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FOREWORD

The ultimate potential offered by high temperature gas cooled reactors (HTGRs) derives from
their unique ability to provide heat at high temperatures (e.g. in the range from about 550°C to
1000°C) for process heat applications and, at 850°C and above, for highly efficient generation of
electricity with a gas turbine. Heat from HTGRs can be used for production of synthesisigas and/or
hydrogen and methanol by steam-methane reforming, production of hydrogen by high temperature
electrolysis of steam and by thermochemical splitting of water, production of methanol by steam or
hydrogasification of coal, as well as for processes which demand lower temperatures. If the heat
demand is not in the immediate vicinity of the reactor, a chemical heat pipe could be developed as
a high temperature heat transporter.

The IAEA Technical Committee Meeting and Workshop on High Temperature Applications of
Nuclear Energy was conducted within the IAEA's nuclear power programme in support of its function
to "foster the exchange of scientific and technical information" and to "encourage and assist research
on, and development and practical application of, atomic energy for peaceful uses throughout the
world". The Technical Committee meeting was organized to review industry/user needs, designs, the
associated economics and the progress in technology for high temperature applications since it was
last addressed by the IAEA in 1986.

Many IAEA Member States are concerned about the global environmental problems which
result from burning fossil fuels. The application of nuclear process heat can make a significant
contribution to resolve these problems.

An important milestone was reached in March 1991 with the start of construction of the High
Temperature Engineering Test Reactor (HTTR) at the Oarai Research Establishment of the Japan
Atomic Energy Research Institute (JAERI). This 30 MW(th) reactor will produce core outlet
temperatures of 850°C at rated operation and 950°C at high temperature test operation. It will be the
first nuclear reactor in the world to be connected to a high temperature process heat utilization
system. Criticality is expected to be attained in 1998. The reactor will be utilized to establish basic
technologies for advanced HTGRs, to demonstrate nuclear process heat application, and to serve also
as an irradiation test facility for research in high temperature technologies. The timely completion and
successful operation of the HTTR will be major milestones in gas cooled reactor development and in
development of high temperature nuclear process heat applications.

The purpose of the IAEA Workshop which followed was specifically to develop the objectives,
approach, plan of activities and schedule for an international co-operation in design and evaluation
of heat utilization systems for the HTTR.
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SUMMARY OF THE TECHNICAL COMMITTEE MEETING

The Technical Committee Meeting and Workshop on High Temperature Applications of Nuclear
Energy was held in Oarai-machi, Japan from 19-20 October 1992. The meeting was convened by the
IAEA on the recommendation of its International Working Group on Gas Cooled Reactors
(IWGGCR). The meeting was organized to review industry/user needs, designs, status of technology
and the associated economics for high temperature applications, and was hosted by the Japan Atomic
Energy Research Institute (JAERI). It was attended by approximately 100 participants from nine
countries (China, France, Germany, Japan, Poland, the Russian Federation, the United Kingdom, the
United States of America and Venezuela). Dr. S. Saito, Director, Department of HTTR Project,
JAERI, chaired the meeting. The participants presented 17 papers on behalf of their countries. Each
presentation was followed by an open discussion in the general area covered by the paper.

During the meeting, the JAERI provided tours of the Helium Engineering Demonstration Loop
(HENDEL), a visit was made to the construction site of the High Temperature Engineering Test
Reactor (HTTR) at the Oarai Research Establishment to view the progress of construction, and a visit
was made to the facility for fabricating the HTTR fuel.

Because hydrogen and methanol are promising fuels (especially from an environmental
standpoint to relax global warming problems), a design study of a steam-methane reforming system
using heat from the HTTR to co-produce hydrogen and methanol is being carried out by JAERI. This
lead candidate design of the HTTR heat utilization system would produce 1390 NmVh of H2 and 1930
kg/h of methanol from 950 kg/h of natural gas using 10 MW of nuclear process heat. The
steam-methane reforming system would be connected to the HTTR with a helium-helium intermediate
heat exchanger. The goals would be to develop and demonstrate technology which could play a key
role in resolving global warming and oil shortage problems. Currently Japan depends on oil for two-
thirds of its primary energy resource. The HTTR and its heat utilization system will provide technical
information for proceeding to commercial deployment of the selected heat utilization system
technology.

Successful bench-scale tests have been conducted by JAERI for hydrogen production using the
thermochemical iodine-sulfur process. This process for H2 production is being investigated as a
candidate heat utilization system to be coupled to the HTTR. Several chemical reactions occur, and
temperatures up to 800°C are required. These bench scale tests demonstrated the feasibility of this
process through production of about 20 liters of H2. Further activities to establish conditions for high
thermal efficiency and to assure that the selected materials are compatible with the thermochemical
processes are required to establish this process on an industrial scale.

Successful bench-scale tests have also been conducted by JAERI for hydrogen production by
high temperature electrolysis of steam. The process is the reverse of that used for solid oxide fuel
cells. Bench scale tests were conducted by JAERI at 850°C and 950°C. The H2 production rate
increased with applied voltage and electrolysis temperature with the maximum rate being 4 NL/h at
16.2 V and 850°C and 7.6 NL/h at 15.6 V and 950°C, respectively. Research is ongoing to move
from this bench scale testing to a small process facility, and then to a pilot plant, possibly using the
HENDEL loop of JAERI.

In Japan, a nuclear co-generation system with a modular HTGR has been determined to be very
attractive and feasible based on technical and economic considerations. It has been recommended by
a sub-working group of the study group under the Japan Atomic Energy Forum (JAIF) committee on
uses of reactor heat that more broad and extensive investigations of such systems be made by
appropriate organizations concerned with long term energy policy.

CO2 from fossil fueled power stations accounts for about 30% of the total CO2 emissions in
Japan. Plant concepts have been developed in Japan to recycle part of the CO2 from fossil fueled



power stations to produce methanol. The complex would consist of an HTGR, a hydrogen production
plant and methanol synthesis plant.

The possibility of utilizing chemical heat pipes composed of CaO/H2O/Ca(OH)2 and
CaO/CO2/CaCO3 for transporting high temperature heat from nuclear energy have been investigated
in Japan. The temperature of 870°C has been achieved in the reactant particle bed during the heat
releasing step in the chemical heat pipe with CaO/H2O/Ca(OH)2 and the experimental results are well
explained by a mathematical model. The feasibility of a chemical heat pipe using SO2/SO3 reversible
thermochemical reaction for the transport of high temperature thermal energy has also been
demonstrated although corrosion remains a problem to be solved. Such researches as those on
chemical heat pipes are highly welcome for exploring the possibility of, and demonstrating the
diversity of, high temperature utilization of HTGRs, and further developments are strongly expected.

In Germany, an HTR design has been developed to provide high temperature heat for various
applications with a very high degree of safety. Specific inherent features and properties of HTRs are
particularly conducive to achieving a nuclear technology that is "catastrophe free". Heat utilization
processes of interest are steam reforming, production of oil from oil shale and oil sand and refinement
of coal. Extensive research, development and demonstration activities have been conducted in
Germany on key process heat plant components. The helium heated steam reformer, the
helium/helium heat exchanger and the helium heated gas generator for coal refining have been
successfully tested in pilot scale (e.g., 10 MW), and the AYR reactor has demonstrated operation at
950°C core outlet helium temperature.

An initial evaluation of a gas-turbine modular HTGR has been conducted in the USA with
international participation. The results show that (1) economical gas turbine cycles with power
conversion efficiencies of 46% and higher can be achieved with a core outlet temperature of 850°C;
(2) coated particle fuel being developed for the steam cycle MHTGR and can also be used in the gas-
turbine modular HTGR; and (3) recent advances in turbomachinery and compact heat exchangers
enhance the potential for a reliable, economic plant. Direct, indirect and combined cycles are under
consideration. Further development of preconceptual designs is needed to examine plant economics
and safety, and to define the technology development needs and the demonstration programme. If
successful, development of a gas turbine modular HTGR design would represent a fundamental
advancement of nuclear technology.

The modular high temperature gas cooled reactor can also be used as a heat source for a
methanol production plant using hydrogasification of coal. The hydrogasification process appears to
have an advantage over the steam-coal gasification process because the latter requires two heat
exchangers for introducing nuclear heat into the process. Also for steam-coal gasification the helium
heated fluidized bed for reacting C and H20 is technically difficult and costly, despite being
demonstrated. For hydrogasification, the hydro-gasifier itself is strongly exothermic and does not
require a heat source. The reformer equipment for converting CH4 and H2O to CO and H2 has been
standardized for process industries, and a variety of reformer heat exchanger configurations and
materials have been studied for application with HTGRs. An economic evaluation has shown that
methanol prices produced by hydrogasification of coal using the MHTGR nuclear heat source will
become competitive with gasoline prices in the first part of the next century, based on an assumed
4% real price escalation for gasoline.

China's energy consumption in 1990 was 686 million tons of oil equivalent and is estimated to
reach 1400 million tons in the year 2000, 2500 million tons in 2020 and 4000 million tons in 2050.
With 3/4 of the consumption being coal, and considering current transportation problems, nuclear
energy will have to take over a significant share of base load electricity generation in areas where coal
is in short supply, of district heating in urban areas, and of process heat application. While PWRs and
FBRs are the principal systems in China's energy plan, the HTGR will be used in regions where
PWRs are difficult to locate because of safety issues, for process steam for the heavy oil and
petrochemical industry, and for coal gasification and liquefaction.



China's HTGR R&D activities are conducted within the National High Technology Research
and Development Programme sponsored by the State Science and Technology Commission (SSTC).
The programme is carried out at the Institute of Nuclear Energy Technology (INET) at Tsinghua
University, at other nuclear energy research institutes under the China National Nuclear Company,
as well as power plant equipment manufactures, and through co-operation with organizations outside
China.

i
The SSTC has approved a project for a 10 MW(th) test module HTR to be constructed at INET

to obtain experience in plant design, construction and operation. A range of applications will be
investigated, for example, electricity, steam, and district heat generation in the first phase and process
heat generation for steam reforming of methane in the second stage. First criticality is planned for
1998. (INET has previously constructed a 5 MW(th) water cooled reactor which began operating in
1989 to provide steam and hot water for district heating at INET).

The conceptual design of the 10 MW(th) test HTR was carried out under a co-operative
agreement between Siemens-Interatom and INET in 1988. INET is now carrying out the preliminary
engineering design of this test reactor. The reactor will use pebble fuel, and will be designed for
850°C gas outlet temperature. The design is similar to Germany's HTR-Module, but down-scaled in
size. Construction is planned to begin in 1994 with first criticality in 1998. The plant is expected to
start nuclear-coal gasification in 2003.

In the Russian Federation, design activities have been carried out to use heat from modular
pebble bed (VGM) reactors for oil refineries, petrochemical plants, and plants producing synthetic
liquid-fuels. To assure a high level of safety and the absence of contamination of the final product,
the selected heat transport system includes an intermediate helium loop and a technological circuit
with silicon oil as coolant.

In Venezuela, models have been developed for applications of the HTGR for extracting and
upgrading that country's large extra heavy crude oil resources, for producing synthetic fuel by heavy
oil upgrading, and for a thermochemical pipe energy transmission system. Gasification of extra-heavy
crude oil and bitumens from the Orinoco-oil belt in Venezuela present good prospects to become
economical in a not so distant future.

Recognizing the importance of the HTTR to development of gas cooled reactors and to
development of high temperature applications of nuclear energy, the IWGGCR has recommended
international co-operation on design and evaluation of heat utilization systems for the HTTR. The
purpose of the IAEA Workshop which followed the Technical Committee meeting was specifically
to develop the objectives, approach, plan of activities and schedule for an international co-operation
in design and evaluation of heat utilization systems for the HTTR. The participants recommended that
within this co-operation, designs concepts should be developed for systems utilizing high, medium
and low temperature heat by means of heat-cascading. The studies would establish system
arrangement, heat and mass balances, heat utilization efficiency, and investigate the safety of the
design. The status of technology and the further needs for testing prior to demonstration at the HTTR
would be identified and the goals of the demonstration with the HTTR would be specified. The
selection of the heat utilization system for the HTTR would then be made based on technology
readiness, competitiveness to conventional fossil-fueled plants, safety and operability.



KEYNOTE ADDRESS

PRESENT STATUS OF THE
HTTR PROJECT AT JAERI

S. SAITO
Department of HTTR Project,
Oarai Research Establishment,
Japan Atomic Energy Research Institute,
Oarai, Ibaraki, Japan

Abstract

The HTTR is a high temperature gas cooled test reactor with
thermal output of 30 MW, outlet coolant temperatures of 850*C at
the rated operation and 950*C at the high temperature test
operation. The HTTR consists of a reactor pressure vessel with
a prismatic core in it, a main cooling system with an
intermediate helium-helium heat exchanger and a pressurized water
cooler in parallel, an auxiliary cooling system, reactor vessel
cooling systems and related components. The HTTR is utilized for
establishing and upgrading the technology bases for HTGRs
including Irradiation tests for fuels and materials, safety
demonstration tests and nuclear heat application together with
for carrying out various kinds of innovative basic researches on
high temperature technologies.

Since 1969, the JAERI has carried out research and
development works on block type fuels, high temperature
materials, high temperature in-core instrumentations, high
temperature components, reactor physics, heat transfer and fluid
dynamics, plate-out of fission products etc., in order to
construct the HTTR which can supply high temperature coolant of
950'C to the outside of the pressure vessel for the first time
in the world. In •November 1990, the installation permit was
issued by the Government through about 20 months' safety review
by the Science and Technology Agency and the Nuclear Safety
Commission. The construction of the HTTR facility was initiated
on the site in the Oarai Research Establishment, JAERI in March
1991. The excavation of ground was completed at the HTTR site in
August 1991 and installation of the reactor containment vessel
will be completed by the end of October, 1992. The first
criticality will be attained in 1998.

1. Introduction
The HTGR development program has a long history in Japan.

The JAERI started the HTGR development program in 1969 so as
mainly to construct an experimental reactor for direct heat
application along with the Japanese industries. The energy
situation, however, has changed remarkably in Japan during the
last 20 years. Then, in 1987, the construction of the High
Temperature Engineering Test Reactor (HTTR) was decided instead
of an experimental HTGR. The HTTR aims at establishing and
upgrading the technology basis necessary for an HTGR, serving
at the same time as a potential tool for new and innovative basic
researches. The budget for the construction of the HTTR was
finally approved by the Government in 1989 and the JAERI
submitted immediately the safety analysis report of the HTTR to
the Government. After about 20 months' safety review by the
Government, the installation permit was issued in November 1990,
and the construction started in March 1991 at the Oarai Research
Establishment. The excavation of ground has been already
completed. The construction of the containment vessel will be
completed by the end of October in 1992. Other reactor equipments
are being designed and fabricated in the factories. It will take
about seven years for the completion of the HTTR facility and the
first criticality will be attained in 1998.

The JAERI has carried out various kinds of research and
development for the HTTR licensing and construction. Several new
materials and equipments such as fuel, graphite, heat resisting
alloy, high temperature components have been developed together
with specific considerations in the design in order to realize
the reactor outlet coolant temperature of 950°C. Also, several
RSD which aims at upgrading the HTGR technologies have been
carried out.

2. Outline of HTTR Design
The HTTR consists of a reactor pressure vessel, a main

cooling system with an intermediate helium-helium heat exchanger
(IHX) and a pressurized water cooler (PWC) in parallel, an
auxiliary cooling system, reactor vessel cooling systems and
related components. The reactor pressure vessel (RPV) is 13.2m
high and 5.5m in inner diameter, and contains a prismatic 30 MWt
core and reactor internal structures as shown in Fig.l. The
reactor outlet temperature is 850*C at the rated operation and
950°C at the high temperature test operation. A major
specification of the HTTR is listed in Table 1.
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Table 1 Major specification of HTTR

Reactor thermal output
Outlet coolant temperature
Inlet coolant temperature
Fuel
Fuel element type
Direction of coolant flow
Pressure vessel
Number of main cooling loop
Heat transmission
Primary coolant pressure
Containment type
Plant lifetime

30MW
850'C/9SO°C
395'C
Low enriched W^
Prismatic block
Downward-flow
Steel
1
IHX and PWC
(parallel loaded)
4 MPa
Steel containment
20 years

Core region

Control rod
guide block

Replaceable
reflector

Neutron defector
insertion hole

Fig. 2

Permanent
reflector

Boron carbide pellet
insertion hole

Control rod
insertion hole

Cross section of HTTR core
2.1 Core

The reactor core is graphite moderated and cooled by helium
gas, and prismatic fuel elements in the form of hexagonal blocks
are used. The active core consists of 30 fuel columns and 7
control rod guide columns as shown in Fig.2, where each column
is 5 blocks (2.9m) high. The active core of 2.3m in diameter is
surrounded by replaceable reflector composed of a layer of
hexagonal graphite blocks. The permanent reflector surrounds the
replaceable reflector and consists of large polygonal graphite
blocks fixed by core restraint devices. Each hexagonal graphite
block is made of the newly developed domestic IG-110. The reactor
core is cooled by downward helium gas whose temperature is 395*C
at the reactor inlet.

Core reactivity is controlled by control rods, which are
individually supported by drive mechanisms located in the
stand-pipes connected to the hemispherical top head of the RPV
and are inserted into the fuel region and replaceable reflector
region. The reactor shutdown from a high temperature condition
is made by the insertion of 9 pairs of control rods in the
reflector region at first, and then 7 pairs of control rods in
the fuel region are inserted in the condition of core temperature
lower than 750*C. Back-up shutdown capability is provided by
insertion of boron-carbide/graphite pellets into separate holes
in the control rod guide blocks.

2.2 Fuel
A fuel element which holds fuel rods in it is a pin-in-block

type hexagonal block of 58cm in height, 36cm in across flats as
shown in Fig.3. The fuel consists of coated particles of low
enriched uranium oxide whose average uranium enrichment is 6% and
kernel diameter is 600um. The particles are bonded together with
graphite powder in fuel compacts, which are contained in a
graphite sleeve to form a fuel rod. The fuel rods are contained
within vertical holes of the graphite blocks. Helium gas flows
downward through the gap between the vertical hole and fuel rod.
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2.3 Reactor cooling systems
The reactor cooling systems are composed of a main cooling

system (MCS), an auxiliary cooling system (ACS) and two vessel
cooling systems (VCSs) as shown in Fig.4.

The primary cooling circuit of the MCS is separated into two
lines outside the RPV. The heated helium gas is cooled by a 10MW
He-He IHX in one line or by a 20MW PWC in the other line.

A demonstration plant for application of nuclear heat as
process heat will be connected to the outlet of the secondary
side of the IHX in future.

In order to maintain the integrity of the reactor cooling
system against the severe high pressure and high temperature
condition, various considerations are taken in the design. A
co-axial double wall piping system as shown in Fig.5 is adopted
in the primary circuit of the MCS and the ACS. Cold gas of about
400°C flows the annular space between the inner and outer pipes
toward the reactor inlet, while hot gas of 850°C to 950*C from
the reactor flows inside the inner pipe. Temperature of the inner
pipe is almost the same as that of the outer pipe because the
inside of the inner pipe is thermally insulated by Kaowool and
lined with Hastelloy XR. The pressure boundary is formed by the
outer pipe, thus the inner pipe is designed so as only to
withstand the pressure difference between the inside and the
outside of the inner pipe.

' Heat utilization plant :

(Containment vessel boundary)

Reader
30MW 950'c395

Air cooler Pump ,82.5'c

40'C-
Air cooler

Pump '——

3.5MP»

Fig. 4 Flow diagraa of cooling systen In HTTR

Render Preiivre Vettef

Primary Prctlvflicd
Water Cooler

Intermediate Heal
Eichanger

,,,^.Coa«iol Double-Wall
O l Kante

Intermediolr Heof
Exchanger

Primary Herium Nonle

Itaclar Preliure Veliel

\OuKr Pipe \ thermal Iniulolor

Inner Plpt Coaijol Double
Wall Nettle

Primary Preflurlled
Water Cooler

Fig. 5 Co-axial double wall piping



Secondary Hi fo StWC

} Secondary He from Jf WC
0

Primary H«
Cat circulator

Tube support

Primary He
from gat circulator

Inrttr sholl
Outor >h*n
Manifold
Intvtalor

Kotlcal tub.

Head»

Primary H« from KPV
Primary He lo KPV

Fig. 6 Intermediate heat exchanger (10MW)

The IHX is a vertical helical coil counter flow type heat
exchanger as shown in Fig . 6 . Primary coolant flows on the shell
side with secondary coolant flowing on the tube side. Then, heat
transfer tubes in the IHX form the primary coolant pressure
boundary under the high temperature condition. In order to
maintain the integrity of the tubes, mechanical loading on the
tubes is reduced by minimizing pressure difference to only 0.1

Full-sized fuel
irradiation position

Irradiation position
in permanent reflector

Irradiation position
in center column

Irradiation position B
in replaceable reflector

Irradiation position A
in replaceable reflector

Fig. 7 Sample Irradiation positions In core and reflector

MPa in a normal-operation. In addition, Hastelloy XR is used for
high temperature structures such as heat transfer tubes, tube
sheets, tube support structures, a center pipe and a liner.

The ACS will be operated when there is a trouble in the MCS
but a flow path in the primary cooling circuit is still kept. Two
sets of VCSs are operated during normal operation in order to
cool biological shield around the RPV and serve to cool the RPV
and core in such an accident as the pipe break of the MCS in
which a flow path in the primary cooling circuit is not kept.
2.4 Irradiation capability

Many irradiation regions are reserved in the HTTR to be
served as an irradiation test reactor in order to promote
innovative high temperature basic researches as well as to
irradiate fuels and materials for HTGRs as illustrated in Fig.7.

3. Construction of HTTR
In accordance with the Government's decision of the

financial support for the construction of the HTTR in January
1989, the JAERI submitted the safety analysis report of the HTTR
to the Government for the safety review in February 1989. After
about 20 months' safety review by the Science and Technology
Agency at the first step and the Nuclear Safety Commission at the
second step, the installation permit was issued in November 1990
by the Government. The construction of the HTTR facility
including the reactor building and reactor components was
initiated on the site in the Oarai Research Establishment, JAERI
in March 1991. The excavation of ground and the examination of
supporting foundation by the Government were completed by the end
of August, 1991. The construction of concrete base-matt was also



Photo 1 HTTR construction status (July. 1992)

Photo 2 C/V construction status (Sept.. 1992)

completed in the end of May, 1992, and the assembling and
installation of containment vessel will be completed in October,
1992. Photos 1 and 2 show the construction status on the site.
Other reactor equipments are being designed and fabricated in the
factories.

It will take about seven years for the completion of the
HTTR facility and the first criticality will be attained in 1998
as shown in Table 2.

Table 2 HTTR construction schedule
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The JAERI plans, as shown in Table 3, to make material and
fuel irradiation tests and safety demonstration tests after
attaining the rated conditions of power and coolant temperature.
Furthermore, a heat utilization system is planned to be connected
to the HTTR and to be demonstrated at an early stage, which will
be the first challenge in the world.



££ 4. Major Research and Development for the HTTR
4.1 Core Neutronics

In order to verify the accuracy of computer codes related
to the core neutronic design of the HTTR, various experiments
have been conducted using a critical assembly, VHTRC (Very High
Temperature Reactor Critical Assembly). The major items
investigated are a) critical mass, b) temperature coefficient
of reactivity, c) neutron flux distribution and d) reactivity
worth of control rod and burnable poison rod.

The comparison of the effective multiplication factor
obtained by the calculation and experiments was carried out and
it was confirmed that the calculated results were in very good
agreement with the experimental results.
4.2 Thermohydraulics

The HENDEL (Helium Engineering Demonstration Loop) was
constructed to perform large scale demonstration tests of
high-temperature components for HTGRs in March 1982. The HENDEL
consists of Mother (M), Adapter (A) and Test (T) sections. The
Mother and Adapter (M+A) sections circulate helium gas with flow
rate of 4 kg/s, pressure of 4 Mpa and temperature of 1000*C at
maximum. The M+A sections have been operated for more than 14,000
hours since 1982. The test section consists of the Fuel Stack
Test Section and the In-core Structure Test Section. Many
valuable data such as leakage flow, pressure drop, temperature
distribution have been obtained from the HENDEL and other small
scale experimental facilities.

The comparison of fuel temperature distribution obtained by
the calculation and the experiment in the HENDEL was carried out
and the calculated results showed in good agreement with the
experimental results.

With the HENDEL test section, an effort to develop the fuel
rods with high heat transfer performance was started in order to
increase the thermal power density of the HTTR core. As the first
step, heat transfer and pressure loss characteristics of the fuel
rods with rectangular roughness were investigated. Figure 8 shows
a structural drawing of the fuel rod. The heat transfer
coefficient of this type of fuel rod is higher than that of the
standard fuel rod of the HTTR and also that of a smooth annuli
without roughness. Figure 9 shows a relationship between Nusselt
number and Reynolds number. Heat transfer coefficient depends
strongly on the ratio of the pitch to the height (p/h), and the
fuel rod with roughness elements of p/h=10 has a better heat
transfer performance than that of fuel rods with roughness
element of p/h-20 and p/h=40.

570mm . Sub-rod length

Graphite sleeve Square rib Thermocouple Heating element

Fig. 8 Structural drawing of fuel rod with rectangular roughness

Standard fuel channel
Smooth onnulus
laminar, transit ion,

10'
Reynolds number Re

Fig. 9 Relationship between Nu number and Re nuober
of fuel rod with rectangular roughness

4.3 Fuel
Performance of the HTTR fuel under normal reactor operation

conditions has been tested in the Oarai Gas Loop Ko.l (OGL-1)
in the JMTR and in the capsule irradiation experiments.
Fractional release (R/B) of fission products (8>Kr) from the fuel
element remained in the order of 10" during the irradiation,
showing good performance.

Concerning the fission product release from the fuel at the
elevated temperature up to 2400°C, the out-of-pile isothermal
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heating and transient heatup tests on the irradiated coated
particles have been carried out and revealed that the integrity
of the fuel is maintained up to 1900*C.

Fission products released from fuel elements plate out on
the wall surfaces of primary cooling circuit components. The
PLAIN code was developed to evaluate the plate-out distribution
of fission products in a gas-cooled reactor system. The
verification was performed by comparing the calculated results
with measured plate-out fission products in the OGL-1. The result
is shown in Fig. 10. The calculated plate-out distributions,
which correspond to temperature distribution in the OGL-1, are
in good agreement with the measured values.

The evaluated plate-out distribution by the PLAIN for the
HTTR facility is used for shielding design and safety analysis
of the HTTR.

4.4 Materials
(l)Graphite and Carbon

Together with a private company, the JAERI developed a new
isotropic fine-grained graphite, IG-110, which has very high
strength and corrosion resistance.

The JAERI has accumulated the data required for the design
of the HTTR, such as corrosion, thermal conductivity, tensile and
compression strength, impact strength, high-temperature Young's
modulus, fracture mechanics properties, low cycle fatigue life,
irradiation creep properties and so on, for IG-110, PGX and
ASR-ORB which are used in the HTTR.

The JAERI has also developed the component design criteria
and inspection criteria of graphite for the design and
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fabrication, and these criteria are authorized by the Government.
(2) Metals

The tests for creep, fatigue, fracture toughness, corrosion
and other critical items have been performed for the accumulation
of design data of Hastelloy XR, which is a modified version of
Hastelloy X and is used for the IHX of the HTTR. Corrosion tests
under helium gas environment simulating the HTTR condition have
been performed for 3x10* hours.

The filler metal for Hastelloy XR has been developed with
special emphasis placed on the manufacturing process. It has been
confirmed that the creep strength of the TIG weldments with the
newly developed filler metal is higher than that of Hastelloy XR
base metal. And the fatigue strength of them is almost equivalent
to that of Hastelloy XR base metal as shown in Fig 11, though the
fatigue lives of the weldments with the conventional filler metal
are from 20 to 40% of that of the base metal.

In the HTTR, 2 l/4Cr-lMo steel is used for the pressure
boundary components (pressure vessel, pipes, etc.) and reactor
core support structures. The data similar to those required for
Hastelloy XR have been accumulated also for 2 l/4Cr-!Mo steel.

4.5 High-Temperature Nuclear Heat Application
(1) Hydrogen/Methanol Production by Steam Reforming

Steam reforming system of methane is one of the promising
systems of nuclear heat application. A hydrogen and methanol co-
production system is under design as one of the candidates to be
connected to the HTTR.
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Fig. 12 Schematic illustration of hydrogen/nethanol co-production systen

Key issues of the design are establishment of the steam
reforming plant system with utilizing nuclear energy,
establishment of safety design criteria for a combined nuclear
reactor-chemical plant complexes, and development of a computer
code for analyzing transient thermal hydraulics of such a
complex.

In particular, a special attention for improving the plant
efficiency has been paid to the design of the steam reformer in
the nuclear heat application system, because the temperature and
pressure conditions of the process gas heated by the secondary
helium gas through the IHX are notably different from those of
conventional plants as described below.

i) The maximum temperature of the process gas is about 820*C,
which it is about 50°C lower than that in the conventional
plant.

ii ) The process gas pressure is about 4 MPa so as to be
equalized with that of the secondary helium gas for
assuring the structural integrity of catalyst tubes, while
the pressure is 1 to 2 MPa in the conventional steam
reformer.
These conditions bring lower production rate of hydrogen and

methanol. Some innovative ideas have been applied to the HTTR
steam reformer for overcoming these disadvantages and then
achieving higher hydrogen and methanol production rate



competitive to that of the conventional plants. Figure 12 shows
a schematic illustration of hydrogen/methanol co-production
system by steam reforming connected to the HTTR.
(2) Hydrogen Production by IS Process

For utilization of high temperature heat from HTGRs, the
thermochemical hydrogen production process, i.e., Iodine-Sulfur
(IS) process, has been studied in the JAERI. The IS process
produces hydrogen by water splitting with the combination of 3
reactions, that is. Bunsen reaction, decomposition of hydrogen
iodide and decomposition of sulfuric acid. A hydrogen production
rate of 1 liter/ cycle was confirmed in a laboratory-scale test.
A bench-scale apparatus has been installed for demonstration of
the continuous process and is under test operation.
(3) Hydrogen Production by High-Temperature Electrolysis of Steam

Hydrogen production by high-temperature electrolysis of
steam is also one of candidates of nuclear heat application. A
fundamental study on material selection of solid electrolytes and
ceramics electrodes for application to electrolysis of steam has
been carried out by measurements of electrical conductivity and
phase stability in the JAERI. The hydrogen production rate of 7
liters/hr has been attained at 950*C by the laboratory scale
tests.

