The plant must similarly meet a demand for a 3% per minute change in hydrogen production rate at
the plant fence.

Loss of electric generator load
If the generator load is lost, as in the case where the hydrogen production plant goes off line, then an
imbalance between nuclear heat source and sink is created. With no means of dissipating the heat
formerly associated with electricity production, the reactor will scram on operator or protection-system
action. Core power will be reduced to decay-heat levels. The PCU turbo-machine shaft will over speed
as a result of lost mechanical load. Short-term goals in this upset are to prevent rapid temperature
change in the IHX and limit PCU shaft over speed. A long-term goal is to cool down the hot side of the
primary system at a slow rate. Also of interest is the loss of load upset where the reactor fails to scram.
This is an anticipated transient without scram (ATWS) event for which the Nuclear Regulatory
Commission has in recent years required that safety analyses be performed.

Control system
The plant control system functions to limit temperature rates of change during plant load change and
upset events. This is achieved at two different levels. In the time asymptote the control system through
control variable set points (with values assigned as a function of steady-state power) takes the plant
to a new steady-state condition. The set point values are chosen so that hot side temperatures remain
little changed. In the shorter term the control system manages the dynamic response of the plant so
that the transition between steady states is stable and with minimal overshoot of process variables.

Integrated-plant load schedule
The load schedule specifies for normal at-power operation a unique plant steady state at each power
level over the normal operating range, typically from 25 to 100% of full power. This includes the values
of all plant forcing functions such as turbo-machine power inputs and reactor and cooler heat rates.
For normal operating transients the load schedule gives conditions at which a transient begins and
ends. If the transient is an upset event, then while it begins from a point on the load schedule it may
terminate at some stable off-normal condition not found on the load schedule.
Typically the load schedule is designed to minimise thermal stresses during normal power
changes at the hottest points in the plant (e.g. reactor outlet). One approach to accomplishing this is
based on the principle that the temperature change from inlet to outlet in a heat exchanger remains
constant when mass flow rates on both sides and power are varied in the same proportion. This is
true for ideal-like gases such as helium, hydrogen, oxygen, and nitrogen and for the liquid and gas
phases of water. A second principle is that the plant transient response consists of a quasi-static
component and a dynamic component that dies away in the time asymptote. By purposefully seeking
to manage flow rates so they are proportional to power throughout the plant, one is assured that to
the first order temperatures will remain constant. This was the approach used to design the plant
control system in this work.

Power conversion unit
Additional control requirements beyond managing temperature rates of change exist for the power
conversion unit (PCU).

Inventory control
It is assumed that the PCU shaft speed is to remain constant during at-power operation. The basis is the
desire to avoid the added cost of frequency conversion hardware at the generator to maintain constant
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frequency where the generator connects to the electric grid. There is also an operating requirement
for the turbo-machines that gas velocity be proportional to blade speed to maintain velocity triangles so
that high efficiency is obtained over all power. To achieve these requirements simultaneously helium
inventory control is used in the PCU. Because density is proportional to pressure for fixed temperature,
by varying pressure and maintaining constant speed turbo-machinery, gas velocity remains constant
and mass flow rate (proportional to the product of density and velocity) is linear with pressure. Thus,
pressure is manipulated through coolant mass inventory so that it is proportional to heat exchanger
power so that in turn mass flow rate is proportional to heat exchanger power.

Turbine bypass control
In the PCU during rapid transients the rate at which inventory must be changed according to the load
schedule may not be physically achievable. The helium fill and bleed system has limited capacity.
In this case turbine bypass control is used to more quickly vary the power output of the shaft. In this
scheme the power output of the turbine is changed by bypassing high pressure compressor outlet
coolant to the exit of the turbine. The pressure drop across the turbine is reduced so power is reduced
while at the same time the frictional losses through the rest of the PCU circuit increase. The result is a
rapid reduction in shaft power. However, PCU efficiency is reduced under turbine bypass control and
so control is typically transitioned back to inventory control over time.

Primary system
There is no hard requirement for constant speed operation of the compressor in the primary system.
If one chooses to run at constant speed, then inventory control is used to maintain high efficiency.
If variable speed is used, then inventory is maintained constant to remain near the peak efficiency
point of the compressor.

High-temperature steam electrolysis plant
The electrolyser full power operating point in this work is taken from Stoots (2005). In the operating
mode selected the cell is run adiabatically with a current density of 0.45 amp/cm2. There is a net
production of sensible heat giving rise to an increase in temperature from inlet to outlet. The heat is
recuperated by a heat exchanger at the exit of the cell and is used to heat the incoming reactants.
Operation at partial hydrogen production rates is conducted in a manner that maintains a constant
cell temperature rise over the hydrogen production range. Since the rest of the HTE plant is run to
maintain a constant cell inlet temperature, then the cell outlet temperature will remain constant over
the hydrogen production range. To achieve the constant temperature rise, the current density should
be constant over the production range [see development in (Vilim, 2008)]. If the cell inlet temperature
and pressure remain fixed, then the net temperature rise (as a consequence of ohmic heating and
reaction enthalpy change) will be independent of hydrogen production rate. Then the cell outlet
temperature will remain constant with hydrogen production rate. In summary then the cell should be
run with cell area and current both proportional to hydrogen production rate.

Results
A series of transients was simulated to evaluate plant control strategies and to assess control system
performance. Specific items investigated were: How effectively are hot-side temperatures maintained
constant over the normal operating range during quasi-static load change, ramp load change and step
load change? How stable is the closed-loop plant response? And how inherently stable is the reactor
(i.e. without a control system shaping response) during change or loss of load?

Load schedule
The values of plant process variables for steady-state hydrogen production rates between 75 and 100%
of full power are given by the load schedule reported here. The objective in designing this schedule
was to achieve near constant hot side temperatures in both the nuclear and chemical plants. Briefly,
mass flow rates are maintained proportional to power throughout, inventory control is used in the
PCU, and electrolytic cell area and current are maintained proportional to hydrogen production rate.
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The temperatures in the HTE plant are shown in Figure 4. The overall trend is that the highest
temperatures are essentially constant over the hydrogen production range. The maximum variation
in any of these individual temperatures is 20°C. It may possible to reduce this variation through a
more detailed design effort. The present design assumes flow rates proportional to hydrogen production
rate and does not take into account non-linear dependencies between components. Further, in the
HTE plant and its process heat loop there are a total of five compressor and pumps that can be
independently controlled. Increased model representation and a greater number of independently
settable actuators provide opportunity to achieve flatter temperature profiles.
The temperatures in the hot and cold side of the NGNP are shown in Figures 5 and 6, respectively.
The temperature variation on the hot side is less than 20°C.

Figure 4: Load schedule for reference interface – HTE temperatures

Figure 5: Load schedule for reference interface – hot side helium temperatures

Figure 6: Load schedule for reference interface – cold side helium temperatures
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Helium loop pressures are shown in Figure 7. Pressure is to a first order proportional to hydrogen
production rate, a consequence of inventory control. The production and consumption of power by
major system components is shown in Figure 8. Essentially all the thermal power produced by the
NGNP is consumed by thermal loads in the HTE plant and in generating electricity to power electrical
loads which include the electrolyser and pumps and compressors.

Figure 7: Load schedule for reference interface – helium pressures

Figure 8: Load schedule for reference interface – component powers

Change in electric generator load
The plant dynamic response to changes in generator load was investigated. In the reference interface
design approximately 550 MW of the total 600 MW reactor thermal output is delivered to the PCU for
electricity production. The remaining 50 MW is delivered to the HTE plant through the high-temperature
process heat exchanger. The HTE plant and nuclear plant therefore interface mainly at the electric
generator. In the simulations that follow we make the simplifying assumption that the HTE plant
interfaces with the NGNP only at the generator. The high-temperature process heat loop is not
modelled. The HTE plant electrical power demand is modelled as a generator load forcing function
that drives the PCU of the NGNP. The time-varying hydrogen production demand the HTE plant is
assumed to have to meet is taken as step changes of 10% and ramp changes of 3% per minute. Since
hydrogen production rate is proportional to electric power consumption, it follows that at the generator
the NGNP PCU must be able to meet a 10% step change and a 3% per minute change in electric power
generation. The NGNP response for these demand changes is described below.

Ramp of 3% per minute
The NGNP response is described for a 3% per minute ramp in electric power generation. The generator
load is decreased from an initial steady state of 100% power down to 50% power over 1 000 s. The
pre-cooler and intercooler water flow rates are also decreased to 50%. A detailed description of the
controller is given in Vilim (2008).
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The plant control system was designed with several objectives in mind. First, reactor outlet
temperature was to be maintained at 885°C using the reactor outlet temperature controller described
above. Second, to minimise thermal stresses in the IHX, the flows on the hot and cold side of the IHX
are maintained near equal over the course of the transient. To accomplish this primary system
inventory is adjusted by a PI controller to force the differential between primary and PCU flow rate to
track a set point of near 0 kg/s. Third, to maintain high PCU efficiency in the presence of a changing
electric generator load (forcing function) inventory control is used. Inventory is adjusted by a PI
controller to force shaft speed to track a constant set point of 60 Hz. Fourth, cooler powers are
adjusted (via cold side flow rates) for heat removal consistent with PCU operation under inventory
control. This essentially means that heat rejection should scale with shaft power.
Simulations for the transient with generator electric load changed at 3% per minute showed
oscillations with a period of 200 s superimposed on what is essentially the quasi-static response from
the load schedule. The oscillations decay very slowly, over a period of several thousand seconds.
To test the hypothesis that these oscillations arise with operation of the reactor outlet temperature
controller, the simulation was repeated but with the mass and energy storage in the reactor becomes
zero. With no storage, any phase lag introduced by fuel, moderator and coolant time constants is set
to zero. The NGNP response for this transient is shown in Figures 9, 10 and 11. Figures 9 and 10 show
the inventories and mass flow rates in the primary system and PCU, respectively. They are halved
over the course of the transient which is consistent with operation under inventory control. The
temperatures in the IHX shown in Figure 11 are very nearly constant as was our design objective.
The oscillations referred to above are not present in Figures 9, 10 and 11 suggesting that they
were indeed induced by the reactor outlet temperature controller interacting with mass and energy
storage mechanisms in the core. It appears that a controller more sophisticated than a PI controller
may be needed to achieve acceptable reactor outlet temperature regulation for load changes. A stability
analysis should be conducted to investigate the sensitivity of oscillations to reactor nodalisation and
to characterise the role of energy storage mechanisms in the core.

Figure 9: Ramp of generator load of 3% per minute – normalised inventory, long term

Figure 10: Ramp of generator load of 3% per minute – flow rates, long term
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Figure 11: Ramp of generator load of 3% per minute – IHX temperatures, long term

Step of 10%
Inventory control provides good temperature control as shown above and further high efficiency at
partial load. But in practice its use is limited to slow changing transients. The maximum helium charge
and bleed rates achievable with PCU hardware limit the rate at which inventory can be adjusted to
match generator load rate of change. Turbine bypass provides a means for quickly matching PCU shaft
power with a decrease in generator load. Placement of the bypass valve and line is shown in Figure 12.

Figure 12: Reference interface power conversion unit with bypass

A rapid 10% reduction in generator load with bypass control was simulated. The generator load is
decreased from an initial steady state of 100% power down to 90% power over one second. The
pre-cooler and intercooler water flow rates are also decreased.
The plant response appears in Figures 13, 14 and 15. Figure 13 shows the bypass flow rate
increasing as the bypass flow controller detects a mismatch between shaft speed and set point value
of 60 Hz. The PCU shaft speed response is shown in Figure 14. The oscillations seen in the first ten
seconds are probably too large for the generator to remain connected to the grid. The amplitude can be
reduced by re-tuning the PCU shaft speed controller. The temperatures in the IHX shown in Figure 15
are very nearly constant as was our design objective.

Loss of electric generator load
The HTE hydrogen plant presents largely an electric load to the nuclear plant. Various scenarios can
be envisioned under which the generator load might quickly disconnect from the turbo-machine shaft.
These include an electrical distribution fault in the hydrogen plant, an electrical fault in the generator,
or the need to stop hydrogen production for safety reasons.
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Figure 13: Step of generator load of 10% – flow rates, short term

Figure 14: Step of generator load of 10% – shaft speeds, short term

Figure 15: Step of generator load of 10% – IHX temperatures, long term

In the event of quick disconnect a torque imbalance occurs and the PCU shaft begins to over
speed. If no control action is taken the terminal speed is a function of PCU loop friction losses and the
turbo-machine performance curves. To prevent damage from the over speed condition, a bypass valve
is opened to redirect flow from the high pressure compressor to the outlet of the turbine.
This decreases the pressure drop across the turbine and the work done by the turbine. At the
same time the flow rate in the cold side of the PCU increases causing frictional losses to increase. The
net effect is for over speed to be reduced as a result of decreased torque imbalance.

Protected event
In a protected loss of electric load event the reactor scrams and power drops to decay heat levels.
To avoid rapid temperature changes in the IHX the control system should function to scale back
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primary system flow so that it remains in proportion to decay power. In the short term the control
system must also function to prevent large temperature rates of change in the IHX following bypass
valve opening. In the longer term the challenge is to remove enough power to keep the PCU functioning
as a heat engine so that the reactor is cooled while on the other hand not remove energy at a high
enough rate that the reactor is overcooled. Notwithstanding, at some point the decay heat will fall to a
level where heat engine operation cannot be sustained without drawing on reactor stored energy. This
would be the appropriate time to trip the primary pump, trip the coolers and go into shutdown cooling
system (SCS) mode of operation.
To avoid shaft over speed on loss of load, the bypass valve is opened to raise the outlet pressure
of the turbine so that it is closer to the inlet pressure thereby reducing the shaft work performed by
the turbine. A bypass line containing the bypass valve serves to divert high pressure compressor outlet
coolant around the reactor and turbine. The bypass line connects the compressor outlet to the
recuperator hot side inlet as shown in Figure 12.
A control strategy for managing temperatures was investigated for the protected loss of load
event. Two dollars of negative reactivity were inserted into the core linearly over a one-second interval.
The resulting neutronic/decay power is shown in Figure 17. The generator load on the PCU shaft was
linearly reduced to zero over the same one-second interval. The cooler powers were controlled by
varying the cold side water flow rates.