5. Concluding Remarks
The construction of the HTTR has been carried out as

scheduled so far. After the first criticality in 1998, various
kinds of experiments and demonstration tests are planned for
establishing and upgrading the HTGR technologies. The nuclear
heat application test is one of the major items among them and
it is very important from the viewpoint of expanding the field
of nuclear energy utilization. The application of nuclear heat
to various industries would contribute not only to energy supply
but also to solving the global environmental problems which are
now worldwide concern. In this sense, the JAERI is quite open to
collaborate with every country to the future of nuclear energy
utilization.
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Abstract

The growing energy demand of the world will make it necessary to use all available energy
resources In particular nuclear energy as a CC>2-free energy will have a great future if it can be
realized to develop a "catastrophe-free nuclear energy" and if it can be introduced into the heat
market In this paper an evaluation on the requirements for a catastrophe-free nuclear energy ts
given, and it is shown that the HTR in an appronate design can meet these requirements An
adäquate HTR design for the production of high temperature heat for various processes is pre-
sented and it is explained with respect to the technology and the safety The most interesting
process heat applicatons is the steam reforming process, in addition processes for the pro
duction of oil from oil shale and oil sand and for the refinement of coal are of interest A long
term option is the production of hydrogen from water by thermochemical (pure thermal and
hybrid) splitting of water In all these processes the transfer of the heat from the reactor to the
process may require a helium/helium heat exchanger Particular problems of the coupling are
the material for the heat exchangers with wall temperatures of about 900 °C, the diffusion of
tntium into the products, the hazardous potential of the process gases in the vicinity of the
nuclear reactor and the after heat removal in extreme accidents To all these problems contri-
butions are made in this paper which show that the fundamental solutions are available The
key components the helium heated steam reformer, the helium/helium heat exchanger, and the
helium heated gas generator for coal refining have been tested m the pilot scale (10 MW) for
longer periods very successful In summary the feasibility of helium heated high temperature
processes have been demonstrated Finally it should be added that the 21 year operation of the
AVR reactor in Juhch has demonstrated the feasibility of the production of high temperature
nuclear heat

1. Challanges to Energy: CO^climate problem

1 1 Discrepancy Trend and Target

Among other challenges - growth of mankind, need to increase standard of living - the CO£-
climate-problem is the biggest challange to the energy supply of mankind There is a very large
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Fig 1: Discrepancy between trend and target
Global trend of CC>2-emissions and global target of reduction Future development of the
relative CO2-enussions for the future 6 decades on the base of 1987 The global trend on
projections "business as usual", and global traget of reduction to achieve finally the
environmentally acceptable CO2-emissions there is compared to the trend the need for a
reduction by the factor of 4 (4 = 200/50) in the global scale Additionally a differentiation is
given for industrialized countries and developing countries For the industrialized countries the
required factor of reduction is larger it is about 10 ( (200 - 34)/16)

discrepancy between the global trend of the energy demand and thereby the CO2-emissions
and the global target of reduction to achieve sustamable development, fig I Compared to the
trend, the CO2-emission need to be reduced by the factor of 4, for the global energy system

1.2 Disparity in the World: Development

The C02-climate problem is produced by the industrialization in the industrialized countries of
the world, fig 2 About 25 % of world population produces about three times of the global
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Fig. 2: Disparity in the world
CO2-«mission disparity for the world population in 1988 figures. The CO2-emission per
inhabitant (I) versus the fraction of world population. There is a big disparity: 25 % of the
world population in the industrialized countries have an average CC>2-«mission of 3.6 tC/y per
inhabitant, whereas about 75 % of the world population have just about 0.4 tC/y per
inhabitant. 25 % of the world population emit 3 times more than the global average, whereas
75 % emit just 1/3 of the global average.

average, whereas 75 % produce just 1/3 of the global average. Nuclear energy - as a CO2-free
energy technology - can contribute to the solution of the problem.

2. Challenges to Nuclear Energy; "Catastrophe-free"

Nuclear energy obviously in many countries has lost acceptance. As a consequence of this,
discussions have started and proposals are made to improve the safety of nuclear energy
technology. The most importand fundamental desirable feature is:
"catastophe-free" nuclear reactor technology.
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Fig. 3: Destructive energy potentials
For the evaluation on "catastrophe-free" nuclear reactor technology it is useful to identify the
destructive energy potentials inherent in a reactor system. These energy potentials are the base
for destructive internal events. The destruction may release the inherent hazard, the-radioactive
substances. There are 7 destructive energy potentials ranging from no. 1 the neutron chain
reaction and no. 2 after-heat to finally no. 7 auxiliary energy.

The qualification "catastrophe-free" means - from scientific point of view - the question: is it
possible to design a nuclear reactor technology which does not need catastrophe protection
plans ?, réf. KUGELER, ANP'92.

An useful method to answer the question is the identification of the destructive energy
potentials inherent in a reactor system, fig. 3. These destructive energy potentials are
fundamental for "design base assumptions".



Principles and Means
for protection
destructive

o) Weatron Chain Reaction
V After Heat

1) Continuous Fueling
Pebble

2) Modularization
of the Core

sum cydndncaL core
sum annular core (OK

toI/I

Fig. 4: Base of the progress up to no
The principles and means for protection against the destructive potentials no 1 and no 2, that
is a) neutron chain reaction and b) after-heat are the reason for progress in the reactor
technology up to now The two principles are the well known self-stabilizing feed effects on
reactivity together with continuous fuelling (pebble) as well as the modularization of the core

3. HTR Progess up to now

The destructive potentials of a) the neutron chain reaction itself, and b) the after-heat have
been the driving force for progress in the development of HTR up to now, fig 4

The principals and means for protection against the destructive potentials of a) neutron chain
reaction, and b) after-heat are the well-known negative feed back effects on reactivity, together
with

1 the continuous fuelling (pebble), and

2 the modularization of the core
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Fig. 5: Definition of the pressure volume energy destructive potential
It is the catastropic failure of the pressure vessel as they are used today The reason are cracks
and other amplifying effects The catastrophic failure of the steam pressure vessels is a well
known fact in the established technology For tubes the double ended rupture is a design base
assumption

as, e g realized in the HTR-MODULE with pebble bed core In the following, further trends
for improvement are identified

4. HTR and Pressure Volume Energy

4.1 The Definition, fig. 5

The next importand destructive energy potential to be considered is the "pressure volume
energy destructive potential" It may lead to the

catastrophic failure of pressure vessel

This is caused by cracks and other amplifying effects in the reactor pressure vessel technology,
as it is used today, fig S For tubes the double ended rupture is "design base assumption".
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Fig. 6: Principles and means as a protection against the pressure volume energy
destructive potential.

There are two principles the prestressing of the vessel (and possibly of tubes) and the
mitigation of flow. The prestressing of concrete vessel is a well established technology. Cast
iron as a material has been proposed Combinations may be useful. The mitigation of flow may
be achieved by outside and/or inside structures

4.2 Principle, fig. 6

There are two principles and means for safety by design against the pressure volume energy
destructive potential These are, fig 6

1 prestressing, and

2 mititgation of flow

Prestressed Cast Iron Vessel
Ey pen m en t s in (CFA

— 1992

Fig. 7: Experimental example: prestressed cast iron vessel
R+D-work including experiments have been performed in KFA on a prestressed cast iron
vessel with encouraging results The experimental vessel (outer diameter about 2 m, overall
height about 2 4 m ) has been experimentally tested with helium under pressure up to 100 bar
There are axial and circumferential tendons

4.3 Experimental example, fig. 7

The prestressing of reactor pressure vessel is a used technology in the case of large vessels
Examples are the prestressed concrete vessels of the demonstration-HTR's, Fort St Vrain and
THTR-300

For the improvement of this technology R&D and experiments have been performed in KFA,
ref FROHLING-1992, fig 7 This work will be continued
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Fig. 8: Tube burst protection
A design base assumption in nuclear reactor technology is the double ended rupture of tubes,
introduced and established in the technology of the Light Water Reactor. The R+D-work for
reconstruction of the AYR has resulted in a design example to solve the problems of this
design base assumption. It is a protection structure on the outside of the gas duct. The
protection structure is gets load only in case of the rupture of the tube, it reduces the rate of
depressuriziation.

4.4 Design example, fig. 8

To solve problems of the design base assumption "rupture of tube" one design example has
been discussed up to the licensing level. It is the tube burst protection in the project
"Reconstruction of AYR", fig 8 A "protection structure" completely surrounds the gas ducts.
This has been proposed for the hot gas duct and the cold gas duct.
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Fig. 9: Definition of the chemical energy destructive potential
In HTR this is the chemical reaction of graphite (moderator and structural material) with steam
and air. The possible consequences of this are corrosion and potentially also disaggregation of
the material. An historical example is the water ingress at AVR in Julien in 1987. Another
example is the burning of the graphite in the accident of Tschernobyl. In another reactor
systems comparable chemical energy destructive potential do also exist.

5. HTR and Chemical Energy

5.1 Definition, fie. 9

The next importand destructive potential is the "chemical energy destructive potential", fig. 9.
In the case of the HTR is is the chemical reaction of the graphite (moderator and structure
material) with steam and/or air
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Fig. 10: Principles and means for the protection against the chemical energy destructive
potential

There are 3 principles and means, these are 1) inert combinations, 2) separation and limitation
of the respective materials, and 3) inhibition and coatings on the relevant materials and
surfaces of the fuel elements and the core structures. In the HTR technology up to now the
principles no 1 and no 2 have been applied The principle no. 3 is subject of further R+D.
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Fig. 11. Graphite corrosion in air
First exploratory R+D-work on coatings, in particular coating from SiC, have shown the
potential that a strong decrease of the corrosion rate in air can be achieved At elevated
temperature and long term tests and with good coatings, the reduction factors range from 10
to 100

5.2 Principle, fig. 10

There are 3 fundamental principles and means for protection (safety by design) against the
chemical energy destruction potential These are, fig 10

1 Inert combination,

2 separation, limitation, and

3 inhibition, coatings

The principles 1 and 2 have been used up to now The principle 3 "inhibition and coatings" is
the fundament for further R&D, ref BARNERT-1992

5.3 Experimental example, fig. II

By coatings of SiC on graphite structures (pebbles) the corrosion rate by air at elevated
temperatures can be reduced by factors of 10 to 100, fig. 11, réf. HURT ADO-1991. The
R&D-work for the development of coatings is in the early phase of exploration.
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Fig. 12: HTR for many applications
The HTR is the only reactor offering high temperature heat with temperatures up to 1000 °C
Therefore, a big variety of possible applications does exists. It is useful to distinguish two
classes using the following criteria: electricity production and /or high temperature-heat
application and/or operation in open cycles. These yields the two classes indicated in the upper
part and in the lower part

6. HTR Application Overview

The HTR is the only nuclear reactor offering heat in the form of high temperature heat with
temperatures up to about 1000 °C Therefore, it has - in principle - a wide variety of
applications in future energy systems The overview, fig. 12, ref KUGELER-BARNERT-
JAERI-1992, tries to introduce the following classifications:

• Electricity production, including co-generation in closed cycles

• Process heat applications with increasing temperature of the produced heat and/or
applications in open cycles
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Fig. 13: Flame-free energy systems
An important topical future development in energy systems is the improvement of the overall
efficiency. Here the direct conversion into electricity and heat is a possible field for future
R+D The HTR could be used for such energy systems for the production of hydrogen carriers.
The C-atom from fossil energy carriers could be used as "storage* for the H-Atom. Hydrogen
may be taken from the hydrogen content of fossil energy carriers. If necessary the C from the
fossil energy carriers could be stored and not used.

7. HTR as Drive for Innovations

In the competition of energy systems, nuclear energy and also the HTR has to adapt
innovations from the non-nuclear energy conversion At the same time can be the drive for
innovations An important furture feature is the "improvement of the overall efficiency" of
energy systems. Direct conversion of hydrogen carriers may be a field of future innovations. In
combination with nuclear energy, e.g. process heat from the HTR, this can be called "flame-
free energy", réf.: BARNERT-1988, fig. 13



OJ
o 8. Results of the PNP-Proiect in FRG

The technical feasibility of nuclear process heat-applications has been established The main
parts "Process Heat-High Temperature Reactor" and "Coal Refinement Plant" are sufficiently
developed and tested for a first plant Thereby the technical objectives of the project have been
achieved (More details m Appendix)
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Appendix

Objectives and Results of the Project
"Prototype Plant Process Heat, PNP"

The PNP-Project was founded by the three partners Bergbau-Forschung, Rheinische
Braunkohlenwerke and KFA m 1972 In 1976 the actual contract was made and two additional
partners from reactor industry joint the co-operation
GHT Gesellschaft fur Hochtemperaturreaktor-Techruk GmbH of the Siemens Konzern and
Hochtemperaturreaktorbau GmbH, HRB, of the former BBC Konzern
At the moment the termination of the project is m discussion

Partners
Forschungszentrum Julich GmbH, KFA
former
Kernforschungsanlage Julich GmbH (KFA)
Mich

GHT Gesellschaft für Hochtemperatur-Technik mbH
Bergisch-Gladbach

Hochtemperatur-Reaktorbau GmbH
Mannheim

DMT Gesellschaft fur Forschung und Prüfung mbH
former Bergbauforschung
Essen

Rheinische Braunkohlenwerke AG
Köln

1. To the Objectives

The contract on the co-operation in the frame of the project "Prototype Plant Nuclear Process
Heat, PNP" formulates the following objectives

a) to develop a high temperature reactor for high coolant outlet temperatures (950 °C) for
the application as a source of process heat for coal gasification processes, inclusive of the
relevant heat transfer components, and

b) to develop and to test components and experimental plants for the process of steam coal
gasification and for the process of hydrogen coal gasification

2. Results in Summary

A) The technical feasibility of a Nuclear Process Heat-Plant for the refinement of coal has
been established The main parts "Process Heat - High Temperature Reactor" and "Coal
Refinement Plant" are sufficiently developed and tested for a first plant Thereby the
technical objectives of the project have been achieved But the cost of the plant are
guessed to be much higher than originally expected

B) The economical competitiveness of a nuclear process heat plant for the refinement of coal
is m comparison to the non-nuclear alternatives of the coal refinement in principle
achievable by application of existing improvement potentials But the economical
competitiveness of coal refinement in total is compared to the market conditions after the
end of the oil price crisis not existing

C) The nuclear coal refinement can contribute to the fundamental objectives of energy policy
"energy security", "saving of resources" and "protection of the environment"

Remark
Remaining work to be done next Re-evaluation of the reference concept, including
fundamental safety questions, R & D work including demonstration work for the ensuring of
the technical feasibility, R & D work for the realization of improvement potentials, and finally
planning, construction and operation of a demonstration plant for the nuclear process heat
application for the refinement of coal

Results in Detail

The development of the High Temperature Reactor for high coolant outlet temperatures
(950 °C) for the application as source for process heat is conceptually to a very large
extend accomplished Two design concepts have been prepared
Remark Modem features of safety improvement, eg the corrosion protection of the fuel
elements and graphite structures are not considered in the conceptual designs

The fuel element being envisaged for application in the process heat - HTR "Pebble type-
fuel element, low enriched fuel, TRISO-coating of particles" has been successfully
qualified by mass tests in the AVR-reactor Components to be operated at high



10
temperature foi the process heat - HTR has been qualified: Examples for this are the
successful tests for hot gas ducts including insulation and liner in the scale 1:1 -test
facilities "coolant experimental look (Kühlversuchskreislauf, KVK) in Bergisch-Gladbach
and ADI (HRB-Jülich). Another example is the successful test of a magnetic bearing for
circulators (HRB, Jülich.)

3. Verifications on the safety of a process heat-HTR have been accomplished successfully.
Examples for that are experiments for the explosion of hydrogen (Siemens, Bergisch-
Gladbach, before: GHT Gesellschaft für Hochtemperatur-Technik mbH) and the
experimental work on the effects of earthquakes on the pebble bed reactor including core
construction (vibration test facility Jülich MAVIS, before: SAMSON, HRB Jülich), as
well as experimental work on the retention of tritium (KFA Jülich and others more).

4. The technical feasibility of the production of process heat, in the form of high
temperature-helium with the mean temperature of 950 °C - has been demonstrated for
about 14 years by the 21 year operation of the experimental HTR AYR in Jülich. The
project "reconstruction of the AYR for a process heat plant" (it could not be realized) has
the technical feasibility confirmed, also with prospect to the license-ability.

5. For the technical feasibility of components of the process heat - HTR in the industrial
scale the operation of the HTR-demonstration reactor THTR-300 in Schmehausen has
brought valuable experiences.

6. The qualification of the metallic high temperature materials is very advanced: For the
nuclear reformer and for the intermediate heat exchanger prognostic material lifetimes of
more than 100,000 hours have been achieved. The newly developed material for the
helium-heated gas generator of the steam/coal-gasification process withstands hard
corrosion conditions. Methods for the design and for the calculation as well as for the
production of documents for the licensing for components of heat exchanging and heat
consuming apparatus are available.

7. The development and the test of the process for the reforming of methane with the
helium-heated reformer has been successfully accomplished. Two variants of the reformer
with respect to the shell-side heat transfer - the baffle-variant and the guide-tube variant -
have been tested successfully in the pilot-scale in the large test facility EVA/ADAM-II
(KFA Jülich).

8. The development and tests of the helium-intermediate loop for the transfer of high
temperature heat has been accomplished successfully. Two variants of the intermediate

heat exchanger - the helix variant and the U-tube-variant - have been tested successfully
together with hot gas ducts and hot gas valves in the large test facility component-
experimental-loop (Komponenten-Versuchs-Kreislauf, KVK, Siemens, Bergisch-
Gladbach, formais: GHT Gesellschaft für Hochtemperatur-Technik mbH/Interatom). The
development and the tests of the process of the hydrogen coal gasification, HCG has been
successfully accomplished in test facilities in the semi-technical scale and in the pilot-scale
(UK Wesseling). This process has been developed mainly for lignite. The application of
the process for hard coal has also been tested successfully.

9. The development and the tests of the process of steam-coal-gasification, SCG, has been
successfully accomplished in an experimental facility in the semi-technical scale (DMT,
Gesellschaft fur Forschung und Prüfung mbH, former Bergbauforschung, Essen). This
process is developed mainly for the gasification of hard coal.

10. Assessments of the technical feasibility and of the economic competitiveness of the
processes for the nuclear coal refinement have been accomplished in 1987, the so-called
ROeG-study and the RBW-assessment. Both studies confirm the technical feasibility. On
the economical competitiveness the following is stated:
For the steam-coal-gasification: The cost figures of the nuclear process are higher than
those of the non-nuclear process and the improvement potential yield reduced cost figures
"without that the cost figures of the non-nuclear processes could be under cut. At the
same time need is recognized an improved adjustment between HTR and consumers of
nuclear heat", and
for the hydrogen coal gasification: "The product costs are higher than the today market
prices and they are also higher than the non-nuclear processes, and that economic
competitiveness can only be expected in the long-term".

11. The R & D work for the improvement and securing of the technical feasibility and
economicaly competitiveness as well as for the preparation of the market penetration of
the nuclear coal refinement, in phase I: "Development of concepts and assessment"
(1989-1992) have identified improvement potentials. With these improvement potentials
the economic competitiveness of nuclear process heat application for coal refinement in
comparison to the non-nuclear alternatives of the coal refinement is achieved: The lowes
value of the cost figures is about 75 % of the cost figure of the non-nuclear process. But
the economical competitiveness of the coal refinement in total in comparison to the
market conditions after the end of the oil price crisis is for the time being (1992) not
existing.



12. The license ability of the nuclear process heat for the refinement of coal has been
evaluated in 1980 from the assessment task of the Federal Ministry of the Imperior
(Bewertungsgremium des Bundesministes des Inneren) and has received a positive vote).
Injunctions and verifications can be fulfilled. This vote has been principally confirmed in
the year 1984 by evaluations in the frame of the project "reconstruction of the AYR to a
process heat plant". The primary helium-heated reformer fulfills the safety requirements.

13. The environmental acceptability of nuclear coal refinement with respect to the emission of
CÛ2 has been confirmed by test facilities: The product specific CO2-emission of nuclear
coal gasification is in comparison to the non-nuclear alternatives smaller by the factor of
1.5 to 1.8. By the nuclear coal refinement the HCC>2-disadvantage" of coal in comparison '
to oil and natural gas can be cancelled.
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TECHNICAL AND ECONOMIC PROSPECTS
FOR THE GAS-TURBINE MHTGR
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Gas-Cooled Reactors Associates,
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United States of America

Abstract

The high temperature capability of the High Temperature Gas-Cooled Reactor
(HTGR) fuel system, in conjunction with the Modular HTGR (MHTGR) design
philosophy, provide the basis for enhanced safety characteristics and for unique
applications of nuclear energy in both the electric generation and process energy
markets. A particularly promising approach is the coupling of the MHTGR heat source
with a closed gas-turbine power conversion cycle (Brayton cycle). Initial results from
related international efforts indicate the potential to generate electricity with mid-40%
efficiencies, with reduced capital costs (relative to steam cycle power plants), and at
power costs competitive with modern natural gas fired combined cycle gas-turbine
power plants. In addition, the thermodynamic characteristics of the Brayton cycle
suggest that the gas-turbine MHTGR (MHTGR-GT) would be well suited for coupling
with certain process energy applications, such as desalination and cogeneration. In
this paper, the technical and economic potential of the MHTGR-GT are explored. In
addition, key technical and licensing issues are identified, and the near term program
to address them is summarized.

1. INTRODUCTION

The ceramic based coated particle fuel system, graphite core structure and inert
helium coolant of the HTGR lead to its unique high temperature capability. In the
steam cycle MHTGR (MHTGR-SC), this high temperature capability has been exploited
to achieve increased efficiency, simplified safety systems ana enhanced safety
margins. However, it is through advanced applications that the MHTGR will achieve
its full potential.

An advanced application of particular interest is the gas-turbine MHTGR
(MHTGR-GT). In the direct cycle MHTGR-GT, which is the simplest embodiment of
the concept, the helium primary coolant serves as the working fluid in a closed gas-
turbine (Brayton) cycle, thus conceptually replacing the steam generator, primary
circulator and entire steam power conversion system of the MHTGR-SC with a
relatively simple closed cycle gas turbine and two heat exchangers. In addition to
reduced complexity, gas turbine cycles are projected to have higher power conversion
efficiency, over 45% for a core outlet temperature of 850C. Further, since the
Brayton cycle rejects heat at relatively high temperatures, the potential exists to
couple the MHTGR-GT with a variety of process energy applications in a cogeneration
mode.



2 EVOLUTION OF MHTGR-GT CONCEPTS

The commercial potential of the HTGR GT in the U S was explored during the
1970's by General Atomics, under a combination of utility and U S Department of
Energy (DOE) funding At that time, the concept was based on enclosing a large
(2000 MWt) reactor core and the gas turbine power conversion system within a
prestressed concrete reactor vessel (PCRV) Only the generators (two) were located
outside the PCRV After nearly a decade of work, this concept was abandoned for
several reasons that are documented by McDonald (McDonald, 1970) In summary,
the system achieved only about 39% efficiency and would have required substantial
development to resolve design and safety issues It was concluded that the HTGR-GT
offered little advantage over a HTGR SC, which could be deployed with much less
development

Work on HTGR GT designs was largely dormant until mid 1985, when the
MHTGR displaced the large HTGR as the principal focus of the U S development
effort Shortly thereafter, McDonald, of General Atomics (GA), proposed a gas turbine
version of the MHTGR (McDonald, 1986) Lidsky and Staudt at the Massachusetts
Institute of Technology (MIT) subsequently outlined a pebble-bed MHTGR-GT design,
based upon the German HTR Modul concept (Staudt, 1987) The MIT work served
to highlight recent improvements in heat exchanger and turbine technology, and the
corresponding improvements in efficiency that are made possible by those
developments Further, the passive safety characteristics and smaller components of
the MHTGR-GT appeared to mitigate many of the difficult technical and licensing
issues identified with the large HTGR GT

The GA and MIT results were confirmed through a scoping technical and
economic assessment, conducted by Gas-Cooled Reactor Associates (GCRA) in early
1990 (Gas-Cooled Reactor Associates, 1987) This, in turn, led to a more detailed
"Initial Evaluation of the MHTGR GT", which was sponsored by the Empire State
Electric Energy Research Corporation (ESEERCO), DOE, Oak Ridge National Laboratory
(ORNL) and GCRA (Penfield, 1992) Representatives of the French, German and
Japanese nuclear communities also participated in the initial evaluation The results
of this internationally based effort provide the principal bases for this paper

3 DESIGN DESCRIPTION

As part of the most recent evaluation of the MHTGR GT, described above, an
initial preconceptual direct cycle MHTGR GT design was developed to serve as a basis
for technical and economic evaluations Additional plant level trade studies will be
required to establish an optimum configuration, however, the initial preconceptual
design, described below, is believed to be representative

Figure 1 shows the physical arrangement of the MHTGR-GT reactor and power
conversion module The primary system components are contained within two steel
vessels a reactor vessel and a power conversion vessel The cross-duct vessel

Ground Level
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Shutdown Cooling
System HX

Shutdown Cooling
System Circulator
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Conversion
Vessel

Figure 1 - MHTGR-GT Elevation

provides the connection between the reactor and power conversion vessels and
includes an internal hot duct

The core assembly is contained within a steel core barrel which, in turn, is
supported within the reactor vessel The core and fuel of the MHTGR GT closely
resemble that of the MHTGR SC As in the MHTGR SC, the active core of the
MHTGR GT will consist of 84 columns of graphite fuel elements stacked 10 blocks
high in an annular array (Figure 2) The active region of the core consists of three
rings of fueled blocks Graphite reflectors are provided both in the center region and
outside of the active core The annular configuration of the core is an important
feature contributing to the passive safety concept of the MHTGR

While detailed differences will be required in fuel loading, to accommodate the
higher operating temperatures of the MHTGR-GT, it is notable that the peak fuel
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temperatures projected for a recuperated direct cycle MHTGR-GT are approximately
the same as those in the MHTGR-SC. This means that the fuel system being
developed for the MHTGR-SC can likely be used for the MHTGR-GT, without
additional development (Penfield, 7992).

The lower portion of the reactor vessel contains the shutdown cooling heat
exchanger and the shutdown cooling circulator, both integral components of the
shutdown cooling system.

The power conversion vessel (Figure 3) contains all the equipment necessary to
convert the thermal energy transported by the primary coolant helium into mechanical,
and then, electrical energy. Included within the power conversion vessel are a gas
turbine, recuperator, precooler, compressor and a submerged generator.

The turbine and compressor are mounted on a single shaft that is directly
coupled with a submerged generator. The rotating machinery operates at
synchronous speed (3600 rpm). By submerging the generator within the primary
helium, the need for rotating penetrations of the primary pressure boundary are
eliminated.

Radial
Magnetic Bearing

— Generator

Hot Duct

Compressor

Pre-Cooler

Figure 3 - Power Conversion Vessel Assembly

To avoid issues related to lubricant contamination of the primary helium,
magnetic bearings have been selected for the MHTGR-GT turbomachinery in the initial
preconceptual design. This is consistent with the selection of magnetic bearings for
the main and shutdown cooling circulators in the MHTGR-SC.

The MHTGR-GT power conversion loop incorporates two major heat exchangers,
the recuperator and precooler. The recuperator serves as a waste heat recovery heat



Os exchanger that utilizes heat from the turbine exhaust to preheat the relatively cool gas
leaving the compressor, prior to its reentering the reactor. For the initial
preconceptual MHTGR-GT design, a compact, high-effectiveness plate-fin recuperator
design has been selected. As the gas streams on both sides of the recuperator are
within the primary system, the recuperator is not a primary pressure boundary
component. However, leakage across the recuperator must be controlled, as it would
tend to degrade the thermal performance of the cycle. The effectiveness of the
recuperator in recovering the exhaust heat from the turbine is a critical parameter in
determining the overall efficiency of the MHTGR-GT.

The precooler is a helical coil, shell and tube cross counterflow heat exchanger
that transfers heat from helium on the primary side to cooling water on the secondary
side. The precooler serves as the heat sink for the power conversion cycle, and is a
primary system pressure boundary component. The design of the precooler is similar
in concept to the MHTGR-SC steam generator, however, the operating conditions are
far less demanding, than in the case of the steam generator.

In the reactor vessel, the helium flows downward through the core to a plenum
located below the core. From the plenum, the heated helium is directed to the hot
duct, which is contained within and concentric with the cross-duct vessel. The
helium then expands upwards through the power turbine, which is vertically mounted
on a central shaft. The central shaft also supports the compressor, and is directly
coupled with the generator. At the power turbine outlet, the helium turns outward
and flows downward through the recuperator modules, which are located in an
annulus adjacent to the power conversion vessel shell. Upon leaving the recuperator
at the bottom of the power conversion vessel, the helium reverses direction to flow
upwards through the precooler. The cooled helium is then compressed in the
compressor, which is mounted on the central shaft just below the power turbine.