Figure 17: Protected loss of generator load – forcing functions, short term

The control systems enabled in the simulation were: i) the IHX flow balance controller, which
acts through primary compressor speed to maintain equal flow rate on the hot and cold sides of the
IHX; ii) the bypass flow controller which acts through bypass valve loss coefficient to maintain a shaft
speed set point. Additionally the pre-cooler and intercooler cold side flow rates are supplied as forcing
functions. The flow rates were roughly matched to decay heat level. The PCU shaft set point is
decreased from 60 Hz over time to have the shaft speed more or less track the decreasing reactor
energy production rate.
The PCU shaft speed response appears in Figures 18 and 19. There is an initial overshoot in the
first second as the controller attempts to maintain 60 Hz. The overshoot dies out within three seconds
and the speed returns to the set point value. The permissible magnitude and time rate of change of
the overshoot is governed by mechanical design considerations. The constants in the PI speed
controller can be modified as needed to reduce overshoot. Bypass flow rate shown in Figure 20 peaks
at almost half of the full power PCU flow rate.
The IHX temperature response appears in Figures 21 and 22. The IHX flow balance controller is
effective in maintaining equal hot and cold side flow rates as appears in Figure 21. As a result the
temperature changes from hot to cold side of the IHX remain near constant. Beyond 100 s the primary
system may actually be overcooled. The IHX temperatures are dropping at a rate of about half a degree
Celsius per second. This rate of change is large and probably not desirable. The possibility of changing
PCU operating modes at about 100 s so it is no longer working as a heat engine should be explored.
The coolers should probably be turned off, the shaft allowed to coast down, and the primary flow rate
continue to be managed to maintain constant temperatures between the hot and cold side of the IHX.
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Unprotected event
The upset begins with a loss of generator electric load. The control system is assumed to reduce the
pre-cooler and intercooler powers by reducing cold side flow rate. The objective is to bring the long-term
heat removal rate into balance with the reactor power which should be decreased to move the plant
toward a shutdown state. Failure to reduce the power of the coolers will overcool the plant and cause
the reactor inlet temperature to drop. This will add reactivity through a negative inlet temperature
coefficient and work against bringing the core power down. The inherent neutronic/decay heat power
response resulting from fuel and graphite reactivity temperature feedback is shown in Figures 23 and 24.

Figure 18: Protected loss of generator load – shaft speeds, short term

Figure 19: Protected loss of generator load – shaft speeds, long term

Figure 20: Protected loss of generator load – mass flow rates, short term
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Figure 21: Protected loss of generator load – IHX temperatures, short term

Figure 22: Protected loss of generator load – IHX temperatures, long term

Figure 23: Unprotected loss of generator load – forcing functions, short term

Figure 24: Unprotected loss of generator load – forcing functions, long term
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The NGNP response begins with the shaft over speeding as shown in Figure 25 on torque imbalance
with the loss of the generator electrical load. The average reactor temperature inferred from the IHX
hot side temperatures in Figure 26 rises as the cooler heat rates are reduced. At about 400 s the reactor
power (seen in Figure 24) driven by reactivity temperature feedbacks comes into equilibrium with the
cooler heat rates. The reactor has reached a new equilibrium critical state. The hot side temperature
in the reactor and in the IHX remains essentially constant for the duration of the transient as seen in
Figure 26. (Note: The neutronic/decay power was included in Figure 23 and 24 for ease of comparison
with other important variables. Contrary to the figure caption neutronic/decay power was not a
forcing function.)

Figure 25: Unprotected loss of generator load – shaft speeds, short term

Figure 26: Unprotected loss of generator load – IHX temperatures, long term

Conclusions
In this work it was shown that the plant load schedule can be managed to maintain near-constant hot
side temperatures over the load range in both the nuclear and chemical plant. A primary loop flow
controller that forces primary flow to track PCU flow rate is effective in minimising spatial temperature
differentials within the IHX. Inventory control in both the primary and PCU system during ramp load
change transients is an effective means of maintaining high NGNP thermal efficiency while at reduced
electric load. Turbine bypass control is an effective means for responding to step changes in generator
load when equipment capacity limitations prevent inventory control from being effective. Turbine
bypass control is effective in limiting PCU shaft over speed for the loss of generator load upset event.
The proposed control strategy is effective in limiting time variation of the differential spatial
temperature distribution in the IHX during transients. The stability of the closed-loop Brayton cycle
was found to be sensitive to where one operates on the turbo-machine performance maps. There are
competing interests: more stable operation implies operating on the curves at points that reduce
overall cycle efficiency.
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Alternate VHTR/HTE interface for mitigating
tritium transport and structure creep

Richard Vilim
Argonne National Laboratory, USA

Abstract
High temperature creep in structures at the interface between the nuclear plant and the hydrogen
plant and the migration of tritium from the core through structures in the interface are two key
challenges for the very high temperature reactor (VHTR) coupled to the high temperature electrolysis
(HTE) process. The severity of these challenges, however, can be reduced by lowering the temperature
at which the interface operates. Preferably this should be accomplished in a way that does not reduce
combined plant efficiency and other performance measures. A means for doing so is described. A heat
pump is used to raise the temperature of near-waste heat from the PCU to the temperature at which
nine-tenths of the HTE process heat is needed. In addition to mitigating tritium transport and creep of
structures, structural material commodity costs are reduced and plant efficiency is increased by 1%.

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

433

ALTERNATE VHTR/HTE INTERFACE FOR MITIGATING TRITIUM TRANSPORT AND STRUCTURE CREEP

Introduction
The production of hydrogen using nuclear power faces two technical challenges at the interface
between the chemical plant and the nuclear plant. As presently envisioned, an intermediate heat
exchanger transfers heat from the reactor system at a temperature of 850°C and a pressure of several
MPa to a process heat loop where it is then transported over a piping run of the order 100 m to the
process heat application. Recent work has identified two challenges at the interface. The use of metals
as structural materials and their associated creep at these elevated service conditions limits the
lifetime of process heat loop components to less than a nominal nuclear plant lifetime of 40 years.
One potential solution is the use of ceramics in place of metals but their reliability for heat exchangers
application is as yet unproven. The second challenge involves the migration of tritium from the
reactor core through the process heat loop into the chemical plant. It has been suggested that
equilibrium levels of tritium in the primary system combined with the permeability of metals at high
temperature can result in tritium levels in the chemical plant above what NRC limits permit for
non-nuclear systems (Sherman, 2007). Ceramic heat exchangers have the potential to significantly
limit tritium transport but again the caveat above applies.
This paper describes an approach for solving these challenges in the very high temperature
reactor (VHTR) coupled to the high temperature electrolysis plant (HTE). The key is to lower the
temperature of the process heat delivered to the chemical plant in a way that does not reduce the
efficiency of the coupled plant. An alternative equipment configuration that achieves this is based on
the observation that about nine-tenths of the thermal power input to the HTE plant is used to boil
water at the relatively low temperature of 247°C. One notes that optimal efficiency of the combined
plant is achieved by properly matching the temperature of available heat sources to the temperature
at which heat is required. If a process is supplied with heat at a temperature greater than needed to
achieve acceptable heat flux, then an unproductive temperature drop occurs and with it a lost ability
to do work. In a reference combined plant design, reactor outlet heat at 850°C is used to supply the
247°C heat requirement described above. But a more efficient use of reactor heat is to obtain the 247°C
heat at a point in the cycle better matched in temperature. Then the HTE plant heat requirements are
met without significant loss of work potential and as a result efficiency increases. In the VHTR/HTE
plant the required temperature of 247°C is close to the 130°C temperature at which waste heat is
rejected by the PCU.
The alternate interface (AI) proposed in this paper uses a low temperature process heat loop in
place of the high temperature loop in the reference interface as defined below. The loop operates in
heat pump mode taking low quality heat from the PCU and supplying it to the HTE plant to achieve
the reactant phase change referred to above. The remaining one-tenth of the needed HTE process heat
superheats reactants to about 800°C. In the alternate interface in the absence of a high temperature
process heat loop coming from the nuclear plant this heat is supplied by electrical heaters or hydrogen
burners. The efficiency of a coupled nuclear-hydrogen plant with the alternate interface is compared
against the same for the reference interface. The effects of the alternative interface on combined
plant availability, reliability, and maintenance costs and on component longevity are then discussed.

Reference interface
The reference interface is shown in overview in Figure 1. In this figure the combined plant appears as
three modules: the primary system, the power conversion system and the high temperature electrolysis
plant. The lines connecting these three modules represent the interface. Each of these three modules
is shown in greater detail in Figures 2 through 4. Note the high temperature process heat loop shown
in Figure 1. The hot side operates at a temperature of about 890°C and contains a path for tritium
passing across the IXH to make its way to the HTE plant.
The performance of the reference interface is characterised in Vilim (2007). In that work the
GPASS/H code was used to determine the full power condition, the combined plant efficiency and the
partial power load schedule. The values of the main operating parameters are summarised in Table 1.
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Figure 1: Combined plant with reference interface

Figure 2: High temperature electrolysis plant

Figure 3: Reference power conversion unit plant
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Figure 4: Primary system and intermediate system heat exchanger

Table 1: Conditions in VHTR/HTE plant with reference interface
Reactor
Power, MW
Outlet temperature, C
Inlet temperature, C
PCU
Turbine inlet temperature, C
HP compressor outlet pressure, C
LP compressor outlet pressure, C
HTE
Cell outlet temperature, C
Cell pressure, MPa

600
887
490
870
7.4
4.1
970
5.0

Alternate interface
An overview of the alternate interface connecting the reactor to the electrolysis plant is shown in
Figure 5. The key difference from the reference interface of Figure 1 is the absence of the high
temperature process heat loop coupling the electrolysis plant to the reactor. High temperature heat is
needed as shown in the figure but it is not obtained from the reactor as described below. There is a
low temperature process heat loop linking the electrolysis plant to the reactor. But because it operates
at a relatively low temperature diffusion of tritium through structures and creep of structures is
significantly reduced from the reference interface case.

Figure 5: Combined plant with alternate interface
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Use of PCU reject heat
The relatively low temperature heat needed to power the HTE boiler in the electrolysis plant of
Figure 2 is obtained from a point in the PCU where most of the work potential of the working fluid has
already been extracted. Figure 6 shows the modification made to the reference plant PCU of Figure 3
to provide the heat. Three new components are needed: a recuperator, a compressor and a boiler as
shown in the shaded region of Figure 6. Their placement and size are such that PCU temperatures outside
the shaded region remain essentially unchanged compared to the reference plant. As a consequence
to the first order there is minimal disruption to the conditions in the PCU. Then, given that this heat is
obtained relatively near the reject temperature (130°C), the effect on plant efficiency is minimal.

Figure 6: Alternate power conversion unit plant

These three new components operate in combination with the other PCU components as follows.
The heat removed by the boiler of Figure 6 is heat that would otherwise be removed by the pre-cooler
and intercooler. Since the temperature needed going into the hot side of the boiler is above the helium
inlet temperature into these coolers in the reference plant (by about 80°C), the auxiliary recuperator
provides the step up in temperature needed. To maintain a constant temperature drop from hot to cold
side in the recuperators along their lengths to preserve maximum efficiency, an auxiliary compressor
is introduced. It provides a rise in temperature that matches the temperature drop across the auxiliary
recuperator. To maintain the same flow rate in the PCU the work done by the HP and LP compressors
is reduced by the amount of work done by the auxiliary compressor.
Target temperatures and powers in the PCU were deduced by considering heat transfer and work
in the new components of Figure 6 and the goal of keeping temperatures in components outside the
shaded region the same as in the reference plant. It was determined in a separate calculation that
a temperature of about 170°C is required on the cold two-phase side of the boiler. Assuming a film
temperature drop of 10°C on the two-phase side, a tube radial temperature drop of 20°C and a
temperature drop from inlet to outlet on the helium side of 20°C, the inlet temperature on the hot side
of the boiler should be 220°C. The drop from inlet to outlet on the hot side is obtained from an energy
balance. Having established the boiler hot-side temperatures the conditions in the auxiliary
recuperator and compressor follow from the goal of keeping all other conditions the same as in the
reference plant and in keeping the radial temperature drop along the recuperators constant.

Low temperature process heat transport loop
Figure 7 shows the process heat loop for transporting heat from the cold side of the PCU boiler to the hot
side of the HTE boiler. This loop operates as a heat pump transferring heat from a cold source to a hot
sink. Heat transfer with phase change is used at both the source and sink to achieve high heat fluxes
and, hence, compact heat exchangers. An important question is the mechanical power consumption
of the compressor and how it compares to the overall heat transfer rate. The compressor serves to
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Figure 7: Alternate interface

boost the temperature of the near-waste heat and to circulate the fluid in the loop. The heat transported
from the He/H2O boiler is essentially low-cost heat as its work potential is small. It is conceivable that
an efficiency gain relative to the reference plant might be achieved if the power input to the compressor
can be limited to a small fraction of the heat transported. Scoping calculations were performed.
The conditions in the low temperature process heat loop such that it transfers the requisite
amount of heat and within a narrow temperature range were obtained from consideration of the
following principles. The loop heat transfer fluid is water, selected mainly for its heat transfer
properties in the temperature range of interest. In the two-phase regime very high heat fluxes can be
obtained with minimal temperature change. On the cold side of the PCU boiler water is assumed to
exist as a two-phase mixture at a temperature of 160°C (see above) and, hence a pressure of 0.6 MPa.
A low quality two-phase mixture enters the cold side and higher quality mixture exits. The reverse is
arranged for at the HTE boiler. The goal is for a saturation temperature of 247°C on the cold side of the
boiler, the same value as is present in the reference plant. Given a film temperature drop of 10°C on
both sides of the HTE boiler and a tube radial temperature drop of 20°C, a saturation temperature of
286°C is needed on the hot side which corresponds to a pressure of 7.0 MPa.
Two variations on the loop just described were evaluated using the heat pump representation
shown in Figure 8. First the loop is operated so the fluid leaving the compressor is saturated vapour.
In practice this design would require a pump and a compressor operating in parallel. The inlet
two-phase mixture would be separated into liquid and vapour streams, both of which would be
compressed in a manner such that the outlet streams combined to give saturated vapour. In the
second operating variation of the loop the compressor inlet is saturated vapour while the outlet is
superheated vapour. Both loops were analysed with the goal of estimating compressor power.