Leaving the compressor, the helium again reverses direction, and flows
downward through an annulus between the precooler and the recuperator. The
helium enters the recuperator at the bottom of the power conversion vessel and flows
upwards, accepting heat from the downward flowing helium leaving the gas turbine.
Shrouds and flow devices direct the helium to the annulus of the cross-duct vessel,
which is formed by the outside of the hot duct and the inside of the cross-duct vessel.
After re-entering the reactor vessel, the helium flows upward through ducts, attached
to the outside of the core barrel, to the top of the core.

An important difference with the MHTGR-SC is the relatively high helium return
temperature to the core inlet (approximately 590C). If conventional LWR-type
materials are to be used for the reactor vessel (as with the MHTGR-SC), the vessel
primary coolant pressure boundary must be maintained at or below a temperature of
371 °C (700°F) during normal operation, and during most transients. This is
accomplished by diverting a small fraction of the helium flow (bypass) from the
compressor outlet to a space adjacent to the reactor vessel wall.

4. PERFORMANCE

Operating parameters were selected for the initial preconceptual MHTGR-GT
design, based upon preliminary optimization analyses and trade studies. The
temperature limitations of fuel and structural materials, and the capabilities of current
component technologies were important inputs. Independent parameters of particular
interest in the optimization process included the core power, turbine inlet
temperature/pressure, compressor pressure ratio, generator speed, recuperator
effectiveness and the temperature of the heat sink.

Table 1 summarizes the selected values for the above parameters and the
resulting expected performance of the initial preconceptual MHTGR-GT. The
underlying assumptions, while not overly conservative, are founded upon prior
HTGR-GT design data and actual experience with modern turbomachines and heat
exchangers. The projected efficiency of the MHTGR-GT (-46%) represents a very
significant advancement in the state of the art for nuclear energy.

Table I
MHTGR-GT PERFORMANCE AT 100% POWER

Reactor Power, MWt
Site Ambient Temperature (Wet Bulb), C (F)
Precooler Approach Temperature, C (F)
Recuperator Efficiency, (%)
Compressor Ratio
Turbine Inlet Temperature, C (F)
Inlet Pressure, MPa (psia)
Speed, (rpm)
Turbine Adiabatic Efficiency, %
Compressor Adiabatic Efficiency, %
Thermodynamic Cycle Efficiency, %
House Load, %
Turbine/Compressor Mech. Efficiency, %
Generator Efficiency (excluding windage), %
Pressure Loss Ratio
Generator Windage Loss, MW
Net Output, MWe
Net Efficiency, %

450
18.3 (65)
10(18)
95
2.00
844(1552)
7.1 (1025)
3600
91.8
90.3
48.9
3
99.5
99
.049
0.15
207.5
46.1

5. COGENERATION POTENTIAL OF THE MHTGR-GT

An interesting characteristic of the Brayton cycle is that the temperature at
which heat is rejected from the cycle is higher than that found in a comparable
Rankine cycle. For example, the temperature of the helium gas entering the precooler
in the initial preconceptual MHTGR-GT design is in the vicinity of 160C. This
suggests that waste heat from the MHTGR-GT might be efficiently utilized in certain



processes which have modest temperature input requirements
include the following

Specific examples

Desalination Low temperature distillation techniques are employed in a number of
proven desalination processes Examples include multistage flash (MSF), multieffect
distillation (MED), and vertical tube evaporation (VTE) These processes require heat
input at modest temperatures, typically at or below approximately 130C (IAEA,
1990) Such temperatures are within the capability of the MHTGR-GT, without a
reduction in electrical generation efficiency and with minimal impact on the basic
equipment of the plant

District Heating District heating represents a further possibility for utilizing the reject
heat from a gas turbine cycle An IAEA report on the subject (IAEA, 1984), notes
that the base load requirement for a typical heating grid is in the range of 50-500
MWt Input temperature requirements for a modern heating grid are in the range of
110-130C, again within the capabilities of the MHTGR-GT without impacting
electricity generation

Steam Cogeneration - The highly recuperated direct cycle MHTGR-GT, described in
this paper, is optimized for electricity generation and modifications of the cycle would
be required for most practical steam cogeneration applications This would be
accomplished by either derating or entirely eliminating the recuperator, thus increasing
both the amount of heat rejected from the gas-turbine cycle and the temperature at
which it is rejected Some insights into the potential for this approach may be drawn
from recent work by Tilliette addressing combined cycle MHTGR-GT's, operating at
a core outlet temperature of 900C (Tilliette, 1992) For the case in which the
recuperator is eliminated entirely, and the precooler is replaced by a steam generator
(Figure 4), net generation from the gas-turbine cycle would be reduced to about 56
MWe (compared with about 227 MWe from a highly recuperated generation-optimized
cycle) and 394 MWt would be available in the form of high pressure steam at 16 5
MPa and 560C. If the recuperator were to be derated, rather than eliminated, the
amount of electricity generated within the gas-turbine cycle would be increased and
the amount and quality of the steam produced as a by-product would be decreased
Thus, the opportunity exists to tailor the gas-turbine cycle for a range of cogeneration
options While steam cogeneration would result in reduced electrical output, relative
to the generation-optimized MHTGR-GT system, it is significant that a larger fraction
of the total core energy output is available as electricity, when compared to
cogeneration based on comparable steam cycle plants In most instances, this fact
would tend to further improve the economic performance of such plants, relative to
the steam cogeneration cycle In summary, the characteristics of the MHTGR-GT, in
combination with the success of conventional gas-turbines operating m a cogeneration
mode would indicate a significant potential for steam cogeneration

6 SAFETY AND LICENSING

The safety concept of the MHTGR is derived from inherent materials
characteristics and passive design features The basic strategy is to maintain the fuel

He TURBINE

Figure 4 - Combined Direct Cycle MHTGR-GT

within its design limits, using inherent and passive means, for all licensing basis
events (LBEs). This is accomplished by a strongly negative temperature coefficient,
in conjunction with passive heat removal mechanisms that are independent of operator
action or inaction

In the MHTGR-GT, the passive features of the MHTGR-SC are retained, and
preliminary analyses by ORNL have projected adequate margins during the limiting
core conduction cooldown events (Penfield, 1992) However, there are some design
specific differences that must be addressed in MHTGR-GT safety and licensing
assessments Among these are the following-

• It must be shown that the consequences of rotating machinery failures can be
contained, such that the safety-related functions of the core, primary pressure
boundary, etc , are not adversely affected

• Probabilistic assessments must be conducted in conjunction with further design
studies to verify that the expected frequency of conduction cooldown events
can be limited to levels comparable to the MHTGR-SC.

• It must be shown that the temperature of the reactor vessel is maintained
within acceptable limits during all normal and off-normal operating modes



UJoo It should be noted that some of the safety-related features of the MHTGR-GT
are improved, relative to the MHTGR-SC. In particular, water ingress, which is a
bounding event in MHTGR-SC off-site dose projections, would be a much reduced
concern in the MHTGR-GT.

7. ECONOMIC ASSESSMENT

The economic competitiveness of nuclear power has emerged as an important
issue in the U.S. Current projections for nuclear plant levelized power costs (1990$)
are in the range of 4 to 5 cents per kWh (USCEA, 1991 ). Coal generation has long
been the standard of comparison for nuclear plant economics. With consistent
financial assumptions, coal plant levelized power costs are in the range of 4 to 6 cents
per kWh, with coal prices ranging from $1.30 to $1.90/MBtu and fuel price escalation
ranging from 0.5% to 1.5% per year. At the lower end of the range, nuclear
generation has only a modest advantage over coal and, in fact, may be at a
disadvantage because the perceived risk to the utility is higher.

While pending environmental measures are likely to improve nuclear's
competitive posture relative to coal, coal is no longer the most competitive standard
of comparison. In the U.S., coal has been eclipsed by a new generation of gas turbine
combined-cycle power plants (GTCC). Again, under consistent financial assumptions,
and assuming a current natural gas price of $2.50/MBtu with 2%/yr real price
escalation, the levelized power cost of a reference GTCC is about 4.6 cents per kWh
(USCEA, 1991). This cost is comparable to nuclear projections, however, there is
minimal schedular or economic risk to the utility associated with deployment. While
fuel cost escalation poses some risk to the ratepayer, it is effectively capped by the
option of adding a front end coal gasification step. Beyond the current generation,
advanced GTCCs are under development which are projected to achieve generating
efficiencies of over 50%, with an installed cost in the neighborhood of $650/kWe
(Pequot Publishing, 1990). For GTCCs operating at the high end of the efficiency
range and/or for lower than reference fuel costs or escalation, GTCC production costs
can be as low as 3.0-3.5 cents per kWe.

Preliminary estimates of capital, operating and busbar costs were included as
part of the initial MHTGR-GT evaluation. Capital costs were estimated using the
detailed MHTGR-SC estimate as a basis. Simply stated, accounts uniquely associated
with steam power conversion were deleted, estimates were developed for gas turbine
unique systems and components, and informed judgement was used to adjust the
remaining accounts. Recognizing the early stage of development, the contingency
allowance for the MHTGR-GT was further increased, relative to the MHTGR-SC. The
resulting capital costs are summarized in Table II.

Operational costs were similarly extrapolated from the detailed estimate
developed for the MHTGR-SC. The resulting projections reflect a substantial reduction
in the plant staffing level (by approximately 90 personnel, or about 25%), due to the
elimination of the steam power conversion related systems and components.

TABLE II. MHTGR CAPITAL COSTS (1990$)

DIRECT COST ACCOUNTS: IMS)
LAND & LAND RIGHTS
STRUCTURES & IMPROVEMENTS
REACTOR (BOILER) PLANT EQUIPMENT
TURBINE PLANT EQUIPMENT
ELECTRIC PLANT EQUIPMENT
MISCELLANEOUS PLANT EQUIPMENT
MAIN CONDENSER HEAT REJECTION
POWER CONVERSION EQUIPMENT

TOTAL DIRECT COST
INDIRECT COST ACCOUNTS: fMSl

CONSTRUCTION SERVICES
HO ENGINEERING AND SERVICE
FO SUPERVISION & SERVICE
OWNER'S COST

TOTAL INDIRECT COST
BASE COST W/O OWNER'S IMS)
CONTINGENCY W/O OWNER'S (M$)
OVERNIGHT W/O OWNER'S (M$)
OWNER'S COST W/ CONT'CY (M$)
TOTAL OVERNIGHT COST (M$)
AFUDC (M$)
TOTAL CAPITAL COST <M$) __
UNIT CAPITAL COST ($/kWe)

MHTGR-SC
(4X450 MWI)

2
99

335
153
65
34
32

a.
720

77
58
36

1ÖZ
278
891
IBS

1074
123

1197
1Z1

1368
1979

MHTGR-GT
(4x450 MWt)

2
85

298
0

55
26
28

163
657

70
53
33
2S

254
813
2Qa

1022
123

1145
m

1309
1577

COAL
(1x1 800 MWI)

0
105
287
148
55
33
34
0

662

98
43
30
32

253
832

a
832
S3

915
135

1050
1641

GTCC
(3x530 MWt)

0
21
0

234
28
10
6
fl

299

26
0
6

52
85

331
m

381
SI

442
fil

503
704

Maintenance costs include an allowance for removal and refurbishing of the turbine
on an 8-year cycle. Fuel costs reflect off-setting components. The MHTGR-GT
requires a higher fuel loading, due to the increased average core temperature.
However, this is more than offset by the higher efficiency. Decommissioning costs
were set equal to the MHTGR-SC for this initial estimate.

Table III and Figure 5 summarize the resulting projected busbar costs for the
MHTGR-GT in 1990$. Comparisons are provided with the MHTGR-SC and with
comparable size coal and GTCC plants. The results of coal and GTCC sensitivity
analyses are also shown, and the sensitivity of the GTCC to fuel cost assumptions
captures gas price variations throughout the world.

To summarize the results of initial economic assessments, the MHTGR-GT
shows a 21 % cost advantage relative to the MHTGR-SC and over 30% relative to the
reference coal plant. Even at the low coal value, the MHTGR-GT offers a comfortable
economic margin. The reference GTCC power costs are comparable to those of the
MHTGR-SC and some 13% below the reference coal plant. The MHTGR-GT power
costs are also about 23% below the reference GTCC and the MHTGR-GT has a
competitive advantage over all but the low end of the GTCC range. At that level, fuel
related costs can only increase for the GTCC, implying a considerable upside
economic risk to the ratepayer.



TABLE III SUMMARY COST COMPARISON (1990$)

COST COMPONENTS

o NET RATING (MWe)
o NET EFFICIENCY CH>)
o CAPACITY FACTOR (<H>)
o 1 OF TURBINES
o SCHEDULE (MONTHS)
0 STARTUP YEAR
o TOTAL CAPITAL (M$)
o UNIT CAPITAL (WkWa)
0 ANNUAL O&M (î/kWe)
o FUEL COST (WMMBTU)

REAL ESCALATION (%/YR)

BUSBAR COST (mills/kWh)

o CAPITAL
o O&M
o FUEL CYCLE
o DECOMMISSIONING

TOTAL

MHTGR-SC

REF

692
38.4

84
4

73
2010
1,368
1,977
61.9
1.13
~03

25.7
8.4

10.0

02

44.8

MHTGR-GT

REF

830
46.1

84
4
0

2010
1,309
1,577
44.0
1.15

~0.3

20.5
6.0
85
as

35.6

1800 MWl COAL

HI

640
35.6

80
1

72
2010
1,158
1,806
60.7
1.87
1.5

25.3
B.7

28.4
SJ.

6Z.5

REF

640
35.6

80
1

72
2010
1,050
1,641
55.2
1.70
1.0

22.9
7.9

22.1
OJ.

53.0

COW

640
35.6

80
1

72
2010
841

1,314
44.1
1.36
0.5

18.4
6.3

1S.2
01

40.0

3 x 530 MWt GTCC

HI

714
45.1

84
3

60
2010

SS3
775
17.0
2.75
3.0

10.2
2.3

52.5
&Q

6S.O

REF

7)4
45.1

84
3

60
2010
503
704
15.5
250
2.0

9.3
2.1

34.9
00

46.3

LOW

714
45.1

84
3

60
2010
453
634
12.4
2.00
1.0

84
1.7

20.5
&Q

30.6

HI REF LOW HI REF LOW
4X450 MWt 4X450 MWt 1800 MWt FGD 3X530 MWt
MHTGR-SC MHTGR-GT COAL GTCC

| CAPITAL H O & M Q| FUEL Q DECOMMISSIONING

Figure 5 - BUSBAR Generation Costs ('90$)

8. DEVELOPMENT REQUIREMENTS

The higher operating temperatures of the MHTGR-GT, and the incorporation of
the gas turbine power conversion components in the primary system lead to additional
issues and information needs that must be addressed through follow-on studies and,
ultimately, through an appropriate development effort. Included among such items
are the following, which are incremental to those for the MHTGR-SC:

• Design development must be further advanced to confirm feasibility and to
provide the basis for additional technical, licensing and economic assessments.
Inputs from qualified suppliers of key components (e.g., recuperator, turbine)
will be particularly important in follow-on evaluations.

• Events arising from the failure of power conversion components must be
evaluated to further identify and quantify plant protection and safety
implications.

• The extent and impact of radionuclide contamination of the turbine must be
further evaluated to determine the implications for plant maintenance.

• Cycle efficiency projections must be confirmed.

• The transient response of the plant to both normal and off-normal events must
be further evaluated.

• The ability to adequately cool the reactor vessel during normal operation must
be verified.

• The availability of magnetic and auxiliary thrust bearings with adequate
capacity to support the gas turbine and generator must be confirmed.

• A development strategy must be identified for MHTGR-GT unique components
and to provide overall confirmation of the performance and response of the
integrated MHTGR-GT.

As a general observation, the technical issues and information needs of the
MHTGR-GT are related to the integrated performance of the plant as a whole. To
date, no "show stopping" feasibility issues have been identified with individual
components. It appears, then, that the MHTGR-GT offers a dual opportunity and
challenge; first, to use existing technology in a new and effective way and, secondly,
to take advantage of future advances in fuels and materials technologies to achieve
even higher efficiencies.



9. CONCEPT EVALUATION PLAN FOR THE MHTGR-GT

By the end of the initial MHTGR-GT evaluation, a consensus had emerged
among participants, that a technically acceptable and licensable 450 MWt MHTGR-GT
design could be developed with a core outlet temperature of 850°C (1562°F) and an
overall efficiency in excess of 46%. It was further concluded that, if the results of
the initial evaluation were confirmed, there is a large economic incentive for the
MHTGR-GT.

Tempering the above, it was realized that a number of key assumptions
remained to be verified and that a number of important technical and licensing
challenges lay ahead. The issues which must be addressed to confirm the feasibility
and economic potential of the MHTGR-GT were clearly identified through the initial
evaluation. It was proposed that resolution of the identified issues, to the point of
establishing feasibility, could and should be completed in 1993. With the additional
information in hand, programmatic decisions regarding the appropriate approach and
priority for MHTGR-GT development would be possible.

9.1. Plan overview

A "Concept Evaluation Plan" has been developed to complete the
preconceptual design and evaluation of the MHTGR-GT to the point at which a sound
basis exists for programmatic decisions. The approach to achieving that objective is
discussed below for the key topical areas to be addressed.

Direct vs Indirect Cycle - At the conclusion of the initial evaluation, the consensus of
participants was that the direct cycle (DC) configuration offers the greatest long-term
economic potential for the MHTGR-GT. However, it was suggested by some that the
indirect cycle (IDC) might be a desirable, or even necessary, intermediate step to its
development. Others suggested that the IDC might be the preferred technical
approach for the MHTGR-GT. Unfortunately, a direct comparison of the DC and IDC
was not possible during the initial study, due to limitations in time and resources. In
the proposed follow-on effort, an evaluation of key DC/IDC decision points is
planned. These include the following:

• The impact of radionuclide releases from the fuel (particularly Ag-110m) on
plant maintenance

• Safety impacts of turbomachinery failure modes on primary system
components (DC) and the IHX (IDC)

• The relative capital and operating costs of the two alternatives

• The technical and economic feasibility of a two-step development strategy (IDC
followed by DC)

Additional Plant Level Trade Studies - In addition to the DC/IDC evaluation, above, a
number of other plant level issues must be addressed as a prerequisite to completing

the preconceptual MHTGR-GT design. For the DC, important among these are the
following:

• It was not possible to arrive at an "optimum" power conversion system
arrangement in the initial study, due to the limited resources and lack of input
from component manufacturers. Key issues to be addressed in the extended
study include the power conversion vessel orientation, location of the
generator within or without the primary pressure boundary and the
arrangement of the turbomachinery and heat exchangers within the power
conversion vessel.

• Trade-offs between reactor vessel materials and cooling provisions.

• The need for an isolation cooling loop between the precooler and the ultimate
heat sink.

Component Design - Component design will mostly address the major components
that are unique to the MHTGR-GT. For the DC, the most important of these are the
turbomachinery, heat exchangers (recuperator and precooler), vessel system, reactor
internals and the helium control and bypass valves.

Evaluations - Evaluation tasks will initially support plant level trade studies, notably
including the DC/IDC issue. Once the basic preconceptual design is established, a
series of technical, safety, economic and programmatic evaluations will be carried out.
These evaluations will provide the principal basis for programmatic decisions at the
end of the study. As with the design effort, the evaluations will mostly focus on
unique aspects of the MHTGR-GT. Some of the key questions that must be addressed
for the DC are the following:

• Can the performance projections of the initial evaluation (i.e., 46% efficiency)
be confirmed?

• Is there a sound case for the safety performance of the MHTGR-GT?

Turbomachinery failure modes
Conduction cooldown events
Other conditions impacting core or vessel integrity

• Are the projected operational and maintenance characteristics of the
MHTGR-GT acceptable?

Power conversion system controllability during transient events
Acceptable maintenance requirements (e.g., time between turbine
overhauls, heat exchanger maintenance needs, component life
limitations, etc.)
Radionuclide impacts on maintenance



• Are the economic incentives for the MHTGR-GT adequate to justify the
additional development?

Capital and busbar generation costs
Cost of development and qualification

9.2. Expected results

The principal products of the preconceptual design and concept evaluation
effort will be the following:

• An overall plant preconceptual design that identifies the major features of the
recommended MHTGR-GT configuration and provides a starting basis for
conceptual design and development.

• A preconceptual design for the major unique MHTGR-GT components and
systems. In particular, these will include the reactor and internals, the vessel
system, the turbomachinery and the major heat exchangers.

• Evaluations in sufficient detail that responsible decisions can be made regarding
the scope and priority for MHTGR-GT development.

• A recommended approach and plan for development, along with initial cost
projections.

The above will be documented in the form of a Concept Evaluation Report, to
be completed at the end of 1993.

10. SUMMARY AND CONCLUSIONS

In summary, the MHTGR-GT offers a significant technical and economic
potential both for advanced electricity generation and cogeneration. Its promise is
based both on its simplicity and efficiency enhancements. Initial technical and
economic results are encouraging, and a Concept Evaluation Plan has been developed
as a basis for follow-on efforts. If the initial results are confirmed through future
work, the MHTGR-GT would represent a fundamental and significant advancement of
nuclear technology.

IAEA - International Atomic Energy Agency, Status of and Prospects for Gas-
Cooled Reactors. Technical Report Series No. 235, Vienna, Austria, 1984

McDonald, C.F., "Exploitation of the Very High Temperature Capability of the
MHTGR to Meet National Energy Needs after the Year 2000", Paper 869069,
Proceedings of the 21st IECEC. 1986

McDonald, C.F., "The Nuclear Closed-Cycle Gas Turbine (GT-HTGR) - A Utility
Powerplant for the Year 2000", 17th Aerospace Sciences Meeting, New
Orleans, LA, January 15-17, 1970

Penfield, S.R., Initial Evaluation of the Gas-Turbine Modular High Temperature
Gas-Cooled Reactor. EP 91-19, Empire State Electric Energy Res. Corp., N.Y.,
NY, April 1992

Pequot Publishing, 1990 Gas Turbine World Handbook. Volume 12, Fairfield,
CT

Staudt, J.E. and Lidsky, L.M., Design Study of an MGR Direct Bravton-Cycle
Power Plant. MITNPI-TR-018, Massachusetts Institute of Technology, May
1987

Tilliette, Z.P., "Toward a 50 Percent Efficient Nuclear Power Plant", Presented
at the 1992 IECEC, San Diego, CA, Aug. 3-7, 1992.

USCEA, Advanced Design Nuclear Enerov Plants:
Electricity. Washington, DC, January 1991

Competitive. Economic

REFERENCES

Gas-Cooled Reactor Associates, Summary of GCRA Scoping Assessment of
the MHTGR-GT. San Diego, CA, January 1990

IAEA - International Atomic Energy Agency, Use of Nuclear Reactors for
Seawater Desalination. IAEA-TECDOC-574,, Vienna, Austria, September 1990



HIGH TEMPERATURE PROCESS
HEAT APPLICATION OF
NUCLEAR ENERGY IN CHINA
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Abstract

According to a preliminary forecast of energy demand, China will face liquid
fuel shortage in the middle of next century, a large part of liquid fuel supply
would be dependent on coal conversion. Considering the environment pollution
and save of precious coal resource, the nuclear coal conversion is a favorable pro-
cess. According to the requirement, a R & D programme of HTR based on high
temperature application has been launched in China. A project of 10 MW High
Temperature Reactor Test Module (HTR10-TM), which is designed as a
multipurpose test module, was approved by the State Science and Technology
Commission as well as the State Council of China .

The start of construction of the test HTR is planed in the beginning of 1994.
A R & D programme of nuclear coal conversion process is being performed
parallelly.

1. The Role of HTGR in China

In 1990, energy consumption in China was about 686 million tons of oil equi-
valent, which accounted for 8.4% of total world energy consumption. The energy
demand in China will increase greatly in the future due to economic and popula-
tion growth. According to a preliminary forecast the energy demand in China is es-
timated to reach 1400, 2500, 4000 MTCE respectively in 2000, 2020 and 2050.

Coal made up about three fourth of total primary energy consumption in
1990 and will still play a predominant role in China's primary energy supply for
quite a long period in terms of a constraint of other fossil fuel resources. But,
considering the transportation and environment problems caused by using coal, it
is therefore not surprising to find that nuclear energy will rapidly occupy a
significant share in the energy system of China and will be assigned three very im-
portant roles as follows:

— Base—load power generation in the electric grids of the area where the major
primary energy resource--coal- -is short.

— Clean energy source in the urban regions of China where most of the coal is
consumed- -not only ia the form of electricity, but also in the form of heat
to a larger extent, this implies nuclear heating or co-generation reactors will
be built for the densely populated residential and industrial areas.

— Process heat for energy production industries, e.g., enhanced oil recovery, coal
gasification and liquefaction, etc., this implies that nuclear energy will be inte-
grated into the future energy system and will be converted to other forms of
energy.
Considering the utilization of nuclear energy in the next century, China has

paid attention to the development of advanced reactors in context of concern on
inherent safety, economic competition and uranium resource availability. A
development programme of advanced reactors has been launched. The HTGR is
considered as one of next generation advanced reactors.

PWR and followed up with FBR are considered as a principal strategy for
China's nuclear power development; while HTGR will play an important role for
following aspects.
— Supplement of nuclear power generation for the regions where it is difficult to

select a plant location of PWR.
HTGR, owing to its unique predominance of inherent safety, has freedom

in the selection of plant location siting in industrial region or in the vicinity
of a population density region. In addition, Modular High—temperature Gas
Cooled Reactor(MHTGR) has small capacity for a single reactor, the initial
investment cost is comparatively low, this is particularly suited to regions of
small or medium sized power grid.

— Providing process steam for the heavy oil recovery and petrochemical industry.
Petrochemical interprises are one of the largest energy consuming sectors in

China. Currently, the primary energy resource used in petrochemistry sector is
mainly oQ and natural gas, a small amount of coal is also used. These not only
give rise to serious environmental pollution, touch off greenhouse effect, but also
cause waste of precious petrochemical raw materials and liquid fuel. The safety
uniqueness of MHTGR make it possible to be installed in the vicinity of a
petrochemical firm, this is well suited for oogeneration to the petrochemical firms.



Besides, since early 1980s, China has developed the technique of heavy oil
recorvery by steam injection. By early next century, the proportion of heavy oil
production among the oil supply is expected to increase gradually. Around the
year 2010, the annual output estimation of heavy oil would reach 40 million tons
or so. The nuclear heat for heavy oil reconvery is another important field of
application of MHTGR.

— Coal gasification and liquefaction
Based on the preliminary forecast of energy demand in China by the year

2050, the demand of liquid fuel will be nearly 400— 500 million tons, this
would be provided mainly by the conversion of coal due to shortage of oil.
The gasification and liquefaction of coal need 7501 to 950 "C temperature
process heat. The MHTGR with 950 "C outlet temperature is the only type
among nuclear reactor which can meet this, requirement. The synthesis liquid
fuel produced by nuclear-coal conversion technique has a great important
role for alleviating the shortage of liquid fuel supply and for saving coal re-
sources.

2. Introduction of 10 MW High Temperature Reactor Test Module (HTR10-TM)

In order to transfer and develop the technology of Modular HTGR as well as
to establish an experimental base for nuclear process heat application, a project of
10 MW High Temperature Reactor Test Module (HTR10-TM) was approved by
the State Science and Technology Commission as well as the State Council of Chi-
na. The HTR10-TM wfll be constructed at the site of Institute of Nuclear Ener-
gy Technology in north—west of Beijing City.

The primary circuit cross section drawing of HTR10—TM is shown in Fig 1,
its main design data are listed in table 1. The important technical features of the
test reactor are as following:
— Spherical fuel elements are formed by coated particles which are capable of re-

taining all fission products up to temperature of 1600 'C .
— Reactor core design ensures that the maximum fuel element temperature of

1600 C cannot be exceeded in any accident.
— Core residual heat is removed in passive mode.
— Multi-pass charging mode of fuel elements is designed for keeping uniform

burn-up distribution in the core. Fig. 1 Cross Section of Pr imary C i r c u i t



Table 1. Main Data of the HTR Test Module

Thermal power
Primary helium pressure
Inlet helium temperature
Outlet helium temperature
Primary coolant flow
Outlet Steam pressure at S.G.
Outlet Steam temperature at S.G.
Secondary steam flow
Core volume
Core diameter
Core height (avg.)
H/D ratio
Fuel
U-235 enrichment of fresh element
Heavy-metal content
Diameter of fuel element
Number of fuel elements
Fuel loading scheme
Burp-up(avg.)
Fuel element inoore time(avg.)
Number of fresh fuel elements per day
Thermal power of fuel element(max.)
Thermal power of fuel elcment(avg)

Fuel element surface temperature(max.)
Fuel element center temperature(max.)
Number of absorber rods in reflector
Number of irradiation channels in relector

10MW
3.0MPa
250 t
700 "C /950 C
4.3kg/s
4.0MPa
440t;
3.471cg/s
5m1

180 cm
197 cm
1.09
UO,
18%
5g/FE
60mm
27.500
multi-pass mode
80,OOOMWd/t
1116 EFPD
25
0.52 k\V/FE
0.36 kW/FE
875 t
896t
16
3

the core and steam generator are housed in two separated steel pressure ves-
sels and are configurated in side by side.
All control rods are positioned in the graphite side reflector holes and can
drop into the holes by means of gravity. It is not necessary to have absorber
inserting into the pebble bed core for reactor shutdown.

— The reactor design makes it possible to operate at the outlet coolant
temperature of 950 "C for high temperature process heat application test, all
the safety design features remain unchanged.

The HTR 10 — TM is designed as a flexible test module for multipurpose test
research.