Figure 8: Heat pump representation of low temperature process heat loop
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The energy requirements and the operating conditions of the heat transport loop of Figure 8 were
estimated under the assumption that the compressor operates to deliver saturated vapour at the
outlet of the compressor. This stream feeds the hot side of the HTE boiler. Pressure drop through
components is ignored in the analysis. It is assumed the loop operates at two pressures, the low side
to the left of the compressor and valve and the high side to the right. On the high side saturation
conditions are designated by the subscript H and on the low side by the subscript L.
Operation of the loop with saturated conditions at the compressor outlet as above implies
two-phase conditions at the inlet and thus the need for a steam separator and an incompressible
pump in addition to a compressor. A potentially more attractive option from the standpoint of
equipment count is to present saturated vapour at the compressor inlet to obtain superheated
conditions at the exit of the compressor. In this case only the compressor is needed to take the fluid
from the low to high pressure condition.
Analysis showed that the saturated vapour inlet rather than outlet condition requires less
compressor power. Combined with the reduced equipment count this makes it the preferred option
(Vilim, 2009).
In addition to the shaft power needed to raise the water heat transfer medium from the low to
high loop pressure, additional compressor power is needed to overcome frictional pressure drop around
the loop. The power associated with this loss has been compared with that of the high temperature
process loop in the reference design. To understand the role of the different heat transport fluid –
water in the alternate design versus helium in the reference design – the pumping power is expressed
as a fraction of the pumping power per unit thermal power transported. This permits a consistent
comparison between the two loops even if they differ in total thermal power transported.
The pumping power for a water-based versus helium-based loop was calculated at the full power
condition. The fluid properties in the respective loops were used to calculate the friction loss power
per unit megawatt of thermal power transported for the water-based loop as a fraction of the same in
the helium-based loop. The result derived in Vilim (2009) shows that the power in the water loop is
insignificant to the power in the helium loop. In the helium loop the circulating power needed
is about 7 MWe or 14 MWt out of a reactor thermal capacity of 600 MWt. Thus an advantage of a
water-based loop is that the pumping power to overcome frictional losses is significantly less and
results in an efficiency increase.

HTE reactant superheating
By eliminating the high temperature process heat loop one eliminates the source in the reference design
of the relatively small thermal power (approximately 7 MWt) used to pre-heat reactants before they
enter the electrolytic cell. In considering alternative means for supplying this power it is important to
realise that alternative means can be used to address an issue unrelated to tritium transport or
structure creep. The developers of the high temperature electrolysis cycle at INL have cited electrolytic
cell temperature change over time as a factor in limiting cell lifetime. Temperature variation during
operation has been shown in experiments to accelerate degradation in cell performance. An important
goal then is to operate electrolytic cell so that temperature remains unchanged, even during reactor
shutdown. Clearly, the high temperature process heat loop alone cannot provide this capability. Other
means such as electrical heaters or combustion of hydrogen are needed. Thus, whether the high
temperature loop is present or not, a final design will require some back-up means for heating
reactants. In the alternate plant configuration proposed in this work we assume some combination of
electric heaters and hydrogen burners.

At-power operation
The performance of the coupled plant with the alternate interface is compared with that of the
reference interface. Reactor power and outlet temperature were held constant to allow for a consistent
comparison. Similarly, the conditions in the HTE plant were maintained the same. The conditions in
the combined plant for the reference interface are given in Vilim (2007). The alternate interface is
shown in Figure 7. By following the number labels on this figure one sees the exact manner by which
the HTE plant of Figure 2 and the PCU of Figure 6 are coupled together. The at-power operating
conditions of the VHTR/HTE with the alternate interface were estimated using the Gas Plant Analyzer
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and System Simulator (GPASS) code. At full power one is interested in knowing the efficiency of the
combined plant and the temperatures at the interface. At partial power one is interested in how
temperatures change with load.

Full power
The temperatures and pressures in the low temperature process heat loop of the alternate interface
are compared in Table 2 with those in the high temperature process heat loop of the reference
interface. One sees that for the heat exchanger coupling the process heat loop to the source of heat in
the nuclear plant the temperatures have been significantly reduced. They have dropped on average
from 800°C to 200°C. The reduction decreases the diffusion rate of tritium through the heat exchanger
heat transfer surfaces by about a factor of 100. One also sees that all temperatures in the low
temperature loop are below 500°C. As a consequence more economical steels can be used in place of
those alloys needed in the case of the high temperature loop that operates at 850°C.

Table 2: Comparison of conditions in main process heat loops
Condition
Temperature, C
Hot side in
Hot side out
Cold side in
Cold side out
Pressure, MPa
Hot side
Cold side

Source heat exchanger
RI [6]
AI
(HTLHX)
(PCU boiler)

Sink heat exchanger
RI [6]
AI
(HTE boiler)
(HTE boiler)

870
611
515
849

231
214
160
179

488
332
184
247

480
286
184
247

7.2
1.8

2.6
0.6

1.8
5.0

7.0
5.0

The alternate interface still requires a high temperature heat source to power the heat exchanger
HX2 in Figure 2. However, this heat source is now envisioned to be electrical heaters or a hydrogen or
natural gas combustor in place of reactor heat. The link to the reactor has been broken allowing for
improved temperature control and limiting HX2 to a role as an accident initiator in the chemical plant
rather than the combined plant.
The efficiency of the plant with the alternate interface is at least 1.5% higher. The increase is a
consequence of better matching of heat source temperature to HTE plant heat requirements. The
power sources and sinks that combine to determine the overall efficiency are shown in Table 3. It is
noted that substituting combustion of a synthetic organic created from the plant hydrogen stream in
place of electric heating might raise the efficiency of the Alternate Interface plant another 1%.

Control system
A principle objective in developing a control strategy for partial-load operation is to maintain
temperatures constant with power over the normal operation power range, particularly hot-end
temperatures. Another consideration is that peak efficiency should by design occur at full power since
the plant is to operate there for the largest fraction of life. While partial load efficiency is important,
maintaining constant temperatures over load at the hot end is probably more important since
material capabilities at 900°C are a limiting factor in plant lifetime. The focus of the control strategy in
this work was therefore on maintaining constant hot-end temperatures.
Partial power operation takes place over a continuum and is constrained by the load schedule.
The load schedule specifies the value of each process variable as a function of plant power. Good
operability as characterised by minimal thermal stresses during power change is achieved by
developing a load schedule that maintains temperatures constant with respect to load at the hottest
points in the plant (e.g. reactor outlet).
The control strategy developed in this work makes use of the principle that the temperature
change from inlet to outlet in a heat exchanger remains constant when the mass flow rate and power

440

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

ALTERNATE VHTR/HTE INTERFACE FOR MITIGATING TRITIUM TRANSPORT AND STRUCTURE CREEP

Table 3: Summary of power and efficiency by interface type
Powers in MWt

Plant interface
Reference
Alternate
Reactor primary system
Primary compressor
Power conversion unit and intermediate system
Turbine (PCU)
HP compressor (PCU)
LP compressor (PCU)
Aux. HP compressor (PCU)
Intermediate system compressor
Process heat loop
Process heat loop compressor
High temperature electrolysis plant
Cell electrical power
Electrical heating of reactants
Turbine (HTE)
Other pumps and compressors
Hydrogen LHV
Qnet (sum of above)
Combined plant efficiency, η =

Q net
Q reactor

a

2.26 kg/s*120.1 MJoules/kg.

b

Assumes electric generation efficiency of 0.5.