At the beginning, the HTR10-TM will operate at temperature of 700 "C to
verify the inherent safety features of HTR —Module, test relevant components and
fuel elements and so on. The HTR10-TM design features make it can accept a
gas/gas intermediate heat exchanger in series with the steam generator, which
makes the test module flexible for rmiltiaspect applications. A gas turbine/steam
turbine combined cycle is considered to connect with the secondary gas circuit for
high efflcency power generation , as shown in Fig 2. The principal application of
secondary hot gas circuit is to supply high temperature process heat for coal
gasification test facilities, which is described in next chapter.
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3.The Research Programme of High Temperature Process Heat(HTPH)Applicatiop

As a long term programme, the high temperature process heat application
study can be divided into three phases:
— The feasibility study on nuclear process heat application.

The aim of the feasibility study is to find out the technical scheme of nucle-
ar-coal conversion which would be suitable with China from the point of view
of both technology and economic. The scopes of feasibility study includes:

Evaluation on development of coal gasification and liquefaction technology
Evaluation on domestic technical condition
Study on technical scheme of nuclear-coal conversion
Economic evaluation

— Simulating experiments of coal gasification heated by hot helium gas
The tasks of the experiments are to simulate nuclear —coal gasification process

in laboratory scale, including:
to acquire coal gasification technology
to find out optimized technical parameters
to obtain operation experience

The schematic diagram of simulating experiments on nuclear coal gasification
shown in Fig 3 includes two main parts — the methane steam reformer heated
by helium gas and the methane conversion chemical reactor. The two parts are
made a closed test cycle. The closed cycle configuration is convenient for test
study.on the other hand, it can be used to study both reform and conversion at
once.
— Nuclear-coal gasification test

To obtain design and operation experience on nuclear —coal gasification, it is
planed that a pilot nuclear-coal gasification experiment facility using
HTR10—TM as heat sourse will be built. The reactor will operate at temperature
up to 950 "C and supply process heat for coal gasification.

The hydrogenated coal gasification is a favorable process for HTR nuclear
heat application. One of its advantages is the independence of the nuclear heating
part and the hydrogenated gasification part, while the hydrogenated gasification is
a conventional industrial technology. Hence, the goal of HTR10-TM HTPH
application test is only to demonstrate the nuclear heating part-the steam
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Fig 3. Schematic Diagram of HTPH Simulating Test Circuit

reformer. The reformer, which is located in a secondary loop , is heated by the
HTR through an IHX, as shown in Fig 4. The goal of the indirect cycle is to
provide a feasible design option that involves fewer licensing issues. The methane
gas and steam mixture go to the steam reformer and reform to hydrogen and car-
bon oxide gas, then the product gas is cooled to about 50 'C by a recuperator,
a feed water preheater and a water cooler. The condensed water is separated from
gas in a water separator, and dry product -gas is circulated by a gas compressor
to the recuperator, there the hydrogen and carbon oxide gas is re —heated to 300
'C . Then the reheated gas re-combines to form methane gas in a multistage
methane conversion device. The heat of reaction is removed by water and produces
steam which accedes to the steam turbine cycle and the chemcial cycle. The test cir-
cuit, in fact, is a chemical heat tube cycle.
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The start of construction of HTR10—TM is planed m the beginning of 1994
and It is expected to make critical m middle of 1998. It will take about two yean
to do experiments relative with inherent safety feature and half year for the test of
operation at temperature of 950 C . Then additional components for nuclear-coal
gasification experiments will be installed or replaced m two — three years It is ex-
pected to start operation of nuclear-coal gasification experiments m 2003.

This is the first step of the strategy on high temperature process heat
application of HTR m China.
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Abstract

Various application studies of HTGR heat had been carried out in Japan for
the temperature range between 8501C to 950X11 but very little interests have
been given to HTGRs with 700"C-75Q°C outlet temperature, which have been
developed to commercial stage in USA and FRG. In this preliminary study,
industrial application of HTGR with 7001C outlet temperature investigated under
the circumstance of Japanese industries based on the assumption that HTGRs with
about 550 *C steam have been commercially available.

The study «as conducted as a part of the work of "JAIF Study Group on Uses
of Reactor Heat", carried out from July 1990 to March 1991.

Requirement and desired characteristics for co-generation plant with
modular HTGRs are derived from typical model plants for the three industries
i,e,. chemical, paper/pulp and oil refinement, which were selected as suitable
for co-generation with HTGRs by quick look of Japanese industrial structures.

Mass and heat balances were evaluated for the thee model plants connected
to the 2x200HWt modular HTGRs

Taking the oil refinery plant as an example, preliminary economic
assessment is carried out based on the available cost data according to the
Japanese ground rules for three types of co-generation plants, i,e. © an
independent power plant @ an Independent power plant being capable of meeting
with a peak load demand (Year-round independent power plant) and ® medium



sized power plant accompanied by industries for local area development
(Regional-promotion power plant)

Amount of COj reduction are assessed for the independent co-generation
plant for the oil refinery plant and the total thermal utilization efficiencies
for each model plant are also assessed

Results of this preliminary study shows nuclear co-generation system with
modular HTGR is very attractive and feasible from technical and economical
point of view It is recommended to make more broad and extensive investigation
by appropriate organization concerned with long term energy policy

1. Introduction

In USA and Germany, experience of high-temperature gas-cooled reactors
(HTGRs) with 700-750t; outlet temperature has been accumulated in the
construction and the operation of experimental reactors and prototype reactors
and is now in the stage of demonstration reactors. These HTGRs can produce
steam of 120-170 bar and about 550 °C. which makes the supply of steam and
electricity (co-generation) possible.

This study made the technical and economical investigation of co-generation
systems on the assumption that HTGR co-generation with about 700'C reactor
coolant outlet temperature came into practical use.

The chemical, paper/pulp, and oil refining industries were selected as the
objects of study for HTGR application. Next, the models of a petrochemical
complex, a paper/pulp factory, and an oil refinery were established as concrete
models for these industries, and requirements for co-generation plants were
investigated. A pebble-bed modular HTGR, HTR-M, was assumed to be used and a
system concept was established. Further, technology to meet requirements for
co-generation plants were evaluated and future subjects were picked out.

An oil refinery plant taken as a typical example was investigated
economically and relation between electric energy cost and steam cost was
calculated. Further, concerning influence on environment, studied were the
reduction of CO, emissions when an industry-owned fossil-fuel power plant was
replaced with an HTGR and the improvement of heat utilization efficiency by co-
generation compared with a mere electricity generating HTGR. Improved heat
utilization efficiency will result in the reduction of waste heat discharge to
environment as well as in the effective use of uranium resources.

As the result of the above study, though it was very preliminary, HTGR co-
generation systems is considered to contribute to global environment protection
through heat utilization efficiency improvement and COz reduction and to be
able to substitute for other fossil fuel systems economically. The result of
study for each item is outlined below:

2 Survey of suitable industries and plant models
Industries that can use heat (steam) produced by HTGRs and model plants

were established. Then, requirements for these co-generation plants were
investigated and a plant concept for each industry was established.

(1) Survey of suitable industries
Viewing from the three points of process steam temperature, energy

consumption structure, and the ratio of independent electric power generation to
required electric power consumption, the rough survey of industries suitable
for application of the produced steam by HTGRs was carried out. Result is
summarized in Table 1. As the result, the chemical, paper/pulp, and oil
refining industries were selected as typical examples of industries that use
steam below 550°C, consume large amount of steam, and have a large ratio of
independent power generation to total energy consumption.

(2) Establishment of heat application plant models
JAIF conducted the LWR heat application studies for two years from 1981, in

which the very wide spectrum of industries in Japan was investigated to see
suitability for nuclear co-generation and many plant models of industries
including the chemical and paper/pulp industries were established.

As to the chemical and paper/pulp industries, it was decided to adopt the
typical-scale models of a petrochemical complex (100,000 t/y based on ethylene
production) and a paper/pulp factory (750,000 t/y based on newspaper production)
which were established by JAIF. For an oil refinery, a typical-scale model
(210,000 bbl/d) was established on the basis of certain actual plant data.
Table 2 shows the basic parameters of each model.

Table 1 SURVEY OF SUITABLE INDUSTRIES

Chera i ca 1

Paper • Pulp

Oi l

Ceramic • Pottery

Iron & Stael

Teaperature
Range

300-600-0

300-600^0

300~600'C

800-900'C

1000-C-

Ratio of Steam
Consumption

18.6%

34.3%

8 A ft£

5.0%

2 \%

0 -fos

Ratio of Independent
Pone r Generation

18 6%

49.2%

12 6%

16 4%

1 R QdZ



oo Table 2 HEAT APPLICATION PLANT MODELS Table 3 REQUIREMENT FOR SITING CONDITION
OF HEAT APPLICATION PLANT

Industry

Petro-
chemical
coop lex
Paper/
pulp
factory
Oil
refinery

Production
scale

400.000 t/y
ethyl ene

750.000 t/y
newspaper

210.000 bbl/d

Steam conditions
Temperature•c

250
198
152
188
134

530
320
190

Pressure
kg/cm 'a

40
15
5
12
3

120
21
3

S tea«
consuopt l on

t/h
20
170
205
10
235

22225
40

Electric power
consumption

Utt
60

204

55

(3) Study of requirements for HTGR co-generation plants
Important points for combining an HTGR co-generation system with the heat

application plant established above were investigated. The results are
summarized into the following three categories: major plant specifications
(Table 2), siting conditions (Table 3), and operating conditions (Table Ü).

(U) Establishment of a reference concept of HTGR co-generation systems
Both types of HTGRs, i.e. block type MHTGR developed by GA, USA (U50 MWt)

and the pebble-bed type developed by HTR GmbH, Germany (200 MWt), satisfy the
requirements of the co-generation plants. This study selected German pebble-
bed reactor HTR-M which was thought to require few elements to be developed and
be ready for construction and operation.

Adopting two modules of HTR-M (200 MWt), the system concept for heat
application plant models was established and mass-and-heat balance was
investigated. Figure 1 shows a system concept for an oil refinery plant as a
typical example.

3. Technical evaluation

The system configurations of HTGR co-generation plants were established.
Then the technical evaluation of operational consistency with the heat
application plant, safety, seismic resistance and so on were carried out and
subjects for further study were picked out.

t Urban Siting
Located near densely populated area

2 Siting at soft soil ground
Indusyial district located mostly in
a coastal a l l u v i a l plan

3 Siting near to harbors
For transportation of ran material and fuel etc

4 Siting near to source of water supply
For use of huge anount of industrial water

5 Good weather condition
Mi n i «mm natural disaster

Table 4 OPERATIONAL REQUIREMENT FOR
HEAT APPLICATION PLANT

Petrochemical Complex
Aval tab! lity

Periodic Inspection
Load Change

333 D/Y. continuous(91«)
~1«/Y
±10«

Paper / Pulp factory
Aval labi 1 1 ty

Periodic Inspection
Load Change

350 D/Y. continuous
(96H)
-2K/Y

100X-20K load
(Instantaneous)

Oil Refinery Plant
Aval lability

Periodic Inspection
Load Change

~ 256 D/Y. continuous
~1 M/Y
±10«

(1) Co-generation system configurations
The modular type reactor is characterized in that more than one module

can be combined to meet various plant capacities (for electricity and steam). In
this study, co-generation system configurations for the following three
different-capacity plants were established:
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ton/k /

Fig. I Référença concept and «ass-and-heat balance of
in HTGS co-generation irsto«
(for in oil refinery plant)

• Independent power plant
This is an industry-owned power plant with the necessary number of modules

to produce steam and electricity used in the heat application plant and excess
electricity is to be sold.
• Year-round independent power plant

This is an industry-owned power plant with an additional module to meet
peak demand load and to sell excess electricity.

Regional-promotion power plant
This is a plant with a generating capacity of about 500 MWe intended mainly

for power generation that aims at regional promotion by inviting industrial
plants as a method of solving a siting problem to promote the construction of a
nuclear power plant.

The setting of the number of modules to determine plant capacity was
carried out in regard to the three plants of a petrochemical complex, a
paper/pulp factory, and an oil refinery. As a typical example, Table 5 shows
the number of reactor modules, electric power generation capacity, and excess
electric power (for selling) for oil refinery plants.

(2) Operational consistency with the heat application plant

• Independent power plant
When time required for shutdown inspection of a reactor is shorter than

that of the heat application plant, heat application plant availability is not
reduced by reactor shutdown inspection. However, when the case is reverse or a
reactor module is shut down unexpectedly, the heat application plant has to
purchase electric power to maintain availability.

There is no particular problem in start/stop because the HTR-M start/stop
time, 6 to 8 hours, is shorter than heat application plant start/stop time.
Measures against load change in normal operation can be taken by the heat
application plant using a steam accumulator or a bypass line and by the reactor
using output control.

Tab!B 5 NUMBER OF REACTOR MODULES. ELECTRIC POWER GENERATION CAPACITY.
AND EXCESS ELECTRIC POKER IN AN OIL REFINERY PLANT

Plant typo

Independentpower plant

Year-roundindependentpower plant

Regional-p fonctionpone r plant

No. of reactornodules

2(for co-generation)

3(2 for co-generation.1 for selling power)

8(2 for co-generation.6 for selling power)

Power genera-tion capacity

88.5

174.2

602.6

Excess elec-tric potier'MM
17.1

97.1

«7

* A value obtained by subtracting house electr ic power for co-generation
and electric power used for the industrial plant fro« the electric
generation capacity.



Year-round independent power plant
When a module is shut down unexpectedly, the added module for meeting peak

demand can substitute for it, whether it is for electricity generation or for
co-generation. Shutdown inspection is conducted module after module avoiding
peak demand periods, and a module under shutdown inspection is substituted by
the added module to maintain availability. Start/stop and measures against load
change in normal operation are the same as the independent power plant.

Regional-promotion power plant
When time required for shutdown inspection of a reactor is shorter than

that of the industrial plant, plant availability is maintained during shutdown
inspection by giving shutdown inspection to each of the modules by turns. Even
when the case is reverse or a reactor module is shut down unexpectedly,
availability can be maintained by making an electric power generating module
supply steam or steam and electricity. Also availability can be maintained
when the shutdown inspection of electric power generating modules is conducted
by turns avoiding peak load periods.

In this plant, it is not necessary to stop all of the reactor modules at
the time of start/stop for the shutdown inspection of heat application plants,
but start/stop or output control in part of the modules will do.
There are two methods of reactor operation control: to keep outward electric
power transmission constant and to keep it at a maximum, and both have no
particular problem. Measures against load change in normal operation are the
same as an independent power plant and include no particular operational
problem.

(3) Safety issue for siting near consumer
To locate a nuclear reactor near consumer plants, consideration should be

given not only to the evaluation of radiation exposure but also to many points
such as cooling processes, physical protection, transportation of sent fuel and
radioactive waste, and disaster prevention plans. This section describes siting
near consumer plants from a safety point of view.

Minimum safety requirements for siting near consumer are considered as follows:
a) Public exposure shall be low enough under normal conditions and

accidents.
b) Exposure shall be low enough for the postulated accident which exceeds

DBA. (Residual risk shall be little )
c) No special emergency evacuation plan shall not be required.

Both the US MHTGR and German HTR-M, unlike other type reactors, have
attained values low enough for public exposure under normal conditions and
accidents out of the above requirements compared with the regulatory values.

Vs "-VWSL_
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© Fossile Thermal Power Plant
x HTR-M Power Plant in Japan
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Output (We) / Site

Fig l Site Area for Fossile Plant and HTR-M Plant in Japan

In Japan, the siting of a reactor is required to meet the regulatory siting
guideline for reactors. The safety evaluation guideline provides a source term
for potential accidents based on TID-release rate, for power generating light-
water reactors, and siting evaluation is conducted with this source term. The
following subjects are picked out accordingly when a small HTGR such as MHTGR
and HTR-M is introduced into Japan:

a) To adopt the mechanistic source term for siting evaluation.
b) To investigate hypothetical events corresponding the bounding events of

USA MOTOR.
c) To carry out various demonstration tests with HTTR and to promote

international cooperation
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(u) Layout and aseismatic consideration
Assuming that a power unit (for steam and electricity generation) in an oil

refinery plant is substituted by HTR modules, layout and aseismatic
requirements were investigated.

Figure 2 shows the relation between thermal power plants and their site
areas. Data for industry-owned power plants, though not plotted in the figure,
are supposed to be nearly the same. Areas required by German HTR-M taking
Japanese conditions into consideration are plotted with x in the figure. It
shows the power unit can be substituted by HTR-M from an angle of site area.

The regulatory reactor siting guideline provides the required minimum
distance for the boundary of a reactor site. The distance can not be
determined simply by calculated value because of P.A. problems. German
investigation reported that about 100 m from the radiation source is sufficient
. If this is accepted in Japan the above site area is enough to cover the
distance.

In Japan, nuclear power plants have been built on base rock in principle,
but the ground where the heat application plants are sited now is generally
soft, so it is necessary to establish a new siting method. Such siting method
have been investigated by Central Research Institute of Electrical Power
Industry and others for many years as shown in Figure 3, and it is said the
necessary conditions for enforcement are almost ready from a technical point of
view.
However, it is needed to establish criteria for regulatory approval and so on
before actual enforcement, and the accumulation and verification of their data
will be required from now on.

As for the aseismatic characteristics of HTGR cores, wide studies have been
made on HTTR (block-type core) for small reactors, THTR and HTR-500 (pebble-bed
core) for medium reactors and Lead Plant, GA (block-type core) for large
reactors. The critical point of aseismatic core design is considered to lie in



K) the soundness of control rod insertion and the maintenance of the shape and
soundness of graphite structures. Though there is an increasing tendency of
difficulty in aseisaiatic design for large reactors having more weight and more
degree of freedom, the above reactors can be considered to contain modular-type
HTR dimensions to a certain extent. Therefore, the aseismatic characteristics of
the modular-type HTR can be said to be nearly verified. It must be noted that
when seismic input is higher than usual because of site conditions, it will be
necessary to investigate measures to reduce the input by introducing a seismic
isolation structure and so on. In addition to the core, the hot gas ducts, the
heat exchanger, and the gas circulator require aseismatic consideration- The
aseismic verification of these equipment is a future subject.

It will be fully realizable technically from a viewpoint of site area and
aseismatic siting to 3ubstitute a fossil power unit for modular-type HTR.
However, many points concerning distance up to the site boundary and new siting
depend on legal regulation, and investigation on these points and acquisition
and verification of related data «ill be future subjects.

With regard to the connection of a reactor plant and a heat application
plant, there will be a problem to determine site base boundary between them.
The particulars are to be solved by individual plants; generally, it will be
reasonable to separate sites and site base boundary according to the safety
classifications of reactor plants.

U. Study of economy and environmental effect
Ü.1 Study of economy

To obtain a very rough view of economical features, electric energy cost
and steam cost when the HTGR was used exclusively and a cost allocation for
electric energy and steam in co-generation were studied using a simplified
method of calculation for an independent power plant (UOO MHt) and a regional-
promotion power plant (1600 MWt) in case of an oil refinery plant. The cost
date was based on a typical calculation in Germany after conversion of DM into
yen (exchange rate : 80 yen/DM). The range of cost calculation for study was
up to the steam supply point and electric power sending end to the heat
application plant. The piping length from the steam supply point to the heat
application system is assumed to be about 500 m and the piping cost can be
neglected because it is considered less than }% of the plant construction cost.

(1) Method of cost calculation
In electric power generation plants, electric energy cost is obtained by

dividing the total annual expenses by annually generated electric energy In

steam supply plants, steam cost is obtained by dividing the total annual
expenses by annually produced steam quantity or weight.

The total annual expenses were calculated by a simplified method according
to the following equation.

XES = ( 1 + a ) {K x (Construction cost) + (Fuel Cost))

where XE, Total annual expense
K Constant determined from fixed property tax, interest,

depreciation, O&M cost etc
a Raito of business tax

(2) Cost data
The construction cost was derived from a German typical calculation11 in

1990. This calculation is for 2-, tt-t and 6-module plants; therefore, 8 modules
for the regional-promotion type was taken as 2 x U modules and its cost was set
up by doubling the construction cost of a U-module plant.
The construction cost is about 6U billion yen for the independent plant and
about 205 billion yen for the regional-promotion plant (both as of 1991).

The fuel cost, what is called nuclear fuel cycle cost, includes costs for
the purchase of uranium, uranium enrichment, fuel fabrication, transport, and
disposal.
It was assumed that fuel taken out from the reactor core was kept in an
intermediate storage for about 10 years and disposed without processing unlike
light water reactor. The fuel cost as of 1991 was set at 770 yen/MWht which
was obtained from the fuel cost as of 1983" with consideration for change in
economical environment and progress in technology. Using the HTR-M availability
of 85)5, the fuel cost of the independent type (160 MWe) was 2.3 billion yen/y
and that of the regional-promotion type (6UO MWe) was 9.2 billion yen/y.

It was considered that the ratio of an annual operation and maintenance
cost to the construction cost was about 2.If, for 2 modules and about 2.u% for 8
modules. Considering other expenses in addition to these values, the annual
operation and maintenance cost including other expenses was set at about 3.7%
(about 2.U billion yen) for 2 modules and soout 3.1% (about 7 billion yen) for 8
modules.

On the basis of conditions the German cost data mentioned above, the total
annual expenses was roughly calculated using the simplified method with an
annual expenses rate. The total annual expenses amounted to 12.6 billion yen
for the independent type and to 41-6 billion yen for the regional promotion
type.



Table 6 ELECTRIC ENERGY COST UND STEAM COST FOR AN OIL REFINERY PLANT
(Based on German Cost Data)

Specification
Net electric output (Mfe)
Equipment a v a i l a b i l i t y (X)
Annual electric energygenerated (kNhe)
Tola) annual expenses(bi 1 lion yen/y)
Electric energy cost(yen/klhe)
Thftrnal output (Hut)
Equipment availability (X)
Annual heat quantitygenerated (Mcal/y)
Total annual expenses(bi 1 lion yen/y)
Electric energy cost(yen/kBhe)

Independentpone r plant

160

Reg i ona l -p romo 1 1 onpoxer plant
640

85
1 1914 x 10'

12 6
10 6
400

4 7654 x 10'
41 6

8 7
1600

85
2 5604 x 101

12 6

4 9

1 0242 x 10"
41 6
4 1

U>

(3) Electric energy cost and steam cost
Before the study of cost allocation in co-generation, costs of mere

electricity generation and mere steam generation were examined for reference
Table 6 shows the conditions and results of examination.

When only electricity was generated, the cost of electric energy was about
10.6 yen/kVlhe in the independent power plant and about 8.7 yen/kWhe in the
regional-promotion power plant. When only steam was produced, the cost of
steam was about U.9 yen/Meal in the independent power plant and about U.I
yen/Meal in the regional-promotion power plant.

It is known that construction cost of a nuclear plant built in Japan may be
a little higher than that of the plant built in Germany because of the
difference in design (due to different site condition, seismic conditions and
regulatory requirement etc) and in economical condition (price of equipments,
and exchange rate etc).
The difference would be from 0 up-to 30 ~>IQ% at the maximum depending on the
equipment/apparatus Also it will be necessary to review the fuel cost and the
operation and maintenance cost in Japanese condition. Assuming the maximum
additional cost due to these items is taken as about U0% of the construction
cost altogether, electric energy cost in Japan will be between about 11 yen/kNh
and Itt yen/kWh in the independent type and between about 9 yen/kWh and 12
yen/kWh in the regional-promotion type, and steam cost is about 5 to 7 yen/Meal

in the independent type and about U to 5 yen/Heal in the regional-promotion
type As the result of this investigation, if the HTGR co-generation plant can
achieve the availability of 85? based on design, it may be concluded
tentatively that both regional-promotion and independent types will be nearly
competitive with the same scale coal-fired power generation on electric energy
cost and will be more competitive in future if we consider taxation on C02
discharge

(U) Cost allocation to electricity and steam in a co-generation plant
Co-generation plants have a cost allocation problem how to allocate the

total annual expenses between steam generation cost and electricity generation
cost There are various methods of cost allocation; in this study, cost
allocation was conducted by the credit method, that is, the unit cost/expense
of either electric energy or steam is determined preferentially and the other
bears the rest of the expenses. The relation between electric energy cost and
steam cost was calculated using the total annual expenses and the annual
electricity and steam generation derived from the capacity of an oil refinery
power plants. Figure ü shows the relation between electric energy cost and
steam cost obtained with regard to the independent type and the regional-
promotion type HTR Plant to be built in Japan.

In the Figure ü when either cost of steam or electricity is set, the other
cost is set accordingly. In the independent type, for example, if we take the
average value, electric energy cost is taken as 9 yen/kWhe, steam cost becomes
about 6.6 yen/Meal. In the regional-promotion type, when electric energy cost
is taken as about 11.5 yen/kWhe, steam can be supplied free of charge.

1.2 Assessment of environmental effect

(1) Reduction of CO; emissions
The reduction of COZ emissions when an independent fossil fuel power plant

was replaced with an HTGR was calculated in regard to an oil refinery power
plant.

As the result of calculation, the HTGR co-generation plant when compared
with LNG-, heavy-oil-, and coal-fired plants will reduce CO? emissions of about
600,000 t/y, about 700,000 t/y, and about 1,000,000 t/y per plant (thermal
output UOO MWt, 2.56 x 10* Mcal/y) respectively.

(2) Evaluation of heat utilization efficiency
Heat utilization efficiency is greatly improved by using co-generation

compared with mere electricity generation. Heat utilization efficiency was
evaluated in regard to independent power plants. As the result, it was 86^ in
the petrochemical complex having the most steam consumption and 53% in the
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Subjects to be investigated are as follows:-

© Detailed investigation of industries suitable for HTGR application by
• Widening the range of application temperature and methods of
application.

© Realistic application of HTGR co-generation system
• Application for existing factories and complexes.
• Application for new factories and complexes.

® Evaluation of influence on wider social environment by evaluating
• Evaluation of the influence of CÛ2, waste heat, economy and others on
social environment on a nationwide and in long time scale.

@ Detailed cost evaluation
• Cost evaluation considering the actual status and future energy
supplystructure of Japan and comparison with other energy resources.
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paper/pulp factory having the most electricity consumption, which greatly exceed
the efficiency of UOJ in mere electricity generation with HTGR steam.

5- Conclusion

This study showed that HTGR co-generation systems were very attractive in
view of environmental contribution and economical point of view. However, the
study was rough evaluation because of restricted time and money. Therefore, it
is strongly recommended to widen the scope of the study and deepen the contents
to attain full-scale investigation in future.
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Abstract

Although more than 30% of electricity is now generated by nudear power plant m
Japan, utilization of nuclear energy in the field other than power generation is still
very low The necessity to limit the use of the fossil fuel is now becoming the first
requisite to consider the best mix method of the energy supply m all the countries of
the world In most of the advanced countries, some change erf energy consumption
structure is mandatory Nudear is believed to be the most promising solution under
these circumstances Especially, under a long prospect of increasing energy
consumption with increasing world population, replacement of the energy used in
the chemical industry and transportation by nudear energy seems to be the most
effective way to suppress the release of CO2 About 50% of energy used m the
chemical industries require a temperature more than 600"C This is easily attained
by the HTR but not by other types of reactor Hydrogen is not a primary energy source
but is a dean energy to be used m industry, transportation and in a family day life
Hydrogen can be produced by nudear energy The HTR is a best energy converter for
the production of hydrogen because the highest efficiency can be obtained by use of
the HTR, To assess the effectiveness of unhang the HTR, it is useful to know the
potential demands for this type of reactor in Japan. In Europe, it is reported that there
may be a market for about 150-2000 200MWt modular HTR reactors In japan, this
number can be estimated to be about 400 when the energy consumption is considered
only for power and steam use in industnes. But this number will be increased much
higher if the market of hydrogen is developed

1 Introduction

Hydrogen is paid attention as an energy earner, because, for the first, it can produce
energy with only water as byproduct and, for the second, it can produce larger energy
per weight than fossil fuels. But hydrogen does not exist as a pure substance on the
earth and must be obtained by decomposing water using such a pnmaiy energy as
f ossil fuels or nudear, solar or photogenic energy The use of these pnmaiy energy

sources may, of course, give impacts on the environment, but those can be disposed
more easily than in the case the energy sources are used directly for transportation
and / or home uses/1)

Hydrogen can be used as a fuel for heating, gas turbines, cars, fuel cells and as
chemical resources and the reducer It is indispensable to consolidate the
infrastructures and to establish the economy and safety of hydrogen production, if the
hydrogen is to be used for the soaal and economical activities The nudear energy is
considered to be the most promising energy source for the production of hydrogen.