-7.0

-8.1

+534
-126
-127
n.a.
-0.9

+576
-130
-105
-36
n.a.

-7.0

-12

-288
n.a.
+11.5
<0.1
+271a
+261

Unchanged
-13.6b
Unchanged
Unchanged
Unchanged
+271
271
= 0.452
600

261
= 0.439
594

are varied in the same proportion. This is true for ideal-like gases such as helium, hydrogen, oxygen,
and nitrogen and for the liquid and gas phases of water. It is not true, however, for water when there
is a phase change.
In the HTE plant and the process heat loop that connects it to the nuclear plant there is a pump
or compressor in each flow circuit providing the capability to independently vary mass flow rate in
each circuit as the power in heat exchangers varies (to the first order heat exchanger power varies
linearly with hydrogen production rate). This provides significant operational flexibility to control
temperature drops across heat exchangers. In the electrolytic cell the control system maintains
constant current density as hydrogen production rate is varied. Then ohmic power is proportional to
mass flow rate and the cell temperature rise from inlet to outlet remains constant [see development
in Vilim (2008)]. Constant current density can be achieved by maintaining constant active cell area per
unit hydrogen production (i.e. operate fewer cells as production rate decreases).
In the PCU and primary system, however, there is only one compressor to manage mass flow rate
while there are several different circuits. To achieve the desired control of helium mass flow rate
compressor control provides little flexibility. Rather inventory control is used to obtain a flow rate
proportional to heat exchanger power. Because density is proportional to pressure for fixed temperature,
by varying pressure and maintaining constant speed turbo-machinery, gas velocity remains constant
and mass flow rate (proportional to the product of density and velocity) is linear with pressure. Thus,
pressure is manipulated through coolant mass inventory so that it is proportional to heat exchanger
power so that in turn mass flow rate is proportional to heat exchanger power. Results obtained for
this control scheme are described below.
The load schedule as presented gives process variables in terms of fraction of full power
hydrogen production rate. All controlling process variables (i.e. forcing functions) are expressed as a
function of fraction of full power hydrogen production rate which is taken as the independent variable
(or equivalently, electrolyser electrical current where it has been assumed all current goes to decompose
water). The following controlling process variables were selected: reactor power, mass flow rates and
the electrolyser current. Other sets of variables could be used but the above set is appealing based on
the discussion above. Each of these forcing functions was linearly ramped from its full power value at
one end to a value of 60% of this at the other end. Hence, the load schedule covers the range of
operation from 60 to 100% of the full power hydrogen production rate.

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

441

ALTERNATE VHTR/HTE INTERFACE FOR MITIGATING TRITIUM TRANSPORT AND STRUCTURE CREEP

Partial power
The load schedule performance is assessed in terms of how well temperatures on the hot side of the
combined plant are maintained constant. Also of interest are the pressures on the helium side for
assessment of creep under pressure load. The pressures in the HTSE plant were maintained at 5 MPa
over the load schedule from the point downstream of where the reactant water is fed in up to the
point where the products enter the pressure-work recovery turbine.
The end results appear in Figures 9 through 11. The first figure shows temperatures in the VHTR
plant. The reactor outlet temperature varies by approximately 130°C over the load range, perhaps larger
than desirable. This change can be reduced by modifying how the primary system inventory changes
with reactor power. The second figure shows temperatures in the HTE plant. The electrolytic cell inlet
and outlet temperatures are essentially constant which is important to achieve maximum cell life.
Helium loop pressures are shown in Figure 11. Pressure is to a first order proportional to hydrogen
production rate, a consequence of inventory control. Also shown is the pressure out of the low
temperature process heat loop compressor. This value is maintained constant to obtain a near-constant
saturation pressure on the cold side of the HTE boiler.

Assessment
While the primary focus of this report was on mitigation of structure creep and tritium transport in
the VHTR/HTE high temperature process heat loop, any potential design solution needs to be
evaluated in the wider context of the economics, operability and safety of the plant. Table 4 presents
nine different measures of performance. In this table the reference interface is taken as the standard
against which the proposed alternative interface is compared. The table suggests that overall there are
significant advantages to adopting a low temperature process heat loop in place of a high temperature
loop. However, additional work is required to characterise how the extraction of heat from the PCU
might affect operability of the combined plant, especially during upsets in the hydrogen plant.

Figure 9: Partial load helium temperatures for alternate interface

Figure 10: Partial load HTE temperatures for alternate interface
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Figure 11: Partial load pressures for alternate interface

Table 4: Overall assessment of low temperature process heat loop
Performance measure
Structural materials
longevity/cost
Equipment count
Efficiency
Reliability
Availability

Maintenance

Operability
Investment protection

Safety

Assessment with respect to reference design
Superior. Standard reactor-grade stainless steels for low temperature loop will perform
acceptably over 30 year life and at lower cost compared to high temperature loop.
Superior. Coupled plant overall efficiency is several % greater.
Superior. Material problems including creep and corrosion not expected at 200°C.
Not clear. Process heat loop is on back side of PCU farther from reactor core but is
tightly coupled to PCU. So disturbance in process heat loop affects PCU directly and
could cause turbine to trip leading to reactor shutdown.
Superior. In-service inspection easier as a result of better access to heat exchangers
and piping. Service work simpler as a consequence of improved access and lower
temperature.
Not clear. Answer awaits transient simulation studies.
Superior. The need to keep electrolytic cells at temperature even during reactor
shutdown is more easily met if cells are heated by electrical heaters or hydrogen
combustion products as is proposed for plant design that uses low temperature
process heat loop.
Perhaps superior. i) PCU and process heat loop have no role in heat removal safety
systems. Safety system heat removal provided by shutdown cooling system and reactor
cavity cooling system. ii) Rate of transport of tritium to chemical plant is reduced.

Conclusions
High temperature creep in structures at the interface between the nuclear plant and the hydrogen plant
and the migration of tritium from the core through structures in the interface are two key challenges
for the very high temperature reactor (VHTR) coupled to the high temperature electrolysis (HTE)
process. The severity of these challenges, however, can be reduced by lowering the temperature at
which the interface operates. An alternate interface design was investigated as a means for doing so.
In the alternate interface a heat pump raises the temperature of near-waste heat from the PCU to
the temperature at which nine-tenths of the HTE process heat is needed. The decrease in temperature
at the heat exchanger that links the HTE plant with the nuclear plant reduces the tritium migration
rate by about a factor of 100. In addition to mitigating tritium transport and creep of structures,
structural material commodity cost is also reduced.
The efficiency of the plant is increased by 1.5%. The increase is a consequence of better matching
of heat source temperature to HTE plant heat requirements. It is also a consequence of running the
cell at a current density greater than thermal neutral so that significant ohmic heating is generated
compared to thermal neutral operation.