2. Methods of hydrogen production

The present and future technologies of hydrogen production are reviewed here
Hydrogen is produced by decomposing the chemical compounds containing
hydrogen There are two major production methods , 1 Decomposition and
gasification of fossil fuel such as the natural gas, petroleum, coals and so on 2.
Decomposition of water by electrolysis or thermo-ohemical decomposition At
present, more man 90% of hydrogen is produced by the former method and it is
primarily used as a chemical raw material for producing ammonia and methanol and
for al refinery within the chemical industry complex

2. 1 Hydrogen production from hydrocarbon

Steam reforming method is most widely used This technology is well established
and considered to be the best method to be coupled with HTR at the first stage of
nudear heat utilization Therefore JAERI is now planning to connect a hydrogen
production plant based on this method to HTTR (High Temperature Engineering
Test Reactor)

2. 2 Hydrogen production from water

2. Z l Bactrdyss
This method is the very popular method to decompose water The efficiency of

this method usually lies between 50-60% To improve the efficiency, such methods
as a high-temperature high-pressure electrolysis and a solid electrolyte method are
under development For instance, 90% efficiency is reported to have been achieved
using ZrO2/10% YjO^ as the solid electrolyte If such a high efficiency can be attained
in the industrial scale plant, it will become economical to use surplus electricity to
decompose water dunng night and utilize the hydrogen when more electricity is
required either by re-combming it with oxygen to produce steam for turbne or by
using it as the fuel for the fuel cell This can be regarded as the spinning reserve
and/or the reserve capacity of the network and also can help to increase the
availability of the base load power plants
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Table 1 Examples of Thermo-Chemlcal Hydrogen Production Methods

Kaoe of Process

GA

UT-3 (University
of Tokyo.
University of
Tokyo
Agriculture)

IS Cycle (JAERI)

Hybrid Cycle

Outline of Cycles - Formula of Reaction
2H20 + S02

2HI
H2S04

CaBr2 * HjO
CaO * Br2

3FeBr2 » 41̂ 0
Fe^ + 8HBr
SÛ2 * I2 * 2HjO
H2S04

2HI
2FeS04 +I2 + HjSC
2HI
Fe2(S04)3 * H20

— B^SO., «• 2HI

- «2 * »«
-» H20 * S04 » 1/2 0,
-* CaO * 2HBr2

-*• CaBr2 + 1/2 02

->• Fe304 * 6HBr » Hj
— 3HBr * 4H20 * Br2

-* H^ * 2HI
-* H20 * S02 + 1/2 Oj

(95-130'C)
(130'C. Pressurized)

(850'C)
(700-750'C)
(500-600'C)
(550-650Ï)
(200-300'C)

(Roo« Temp. . Battery)
(850'C)
(700'C)

>4~* Fe^SO^j * 2HI (Rooa Te*p.t Photosynthesis)
-* Hj + 12 (400-450'C)

-* 2FeS04 * H2S04 * 1/2 02
(Rooa Top. . Electrolysis)

2. 2. 2 ThGmno-chGnfC
This method is a new method to decompose water using the themxxhemical

reaction. A heat of 4000 "C is required if one want to decompose water directly. This
is technically very difficult to attain. Thermo-chemical method is a sort of indirect
methods to decompose water using a chain of chemical reactions Some examples of
these cycles are shown in Table 1. In Japan, both UT-3 and IS cydes are under
development.

To make this method economical, we must dear two issues. One is the thermal
efficiency of this process ft is said to be around 40% at present If it is less than this
figure, then the electrolysis might be more economical. The other issue is how to
develop non-corrosive materials to be used at such high temperature. Extensive
development works are necessary to bring these methods to the level of practical use

3. Potential of HTR for heat utilization

HTR can produce much higher temperature coolant than LWR (light Water
Reactor) and has a higher potential for the heat utilization of the nudear energy. So
HTR is studied together with heat utilization since the very early stage of the
development The first stage was between 1970 and 1980. Judging from the growth
rate of energy consumption at that time, it was thought necessary to use the nudear
energy to make steel and the study of the nudear steel production was carried out as a
national project lead by MTTI (Mnistry of International Trade and Industry). But the
demand for the steel was decreased considerably thereafter and at present there is no

requests from sted industries to use the nudear energy. In Germany, application of
the nudear energy to a coal gasification and a gas turbine was investigated during
this period.

in '80s, the demand for the nudear power plant also came down and a middle and
small sized reactor became highlighted because of its adaptability to the safer design.
The middle and small sized reactor is expected to open a new market of the nudear
heat utilization, which requires the siting of the energy station near the utilization
plant. The modular HTRs were developed extensively both in US and in Germany.
As far as the modular HTR with a steam generator is concerned, it is already
developed to such a stage as the site independent licencing were obtained in both
countries.

The cost of the energy from the nudear plant is the biggest and probably the only
concern of the potential users But no one can guess it before it is proved through the
actual construction. Still if it turns out to be competitive with the fossil fuels, the
nudear heat can be utilized in various fields. Table 2 summarizes the technical
potential of chemical processes to use the HTRO>

Table 2 Hot U t i l i z a t i o n and Varkcl of IITR
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This table lists the potential processes to use the nudear energy with the type and
the working temperature of the typical heat exchangers to be used in the process.
Because the heat exchanger s are the most important interface component to connect
the nuclear plant with the heat utilization plant, these columns make good
indication of the technical potential of the practicality of the process. The listed
processes are classified into 3 categories. The category A means that the process is
technically practical and also there is a market for it. Category B means the process
where one of these conditions is not fulfilled. Category C means the process where
neither of the conditions is fulfilled.

4. Energy consumption by the industry in Japan

The energy flow diagram in Japan in 1990 is shown in figure 1.® The total supply
of the primary energy reached 526 Mkl (equivalent crude oil) and the nuclear energy
accounts for 9.4% of it The total final energy consumption was 349 Mkl and this is
equivalent to 66.3% of the supply. Approximately one third of the supplied energy
was lost during conversion.

Rgure 2 shows the ratio of the final energy consumption according to the kind of
fuels.0' The electricity accounts for 20% of the final energy consumption. The
nudear energy accounts for about 5% of the final energy consumption. If all amounts
of electricity arc produced from the nudear energy, it will accounts for about 40% of
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FIG. 1. Energy flow in Japan (1990).
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the primary energy supply and for 20% for the final energy consumption. The
industrial use accounts for the half of the final energy consumption and home or
transportation use accounts for the half of the balance.

The contents of the final energy consumption in industries are investigated below
in more detail.

Hgure 3 shows yearly change of the cured: energy input to the nominated
industries in recent years. W The consumption increased about 3% per year. Rgure 4
shows the ratio of fuel consumption against the purposes. <•> In this figure, you can
see that the sum of the ratio of the direct heating and boiler uses, namely the ratio of
thermal use accounts for about 56% of the total fuel consumption. The ratio of the
energy consumption according to the kinds of the industries are shown in Hgure 5. W
Each ratio of the consumption in the steel and the chemical industries accounts for
about 35% each and that in the petroleum, ceramics, pulp & paper and other
industries accounts for about 6% each.

Next, we will investigate the amount of electricity and steam consumption in
industries. The amount of the dectridty consumption and the ratio of the domestic
power generation is shown in Table 3. <* Approximately 2/3 of dectricity used in the
pulp & paper industry and approximately 1 /2 of it in the ceramic & soil-stone
industry is supplied from the domestic power plant The ratio of the domestic power
generation in industries exceeds 30% and is increasing year by year.

Table 4 shows input and output of steam according to the kinds of industries. <«
The steam is primarily produced within the plant and the ratio of steam consumed
for production and domestic power generation were 55:45.
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Table 3 Purchased Electricity, Domestic Power Generation,
Electricity Consumption

and Ratio of Domestic Power Generation (1991)
(Unit : 103MkWh)

Kinds of Industry

Total
Pulp & Paper
Chemical
Ceramic & others
Steel Production
Machinery
Others

Purchased
Electricity

163
10
40
12
54
51
25

Domestic
Power

Generation
81
23
31
12
20
3

14

Hectriciry
Consumptio

n
236
33
66
22
71
52
38

% of Domestic Power

1990

33.0
68.2
43.4
48.9
27.9
4.3

36.8

1991

33.0
68.4
44.1
50.0
27.3
4.9

36.6

Table 4 Input and Output of Steam In Main Industries (1991)
(Unit : Million t)

Kinds of
Industry
Total
Chemical &
Textile
PnlpPaper
Chemical

Petroleum
Ceramics
Steel

Input and Steam Generation
Total
537

34

172
210
52
39
95

Input
36

1

2
28
3
2
2

Generation
501

33

170
182
49
37
93

Consumption
Total
509

32

170
190
48
36
92

For Process
279

17

94
102
35
11
26

For Power
230

15

76
88
13
24
66

Output

28

1

1
20
4
3

2

FIG 5 Component ratio of energy consumption by nominated production group

5 Gondusion
If we assume 85% for availability, one unit of the modular reactor of 200 MWt or 80

M We can produce annually 2.004X1061 of steam or 5.96x108 kWh of electricity. From
the amount of the energy consumption explained above, we can estimate roughly the
potential of HTR for the co-generation or the heat utilization use in Japaa The result
is shown in Table 5. But these numbers can be increased much higher if the market
of hydrogen is developed. Then the nudear energy can be applied to transportation
and home uses and the potential of the HTR will be increased accordingly. The
estimated potential for this case is also included in Table 5. This is estimated by
assuming that the potential was proportional to the energy consumption. These
numbers are big enough to justify the extensive development of HTR in Japan.



Table 5 Potential of 200 MWth HTR In JAPAN

Kind of
Industry

Pulp & Paper
Chemical
Petroleum
Ceramics
Steal Production
Machinery

Total

Supply
Electnaty
Purchased ty
Industry

18
67
-

20
91
85
274

Supply
Steam Used for
Production in
Industry

47

51
18
6

13
-

139

Hydrogen
Production for
Home Use

-
-
-
-
-
-

192

Hydrogen
Production for
Transportation Use

-
-
-
-

-
181

Note The total does not coincide with the sum of each line because of duplication

Table 6 Potential of Standardized HTR In EC and JAPAN

Nations
France & UK

Germany

Italy & Spain

Japan

Number of Units
9~17
10—12

139—142
7—10
1—2

274-413
—192
—181

Purposes
Co-generation & Heating
Co-generation & Heatzng

Heat Utilization
Co-generaaon & Heating

H eat Utilization
Industries

Home
Transportation

Method of Estimation

L E

M
T
M
M
T
T
T

(Numbers of EC are made based upon the oral presentation by Gambra in Ref 5)
T Technical Potential

E Economical Potential
M Market Potential

The potential of HTR in Japan thus obtained is compared with those of European
countries (EQ in Table 6 ® The potential of HTR in EC may be compared with the
number in the most lefthand side column of Table 5 The technical potential of the
heat utilization is about 140 in Germany according to Table 6 The corresponding
number in Japan is 274 These two figures are nearly proportional to the amount of
the final energy consumption of 67 and 132 Mkl (crude al equivalent) in Germany
and in Japan, respectively

If the HTR can become economical to supply energy for the chemical or other
fields, the HTR can also be applied to the power generation economically This will
increase the needs for the HTR further
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oo PROSPECTIVE HIGH-TEMPERATURE
NUCLEAR POWER APPLICATIONS IN
VENEZUELA FOR HEAVY OIL EXPLOITATION

H. CARVAJAL-OSORIO
Institute Vénézolane de Investigaciones Cientfficas,
Caracas, Venezuela

Abstract
Extra-heavy oil exploitation in Venezuela presents very favourable conditions for the application

of advanced nuclear power In a previous IAEA Technical Committee Meeting on the subject, the
author disclosed a model for such application, where a nuclear plant, based on high-temperature gas
cooled reactors, could supply most of the energy required for both the extraction and the upgrading
of extra-heavy crudes from the Orinoco Oil Belt, with some added capacity to generate electricity

In this meeting, a co-processing model is presented, as an alternative m heavy oil exploitation,
to produce synthetic fuel by heavy crude upgrading performed together with coal liquefaction heavy
crude upgrading performed together with coal liquefaction, and with the aid of advanced nuclear
power High temperature nuclear reactors provide most of the heat requirements in the high
temperature range, that is, above 800°C, in order to operate a reforming unit to produce the large
quantities of hydrogen needed for the hydrogénation of the crude High quality steam could also be
obtained with heat extracted from the reactor gas coolant loop.

The proposed model includes the option of a thermochemical pipe energy transmission system,
which consist of piping the reforming gas, a mixture of hydrogen and CO, to a distant location where
energy is needed, where these gases are allowed to react m an exothermal reaction to form methane
A heat exchanger is used to extract the generated heat for industrial processes and steam production
The methane, part of which could be consumed locally, is returned through a parallel pipe back to
the reforming unit. Make up reforming gas could be obtained by gasification of heavy-oil. As an
interesting alternative, this heavy oil could be the form of Orimulsion. the suspension in water of
bitumen or extra-heavy crude, with the help of special diluents, a product commercialized now by
Venezuela as a new fuel The raw material for the hydrogen production could be either natural gas
or heavy oil residues, the latter obtained m the upgrading process

Venezuela, with the world's largest heavy-oil resources (1 2 x 10I! barrels in situ), ought to
consider the different alternatives, including nuclear, to make such huge energy resources useful. This
becomes specially true when this implies the consumption of a large portion of the energy being
produced, and under environmental constrains on the emission of pollutants to the atmosphere

Current oil and natural gas market conditions do not favor synthetic oil production However,
the prediction for a not so distant future of more favourable economic conditions, urges to complete
this type of studies well in advance It is recommended to refine the model for a better definition of
the parameters

1 . I N T R O D U C T I O N

Venezuela has the potential to cont inue being one of the main
energy suppliers to the wor ld for many years to come, due to the
vast reserves of ex t ra -heavy c rudes and b i tumens , besides its
important conventional oil reserves.

">—t;— i » l '
f''-\*r< *̂4:::«**̂

I Oil Promotion
ft R t l i i e r j
M I nd i s l r i o l Complet

GaOi'uoco Oil Belt
i I n d u s t r i a l Fores)

<^C Muug (fool,Bouille, lion)
H, Electricity Genera t ion

FIG 1 Main energy related and industrial sites in Venezuela

These oil deposits, mainly at the Orinoco Oil Belt (OOB), a 700
km long by 70 km wide zone at the north of the Orinoco river
(Fig. 1), contains a total of 1.2x10'* barrels (bbl*) of oil. Of
these, it has been estimated that 264 000 million bbl are recover
able reserves (22Z of the oil in situ). These correspond to more
than half of the some 500 000 million bbl of heavy oil and
bitumens existant in the world.
The above figure is in addition to conventional oil reserves
of 56 000 million bbl, whicTi includes the conventional portion
of the OOB.
It is claimed that continuous steam injection could rise the
recovery rate above 30% (Reader, 1990). Latest technologies
applied to heavy oil recovery promise higher recovery rates (OGJ,
1992).
T h u s , the c h a l l e n g e i s how to e x t r a c t and m a k e such reserves
u s e f u l at c o m p e t i t i v e costs, at the time when they will be
needed. This is specially true when it is considered that oil
demand will continue to grow, with an unsubst i tu ible fract ion
i nc r ea s ing too in i ts m a r k e t s h a r e , as shown in Fig. 2. For

') 1 bbl * 0.159
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FIG. 2. World energy demand and the unsubstituable oil markef share (courtesy of the
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these reasons, advanced technologies, nuclear power included,
are called to play an important role in world development. It is
important to take into consideration that extraction and
processing of the OOB heavy oils is estimated as the cheapest of
all other non—conventional oil exploitations, such as tar sands
and oil shales.
As environmental regulations becomes increasingly stricter, fos-
sil fuel burning will be limited. It is important to make clear
at this point, however, that these limitations will force a
moderation in the growth of fuel usage, but still a considerable
expansion of their use is forecasted, if a sustained development
of the world is forseen, mainly in third world nations (Fig. 2).
Nuclear power is recognized today as the cleanest source of
energy with respect to air contamination, and with low risks to
the population, this despite of its current acceptance and finan-
cial problems. Any risks derived from nuclear reactor operations
get even much lower with the advanced reactors, some of the

designs eliminating the possibilities of accidents such as the
Three Mile Island and Chernobyl ones.
High temperature gas cooled reactors (HTGR) form part of such
designs. They have completed several decades of intensive
development and testing, and now they are considered as ready for
commer-cialization. Since they produce temperatures high enough
to satisfy most industrial process requirements, HTGRs have
opened new fields of application to nuclear power. Light water
reactors are limited to relatively low temperatures.
Several of Venezuela's main industries are good candidates for
the application of nuclear power.
Heavy crude extraction and upgrading, oil refining, petrochemical
production, and other industrial processes in the country can be
supplied in most of their energy needs by advanced nuclear reac-
tors. Also, more advanced processes, such as gasifications pro-
cesses, hydrogen production and the thermochemical pipe energy
transmission system, all represent industrial options for advanc-
ed nuclear power technologies, for the next future.
Most of the mentioned processes require high temperature heat and
steam, in addition to the demand of large quantities of hidrogen.
There are also other large industries in Venezuela, such as iron
ore extraction and processing, steel manufacturing and bauxite
reduction for aluminum production, which present a potential for
nucler power. This is the subject of another of the author's
paper*(Carvajal, 1992).
The possible use of advanced nuclear power in Venezuela, for
heavy oil exploitation, including its upgrading in a coprocessing
mode, together with electricity generation, has been also pro-
posed already by the author (Carvajal, 1990). Previously, the use
of Magnox nuclear reactors only for the extraction of the OOB
heavy oils, that is without upgrading or cogeneration, was pro-
posed in 1981 by an English company (Perret, 1981).
The employment of HTGRs for heavy oil extraction have been
proposed by several companies and institutions, mainly from the
U.S. and Germany (Rao et al., 1981; Candeli, 1988; Frohling et
al., 1988). A later study considered the use of modular HTRs for
petrochemical plants (Frohling, et al., 1991).
This paper proposes some ideas on how advanced nuclear power
could contribute to the energy sector, in especial for Venezuela,
taking into consideration the needs for advanced processes in
oil industry, together with a growing hydrogen demand, and the
need, in a not so distant future, for light synthetic fuels from
solid materials and extra-heavy oils and bitumens, These ideas
include nuclear assisted coprocessing of heavy oil and coal, as
well as, gasification of OOB bitumens in the form of ORIMULSION.
Combined-cycle power stations are considered, as well as the
obtention of synthetic gas (syngas, a mixture of H2 and CO), with
several other applications.

2. THE NEED FOR FOSSIL FUELS UPGRADING AND GASIFICATION, TOGETHER
WITH COPROCESSING AND COGENERATION
Fossil fuels will continue to get into more difficulties to be
burnt as they are, due to ever increasing environmental protec-



ON tion regulations. And Venezuela, at the same time, is increasing
the heavy fraction in its oil production, besides its extraordi-
nary reserves in extra-heavy oil and bitumens.
I am convinced that if no efforts are done for the upgrading and
conversion of such resources to more convenient fuels, Venezuela
would be in the great risk of being knock out of the energy
market in the near future or, otherwise, will be forced to sell
its energy resources at low values, with very small benefits
margins.
Coal liquefaction and gasification processes are in an advanced
stage of development, in accordance with the abundance of coal
and its increasing roll in the energy sector. Direct coal burning
even could be forbidden for its effects on the atmosphere.
Classic gasification processes can not longer meet the ever
increasing demands from the economy and from environmental pro-
tection regulations. Efforts are then in progress to further
develope the gasification technology to satisfy more demanding
conditions and to make it competitive.
Similar considerations apply to coal liquefaction. However, some
technical difficulties in going through a liquefaction process to
obtain liquid fuels were fo'und. It has been proposed instead
(Harney et al., 1980) to go through gasification to obtain
methanol as a first step and, then, to convert it to high octane
gasolines by catalytic processes.
Gasification has the added advantage of a much more diverse
production of other chemicals and fuels from the produced syngas
and methanol, besides an easier gas clean-up processing forpollution control.
Recent developments in gasification comprehend the entrained-flow
TEXACO process and the RHEINBRAUN high temperature Winkler pro-
cess (Keller, 1990). In these cases, the necessity of a diversi-
fication of feedstocks and products was taken into consideration.
There is not that much on heavy oil gasification, since there was
not a great necessity for such process before. However, for the
reasons mentioned above, besides the necessity to count with this
energy source in the next future, its convertion to more
convenient fuels and products should be considered in moredetail.
It is claimed that the TEXACO gasfication process can use heavy
residues and extra-heavy crudes from the OOB as feedstock. At
present, there is a project under development in Sweden using
heavy residues and under very strict environmental regulations(Brady. 1990).
Cogeneration models, as well as their combination with gasifica-
tion processes, should be considered to compete with current low
oil and natural gas prices. Environmental restrictions though
will force prices up in conventional systems of relatively low
efficiencies as the current ones. Coal gasification assisted with
nuclear power could reach high overall conversion efficiencies,
as shown in Fig. 3. Emission of S02 , NOX and dust could also be
almost totally avoided with such a system.
In the field of power generation, combined-cycle plants, i.e., a
combined gas/steam turbine station with and integrated coal gasi-
fication unit (Fig. 4), can achieve fuel savings of up to 302,
with emission levels similar to a natural gas-based power station(Keller, 1990).
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FIG. 3. Efficiency of coal conversion processes.

If methanol and/or ammonia is also produced in the combined-cycle
plant, overall thermal efficiencies could rise even more, and in
the cases that fuel gas is also produced, together with hot water
for district heating, as a case under consideration in Sweden,
the efficiency could go over 70T (Keller. 1990).
The fact in those processes that a wide range of feedstock could
be used, without the need for additional equipment or changing in
operation procedures, this adds in advantage in the case of using
ORIMULSION or extra-heavy oils from the OOB.
The prospect of upgrading coal with petroleum fractions
simultaneously, called coprocessing, has attracted considerable
attention recently. Venezuela is known to have important low
sulfur coal reserves, which could help in reducing the problem
encountered in heavy oil processing for its high content of
undesirable materials, such as nitrogen, sulfur and metals. Coal
used as an additive could reduce such materials in the dis-
tillates and improve gasification plant operability. At the same
time, heavy oils may provide the most promising petroleum
solvents in coal extraction/liquefaction mechanisms, because its
compatibility with required characteristics (Flynn et al., 1989).
In Canada, heavy oil agglomeration procedures have been developed
to reduce the ash and moisture levels of coals to be gasified
(Parker et al., 1990).
Some other authors (Wallace et al., 1990; Bosse et al., 1991)
claim an increase in the hydrocracking extent and the reduction
of pollution as benefits of coprocessing .
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D.J. Berger et al. (1991) have studied the upgrading of heavy
oil/coal slurries with the use of a counterflow reactor. He found
that it is more economical to perform this coprocessing than coal
liquefaction alone, if heavy oil/bitumen prices stay low. This is
the case with ORIMULSION for its low production costs.

Water content % w/w
Median droplet size, urn
% droplets > 100 urn
Density (15°C), kgm'3

Apparent viscosity, mPas
(max. values)
30°C, 20s-'
30°C. 100s-'
70°C. 20s'1
70°C, 100s-'
GCV, MJkg-' (min)
NCV.MJkg-'(min)
Sulphur, % w/w (max)
Ash, % w/w (max)
Vanadium, ppm (max)
Sodium, ppm (max)
Magnesium, ppm (max)
Flash point, °C (min)
Pour point, °C

29.0 ± 2
< 30
< 2
1002-1013

1100
900
500
400

29.0
27.0
3.0
0.3

360
90

500
122
2-5

3. ORIMULSION AND ITS GASIFICATION
In studying the above mentioned gasification processes, including
coal slurries and heavy oil/coal mixtures, it could be inferred
the possibility of ORIMULSION gasification as a promising possi-
bility.
ORIMULSION, the new fuel developed in Venezuela, is a mixture of
70% of bitumen from the OOB and 30% of water, in the form of
emulsion with special surfactants. Other properties are indicated
in Table 1. It is marketed as a fuel for direct use in steam
boilers, competing with coal. However, its relatively large
sulfur and metals content, imply difficulties related to contami-
nation if burn directly. Gasification on site, before it is
delivered, under controlled conditions, would permit the ob-
tention of syngas, methane and liquid high quality fuels without
almost any pollutants emission. Slag and other wastes could be
disposed of using depleted oil wells.
J. Keller (1990) mentions the Orinoco crude oil as suitable for
direct gasification. He also refers that the TEXACO gasification
process is particularly favourable for the gasification of heavy
residues from oil refining, and that it has been demonstrated
that heavy-oils can also be gasified mixed with water instead of
steam, the latter required by the gasification process if coal is
used. Being ORIMULSION a mixture of bitumens and water, its
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gasification process is easier. Also, it has a larger H/C ratio
which favors the process yield.
In the TEXACO node the gasification is performed under a partial
oxidation process, in an exothermic reaction, so no heat input is
required. Such a plant could be used to provide the make—up
gases, in the form of syngas, needed in the proposed thermochemi-
cal pipe transmission system for Venezuela (Fig. 5; Carvajal,
1992). For other gasification processes under consideration, heat
needs to be added, so nuclear energy could be considered in such
cases (NED| 1984).
The thermochemical pipe energy system consist of an EVA-ADAM
complex (Harth, 1981), which individual components are separated
by some distance but connected by a dual pipeline, with the idea
of supplying distant costumers. In the EVA plant, a nuclear
assisted steam-reforming process converts methane to syngas,
which is transported via de pipeline to the ADAM complex. Here,
methanation takes place, an exothermic reaction that produces
methane from syngas. The'released heat could be used for

industrial processes and electricity generation at the consuming
centers. The methane is returned to the EVA facility to restart
the cycle.
In this system, as one of the options, syngas is consummed at the
distant location for industrial purposes, and, also, once the
methanation has taken place at the ADAM facility, part of this
methane is used as fuel and for other industrial processes.
In this way, make-up syngas, obtained from ORIMULSION, as
explained above, is needed to sustain mass balance.

A. NUCLEAR ASSISTED PROCESSING AND ITS ACCEPTABILITY
Several authors (Singh, 1992; BNF, 1990), in international con-
ferences and in scientific articles, have claimed that an exten-
sive use of nuclear power, together with other energy alterna-
tives and higher efficiencies, will be the only way to curb the
current tendency of the COj concentration increase in the atmos-
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phere. Realistic considerations on non-conventional sources, such
as solar, biomass, wind, etc., have concluded that, although they
could make an important contribution, they by themselves would
not be able to reduce CO} emission rates.
Even more, W. Fulkerson et al. (1992) concluded that nuclear is
an essential ingredient, though not necessarily the only or
predominant one, in the next future necessary control of green-
house gas emissions. France is a current example of this, where a
one third cut in COZ emissions had been posible, thanks to its
important nuclear power program, besides programs on energy con-
version efficiency improvement (Bernard, 1992).
For nuclear energy to have a significant impact on environment
protection, it has to enter the industrial processing field.
Electricity generation as the only one product, as currently
done, even with higher conversion efficiencies, may become
unacceptable in a not so distant future, for its waste of around
two thirds of the energy input. Cogeneration, coprocessing and
the use of directly coupled gas turbines, will have a larger
acceptance for the possibility to attain much higher overall
efficiencies, as well as an improved pollutants emission control
(Shelley et al., 1992).
A combination of gas and steam turbines together with a gasifi-
cation process, was proposed some time ago (Squires, 1972) for
obtaining a more efficient electricity generation with less
pollution, using either coal or heavy oil as energy source.
The combustion of the syngas obtained, mixed with air or oxygen
and under controlled emission conditions, supplies most of the
energy to the gas turbine ctfupled to an electricity generator.
The hot exhaust gases leaving the turbine are conducted to a
steam boiler, to produce steam to move a second electricity
generator.
The interest on those systems came down together with oil prices.
However, counting on the inevitable reserves depletion of conven-
tional petroleum, and with the tendency to protect even more the
environment, highly efficient and environmentaly more acceptable
processes are coming back to .the top of energy discussions.
The introduction of nuclear power as main energy supplier for
process heat and steam, including reforming processes, present
several clear advantages (NED, 198A).
In industrial processing, J. Singh et al. (1992) have estimated
that with the use of high temperature reactors in the refinement
of conventional energy carriers, specially coal, COjemissions can
be reduced by a factor of about two in comparison with conven-
tional methods. Important reduction of other nocive gases could
also be achieved. By fossil fuel upgrading, very clean light
fuels could be produced, with a good control of emissions and
with a convenient disposal of nocive substances at the produc-
tion site. The use of nuclear energy in heat production instead
of fossil fuel burning, thus can assure important reductions of
'greenhouse' gases, besides the savings in the combustion of
unsubstituable oil.
Also, some consideration has to be given to the increasing demand
of hydrogen for use in refineries derived from the needs of
better quality gasolines. In W. Europe, for instance, a growth
rate of 23%/year is expected, with similar figures for the U.S..

Also, that demand will become much larger in the next future when
hydrogen, with its so convenient characteristics as a fuel, are
taken into consideration. This needs will be impulsed even more
by environmental related matters.
Convenient nuclear assisted hydrogen production will then have an
important market potential.
Coprocessing and cogeneration are the most recent tendencies in
the industrial sector, for its advantages in improving effi-
ciencies and reducing environmental impact. Then, it should be
considered in more detail how nuclear power with advanced techno-
logies, could contribute significantly in those processes.
How intensive the nuclear contribution will be depends to a great
extent in public acceptance, which, in turn, will depend on the
ability and effectiveness of technologists and industry in
solving the current problems of nuclear energy.

CONCLUSIONS AND RECOMMENDATIOS
Excellent perspectives for the application of advanced nuclear
power in Venezuela are foreseen. Gasification of extra-heavy
crude oils and bitumens from the Orinoco Oil Belt present good
prospects to become an economical and very convenient way in a
not so distant future. The possibilities are so that detailed
studies should be carried out in much more detail toward the
elaboration of a prefeasibility study.
Current fossil fuel economics do not favor any of such advanced
processes at present. However, increasing environment protection
regulations are producing fast changes in the world energy
tendencies and economics, which favor the introduction of
advanced nuclear concepts in the industrial processing field.
Current designs of high temperature gas cooled reactors meet the
requirements of heavy oil extraction and upgrading, and possibly
they could supply energy needs for the gasification of the
abundant fossil fuel reserve^ present in Venezuela. Also, such
designs have excellent safety properties which should be used in
benefit of a more extensive use of nuclear power with good public
acceptance.
Coprocessing and cogeneration models have been propossed in
looking for higher efficiencies and better conveniences for
industrial processing, especially in the oil industry.

Paradoxically, at present, these 'green' laws, have produced a
reduction in H availability. These laws mandate lower aromatic
and higher oxygenate levels in gasolines, as well as sulfur level
drastic cuts. Also, the drop of chlorine products demand, in
which H is a subproduct, have contributed to the decrease of H
available. However, this is thought as temporary.
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Abstract
Countries with large coal deposits have the option of coal conversion to supply transportable fuel

demands. Because the most desirable coal conversion processes take place at 800"C or higher, only
the HTGR, among all reactor types, has the potential to provide heat for coal conversion processes.
The paper presents the system arrangement for MHTGR plant to produce methanol from coal
describes the reactor system, addresses safety considerations and presents an economic evaluation.