NUCLEAR PRODUCTION OF HYDROGEN – © OECD/NEA 2010

443

ALTERNATE VHTR/HTE INTERFACE FOR MITIGATING TRITIUM TRANSPORT AND STRUCTURE CREEP

There are other advantages which include reduced maintenance cost due to greater accessibility
and less severe operating conditions. There may also be a plant investment advantage. In the alternate
interface the high temperature heat is obtained from electrical heaters or hydrogen combustion. This
is judged more reliable than process heat used in the reference interface. In the event the reactor trips
it would be difficult to maintain the electrolytic cells at temperature using process heat. But off-site
power or hydrogen burners would still be available. Temperature changes in the cells are known to
significantly shorten cell lifetime and so maintaining constant temperature even when the plant
shuts down will be important.
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Abstract
NRI is a research institution established in 1955. Nowadays, the Institute provides wide range of
expertise and services for operators of the nuclear power plants in the Czech Republic and abroad,
supports Czech central state institutions in the domains of strategic energy planning and development,
management of radioactive waste (for the Ministry of Trade and Industry), provides independent
expertise for the State Office of Nuclear Safety, performs activities in the area of exploitation of ionising
radiation and irradiation services for basic and applied research, health service and industry, performs
research and provides services for radioactive waste disposal, production of radiopharmaceuticals,
education and training of experts and scientific specialists and performs many other activities.
With the gradual changes in energy policy, hydrogen economy becomes one of the important topics
related to nuclear energy. NRI is participating in the research and development in this area and as a
member of the Czech Hydrogen Technology Platform is currently the leader in this area in the country.
To promote hydrogen economy, NRI prepared and participated in several demonstration projects.
Studies on production of hydrogen in current and future nuclear power plants are performed as well.
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Nuclear Research Institute Rez plc
NRI provides a wide range of expertise and services for operators of the nuclear power plants in the
Czech Republic and abroad, supports central state institutions in the Czech Republic in the domains of
strategic energy planning and development, management of radioactive waste (Ministry of Trade and
Industry), provides independent professional expertise for the State Office of Nuclear Safety, supports
development of exploitation of ionising radiation and irradiation services for basic and applied research,
health service and industry, provides research and services for radioactive waste disposal, production
of radiopharmaceuticals, education and training of expert and scientific specialists and many other
activities. Apart from that, the Institute also functions in non-nuclear areas, for example in the fossil
energy sector, chemical industry and environmental protection.
Due to the increasing importance of hydrogen technologies, the Institute established a dedicated
research unit working in this area. There are two kinds of activities of the unit: demonstration projects
focused on presentation of the possible use of hydrogen, and theoretical research and development
activities. Certain studies on possible production of hydrogen from current and future nuclear power
plants are also performed. Some activities of the research unit are briefly described below.

Hydrogen-related activities of the Institute
Current activities of the Institute include:
•

•

Demonstration projects:
–

hydrogen-powered bus (H2Bus);

–

hydrogen-powered ship (project Zemships – zero-emission ships);

–

control of power from renewable energy sources (in preparation).

Research and development activities:
–

on-line visualisation of hydrogen vehicle propulsion;

–

purification of waste hydrogen from chemical industry;

–

production of hydrogen in nuclear power plants;

–

experiments on hydrogen production by high temperature electrolysis (in preparation).

H2Bus – the first hydrogen-powered bus in the new EU countries
Preparation of the bus has been undertaken by a consortium of seven stakeholders with NRI as a
leader of the consortium. The main objective of the project is to initiate activities connected with
hydrogen utilisation in transport in the Czech Republic. Advanced technologies are utilised in order to
optimise energy flows – the main energy source is electricity generated by fuel cells (50 kW). Other
parts are accumulators and ultra capacitors used for recuperation. About 20 kg of pressurised
hydrogen (at pressure 35 MPa) will be stored in pressure vessels, which will be mounted on the bus
roof. The hydrogen bus as well as first hydrogen filling station in central Europe is going to start in
June 2009. The bus is shown in Figure 1.

Figure 1: H2Bus
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H2Bus technical specifications
•

12 m long IRISBUS (Karosa factory product):
–

triple hybrid conception;

–

50 kW PEM fuel cell (Figure 2);

–

secondary energy sources:
 Li-ion accumulators 68 Ah;
 super capacitors 4 × 3 000 F;

–

provides energy recuperation;

–

hydrogen is stored in four composite tanks (1 000 l, at 35MPa = 20 kg of H2).

•

Range 300 km.

•

Total weight ÷ 18 t.

•

Fuel consumption 7.5 kg of H2/100 km.

Figure 2: Fuel cell stack by Proton Motor

Project Zemsips – zero emission ships
The Zemships international consortium with NRI participation has developed for the city of Hamburg
a single-hulled ship (Figure 3) with two fuel cells of 50 kW and a carrying capacity of 100 passengers.
The ship will be fuelled by hydrogen, which will be stored on board at a pressure of 35 MPa. The ship
will be driven exclusively by fuel cells, i.e. there are no auxiliary motors. The ship is 25.5 meters long
and has a draught of 1.2 meters. Details can be found at www.zemships.eu.

Figure 3: Zero emissions ship
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NRI’s main task in the Zemships project is to develop a simplified mathematical model of ship
propulsion. This model has been used together with measurement data from typical driving loop to
optimise a driving strategy with regards to achieving high propulsions efficiency.
The second NRI’s task is to design a visualisation interface of the ship’s power systems, which
will be displayed for passengers on a large screen inside the boat. The interface task is to monitor and
visualise the system’s key parameters needed for operation as well as for conveying to the passengers
the principle of this technical solution and explaining its advantages compared with the existing ones
based on fossil fuels (Figure 4).

Figure 4: Zemships’ visualisation interface

Passengers will receive an explanation of the principles of all technological systems in a simple
form, first of all of the fuel system, fuel, battery and their collaboration. The immediate reduction of
the emissions (compared with similar fossil-based drive) as well as its total value over the whole
period of operation will be shown in user friendly form.

Study of hydrogen production in current nuclear power plants
The first study on this matter was developed in 2004. A new study has recently been prescribed by the
Ministry of Environment to be developed as a part of the environmental impact assessment study for
the new nuclear units in the Czech Republic. In addition to an overview of information available on
various ways for production and utilisation of hydrogen including required infrastructure, the 2004
study also estimated potential consumption of hydrogen in the Czech Republic (Figure 5). The study
also evaluated the technical and economical feasibility of production of hydrogen by electrolysis in the
current Czech nuclear power plants. Obviously, the economic competitiveness of hydrogen production
strongly depends on the price of electricity (about 75% of the production cost). The study concluded
that production of hydrogen using the commercial price of the electricity would not be profitable using
given price levels (electricity, hydrogen and oxygen), but it can be profitable using cost of electricity
produced in nuclear power plants (with calculated profit about 6-7%). Transportation of hydrogen to
the final consumers represented a significant component of the cost. Using grid power variations with
operation of a plant at full power can be a feasible option, but is not an easy task due to technological
limitations of the electrolyser: in fact only slow changes in the grid load can be utilised. In the future,
a higher share of nuclear power plants in the grid could, however, render this means of hydrogen
production feasible.

Hydrogen production by high temperature electrolysis
The project in preparation aims to research and develop high temperature electrolysis (HTE), which
could be used in combination with the Generation IV nuclear reactors. Since NRI already has helium
and lead loops, there is a plan to use them for demonstration and investigation of high temperature
electrolysis.
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Figure 5: Estimated consumption of hydrogen in the Czech Republic
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Czech Hydrogen Technology Platform
The Czech Ministry of Industry and Trade established the Czech Hydrogen Technology Platform in 2006.
The mission of the platform is to support hydrogen technologies’ development and implementation of
a hydrogen economy in the Czech Republic. The platform contributes to the co-ordination of activities
of all stakeholders involved in the hydrogen technology and economy development amongst one
other as well as in relation to the domestic and foreign programmes and financial sources. The platform
defines, represents, supports, defends and promotes rightful and common interest of all its members
with the objective to create an environment suitable for hydrogen economy development. Further, the
platform plays an important role as a knowledge base and support body for concerned governmental,
public and standardisation institutions. The platform currently associates 11 members from research
institutes, universities and industry. More information on the platform can be found at www.hytep.cz.
The Ministry of Industry and Trade also supports research and development projects aimed at
introducing hydrogen technologies in the Czech Republic. For example, in the period 2005-2008 a
project was financed focused on:
•

collection and analysis of information about production and utilisation of hydrogen in the
Czech Republic, Europe and world wide;

•

study of degradation of fuel cells due to small content of Hg;

•

mathematical model for analysis of leakages of hydrogen from technological systems
(for different crack geometries);

•

study of legislative issues associated with the use of hydrogen as fuel.
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A uranium thermochemical cycle for hydrogen production

Charles Forsberg,1 Jack Collins, Les Dole, Juan Ferrada, M. Jonathan Haire,
Rodney Hunt, Jennifer L. Ladd-Lively, Ben Lewis, Ray Wymer
1Massachusetts Institute of Technology, United States of America
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Abstract
A modelling and experimental effort has identified a new uranium thermochemical cycle (UTC) for the
production of hydrogen from water. The peak temperature within the cycle is below 700°C – a
temperature achievable with existing high temperature nuclear reactors and some solar systems using
commercially available materials. This paper describes the new process and some of the experimental
work. It is an early report of chemical feasibility. Much work will be required to determine engineering
and economic viability.
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Introduction
Thermochemical processes are promising large-scale methods to produce hydrogen because the energy
input is in the form of lower-cost heat rather than more expensive electricity. Nuclear Energy is a
primary candidate to supply that heat (Forsberg, 2009). In a thermochemical process, heat plus water
yields hydrogen and oxygen, all other chemicals within the process being recycled. A thermochemical
cycle should: i) operate at high thermodynamic efficiency; ii) have a small number of process steps;
iii) not have a significant inventory of volatile or hazardous chemicals that can cause off-site risks;
iv) operate at reasonable temperatures. No existing thermochemical cycle meets all of these criteria
(Brown, 2000). There is a need for better thermochemical cycles.
Uranium exists in many valence states, has overlapping 6d and 5f electrons, and a complex
chemistry – exactly the chemistry one would investigate for development of a thermochemical cycle.
However, there has been almost no consideration of using uranium in thermochemical cycles because
it was thought to be expensive or unusable because of its radioactivity. The nuclear fuel cycle involves
mining natural uranium (0.7% 235U) followed by enrichment of the uranium (3-5% 235U) in the 235U
isotope for use in nuclear fuels. The enrichment process has produced as a by-product over a million
tonnes of excess depleted uranium (~0.3% 235U) available at little or no cost. The depleted uranium is
primarily 238U with a half-life of several billion years; i.e. its radioactivity is extremely low. The primary
handling hazard is that it is a heavy metal, not that it is radioactive. Based on these considerations,
there are strong incentives to examine possible uranium thermochemical cycles.
An investigation was undertaken at Oak Ridge National Laboratory to find and develop a
thermochemical cycle based on uranium (Ferrada, 2009; US Patent, 2008). This paper describes the
recent development of a new uranium thermochemical cycle (UTC).

Process description
A series of UTC were investigated using a combination of thermodynamic analysis and experiments.
The thermodynamics of alternative cycles were analysed using Outokumpu’s HSC 5.0 Chemistry
software computer code version 5.11 (Outokumpu, 2002).
As reported elsewhere, the experiments were used to demonstrate the major process steps with
recycle of the uranium. Most experiments were conducted in an alumina-lined tube furnace with the
uranium in an alumina boat. Hydrogen gases were produced and measured. Reduction of CuO to
copper metal, determined by weight loss, was the primary method used to measure the amount of
reductant produced. X-ray diffraction analysis was used in most cases to confirm the uranium species.
The results of thermodynamic analysis and experiments led to the UTC shown in Figure 1 that
uses valence state transitions and the formation of oxidised and reduced uranium species to split H2O
for the production of H2. Some of the chemical reactions are new but most of the chemical reactions
are used industrially within the uranium industry.
In the hydrogen production step, triuranium octoxide (U3O8) is initially reacted with sodium
carbonate (Na2CO3) and steam to generate hydrogen and sodium diuranate (Na2U2O7) at 600°C and
above. This can be done under mild pressures (~1 atmosphere) with an excess of carbon dioxide (CO2)
in an inert carrier gas, such as argon (Ar). Although not demonstrated in this work, the hydrogen can
be separated from these gases by selective membranes or pressure swing adsorption and/or cryogenic
separation methods. The steam is condensed to recover heat, and the excess CO2 and carrier gases are
recycled. Only this first step in the UTC process is unique, the remaining two steps are conventional
processes in the uranium processing industry (Edwards, 2000).
In the second step, sodium diuranate (Na2U2O7) is converted to uranyl ammonium tricarbonate
[UO2CO3·2(NH4)2CO3]. The sodium diuranate is dissolved in an alkaline carbonate solution. This uranium
solution is passed through a column of Dowex 1-X resin. The uranium is loaded onto the ion exchange
resin while the sodium passes through the column. The Na2CO3 can be recovered and recycled from
the uranium-free raffinate. The uranium is then stripped from the resin using a solution of ammonium
carbonate [(NH4)2CO3]. The resulting uranium solution is dried to produce uranyl ammonium
tricarbonate [UO2CO3·2(NH4)2CO3].
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Figure 1: Uranium thermochemical cycle for the production of hydrogen

In the third step, the uranyl ammonium tricarbonate [UO2CO3·2(NH4)2CO3] is heated to 400°C to
generate U3O8, oxygen, ammonia (NH3), carbon dioxide (CO2) and water (H2O). The U3O8, NH3, CO2 and
H2O can be recycled and used in the next H2 production cycle. Oxygen is a by-product from the cycle.

Observations and conclusions
Initial thermodynamic and experimental studies have found a new thermochemical cycle based on
uranium. The operating conditions are mild and most of the steps are commercially used in the
uranium processing industry. For several of the process steps, there are multiple process options.
Additional analysis and experimental work is required before engineering viability (versus scientific
proof of principle) can be determined with reasonably credible estimates of efficiencies and economics.
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