1. INTRODUCTION

Displacement options for petroleum fuels include natural gas (compressed or liquified), synthetic
gasoline, biomass fuels, electric vehicles, hydrogen, and methanol. Although no alternative
vehicle technology, methanol has often been cited as a good compromise and is perhaps the best
coal derived fuel (See Ref. l).

A main criticism leveled at methanol is whether it can be produced economically in sufficient
quantities to significantly displace petroleum-derived fuels. Although methanol can be
manufactured from biomass, natural gas or coal feedstocks, only coal offers the potential for a
substantial long term indigenous feedstock in nations which have large coal deposits.

A privately funded study was recently carried out at General Atomics to investigate the use of
a Modular High Temperature Gas-Cooled Reactor (MHTGR) for a the production of methanol
from coal without producing CO^. This study compared two alternative conversion processes,
steam-coal gasification and hydro-gasification (Ref. 2), both of which require nuclear generated
heat in the range of 850*0 core outlet temperature.

In aw industrial nations, transportable fuels in the form of natural gas and petroleum derivatives
constitute a primary energy source nearly equivalent to that consumed for generating electric
power. Nations with large coal deposits have the option of coal conversion to meet their
transportable fuel demands. But these processes themselves consume large amounts of energy
and produce undesirable combustion by-products. Therefore, this represents a major opportunity
to apply nuclear energy for both the environmental and energy conservation reasons. Because
the most desirable coal conversion processes take place at 800'C or higher, only the High
Temperature Gas-Cooled Reactors (HTGRs) have the potential to be adapted to coal conversion
processes.

Ever since the inception of the High Temperature Gas-Cooled Reactor (HTGR) the U.S.,
Germany and other countries have been investigating the different methods to utilize this high
temperature for various processes. In the 1979-1980 time period General Atomics performed
a comprehensive study to investigate the possibilities for various large HTGR Cogeneration
applications. Of these potential applications, (»generating an HTGR to supply heat energy to
a synthetic fuel plant for coal liquids and coal gasification processes was determined to be an
appropriate candidate.

2. COAL TO METHANOL REACTIONS

The conversion of coal to methanol can be approximated roughly by the reaction:

H2O) -> CH3OH + (2-x)/(2+x)CO,

O\
* This work was supported by the US Department of Energy under contract DE-AC03-89SF17885.

where coal is represented by CH, where "x* is the ratio of non-aqueous hydrogen to carbon
atoms. For typical U.S. coals, "x" varies from about 0.8 for high volatility bituminous to 0.3
for anthracite (Ref. 3). However, this hydrogen content range is insufficient to produce
methanol without a COj by-product For a stokhiometric reaction, every mole of product
methanol results in 0.43 to 0.74 moles of by-product CO, which ultimately becomes COj.

The coal-to-methanol reaction also requires substantial quantities of heat. If the heat were
supplied by coal through a standard gasification reaction, about 80% more coal feedstock would
be required along with oxygen for combustion (Ref 4). Thus, production of methanol using the
burning of coal for the heat input of a gasification reaction results in the release of from 1.0-1.4
moles of (X>2 for every mole of methanol produced. Further, for every mole of gasifier-
produced methanol that is ultimately combusted, approximately 2.0-2.4 total moles of
would have been released to the environment.



-Jo The role of atmospheric CQ^ emissions to the global warming phenomena is the subject of
world-wide study. With few exceptions, the scientific community is in agreement that significant
additional wanning can be expected if substantial heat-absorbing CO2 and other greenhouse gases
are added to the atmosphere (Ref. S). The impact of the more severe estimates of wanning
would be devastating to many regions of the world.

In order to produce methanol from coal without producing COj, two process inputs, in addition
to coal and steam, are required: a supplemental hydrocarbon feed with a H/C ratio well above
2 and a non-combustion source of high temperature heat.

The ideal supplemental hydrocarbon feed is H2. Although small quantities of inexpensive H2

are available as process by-products, a large-scale methanol economy would require enormous
quantities of H2 which would have to be produced specifically for methanol production. With
current production techniques, this H2 would be prohibitively expensive. However, future
technologies, such as thermo-chemical water splitting hold promise of cheaper Hj which would
make H2 supplemental feed economically viable.

In lieu of a cheap Hz source, CH, from natural gas can be an interim feedstock. The
stoichiometric non-COj producing reaction is:

(2-x/2)H2O + (l-x/2)CH« -> (2-x/2)CH3OH

With "x" in the range of 0.3 to 0.8, from 0.85 to 0.6 moles of CH, are required per mole of
carbon from coal to make methanol without COj.

The above reaction is endothermk and requires heat in the range of 1,200-1,400"? (650-760°C).
The only practical non-combustion source of such heat is a nuclear reactor. Even though this
temperature range is well beyond the capability of most nuclear reactors, it is well-suited to the
temperature range of the MHTGR.

3. PROCESS ARRANGEMENT FOR MHTGR METHANOL SYNTHESIS

The principal challenge to configuring a MHTGR Process Heat (MHTGR-PH) system for
methanol production is the method of transporting heat to drive the coal to methanol reactions.

Conventional coal conversion technologies
introduce oxygen into the steam-coal gasifier
to provide the reaction heat via direct coal
combustion. Nuclear heat must be generated
separately and then supplied indirectly to the
process stream by a heat exchanger.

Two possible configuration arrangements
have been recognized for nuclear coal
conversion schemes: steam-coal gasification
and hydro-gasification (Ref. 2). Both are
amenable to methanol synthesis without COj
production, as illustrated in Fig. 1. In the F'8- 1- Reactions for coal to ethanol by hydro-
steam-coal gasification process, excess H2

from the steam-methane reforming reaction compensates for the lack of H2 in the steam-coal
gasifier. The combined reformer and gasifier outputs constitute the necessary feed for
stoichiometric methanol synthesis. Both the reformer and gasifier reactions are endothermic,
requiring heat at high temperatures for efficient production rates.

The indirectly heated steam-coal gasifier is particularly challenging because the heat must be
transferred into the coal solids through a barrier which isolates the primary system, viz. heat
exchanger tubes. Remarkably, a steam-coal gasifier was demonstrated by Lurgi utilizing an
electrically heated helium loop and a circulating fluidized-bed gasifier. Heat exchanger tubes
containing the high temperature helium flow dipped into the bed for transfer of heat (Ref. 6).

The steam-coal gasification process for CO2-less methanol production has the disadvantage of
requiring two heat exchangers for introducing nuclear heat into he process. Furthermore,
despite being demonstrated, the helium-heated fluidized-bed remains technically difficult and
costly. Therefore, the initial process investigation was focussed on hydro-gasification in which
only the reformer requires heat from the reactor.

In the hydro-gasification process, nuclear generated heat is introduced directly through the
reformer, which converts CH^ and steam to CO and H2. For efficient reaction rates, the
reformer requires heat at temperatures up to 14SO°F (788°Q, which is achievable with an



MHTGR-PH with 1550°F (850"C) core
outlet helium temperature. In addition, feed
steam is required at approximately 900°F
(482°C) in at least a 2-to-l ratio with CH4.
This high temperature steam can be
conveniently supplied by a MHTGR steam
generator in series with the reformer. In
fact, excess steam is typically produced,
which enables «»generation of significant
electric power.

The reformer equipment has been
standardized for process industries and a
variety of reformer heat exchanger
configurations and materials have been
studied for application in HTGR's in the late
70s and early 80s (Ref. 7).

The hydro-gasifier itself is strongly
exothermic and does not require a heat source
to produce CH« from coal feed and H2. The
hydro-gasifier concept, illustrated in Fig. 2,
is a two-stage vertical arrangement, operating
at conditions of 1800°F (982°C) and
1060 psia (72 aim). Even though this
concept was studied by several organizations
in the 1970s, it is still largely a
developmental piece of equipment.
Development studies carried out by Rockwell
(Ref. 8).
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Fig. 2. Hydrogasifier

have demonstrated efficient carbon conversion

The process arrangement for MHTGR-PH methanol production via coal hydro-gasification is
shown in block diagram form in Fig. 3. The reformer would interface directly with the reactor
primary system and would constitute part of the primary pressure boundary.
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Fig. 3. MHTGR methanol process arrangement

Prepared coal feed is delivered to the hydro-gasifier which supplies the product gas to the gas clean
up system. After removing unwanted byproducts in the gas cleanup system, the clean gas is
combined with supplemental CH« feed and then delivered to the reformer. The synthesis gas,
which is rich in H2, is delivered to the methanol synthesis unit with the excess H2 from the
synthesis reaction diverted to the hydro-gasifier. The product gas from the hydro-gasifier contains
a fair amount of hydrocarbons. These are cracked in a catalytic pre-reformer to further increase
synthesis gas production.

Table 1 presents the expected operating parameters for the three major processes. The actual
parameters will vary from these values dependant on coal type and equipment performance
characteristics.



TABLE 1
PROCESS OPERATING

CONDITIONS

A summary of the process results for three case
studies are presented in Table 2.

The performance of each process component was
based on published experimental or manufacturers
data. The hydro-gasifier performance was based
on tests by Rockwell (Ref. 8) which showed a R 1440 176 NiooAiA
60% carbon conversion at 1800'F (982°Q with Methanol 460 1060 cu/Zn
the foUowing fractional yields at H/coal ratio of Synthcsizef ———————————————
0.32:

Temp. Press.
(•F) (psU) . CtUlyct

1800 1060 None

^ -u „ -., „ „,,Carbon Monoxide 0.043
Methane 0.40
Liquid (as Benzene) 0.11
Ethane 0.37
Carbon Dioxide 0.26

The reformer performance is highly
dependent on temperature, catalyst

TABLE 2
CASE STUDY PROCESS RESULTS

Case A:
CaseB:
CaseC:

Coal
Type

Anthracite
Bituminous
Bituminous
Case A

%Carbo
n

In Coal
80
60
60

CaseB

%
Conversio

n
56
56
80

CaseC
Coal feed, 342,800 538,700 357,000type and steam-to-CIL, ratio. This

work was based on 90% yield at a CH4 feed, 171,928 127.310 153,028
peak temperature of 1440<>F f782°Q Ib/hr
and a 2-VO-l steam/CH« ratio. Methanol, 759,597 739,351 764,913

Ib/hr
306 300

193>630 76,826
54 61

A host of gas cleanup processes are - 292
available for control of solid ^ ,b/hr 150791

particulates, sulfur compounds, Thermal 56
nitrogen compounds, etc. Initial eff., % _______________________
work assumed a Phosam ammonia
(nitrogen) removal unit and an iron-oxide dry-bed sulfur removal unit for primary pollutant
removal steps.

Methanol synthesis units are currently used in process applications. Typical methanol synthesis
yields are 98% for CO and 50% for COa in the feed gas. Yields are increased considerable

when excess H2 is present as in this case. After condensing the product methanol along with
water, the non-condensable H2 and unreacted synthesis gas may be recycled (in unspecified
quantity) to the synthesis reactor or pumped back to the hydro-gasifier as H2 supply.

Calculations of overall process performance were performed using a spreadsheet calculation
which performed material balances, reaction equilibria, heat and energy balances, power
consumption and net power generation.

4. MHTGR-PH HEAT
DESCRIPTION

SOURCE

The reactor system envisaged for this
application would be an adaptation of the
Nuclear Island design developed by General
Atomics and others under the U.S.
Department of Energy sponsored
MHTGR-NE Program for steam cycle
electric power generation. This takes
advantage of substantial work performed on
the design of the MHTGR, and it extends the
versatility of the MHTGR as a universal heat
source. The MHTGR-PH primary system
design shown in Fig. 4 features two side by
side vessels.

The MHTGR design is based on generic, gas-
cooled reactor experience and specific HTGR
programs and projects, including the 53
carbon dioxide-cooled reactors developed in
the United Kingdom and built around the
world (including Japan), and the 5 helium-
cooled reactors built in Western Europe and the United States.The MHTGR is being designed
to meet the rigorous requirements established by the Nuclear Regulatory Commission (NRC) and
the electric utility-user industry for a second-generation power source for the late 1990s. The

Fig. 4. MHTGR-PH primary system



plant is expected to be equally attractive for deployment and operation in the United States, other
major industrialized nations, and the developing nations of the world. A description of
MHTGR-SC is given in Ref. 9. Both 350 MWt and 450 MWt reactor sizes have been
developed, although current emphasis is on the 450 MWt because of better economy. A typical
plant may consist of any number of reactor modules but a convenient, economical configuration
is four reactor modules (i.e. 4 x 450 MWt) coupled to multiple process trains.

The reactor module components are contained within three steel pressure vessels; the uninsulated
reactor vessel, a steam generator vessel, and a connecting cross vessel. The reactor core and the
surrounding graphite neutron reflectors are supported on a steel core support plate in the lower
portion of the vessel. The annular, active core is composed of hexagonal graphite fuel blocks
containing fuel compact material in sealed vertical holes. The heat transport system (HTS)
provides heat transfer during normal operation and normal shutdown conditions using high
pressure, compressor driven helium that is heated as it flows down through the core. The main
circulator is electric motor driven, two-stage axial compressor with active magnetic bearings.
For availability and maintenance requirements, a separate shutdown cooling system (SCS) is
provided as a backup the primary HTS. The shutdown heat exchanger and shutdown cooling
circulator are mounted on the bottom of the reactor vessel. These heat removal systems allow
hands-on module maintenance to begin within 24 hours after plant shutdown.

The ensuing discussion of the MHTOR-PH reactor system focuses on the distinguishing features
relative to the 450 MWt MHTGR-SC concept. Figure 4 shows the configuration of the 450
MWt MHTGR-PH primary system with the reactor in one vessel and the heat exchangers and
circulator in a second vessel viz. the MHTGR-SC arrangement. The primary coolant exiting
from the core at 1560'F (850°C) flows through the inner duct in the concentric cross duct to
the heat exchanger vessel which contains the steam methane reformer and the steam generator.
The primary coolant gives up its heat in series to the reformer and steam generator. The
reformer provides CO and H2 to the methanol synthesizer, and the steam generator provides high
temperature steam for the process and excess steam for electric power generation. The
circulator, which is located at the top of the heat exchanger vessel, returns the cold helium at
650°F (343°C) to the core inlet via the outer concentric duct in the cross-vessel and the outer
annulus of the reactor vessel for the purpose of maintaining the vessel below the operating
temperature limit of 700"F (37rC) during operation.

The MHTGR-SC reactor with an annular
graphite core can be adapted to process heat
application with an outlet temperature of
1550°F (850°C) with very little modification.
The reactor vessel, core, fuel, internals and „Keactor
supports remain unchanged. The salient primary power, MWt
system design parameters for the MHTGR-PH Core inlet pressure, 1025 (7.066)
are given in Table 3. Psia (Mpa>

Helium flow, 103 1374 (173.5)

TABLE 3
MHTGR-PH PRIMARY SYSTEM

Design
Parameters___________

450

The significant fuel cycle difference between the lbs/hr (kg/s)
Core m,et ^

MHTGR-PH and MHTGR-SC is that the fuel temperature, °F (°C)
cycle is changed from a staggered reload Core outlet 1550 (850)
scheme where half of the core is replaced every temp., "F (°Q
1.5 years to a batch reload in which the entire Steam Sen- ]nlet 1248 (676)
core is replaced every 3 years. The effect of _ . , .^ } ' Steam gen. outlet 644 (340)
the batch core is to reduce the age component of temp _ °F (°Q
the radial peaking factor and thereby reduce
both peak fuel temperatures and peak helium outlet temperatures. The fuel temperature profiles
for both the MHTGR-PH and MHTGR-SC core remains below 2280°F (1 ,250°C), the practical
normal operating limit for standard silicon carbide (SiC) TRISO fuel. This has the major
advantage of enabling SiC-TRISO fuel which has a substantial irradiation data base for the
MHTGR-SC to be used for the MHTGR-PH.

The effect of higher operating temperatures in the MHTGR-PH core was evaluated for its impact
on the important core design features including temperature defect, uranium loading, shutdown
margin, negative temperature coefficient, graphite conductivity, graphite dimensional change,
graphite expansion coefficient, graphite modulus, graphite strength, and graphite creep
relaxation. In all cases, the design margins were found to undergo little change relative to the
MHTGR-SC and remain more than adequate for operation in the MHTGR-PH temperature
regime.

The heat exchanger vessel contains the reformer, steam generator and circulator. The conceptual
vessel arrangement is shown in Fig. 4. The circulator is located at the top of the heat exchanger



vessel as is the case with the MHTGR-SC. The heat exchanger/reformer arrangement is unique
in that the straight tub« reformer is located in the center of the helical steam generator. The hot
helium from the core outlet flows down through the reformer and then up through the steam
generator. Regenerative heating between the two units is limited by two shrouds and an annular
gap. The vessel is internally insulated to maintain its metal temperature below 700?F (371 °C).

The straight-tube reformer bundle is headered on the top by a tubesheet and on the bottom by
a cylindrical manifold which is an extension of the central return duct. The large tubes, 3 inch
(7.6 cm) OD, contain a nickel impregnated aluminum oxide catalyst in the form of 0.5 inch
(1.3 cm) spheres for catalyzing the steam-methane reaction.

The helical steam generator surrounds the straight tube reformer The steam generator is a
down-flow unit which represents the only major deviation from the MHTGR-SC. Downflow
helical bundles have been successfully built and operated in gas-cooled reactors (viz. THTR in
Germany) but they place restrictions on the minimum flow and method of shutdown. In view
of its process application, the MHTGR-PH plant will be essentially based-loaded and, therefore,
limitations of a downflow unit should not be a significant concern.

5. REACTOR SYSTEM SAFETY CONSIDERATIONS

The MHTGR-PH is required to meet the same safety and licensing requirements as the MHTGR-
SC including satisfying the intent of all Federal and NRC regulations. The plant design
precludes the need for off-site emergency drills for sheltering or evacuation, because all design
basis events with frequency _>. 5 x 10~7/yr, meet the lower limit of the EPA's Protective Action
Guidelines (PAGs), i.e. 1 rem whole body and S rem thyroid. The MHTGR meets these
requirements by relying solely on passive and inherent safety features without requiring electric
power or operator actions.

There are two important safety issues specific to the MHTGR-PH. The first concerns the effect
of higher core operating temperatures on the ability of the MHTGR-PH to adequately reject core
afterheat in the same passive manner as the MHTGR-SC. The second is whether tritium, a
radioactive contaminant in the primary system will readily diffuse into the product stream via
the reformer tubes. Both of these issues have been evaluated and shown not to be a serious
concern for the MHTGR-PH.

The MHTGR-PH with 1550°F (850°C) outlet temperature can sustain the design basis
pressurized and depressurized cooldown events without exceeding fuel or component safety
limits. The analysis for both events assumes that the reactor is shut down from full power with
no active cooling systems available. In the passive shutdown cooling mode, core afterheat is
conducted radially outward through the core and reflector and through the reactor vessel wall.
It is then radiated and convected to the air-cooled panels in the reactor cavity. These panels,
which are part of the Reactor Cavity Cooling System (RCCS), have continuously circulating air,
driven by natural convection, and ultimately reject the heat to the environment. Sufficient heat
can be removed by this mechanism to prevent damage to the fuel or reactor components
including the reactor vessel.

Despite higher operating temperatures than the MHTGR-SC, the peak MHTGR-PH temperatures
during shutdown cooling are within safety limits. This is due to two reasons. First the
cooldown transients are long term so the effect of initial conditions becomes secondary to
afterheat levels which are identical for both concepts. Second, the limiting heat transport
mechanism is the radiation from the vessel to the cooling panels which is a highly non-linear
(T4) relation. Higher temperatures result in significantly higher heat transfer rates, thereby
suppressing peak internal temperatures.

The second safety issue for the MHTGR-PH is the potential for tritium to diffuse through the
reformer tubes. H2 diffuses readily through many alloys and the rate is enhanced with
temperature. Tritium is present in the MHTGR primary system as a result of fission product
release through defective fuel and reaction products from neutron capture in boron present in
control rods and lumped burnable poison. Under worst case assumptions, the annual release of
tritium into the process stream was estimated at less than 90 Ci. However, due to the large
product throughput, the concentration in methanol would be less than 4 x 10""Ci/cc. This is
nearly two orders less than the 10CFR20 Appendix B limit of 3 x 10*9Ci/cc for liquid effluent
releases.

Although a more thorough examination of MHTGR-PH safety is needed, based on the results
of these two feasibility issues, it is fully anticipated that the MHTGR-PH will retain the same
degree of benign passive safety characteristics as the MHTGR-SC.



TABLE 4
METHANOL PRODUCTION

COST ESTIMATE

6. ECONOMIC EVALUATION

The economic analysis of the MHTGR-PH
methanol cogeneration plant was based on a
revenue requirements methodology which
involves the determination of the year-by-year
revenue required for the return of capital, fuel,
feed and operating expenses. Table 4 presents a
summary of the projected methanol production
costs for an equilibrium 4 x 450 MWt MHTGR-
PH assumed to start up in the year 2010. The
estimate is for the above Case C production
rates, which is based on bituminous coal feed
and 80% carbon conversion in the hydro-
gasifier. The estimated output for this plant is
95 Kg/sec of methanol and 300 MWe net
electrical power, given feeds of 63 Kg/sec of
bituminous coal and 16 Kg/sec of methane.
Product costs are quoted in 30-yr. levelized
constant $-1991. MHTGR capital and operating
costs where derived from DOE MHTGR
program data and methanol plant cost were
derived from Ref. 10 using escalation per the
Whitman-Handy Index and applying a 25%
contingency. Capital costs include owner's
cost, contingency and interest during construction. A constant dollar fixed charge rate of 12.2%
was used based on ownership by a private enterprise. Additional marketable products include
sulphur and ammonia.

The product methanol price of $12.50/MBTU is high compared to current wholesale gasoline
prices which are equivalent to S5.27/MBTU without taxes. This corresponds to $18 per barrel
crude oil. However, gasoline is expected to experience real escalation during the period from
2010-2040, the assumed plant operating life. Based on an assumed 4% real price escalation, the
levelized wholesale gasoline price (without taxes) for this period is $15.90/MBTU

In conclusion, the MHTGR represents an important option for nations with large coal deposits
for achieving independence from foreign fuels by utilization of coal reserves without further
threatening the environment with large COj releases.

Methanol Plant
Cost, $M
MHTGR-PH
Cost, $M
Total Capital
Cost, $M
Coal Feed Cost,
199I-$/MBTU
Coal Real
Escalation, %
Methane Feed
Cost, 1991-
$/MBTU
Methane Real
Escalation, %
Annual Capital
Cost, $M
Annual O&M
Cost, $M
Annual Feedstock
Cost, $M
Annual Electrical
Credit, $M
Methanol Price,
$/MBTU

1,045

1,770

2,815

1.60

1.0

2.50

4.0

343

36

207

(188)

12.50
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o\ SYSTEMS FOR HEAT TRANSPORT FROM
AN HTGR TO INDUSTRIAL PROCESSES

V F. GOLOVKO, A I KIRYUSHIN, N G KUZAVKOV
OKBM,
Nizhnij Novgorod, Russian Federation

Abstract

In the Russian Federation, design activities have been carried out using heat from VOM reactors
for oil refineries, petrochemical plants and plants producing synthetic liquid fuels To assure a high
level of safety and the absence of contamination of the final product, the selected heat transport
system includes an intermediate helium loop and a technological circuit with silicon oil as coolant

The parametric analysis of technological processes shows that
more than 50 * of heat is utilized at temperatures up to 500-600* C
This temperature range can be ensured by HTGR with the helium
temperature up to 750* C Nuclear power-process stations (KPPSs)
with HTGRa of this temperature level can almost completely provide
oil refineries (ORPs), petrochemical plants and plants producing
synthetic liquid fuel from a coal with heat of required parameters
In oil refining only it makes possible to save about 15% of
processed oil

In order to provide tecnological processes with required
heat the NPPS should include several reactor plants (RPs) with an
HTGR power of approximately 2OOMW

Taking into account the designed equimpents and components
of the RP and also requirements of standard technological processes
for example in oil—processing industry, the helium temperature of
primary circuit at reactor outlet can be taken of 750*C. at reactor
inlet - of 300' C the coolant temperature at consumer inlet — of
500" C and at consumer outlet - of 200* C

Accordingly the radioactivity safety requirements the
location of the NPPS with the VGM-P is possible not far from an ORP

The allowed distance between NPPS and ORP will be determined by the
consequences of possible accidents at the industrial processes
(explosions, ejections of toxic substances, ets) Thus, considering
specific location of the consumer on the NPPS area the length of
circuits tronofering heat to the consumer can much exceed one of
primary and intermediate RP circuits

Choice of circuits numbers for heat transfer on this design
stage was carried out with care to exclude the possibility of the
final product contamination In spite of the low radioactivity of
helium in primary circuit an intermediate circuit is included in
heat transfer system to separate of the RP and the tecnological
production (Fig 1) Thus, heat transfer is carried out by three-
circuit flow scheme (primary circuit - intermediate circuit -
technological circuit) The pressure in the intermediate
circuit exceeds one in the primary circuit to exclude leakages
from the primary circuit to the technological circuit at loss
of integrity of heat exchangers in the circuits The
intermediate circuits are made independent (by ones in each of
RP) . to eliminate common cause failures, caused by failure of one
intermediate circuit It is considered expedient to have the
common technological circuit for all RPs of the NPPS It makes
possible more flexible provision of tecnological processes
consumers with heat in case of scheduled or accident shutdowns of
individual RPs

Helium, liquid metals, steam, silicon oil were considered
as possible coolants in the intermediate and technological circuits.

The criteria of choice were
1 Absence of phase transformations and termostability in the whole
working temperature range, including emergency situations,
2 Possibility to obtain high heat transfer coefficients , which
ensures minimum heat transfer surfaces
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3 Minimum power consumption on coolant circuilation

4 Compatibility with structural materials

5 Safety

It was aloo taken into account the expediency to use the same
coolants in circuits, which enables to reduce number of auxiliary
systems of heat transfer circuits.

The coolant temperatures in the primary circuit and in the
technological circuit determine ones in the intermediate circuit,
that should be ot a range from 550* C to 700' C in the "hot" loop and
up to 250-C in the "cold" loop

For this temperature range taking into account the above
criteria the most suitable coolant for the intermediate circuit is
helium and for technological circuit is silicon oil with temperature
up to 500" C In spite of great power consumption on helium
circulation the use of helium in intermediate circunt ensures
absence of ingression of coolants with hydrogen into primary circuit
Besides, the helium technology is the same as developed for the
primary circuit It is to be noted the low radioactivation of helium,
which excludes radioactivity in the technological circuit. The
minimization of surfaces of "He—He" and "HE- silicon oil" heat
exchangers enabled to specify helium temperature in the intermediate
circuit 670" C in the "hot" loop and 210* C in the "cold." loop . The
total specific surface of heat exchangers is equal to 47 mz/MW

The silicon oil as coolant in the technological circuit
ensures to a cosiderable extent application of available process
circuits and equipments of the oil refineries and petrochemical
plants The silicon oil coolant ensures the minimum power
consumption on circulation compared with the other coolants noted
above. So, the specific power consumption on circulation is equal to
70 kW/km at velocity of silicon oil of 3 m/s in pipeline with inner
diameter of 500mm. For the same conditions fall of silicon oil
temperature because of heat loss into invironment with temperature
of 0* C is equal to 4' C/Jan for the "hot" loop and to 1,6'C/km for the
"cold" loop at thickness of insulation of 50mm. at thickness of the
insulation of 200mm temperature fall IB equal to 1.5'C/km and to
0.3"C/km accordingly

Circulation of helium in the intermediate circuit is effectedl
by gas blower with electric drive of approximately 6MW power. The
same has been developed for the primary circuit of pilot-industrial
RP VGM. At present the gas blower is being tested at the
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Fig. 2. Intermediate h«at exchanger and its bank, modification
1 - intermediate circuit collecting chamber. 2 - intermediate circuit
pressure chamber. 3 - bank. 4 - djonector, 5 - sealing assembly. 6 -
outlet pipe. 7 - inlet pipe. 8 -- inlet chamber. 9 - heat exchange
tube: 10 — outlet chamber

Fig. 3 . Process neat «ichangeri 1-intermediate circuit
gas blower; 2-matall structuras ; 5-preoffure -vessel; 4-tub»
bundle; 5-cover; 6-;7-inlet atid outlet of teclmoiogical coolant;
B-hot gao duct; 9-inlat andoutlet 'of intermidaata bellum



experimental rig under actual conditions and parameters. In the
design of industrial RPs gas blowers it is supposed to replace oil
bearinc/s by electro-magnetic ones, which are being developed at
present

The intermediate heat exchanger "He-He" (IHX) consists of 43
independent cassettes (Fig 2) Such design is considered in OKBM more
expedient for IHX of the RP with HTGR. The cassette is the same as
has been developed for the RP VGM The cassette includes 132 helical
tubes with diameter of 21x2,5 mm The tubes with length of 15,2 m are
coiled around axial load—bearing tube of the cassette and form 4
multi-start coils with diameters of 232-406 mm. It provides
compensation of deformation at potential thermal differences in the
tube bundle and between tube bundle and the axial load —bearing tube.
The material of the tube bundle is chromium/nickel alloy with
content of nickel up to 60*

Process heat exchanger "He-silicon oil" (PHX) IB considered
expedient to design as single tube bundle of coil tubes (Fig.3). It
is connected with more low temperature level as compared with IHX
and small pressure loss of silicon oil coolant flowing within tubes
The tube bundle of the PHX consists of 21 parallel multi-start
cylindrical coils The coils are made of 20x3mm tubes with length
of 103m and are located in the annular space between two shells. The
materil of the tube bundle is chromium/nickel alloy with content of
nickel up to 35* .

Thus, performed design works and calculation analyses- show
possibility to create systems of heat removal from RP with HTOR to
the technological processes with suitable characteristics, ensuring
high level of safety and absence of contamination of final product .

METHANOL SYNTHESIS FROM RECYCLED
CARBON DIOXIDE AND HYDROGEN FROM
HIGH TEMPERATURE STEAM ELECTROLYSIS
WITH THE NUCLEAR HEAT OF AN HTGR

Y MIYAMOTO
Japan Atomic Energy Research Institute,
Tokai, Ibaraki
A. OMOTO, Y. AOKI
Tokyo Electric Power Company,
Tokyo
T. MURAKAMI, S. UCHIDA, S. SHIRAKAWA,
N. MURAKAMI, Y. YAMAUCHI
Mitsubishi Heavy Industries Ltd,
Nagasaki
S. FUKUDA, Y. KAMISHIMA
Mitsubishi Atomic Power Industries, Inc.,
Tokyo
Japan

Abstract

Global warming resulting from increasing carbon dioxide is a crucial and
imperative issue to cope with Curving CO: emission is a oust to prevent global
»arming. This paper addresses a. study of an environment-friendly plant concept
in which reduction of emissions is attained by utilizing nuclear generated heat
to metHanoi production The process of the plant is as follows,
® High-temperature heat energy is obtained from MHTGRs (MHTC8 : Modular High-

Temperature Gas-Cooled Reactor) that emit no CQ5.
© The high-temperature heat electrolyzes steam into hydrogen.
® Hydrogen reacts with carbon dioxide emitted from a thermal power plant

producing me tHanoi, a promising and easily transportable.
This paper describes the results studied by Sub-Group 'Methanol Synthesis from
Recycled Carbon Dioxide and Hydrogen from High Temperature Steam Electrolysis"
which branches out of "Study Group" belonging to "The Commttee on Uses of
Reactor Heat" organized by Japan Industrial Forum (JAIF)



ooo l CD2 Recycled Energy System
Anxieties have been mounting world-wide over global warming resulting from

carbon dioxide emission by fossil fuels combustion. On the other hand,
population explosion and demand for sustainable development in developing
countries will increase energy consumption in the near future. Nuclear energy,
which emits no greenhouse gas, can therefore be one of the most effective and
promising option to cope with such a dilemma.

However, the utilization of nuclear energy has been limited so far to
electric power generation. If the nuclear energy is applied for chemical
processes to convert carbon dioxide emitted by thermal power plants to liquid
methanol, it can not only expand its utilization but also contribute to the
reduction in carbon dioxide emission. A new energy system to produce a liquid
fuel using high-temperature heat from MHTGRs and carbon dioxide emitted from a
thermal power plant is described below.

Nowadays, the amount of methanol consumption in Japan has been rising to
around 1.7 million tons a year and further increase is projected. Thus, the
adoption of this system will help meet Japan's rising demands.

A schematic of this energy system is shown in Figure 1.

2. Plant System
2. l Methanol Production Capacity

Liquid methanol is made synthetically from fossil raw material in
industrial plants. The current maximum unit capacity is about 2000~2500 tons
of methanol a day. Thus, the methanol synthesis plant harnessing energy from
MHTCR studied here is a twin with each a capacity of 2000tons a day (0.5 million
tons a year), the same as the maximum capacity of an existing unit

A fossil fueled power station, having an electric output of 350MWe,
discharges 2 million tons of carbon dioxide a year The plant proposed in this

ELECTRIC POIER
FOSSILE FUEL

———— >>.

CO,
SEPARATION

7/7777777"

FIGURE I

C 0 , + H , = C 0 + H , 0
CO+ 2 H, = CH.OH_____
C 0 i + 3 H t = C H , 0 H + H 10

CO, RECYCLED ENERGY SYSTEM

paper has the ability to change about two-thirds the amount of COZ discharged
from a 350UWe power station into liquid methanol.

2.2 Plant Features
The plant system is shown in Figure 2. The system is composed of UHTGRs,

power generation units, hydrogen production units, methanol synthesis units and
seawater desalination units.

The elevated temperature energy generated in the MHTGRs heat the helium gas
to 850"C The heat energy of the helium gas is transferred to the hydrogen
production units and power generation units. The hydrogen production units are
heated to a temperature at about 1000 "C by the above transferred heat and the
heat generated in them, and the units electrolyze the steam. The electric power
for the electrolysis is generated by gas and steam turbines. The total electric
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power consumed in the plant can be supplied by itself. And a portion of the low
pressure steam from the steam turbines is provided to the seawater desalination
units to supply the heat. The produced hydrogen gas is transferred to the
methanol synthesis unit, and methanol is made synthetically from the hydrogen
gas and the carbon dioxide recovered from the power stations.

The heat energy generated by i 350M»t IffiTGR produces 34000NmVhr of
hydrogen gas and 17.4ton/hr of methanol. The efficiencies of producing hydrogen
and methanol, defined as the ratio of the heat produced by hydrogen and methanol
to the input heat, are 38.4X and 31. 5X respectively.

TABLE l FLAUT DESIGN SPECIFICATIONS

(11 Plant Size (Uathanol Production Capacity)

(2) Si t«

(3) Cooponents

(4) Reactors

(5) Pomr Generation
Units

(6) Hydros«!
Production Units

(71 Kethanol
Synthesis Units

18) Seanter
Desalination
Units

• Location
•Condition

• Area

•Typo
•Inormal Power
• Reactor Outlet

Toverature
•Contai ment

• Steam Turbine
(Trap. Pressure)
• Gas Turbine
(Tew. Pressure)

•Type
• Operating Temp.
•Electric Power

Consuoptron
•Hydrogen Production

•Type
• Opérât ing Temp .

Pressure
•Hethanol Production

•Type
• Fresh later
Production

140 tons/h (1 million tons/year)

At Sea-shore, Neat Thetaal fami Station
On Quaternary Deposit
0. 32 m 1 1 ion «'

Reactor. IHX.SG.EIectcic Pomr Generator.

Synthesis Unit. Oesalinat ion Unit

WTGR
35<MKt X 8
850X;

Confinement Type

556HWeX2
(621-C.169atg)
15.6Mfe x 8

(900"C. 14. 5atB)

High-Teoperature Steam Electrolysis
900~1000-C
11 tarn«

3.12x10' Nrj'/h

Direct Contact of CO, with Hi
2»"C, lOOOatg

140 tons/h

Multi-Stage Flash Evaporation
296 tons/h

3. Plant Composition
The plant design specification is shown in Table 1. The plant is composed

of two systems, each has four 350MWt-MHTGRs, high-temperature steam electrolysis
units, power generation units, methanol synthesis unit and the seawater
desalination unit. The plant produces about I million tons of methanol a year.
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3 l HHTGR

The core of the MHTGR is cooled by helium gas, and the outlet gas
temperature is 850"C. Figure 3 shows schematics of the reactor, intermediate
heat exchanger(1HX) and steam generator(SG). The reactor vessel has a diameter
and height of 6.7m and 22.0m respectively, and it is surrounded by cooling
panels to remove the decay heat from the reactor by natural convections of
cavity gas and outer air

The heat from the reactor is transferred from the primary helium gas to the
secondary helium gas and the steam at the heat exchanger which includes
integrally IHX and SG

3.2 Power Generation Units
Power generation units consist of a steam turbine and four gas turbines

per four MHTGRs. Temperature and pressure of the steam to the steam turbine are
rated at 621*C and 169atg respectively, in order to realize the high heat
efficiency. The electric power output from a steam turbine is 556MWe. The gas
turbine is powered by an elevated-temperature oxygen-rich air outlet from the
hydrogen production unit, and generates an electric output of 15.6MWe. The
efficiency in producing electric power of steam and gas turbines combined is
43.31
3.3 Hydrogen Production Units

The several methods for providing hydrogen in high-temperature conditions
are currently under investigation. High-temperature steam electrolysis using
solid oxide electrolyte is selected as the hydrogen production method due to the
following;
•The hydrogen production efficiency is high.
• The method to electrolytically produce hydrogen by harnessing high-temperature
steam is highly compatible with the energy system proposed here.

The principle of the high-temperature steam electrolysis is illustrated in
Figure 4 Yttria-stabihzed-zirconiaCZrOz-YiCh) is used as the electrolyte,
porous lanthanum-cobalt-oxide (LaCoOj) as the anode, and porous nickel as the

ANODE CATHODE
(UCoO.) (ZrO,-Y,0,l (NO

FIGURE 4 PRINCIPUE OF HIGH-TEMPERATURE STEAK ELECTROLYSIS



cathode. The anode is placed at one end of the electrolyte and the cathode is at
the other end The electric potential between the anode and the cathode causes
the steam to decompose into hydrogen and ionized oxygen at the cathode The
ionized oxygen passes through the electrolyte and becomes oxygen gas by emi-tting
electron at the anode. Since the higher temperature gives higher productive
efficiency, the unit is operated at a temperature of about 1000'C

Thirty-eight high-temperature steam electrolysis units are connected to a
350MWt-MHTGR Each unit is contained in a cylindrical vessel with a diameter
and height of about 5a and 4m respectively. 139MWe are consumed to electrolyte
the steam and 3.9xlO<NmVh of hydrogen gas are produced in these thirty-eight
units.

3.4 Methanol Synthesis Units
Methanol is made synthetically by direct contact of carbon dioxide with

hydrogen, using a catalyst of lOOatg and 250°C. The reactive equation is
C02 + 3H2 ——<• CH3OH t HzO.

Ninety-five percent of the carbon dioxide can be converted to the methanol.
There are two methanol production units in the plant, and the total productive
capacity is 140tons of methanol per hour (about 1 million tons per year).

3,5 Plant Layout
Figure 5 shows a plant layout. The plant is positioned at the sea-shore on

a Quarternary deposit because of the following reasons:
•Easy for transporting methanol.
• Easy for transporting carbon dioxide from thermal power station because many
of them are on Quarternary deposits.

The total area of the plant is about 0.32 million square-oeters.
A bird's-eye view of the plant is shown in Figure 6.
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4. Effects of Commercialization
Effects of introducing of this energy system have been analyzed.

4.1 Reduction in Fossile Fuels Consumption
Methanol from the plant can cut fossile fuels consumption by 0.49 million

tons of light oil or 0.48 million tons of gasolin a year. Ten percent of
transport fuels consumption (in fisical year 1989) can be replaced by the
methanol supplied from five plants for light oil and seven plants for gasolin
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4.2 Reduction in CO;
The carbon dioxide reduction AWcoz with this system can be analyzed,

AWcoz = WTP T WAT - WNT (per one million methanol plant year)
where Wir : C02 recycled in this systenm

W»T : COz from fossile fuel replaced by the produced methanol
Am : COz from the methanol combustion

• in the case of light oil replaced by methanol,
AWcoz= 1.36 t 1.96 - 1.36 = 1.96 million tons

• in the case of gasolin replaced by methanol.
AWcoz= 1.36 T 2.09 - 1. 36 = 2.09 million tons

As shown above, one million tons of methanol plant can reduce carbon dioxide
emission annually that corresponds to 1.96 mi l l i o n tons of light oil or 2.09
million tons of gasolin. Therefore, fourteen plants of this size are required
to cut 10X of total carbon dioxide emission from thermal power plants in Japan.
(About 26X of total carbon dioxide emission in Japan comes from the thermal
power plants. )

4.3 Cost Evaluation
(1) Conditions in Cost Evaluation

® Construction costs for the reactor and power generation system are
referenced to the GENERAL ATOMIC' s report of cost study. Exchange rate is
125 JYen/USJ.

® The time span for depreciation is 15 years, and interest rate is 6X.
The lifetime of the plant however is 30 years.

® Nuclear fuel cost is 1.3 JYen/kWh (from GENERAL ATOMIC' s report).
@ Construction cost, nuclear fuel cost and personnel expenses are assumed

to increase annually 2X. IX and 3X respectively.
(2) Evaluation Result

The commercialization of this system is expected to start around 2015. The
cost of methanol at the time has been estimated to be 107. SJYen/kg on
aforementioned conditions. On the other hand, the price of methanol from
natural gas would be 83. 5JYen/kg in 2015 based on the petrol price that is
assumed to go up 4. 8X annually. This result shows carbon dioxide recycled
methanol is about 24 J Yen/kg more expensive than methanol from natural gas. as
shown in Figure 7.

However, there has been an argument that specific tax should be imposed on
carbon dioxide from the fossil fuels. Provided that the tax is 5~7JYen (by
CD) or 37.5JYen (by CRIEPI JAPAN) for every 1kg methanol. carbon dioxide
recycled methanol would be competitive at the time of commercialization.

5. Conclusion
The concept of methanol production by nuclear energy technology has been

studied as part of global environmental conservation. Our study has shown
methanol produced by this environment-friendly plant can be a good alternative
to conventional fossil fuels and financially competitive with natural gas in
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methanol production. And considerable amount of carbon d iox ide could be reduced

by introducing th is plant.

The new energy system discussed in this paper can be expected to forge a

powerful new way for an innovative appl ica t ion of nuclear energy which w i l l

b e n e f i t both mankind and the environment.
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Abstract
One of critical issues to ensure the safety of the total

system comprising of an HTR and its nuclear process heat
utilization system is how to protect the reactor from troubles
or accidents in the heat utilization system.

A steam reforming hydrogen and roethanol co-production system
is a most promising heat utilization system to be connected to
the High Temperature Engineering Test Reactor (HTTR), which is now
under construction in Japan.

The steam reforming system comprises of multiple subsystems
in which a bunch of heat exchangers are installed in series.
Among heat exchangers, a steam reformer has a unique
characteristic of heat transfer rate during transients due to
endothermic steam reforming reaction which is caused at high
temperatures of about 500*C and above only. Multiple subsystems
and heat exchangers of the heat utilization system and also a
steam reformer induce complicated transient responses of the
total system.

The following issue is discussed in the present paper, so
as to develop the measures for ensuring the reactor safety from
troubles or accidents in the steam reforming system.

• How to protect the reactor from upsets in the steam
reforming system, in particular, to clarify how large
magnitude in disturbances in the reforming system triggers
a reactor scram.
A simplified analytical model has been developed so as to

analyze transient behaviors of the total system, using a
transient thermal-hydraulics computer code for HTGRs, THYDE-HTGR.

Analytical results suggested the following measure for
protecting the reactor.

Steam generated at the steam generator should be
accumulated once in a large volume of a drum, and then a
small portion of the steam flows to the steam reformer as
feedstock. This is because if all steam is fed to the
steam reformer, a decrease in flow rate of methane leads to
a corresponding decrease in feedwater flow rate and then
results in a simultaneous decrease in heat removal rate of

steam generator, as the ratio steam to carbon at the inlet
of the reformer is controlled at the specified value.

1. Introduction

The High Temperature Engineering Test Reactor(HTTR) is now
under construction in the Oarai Research Establishment of JAERI.
The HTTR is aiming at establishing and upgrading the technology
basis necessary for HTGRs, serving at the same time as a
potential tool for new and innovative basic researches.

High temperature nuclear process heat up to 1000*C supplied
by HTGRs can offer potential applications to a multitude of
industrial process such as electricity generation, a variety of
chemical industries, etc. The production of hydrogen, methanol
and so on using nuclear process heat contributes to a spread of
"nuclear energy application and is effective for reduction in CO2
gas emission which causes of greenhouse effect problem.

One of the main aims of the HTTR is to demonstrate the high-
temperature heat application. Steam reforming is one of the
candidates of nuclear process heat utilization system. A steam
reforming hydrogen and/or methanol production system is under
investigation as a nuclear process heat utilization system
connected to the HTTR.

A steam reformer, which is a key component of steam
reforming system, has a unique characteristic of heat transfer
performance due to endothermic steam reforming reaction. The
steam reforming system has multiple subsystems in which a bunch
of heat: exchangers are installed in series. Therefore, the steam
reforming system has complicated transient responses for
disturbances on the secondary side of the steam reforming system,
which is called process side.

A computer code, which can treat chemical reaction, a
mixture of gases, etc. in addition to transient thermal-
hydraulics, is necessary to assure reactor safety. Any transient
thermal-hydraulic computer code can not calculate the overall
transient behaviors of a total system of the HTTR and the steam
reforming system by itself. Transient behaviors on the process
side are given as input data for the transient thermal-hydraulic
computer code which can treat the transient behaviors on the
reactor side, "THYDE-HTGR", it is possible to analyze transient
behaviors of the total system using the THYDE-HTGR code. Many
parametric analyses are necessary to produce such input data.

We developed a simplified model which can evaluate transient
behaviors on the process side properly and has a merit to treat



the complicated steam reforming system easily. We analyzed
transient behaviors of the total system using the THYDE-HTGR code
with this simplified model, and clarified the stability of the
reactor against the disturbance occurring on the process side.

2. HTTR and heat utilization system

(l)HTTR reactor cooling system
The HTTR is a high temperature helium-gas cooled reactor

with thermal output of 30MW and reactor outlet coolant
temperature of 950°C. The major specifications of the HTTR are
listed in Table 1.

Table 1 Major Specification of the HTTR

Thermal output
Outlet coolant temperature
Inlet coolant temperature
Fuel element
Fuel element type
Direction of coolant flow
Pressure vessel
Number of main cooling loop
Heat removal
Primary coolant pressure
Containment type
Plant lifetime

30 MW
850 *C /950 -C
395 *C
Low-enriched U02
Prismatic block
Downward-flow
Steel
1
IHX and PWC (parallel loaded)
4 MPa
Steel containment
20 years

Figure 1 illustrates a schematic of flow sheet of the HTTR.
The HTTR cooling system is composed of a main cooling system(MCS)
and two different types of core cooling systems of the Auxiliary
cooling system and vessel cooling systems. The primary cooling
circuit of the MCS is separated into two lines outside the
reactor vessel. The heated helium gas flows into a 10MW He-He
intermediate heat exchanger (IHX) in one line and a 20MW primary
pressurized water cooler(PPWC) in the other line.

(2)Heat utilization system
A heat utilization system will be connected to the HTTR on

the secondary helium cooling system as shown in Fig. 1. A steam
reforming hydrogen and/or methanol production system is one of
the most promising heat utilization systems. A system
arrangement of hydrogen production system is shown in Fig.2. The
heat duty of IHX and steam reforming system components is listed
in Table 2.

(Containment vessel boundary)

Air cooler Pump ,82.5'c

40'C-
Air cooler

Pump

3-5MP»

Fig.1 Row Diagram of HTTR

primary Praiuized
Water Cod«

Mr Coota
Wotcr

Rg.2 Schematic Illustration of HTTR Steam Reforming Hydrogen
Production System



00oo Table 2 Heat Duty of IHX and Steam Reforming System Components

IHX
Steam reformer
Steam generator
Methane preheater
Boiler
Feedwater preheater
Air cooler

10.0 MW
2.0 MW
2.3 MW
0.3 MW
3.7 MW
0.5 MW
1.2 MW

The steam reforming system comprises of multiple subsystems
in which a steam reformer, a steam generator, a methane
preheater, a boiler, a feedwater preheater and an air cooler are
installed in series. The secondary helium is heated up to
approximately 900'C and flows into the steam reformer of 2 MW at
first, and then into the steam generator of 2.3MW, the methane
preheater, the boiler, the feedwater preheater and finally to the
air cooler, then return to the IHX. On the process side, methane
which is a raw material for the steam reforming is preheated in
the methane preheater. Feedwater is preheated in the feedwater
preheater and is* heated up to steam in the steam generator.
Finally, methane and steam are mixed and a mixture of methane and
steam flows into the steam reformer in which hydrogen, carbon
monoxide, etc. is produced by steam reforming reaction.

Steam reforming reaction is an endothermic reaction and is
caused within a limited temperature range of about 500 *C and
above. Its standard reaction heat is -165kJ/mol and heat
transferred from the secondary helium is consumed not only as a
reaction heat but also for raising the process gas. This causes
a unique transient characteristic in heat transfer rate.

A ratio of steam to carbon is a key parameter on the steam
reforming reaction and must be controlled at a specified value
to maintain integrity of catalysts, not so as to decompose
carbon. For this reason, the ratio of steam to carbon is
controlled at a specified value.

The boiler and the air cooler remove heat from the secondary
cooling circuit individually. The boiler adjust the heat demand
of steam reforming system during start-up and shutdown.

3. Development of analytical Methods for the Total System

A simplified analytical method is developed so as to
analyze the total system using the THYDE-HTGR code.

(1) Analytical tool and simplified analytical model
JAERl'has already developed the THYDE-HTGR1 " computer code

for thermal-hydraulic transient analysis of HTGRs, which was
verified and applied to the safety analysis and the thermal
transient response analysis for the HTTR. In the THYDE-HTGR
code, the coolant flow circuit is modeled by node-junction method
that is one of the network methods, and components of the reactor
plant such as reactor core, heat exchanger,etc. is modeled as a
heat slab.

A simplified analytical model to analyze the behavior of the
total system using the THYDE-HTGR code is shown in Fig.3. Major
components in the steam reforming system are included in the
secondary helium circuit as a one point model. In this
analytical model, the process side is simplified and modeled
from a actual model( Fig.4(a) ) to a heat sink model with
constant temperature( Fig.4(b) ). Heat is only removed from the
secondary helium to the heat sink. In a simplified model shown
in Fig.4 (b), the removed heat, q, dealing with the behavior of
the process side is a function for the heat transfer coefficient,
h, on the process side given as an input data. A relation

IHX Steam Reforming System

SMm Sum MMMM
RMXIMC QMIMO, PnhMW Bate

1

"O

ACS

Reactor

Fig .3 Analytical Model of Total System
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between the behavior on the process side and the heat transfer
coefficient, h, in the model is obtained by using parametric
analyses for heat exchangers and a sequence which deal with the
flow diagram on the process side and then input data
corresponding to the behavior on the process gas is obtained.
(2) Parametric analysis and sequence

In a simplified model, heat removal rate, q, is given as
q(W?0,Tpo,S(.r) for the steam reformer and q(WK,T„.) for the others
and changing rate of the heat removal rate, dq, is given as
d q - < a q / a w „ ) d w „ + ( d g / a T F C ) d T „ + ( a < j / a s c r ) d s c r a n d
dq-(dq/dWK)Dwre+(aq/aTpe)DtK, respectively. Here, W,,., 1K and Scr
are flow rate, fluid temperature at the heat exchanger inlet and
ratio of steam to carbon on the process side, respectively.
(dq/dl^), Oq/aw„,) and Oq/aŝ ) are approximated from literature
data by the method of least square for the steam reformer and the
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stream generator Figure 5 shows an example of the

0 50

Fluctuation of Steam/Carbon Ratio(%)

Rg.5 Example of Parametric Analysis Results of Steam Reformer

approximation. The methane preheater ana the feedwater preheater
are analyzed by using a simple heat exchanger model.

In addition to parametric analyses, a sequence is used so
as to consider flow diagram on the process side. For example,
figure 6 shows a sequence in the case that feedwater flow rate
decreases in the feedwater flow rate without control of the ratio
of steam to carbon. At the feedwater preheater, the heat removal
rate decreases by a decrease of the feedwater flow rate and the
feedwater outlet temperature rises. At the steam generator, the
heat removal rate decreases by effects of the feedwater flow rate
decrease and of the feedwater inlet temperature rising and then,
the steam outlet temperature rises. At the steam reformer, the
heat removal rate decreases by the effects of the decrease of the
process gas flow rate and the ratio of steam to carbon and the
process gas inlet temperature rising.

The input data for each analysis are produced by the
parametric analyses and the sequence and then the analysis of the
total system is carried out using the THYDE-HTGR code.

4. analytical conditions and results

(1) Analytical conditions
In this analysis, we considered cases that the methane and

the feedwater flow rate changes, individually, as the
disturbances on the process side. Each case includes two cases
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that the ratio of steam to carbon is with the control and without
the control.

The disturbance is inputted stepwise so as to obtain rapid
response.

(2) Analytical results
The transient behavior of the primary helium temperature at

the reactor inlet and the IHX outlet is shown in Fig.7 for a 20%
decrease in the feedwater flow rate. A slop of the transient
behavior is moderate. A temperature rising at the reactor inlet
is approximately one-thirds of that at the IHX outlet, because
the heat exchanged at the IHX is one-third of the thermal output.

For cases that the methane and the feedwater flow rate
changes, individually, the settled temperature of the primary
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Primary Helium IHX Quite! Temperature

Pnmaiy Helium Reactor Intel Temperature"

600 1200
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1800

Rg.7 Transient Behavior of Primary Helium Reactor Inlet
Temperature and Primary Helium IHX Outlet Temperature

helium at the IHX outlet is shown in Frg.8 and Fig. 9,
respectively. In each figure are included two cases that the
ratio of steam to carbon is with the control and without the
control. The primary helium temperature doesn ' t exceed the scram
level of 415*C in either case within the investigated range
between -20% to 20% of changes.

The rise of the primary helium IHX outlet temperature with
the control of the ratio of steam to carbon is larger than that
of the case without the control. This is because the control of
the ratio of steam to carbon leads to simultaneous change of
methane and feedwater.

Besides the difference, in case of methane flow rate change,
the difference between the cases with the control and without
control is larger than the case of feedwater flow rate change.
The reason is as follows. In the change of the methane without
control of the ratio of steam to carbon, the effect of the change
affected to the steam reformer and methane preheater, but in the
case of with the control, the control leads to the corresponding
change of feedwater flow rate, then it also affect to steam
generator and feedwater preheater and it results larger change
of heat removal rate of the steam reforming system

5. Safety consideration

In this analysis, control of the ratio of steam to carbon
at a specified value brings a disadvantage. For example, in the
case of disturbance of methane flow rate, the control results the
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change of feedwater flow rate change, it means enlarged
di sturbance.

From a viewpoint of the catalyst integrity, it is not
desirable to change the ratio of steam to carbon. The objective
of the control of the ratio of steam to carbon is to protect the
carbon deposit in the process gas. So it is desired to adopt
measures to mitigate the effects of the control of the ratio of
steam to carbon. The steam reforming system which includes a
large volume of drum in a feedwater circuit is proposed by this

analysis results. Steam generated at the steam generator should
be accumulated once in the drum, and then a small portion of the
steam flows to the steam reformer as feedstock so as to mitigate
the influence of the change of steam flow rate to the process gas
by the control.

6. Conclusion
( 1 ) The disturbance on the process side dose not influence

significantly on the reactor so much in range of ±20%
changes of the flow rate.

( 2 ) Steam generated in the steam generator should be
accumulated once in a large volume of a drum, and then a
small portion of the steam flows to the steam reformer as
the feedstock to mitigate the influence of feedwater flow
rate change.
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Abstract
Fron the view point of utilizing high temperature level heat of

nuclear energy, chenlcal heat punp (CHP) systems are surveyed for high
temperature level heat storage and temperature upgrading of the heat.
In the present paper, two types of CHP using CaO/HzO/ca(OHh and
CaO/COz/C«C03 reactions are proposed by considering the reaction
temperature level and reaction rates etc. The operating temperature
level and heat-releaslng/storlng rates of a lab-scale heat punp unit
using the above mentioned reactions were Investigated experimentally and
theoretically.

It was found that the temperature of the reactant particle bed
during the heat-releasing step In the CHP using CaO/HzO/Ca(OH)z reaction
was rapidly raised up to 870K, when the evaporated HjO vapor pressure
was 506 kPa. Regeneration of CaO from Ca(OHh during the heat-storing
step was well completed at the supplied heat température of 773K. It was
also recognized that these experimental results were well explained by a
derived mathematical model which considers the unsteady state heat
conduction accompanied by the exo-/endothermlc reaction of the CaO
packed bed. For the CHP using CaO/COj/CaCOa reaction, the initial
temperature of CaO packed bed maintained at 773K was upgraded to 1300K
by adjusting the COz pressure at 506kPa. Thus, the possibility of
CaO/HjO/Ca(OH)4 and CaO/COz/CaCOj reactions for high-temperature CHP
which will be driven by nuclear thermal energy was shown from -a
fundamental viewpoint.

INTRODUCTION
The outlet coolant temperature of nuclear reactors is generally

classified Into three levels'»; 553-598K (LWR), 773-823K (FBR). and
1023-1223K (HTGR). In order to utilize these high temperature level heat
of nuclear energy, the technical development of heat storage,
temperature upgrading and heat transportation in high temperature level
is required.

Chemical heat pump (CHP) Is expected to meet the former two
requirements. Thermal energy stored In the for«, of cheaical energy1 In
CHP can be released- at various upgraded temperature levels during- the
heat demand period so long as the reaction systems and the operating
pressure for- the CHP are regulated appropriately. The CHP has also
distinctive features as shown in Table 1. Therefore, recently, basic or

TABLE 1 DISTINCTIVE FEATURES
OF CHEMICAL HEAT PUMP

lit* I I'UMI' rUNCTKIN
Chemical lltJI Pump Mechanic*! )<c.il pum

of output h««t

Driven by
a lcc tr lc «n«roy.

l l tAT STOUACE l'UNC I ION
Chemical Heal Pump »irtcl IU-JI Storage

High 4«ri iUy

Much h«*t !<>••

applied researches on chemical heat pumps are being carried out for
many reaction candidates. Examples of these reaction candidates ;
benzene hydrogenatlon/cyclohexane dehydrogenatlon21 . hydrogénation of
metal/dehydrogenation of metalhydrlde3', ammoniation/deaMmmoniation of
metal chloride*' etc. The studies on high-tenperature CHP for utilizing
nuclear thermal energy, so far, have not been made.We, therefore, surveyed several reaction candidates for CHP and
proposed two types of high-temperature CHP using CaO/HjO/Ca(OHh and
CaO/COj/CaCOa reactions. The operating1 temperature level and heat-
releasing/storing rates of a lab-scale heat pump unit composed of theabove mentioned reactions were Investigated experimentally and
theoretically.

1. OPERATIOH PRINCIPLE OF CHEMICAL HEAT POMP
Fig.l shows the relationships between the reaction equilibriumpressure and the temperature for the reactions: H (high temperature

level reaction, line (2)-(3)) and L (low temperature level reaction,
line (l)-(4)). The reactions proceed reverslbly according to the
following reaction equations.

H: A(s) » C(g) ' AC(s) + Q<
L: B(s) + C(g) - BC(s) « Q-.

Instead of the reaction L, the evaporation/condensation of some
liquid can be also used. The operation principle of chemical heat pump
Is explained for heat-releasing step- and heat-storing step.
i) Heat releasing step (temperature upgrading step)

As shown in Flg.l, consider a hermetically sealed reaction system
in which reactor H is filled with A(s) and and reactor L with BC(s),respectively. If heat (On ) is added to the reactor L from a medium
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FIG. 2. Reaction equilibrium lines for high temperature CHP (HjO system, CO, system).

temperature (TB) heat sources, the BC(s) undergoes an endothernic
reaction to regenerate B(s) by releasing C(g) (path (l)-»(4)). Due to the
pressure difference between Pi and PH, this gas C(g) enters the reactorH ((4)-»(3)) to undergo an eio t hernie reaction with A(s). This causes thetemperature In the reactor H to rise ((2)-»(3)) to temperature TH at
which point high temperature heat (On) becomes available. In this way.the heat of which the temperature Is TH can be, In principle,reproduced.
11) Heat storing step (regeneration step)

The heat On from a medium temperature (Tn ) source Is added to the
reactor H which contains AC(s) formed In the heat releasing step
described above. At the same tine, the reactor L Is cooled to a
temperature Tt. Under these conditions, AC(s) undergoes an endothermlcdehydration reaction to regenerate A(s) by releasing C(g). C(g) shifts
from the reactor fl to the reactor L ((2)-»(l)) due to the pressuredifference between the two chambers. There It undergoes a reaction with
A(s) by releasing heat d to the low temperature heat sink (Ti). So longas the regenerated A(s) Is separated fron C(g) by detaching the reactor
H from the reactor L, the reaction heat QH can be stored In the forn ofchemical energy.

2. REACTION CAHDIDATES FOR CHEMICAL HEAT PUMP
We choose chemical reactions which react with water and carbondioxide In terms of: 1) safety, 11) low cost, ill) no corrosion, etc.

Fig.2 shows the relationships between the reaction equilibrium pressure
and the temperature for some reactions of water systems and carbon
dioxide systems. Also shown is the relationship between the saturated
steam pressure and the temperature. As shown In this figure,
CaO/H20/Ca(OH)z and CaO/COz/CaCOs reaction systems are promising for
high temperature level CHP use.
i) CHP using CaO/H?0/Ca(OH)a reactionFig.3 shows the operation principle of the CHP using CaO/H20/Ca(OHhreaction. This system is conposed of CaO/Ca(OHh reversible
reaction51••'-Tl and evaporation/condensation of water. The distinctive
features of this reaction system are ;l)hlgh density of thermal energy
storage,1858 kJ/kg-CaO, 2)high reaction rate,. 3)good reversibility of
the reaction, 4)hlgh output temperature over 850K under the operating
pressure Is SOOkPa, 5)no toxicity, 6)abundance of CaO resources and low
cost to obtain the reactant, etc. As shown In Fig.3, the nedium
temperature level heat Qn (Tn=641K) is stored during the heat storing
step ((2)4(1)), and the high temperature level heat QH (TH=1205K) is.
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FIG 3 Operation principle of CHP using CaO/H,O/Ca(OH)2 reaction

In principle, released during the heat releasing step by adding the
nediun tesperature heat On (Tn=641K) to the evaporater ((4)-»(3)).
However, the saturated vapor of too high pressure (27.5MPa) is
required to achieve this critical condition.
11) CHP using CaO/COa/CaCXh reactionFlcs.4,5 show the operation lines of the CHPs using CaO/CaC03reaction. The syste« shown in Fig.4 is composed of CaO/CaCOs reversible
reaction for, higher temperature side and MgO/MgCOa reversible reaction
for lower réaction. The syete« shown In Fig.5 Is composed of CaO/CaCOjreversible reaction and adsorptlon/desorptlon of CO? by zeolite. As
shown in Figs.4.5, it is found that high temperature level heat over
1300K, In principle, can be obtained at the CO? pressure of SOOkPa.

3. EXPERIMENTS OH CTP USIHG CaO/%0/Ca(On)2 REACTION
3-1 Reaction rate of CaO particle with water

Flg.6 shows an example of hydratlon reaction rates of the CaO
particle obtained by TGA (theraogravlnetrlc analysis). Fron this figure.
It is found that the CaO particle has a relatively good reversibility
and high reaction rate even under the low COz pressure, although the
effect of diaaeter on the reaction rate are found. In our previous
study7'. the intrinsic reaction rates of hydratlon/dehydratlon of
CaO/Ca(OH)z were deternlned by making experiments under the various
reaction temperatures and water vapor concentrations.

T (K)

FIG 4 Operation pnnctple of CHP using CaO/COj/CaCO3 reaction (with MgO/MgCO3)
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FIG 5 Operation pnnciple of CHP using CaO/CO^CaCOj reaction (with zeolite)
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FIG 6 Hydration reaction rates of CaO particle

3-2 CHP experimental apparatus
the schematic diagram of the chemical heat pump apparatus employed

is shown in Flc.7. This apparatus is mainly composed of two cylindrical
stainless steel vessels connected with each other by a stainless steel
pipe with a vacuuB valve. The reactor(l) made of SUS316 has an inside
diameter of 56.5mm and a height of 311mm'. Both the top and the bottom of
the reactor are insulated so that heat can flow in and out in onedimensional direction through the reactor wall. The outside wall of thereactor is maintained at a definite temperature by a melting saltbath(3) with PID controller in the whole period of the experiment. The
other vessel is the evaporator/condenser(2) made of SUS304, which has an
inside diameter of 46.8mm and a height of 400mm. The evaporator
/condenser Is equipped with an electric heater(6) and cooling coils(4).(5), and Is maintained at a definite temperature with PID controller.
During the experiment, the temperature and pressures of both vessels aremeasured with thermocouples and pressure gauges,and the water level of
the evaporator/condenser is measured with a water level gauge.

The Ca(OHh particle employed in this experiment was prepared byhydrating the CaO particle at room temperature, which is made by
calcining the limestone from Hiroshima (the purity of CaCOa is 99* and
the particle diameter 0.7-1.Omm ) at about 1223K in the electricfurnace.
3-3 CHP experimental procedure
I) Sample setting First the heat transfer promoter made of O.lnm thick
copper plate fin shown In Flp.8 was inserted in the reactor. The reactor
was filled with Ca(OH)2 particles to the level of 180mm high. The
evaporator/condenser was filled with a fixed amount water. With the
joint valve closed, both the vessels were evacuated to the proper
pressures by using a vacuum pump. Then, with all the valves closed,
both the vessels were maintained at constant temperature shown in
Fig. 3 as Tn.Tit' ,TL.II) Heat storing experiment After the temperatures of the condenser:Tc
and the melting salt:Ti had been kept at Tc=288K(=Ti) and T»=773K(=Tn )respectively, the joint valve was opened. Due to the pressure difference

Z Cort<]«n««r
T Trmrxit QCtjra Coot T-ol Do» l
* In» trio CaoXln*r Co I. 3
C Out a i <ls Cooling Co L l
6 t 1 c * \ a r

S

FIG 7 Schematic diagram of the CHP unit employed

between the reactor and the condenser, the dehydration of Ca(OHh takes
place to release the steam, and the steam moves to the condenser. Thus
the heat is stored in the form of chemical energy in the reactor by this
endothermic dehydration of Ca(OU)e-
ill) Heat releasing experiment The evaporator and the melting salt were
kept at T» = 426K (*Tn')and TI = 773K («=T«) respectively with the Joint
valve closed. Then, the joint valve was opened stepwise, so that the
steam might move from the evaporator to the reactor and so that the
exothermic hydration of CaO with steam might take place in the reactor.
In this process, the reaction heat On is released at the temperature TH
higher than TI.

In the period of both the experiments, the temperature changes
with time which took place within the p.'.rtlcle beds were measured with
sheath thermocouples, and the pressure changes in both the vessels were
measured with pressure gauges. The changes in the evaporator/condenser
water level were also measured.
3-4 Results and discussions for CHF experiments
i) Temperature profiles of the CaO bed during the heat-releasing stej

Fig.9 shows the temperature changes in the radial direction (at
z/Z=l/2) of the CaO packed bed in the reactor with time during the heat-
releasing step (A: bed without fin , B: bed with 20-blade fins). In the
figure, 8t is the completion time of the reaction. As seen in this
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FIG. 8. Schematic diagram of the
heat transfer promoter employed

figure, as soon as pressurized steaa Is Introduced into the reactor, the
temperature of each part rises Instantaneously and Is Maintained at afairly constant temperature (pseudo-equilibrium, temperature) over 870K.
But, It eventually drops with large temperature distribution in radial
direction, due to low heat transfer rate of the bed without heattransfer promoter. From Flg.9-(B). by inserting fins, the temperature
distribution becomes more uniform, and the total tine consumed by thereaction becomes shorter. From this experimental result, it seems thatthe heat transfer rate In the reactor Is highly Improved by twodimensional heat flov through the copper fin and the particle bed.In this study, with a view to examine the effect of heat
transfer 'augmentation In the heat-releasing/storing step theoretically,we simulated two dimensional heat flows; radial direction andcircumferential direction (« direction) in the reactor, by the deriveddifferential equations regarding unsteady heat and mass, transfer
accompanied by an ezo-/endothermlc reaction" . It can be seen froa Fig.9that both the temperature profile and the reaction completion time
fairly agree with those obtained from the experiment. The pseudo-
equilibrium temperature in the experiment agrees fairly well with the
equilibrium data of Ralstead and Moor"
11) Changes of released heat amount froa CaO bedFig.10 shows the changes of heat output fron the CaO packed bed
with conversion during the heat-releasing step. It can be seen fron thefigure that as the number of blades of fin increases, the reaction heat
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FIG. 9. Temperature profiles of CaO packed bed during the heat releasing step (HjO system)

is taken out more efficiently from the reactor till near the end of the
reaction. Also, it can be seen from the figure that the profiles of heat
output In the calculation can reproduce those obtained In the experiaent.
ill) Temperature profiles of the CaO bed during the heat-storing step

Fig.ll shows the temperature changes in the radial direction (at
z/Z=l/2) of the CaO packed bed in the reactor with time during the heat-
storing step. As shown In Fig.ll, as soon as'the joint valve is opened,
the steam moves fro» the reactor to the condenser. Subsequently, the
temperature of each part falls Instantaneously by releasing steam.
After this step-wise change in the apparatus, the temperature is
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maintained at a fairly constant temperature {pseudo-equilibrium
temperature). But, it eventually rises with a large temperature
distribution In radial direction, due to a low heat transfer rate of the
bed. As seen In the Flg.ll-(B). by inserting the fins, the temperature
distribution becomes more uniform, and the total time consumed by the
reaction becomes shorter. It is recognized that both the temperature
profile and the reaction conpletion time obtained from the calculation
agrees fairly well with those obtained from the experiments.

4. EXPERIMENTS OK CHP USING CaO/COj/CaCOs REACTION
4-1 Reaction rate of CaO particle with CO;

Flc.12 shows reaction rates of the carbonation of CaO, MgO, CaMgOa
under the COz pressure at 101 kPa measured by TC-A. Also shown in the
figure, the effects of CaO particle diameter on the rate of the
carbonation of CaO. From this figure, it is found that the carbonation
rate of these particles are very high at the beginning. However, the
reaction rates are found to decrease after the conversion comes to a
certain value. The carbonation mechanism of CaO. MgO, CaMgOz should be
examined in order to enhance the reaction rate as well as the reaction
capacity..
4-2 CHP experimental apparatus and procedure

The sane reactor for the experiments of CHP using CaO/HjO/Ca(OH)s
reaction was used. The reactor inside is Insulated by the 20mm thick
ceramic wool. The inside of the wool was filled with the CaO particles
to the level of 120nm high. The particle is prepared by the same
procedure described in section 3-2. The outside wall of the reactor Is
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FIG. 11. Temperature profiles of CaO packed bed dunng the heat storing step (H2O system)

maintained at a definite temperature by a melting salt bath with PID
controller. The COa gas tank Is connected with the reactor through a
pressure control valve. In the period of experiment, the temperature
and pressures of the reactor are measured with thermocouples and
pressure gauges.
4-3 Results and discussions for CHP experiments

Fig. 13 shows the temperature changes at the center of the CaO
packed bed In the reactor with time during the heat-releasing step. Fromthis figure, it is recognized that as soon as the pressurized CQt gasis introduced into the reactor, the temperature of the bed rises
Instantaneously upto around 1300K which is a few hundred Kelvin lower
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than equilibrium temperature, and falls gradually due to an inconplete
Insulation. In this case, high temperature level heat over 1300K Is
found to be obtained, although most of all reaction heat is released to
outside of the reactor- In the more insulated.system, the temperature of
released heat is considered to rise up till near the equilibrium
temperature depended on gas pressures.

CONCLUSION
The followings were found and the possibility of utilizing the CHPs

using CaO/HaO/Ca(OH)2 and CaO/COj/CaCOj reactions for high temperature
level heat of nuclear energy was shown. It was found that the
temperature of the reactant particle bed during the heat-releasing step
in the CHP using CaO/HaO/Ca(OHh reaction was rapidly raised up to 870K,
when the evaporated ffeO vapor pressure »ras 506 kPa. Regeneration of CaO
from Ca(OH)z during the heat-storing step was found to be well completed
at the supplied heat teaperature of 773K. It was also recognized that
these experimental results were well explained by a derived mathematical
model which considered the unsteady state heat conduction accompanied by
the exo-/endothermic reaction of the CaO packed,bed involving the copper
fins. With the CHP using CaO/C02/CaC03 reaction, the initial temperatureof CaO packed bed maintained at 773K was upgraded to 1300K under COzpressure of 506kPa.

uoo

NOMENCLATURE
P = pressure [kPa]
Q = heat of reaction [kJ-kg-'lR » inner radius of the reactor Imm]
r = radial distance in the cylindrical coordinate [mm]
T = temperature [K]
Tg = temperature of the melting salt bath [K]
Ta = average temperature of the sample [K]
X = conversion of CaO/Ca(OHh [-)
Z = bed height (mm]
z = axial distance in the bed [mm]
6 = time [min]
9t = completion tine of the reaction [min]
« = circumferential angle Bade by two blades of the fin[rad]
<t> = circumferential angle in sylindical coordinate system

trad]

FIG. 13. Temperature profiles of CaO packed bed during the heat releasing step (COjSystem).

Subscripts
C = condenser
H = high
I = Initial
L = low
M = medium

p = particle
S = saturated vapor
t = total
w = wall
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APPLICATION OF CHEMICAL HEAT PIPE
USING SO2/S03 REVERSIBLE THERMOCHEMICAL
REACTION TO THE TRANSPORTATION OF
HIGH TEMPERATURE THERMAL ENERGY

Weiping ZENG, H. MATSUDA, M. HASATANI
Department of Chemical Engineering,
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Nagoya, Japan

Abstract
A Chemical heat pipe system by use of SO2/SO3 reversible thermochemical reaction

was described. The high temperature thermal energy transportation experiments by means
of a hermetic apparatus composed of SO2-oxidation and SO,-deoxidization catalytic (Pt/oc-
AljOj) packed bed reactors were carried out in a lab-scale. As a result, under the certain
conditions where circulating gas flow rate, gas component, the initial temperature of two
reactors were changed, it was recognized that the high temperature thermal energy could
be transported continuously between two reactors without any drop in catalyst reactivity.
In addition, it was found that it is indispensable to improve the heat transfer ability of a
high temperature heat exchanger incorporated with a reactor, because there were a large
temperature gradient in the catalytic packed bed.

To improve the heat transfer rate of heat exchanger, an application of a finned
tube-wall reactor, in which the catalyst was coated on the tube surface, was considered
and the heat exchange experiments for the heat demand end were carried out in a lab-scale.
It was recognized that a high reactivity on SO2-oxidation and high efficiency on heat
exchanging process was achieved in the finned tube-wall reactor.

Finally, a new type chemical heat pipe with chemical heat-pump function, which
enables to upgrade the temperature level of the heat demand end by controlling the
pressure in the hermetic system, was discussed from a fundamental view of
thermodynamica! equilibrium.

INTRODUCTION
In general, a high temperature thermal energy from a nuclear power plant or an

electric power plant, etc., is transported in the form of latent or sensible heat of fluid such
as steam, helium, melting substances etc.. However, a long distance heat transportation
of high temperature level cannot be realized by this method, unless the heat transportation
pipe line is fully insulated. To overcome this disadvantage, a new concept called a



chemical heat pipe of high temperature thermal energy transportation by means of a
reversible thermochcmical reaction has been proposed [1]

As shown in Fig 1, in a chemical heat pipe system by use of SO/SO, reversible
thermochemical reaction, the high température thermal energy is converted into chemical
energy by an endothermic chemical reaction (SOj-»SO2+l/2Oj) at the heat supply end
The energy is then transported in the form of chemical substances (SO,,O2) by a gas
circulating pump At the heat demand end the transported chemical energy is reconverted
into thermal energy releasing the reaction heat by an exothermic reverse reaction
(SO2+l/2O2-*SOj) Subsequently, the original chemical substances (SO,) produced in
the course of heat releasing step are returned to the heat supply end and thus the heal
transportation cycle is accomplished

KNDOTHERM1C
RtACTOR
SOi-»-SOi+i/2Oi AH

EXOTHERMIC
REACTOR
SCh+l/2O>->- SOi+AH

CIRCULATING PUMP

Fig I Conceptual diagram of thermal energy transport system
using SCWSO) reversible thermochemical reaction

Table I Candidate reaction for thermochemical
energy transportation

REVERSIBLE REACTION
AH" T*

[ K |

GH4 ̂  OH< + Hi

SO. ;£ SOi + 1/20,

Presently, several reversible
thermochemical reaction system
(see Table 1 ) are considered to be
used for the thermal energy
transportation Among these
candidate reactions are CO-CH4

reforming-methanation system [I-
3], ammonia synthesis ammonia
decomposition system [4,5],
methanol system [6,7] and SO,
dissociation recombination system
[8-10] In the latter system SO3

was proposed as the medium to be
used in the thermal energy storage and transportation for solar power production

CATALYST

CH.+CO: ̂ 2CO+2Hi

OH,, xï OH. -f- 3Hi

NHiït I/2Ni+ 3/2H,

CH.OH^CO+2H.

327

237

494

650

495

459

21 5

1200

1035

961

961

568

466

415

Pt,Ni

Pt.VO,

Ni,Ru

Ni.Ru

Pt

Fe Ni

ZnO

T
T > T
T < T

turning temperature (= aH'/aS")
the endothermic reaction dominates
the exothermic reaction dominates

The present situation of R&D for these systems is given m Table 2 The CO-CH4

reforming-methanation system has been succeeded in a pilot plant scale for a long tenu
[2,3] However, there are some problems to be solved such as, the side reaction ( eg
the carbon deposition reaction ), the drop of catalytic activity and the removal of H2O
The ammonia synthesis ammonia decomposition system for the temperature range of
753K-1023K has been studied in a lab scale [4,5] and the methanol system for the
temperature range of 596K-950K has been considered as a candidate reaction [6,7] For
both systems, it is important to develop a high activity catalyst under a high pressure
conditions ( >200atm~300atm ) On the other hand, the concept of a chemical heat pipe
using SO2/SO3 reversible thermochemical reaction system has been already proposed
However, the detailed experimental data has not been reported so far

Table 2 The Present Situation of Several Chemical Heat Pipe Systems

Chemical Heat
Pipe System

BVA ADAM
fl 3]

CH4+H2O**CO+3H

Ammonia Synthesis
Ammonia
Decomposition

it 5\

2NH3**Nz*3H2

Methanol Synthesis
Methanol

CHjOH**CO+2H2

SOî dissociation
recombination

(«101

SO>«S02+J/2Oï

Heat Supply End

Hcai Source
Nuclear
Thermal Energy

Temperature
I223K

Heal Source
Solar Energy

Temperature
1023K

Hcst Source
Solar Energy

Temperature
9SOK

Heat Source
Solar Energy

Temperature
M23K

Heat Demand End

Purpose
Steam for
Industrial Use
Power

Temperature
973K

Purpose
Steam for
Industrial Use

Temperature
7m

Purpose
Steam for
Industrial Use

Temperature
596K

Purpose
Storage
Medium for
Solar Energy

Present Situation
and Key Question

IMW(EVA ADAMI)
10MW(EVA ADAMII) was
succeeded m a Pilot Plant

O Side Reaction
O Carbon Deposition
O Drop of Catalytic Activity

A Lab-Scale Study
was carried out

O Development of a High
Activity Catalyst under a
High Pressure

A Lab-Scale Study
was earned out

O Development of a High
Activity Ctulyst under a
High Pressure

Investigated as a Heat Storage
Medium of Solar Energy

O Corrosion by SO2 and
SO3

In this paper, the experimental data of thermal energy transportation by use of
SOj/SOj reversible thermochemical reaction are presented Firstly, the effect of the
circulating gas flow rate, gas component, the initial temperature of two catalytic packed
bed reactors on the thermal energy transportation characteristics was discussed Then,
the efficiency of such kind of heat exchanger was discussed by showing the heat exchange
experimental data for the heat demand end Finally, a new type chemical heat pipe with



chemical heat-pump function, which enables to upgrade the temperature level of ihe heat
demand end by controlling the pressure in a hermetic system, was discussed from a
fundamental view of thermodynamical equilibrium

1. THERMAL ENERGY TRANSPORTATION EXPERIMENTS
1.1. Experimental apparatus

A schematic outline of the experimental apparatus is shown in Fig 2 It was made
up of two catalytic packed bed reactors, a gas circulating pump, a flow-meter and a
pressure gauge All of them were connected by stainless tube, vucuum bulb and teflon
tube to form a closed cycle of reaction system

OAS S*_ET
1 SO» oudMtoa retour J

OUTLET
1 SOi deojudaaxn

I Pl-c»tmlytf ptmcte
a AhOipwttck

3 bodiaiiul will
* Thermocouplet

Fig 2 Schematic drawing of the expenmcntal apparatus Fig 3 Details of the catalytic packed bed reactors

The details of the two catalytic packed bed reactors (the endothermic reactor and
exothermic reactor) are shown in Fig 3 Both of reactors were made of SUS309 stainless
steel. The total length of the reactor was 928mm. The outer tube was 27 2mm OX) and
the inner tube was 22.2mm O D. A porous plate was set at the position of 314mm from
the bottom frange to hold the catalytic and alumina particles The alumina particles were
used for preheating the reactant gases Several thermocouple probes for measuring the
center and wall temperatures of the reactor were provided at an appropriate position of
two catalytic packed bed reactors Both of two catalytic packed beds were set at an electric
fumance with a concentric stainless tube (SUS309S) kept at a constant temperature
during the test period Two cooling jakects were provided at the top and the bottom
frange Considering a relatively high temperature of SO3-deoxidization at about 1100K,

the platinum catalyst was employed [11-13] The platinum catalyst in both packed bed
reactors was coated with 1% platinum onto 3mm alumina spheres

1.2. Experimental procedures
The alumina particles for gas preheating ( reactor I 150mm, reactor II 100mm from

the gas entrance ) and the catalytic particles (Pt/a-A^O-,) were packed in the reactor as
shown in Fig 3 Before the thermal energy transportation test, the apparatus was evacuted
by a vaccum pump After adjusting the two catalytic packed bed reactors to a constant
temperature (SO2-oxidauon 653K-783K, SO3-deoxidization 1103K-1183K ), a certain
ratio of mixture of SO2 and O2 was introduced Then the thermal energy transportation
test was started by shutting the gas inlet valve and circulating the mixed reactant gases at
an appropriate flow rate.

The reactant gas samples taken from the inlet and the outlet of the catalytic packed
bed reactor I were analyzed by a gas Chromatograph under a steady-state condition (
usually about 15 minutes after the test start ) The temperature changes of the catalytic
packed bed reactors were measured by Chromel-Alumel thermocouples and recorded
conunously by an automatic temperature recorder.

1.3. Experimental results and discussion
The thermal energy transportation experiments were earned out by changing the

following parameters: the initial temperature of the two catalytic packed bed reactors, the
gas component of SO2 and the circulating gas flow rate.

Figure 4 and S show a typical example of temperature distributions in the center of
the catalytic packed bed along the axial direction of the reactor I and II, respectively
Here, the measured values are represented by points and the calculated values [14,15] by
solid lines As shown in Fig 4 and Fig.5, the temperature in the center of the catalytic
packed bed had maximum ( the SO2-oxidation reactor ) or a minimum ( the SO,-deoxidization
reactor ) value at the vicinity of the entrance of the catalytic packed bed because a greater
part of reaction was taken place in this section owing to a high reaction rate The
temperature profiles of the catalytic packed bed reactor I are given in Fig 4 From this
figure, it was found that the temperature of the catalytic packed bed increased with an
increase in both of the SO2 molar ratio and the circulating gas flow rate Figure S shows
the temperature profiles of the catalytic packed bed reactor II The entrance of the
catalytic packed bed is described as zero in the abscissa and the negative values mean the
preheating section It can be seen, that the temperature of the catalytic packed bed
decreased with an increase in both of the SO2 molar ratio and the circulating gas flow rate
Under the conditions employed m our experiments, either the conversion of the SO,-



oxidation reaction or the conversion of the SO3-deoxidization reaction was greater than
85%. Comparing the measured values with the calculated ones, it was found that the
calculated values relatively reflected the tendency of the experimental data, inspite of
various assumptions involved in calculations.
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The relationship between the
maximum transported heat flux (
Q=GM*AH*AX ) per unit of the cross
section released from the catalytic
packed bed and the molar velocity of
SO2 is shown in Fig.6. The calculated
values are represented by a solid line
and the measured values by points. It
was evident within the present
experimental condition that the
maximum transported heat flux
increased with an increase in the molar
velocity of SO2, since the quantity of
reaction heat was increased with an
increase in the molar velocity of SO2.
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Fig.7 Schematic drawing of the experimental apparatus

2. HEAT EXCHANGE EXPERIMENTS
2.1. Experimental apparatus

To enhance the heat transfer
rate, a new type reactor with a heat
exchanger was proposed and the heat
exchange experiments on the heat
demand end was carried out in a lab-
scale. Figure 7 shows a schematic
outline of the experimental apparatus.
An electric furnace was used to
preheat the reactant gases and a heat
exchange medium. A heat exchanger
was used to cool the products and
the heat exchange medium. A pump
was applied to circulate the heat
exchange medium. All of them were
connected to the reactor by the
stainless tube and teflon tube.

The details of the reactor are
shown in Fig.8. The reactor was
made up of a double-tube. The
diameter of the inner and outer tubes
were 26mm and 53mm,
respectively. The width of the ring-
shaped section was 10mm. To
increase the surface area per unit
length, six fins ( height: 10mm;
thickness: 3mm ) were attached to the surface of the inner tube at a circumferential angle
of 60 " . The platinum catalyst was coated on the outside surface of the inner tube and
the surface of the six fins. The total length of the test section was 750mm. The reactant
gases and the heat exchange medium flowed through the ring-shaped section and the
inside of the inner tube, respectively. Several thermocouples probes for measuring the
temperature of the surface of the catalyst, the reactant gases, the heat exchange medium
and the outside surface of the outer tube were provided at the appropriate positions of the
reactor. The outside of the outer tube was insulated.

Fig.8 Details of the finned tube-w«ll reactor



2.2. Experimental procedures
After adjusting the reactor and the gas preheater to a constant temperature, a certain

ratio of mixture SO2 and O2 preheated to the sane temperature with the initial temperature
of the reactor was introduced at a certain mass flow rate to the ring shaped section At the
same time, the preheated heat exchange medium flowed through the inside of the inner
tube in a parallel flow or a counterflow with the reactant gas flow

The reactant gas samples taken from the inlet and the outlet of the reactor were
analyzed by a gas Chromatograph under a steady-state condition The temperature
changes of the surface of the catalyst, the reactant gases, the heat exchange medium and
the outside surface of the outer tube were measured by Chromel-Alumel thermocouples
and recorded contmously by an automatic temperature recorder Air was employed as the
heal exchange medium m our experiments

2.3. Experimental results and discussion
Heat exchange experiments were earned out in a lab-scale for two cases a parallel

flow and a counterflow. For each case, we changed the following parameters the initial
temperature of the reactor; the gas component of SO2, the mass flow rate of the reactant
gases and the mass flow rate of air. A typical example of the temperature profiles in the
catalyst surface and air is shown in Fig 9 Here, the dashed-hne shows the results in the
case of no heat exchange and the solid lines show the results in the case of heat
exchange. As shown m this figure, it was obvious that under a constant molar velocity
of SO2 and constant initial temperature of the reactor, the maximum temperature in the
catalyst surface was decreased with an increase in the mass flow rate of air. This was
due to an increase in the quantities of heat exchange with an increase in the mass flow
rate of air. The conversion of SO2 at employed operating conditions was greater than
90% It means that the coated catalyst had high reaction activity

The effect of the mass flow rate of air on the air temperature difference (AT) is
shown in Fig. 10, where AT expresses the temperature difference of air between the exit
and entrance The relationship between the heat exchange effectiveness with the mass
flow rate of air is also given in Fig 10 As shown in this figure, the heat exchange
effectiveness and AT were increased with an increase in the mass flow rate of air The
obtained results are not in agreement with the theory of heat exchange because AT in a
known heat exchanger cannot increase with an increase in the mass flow rate of the heat
exchange medium The main reason is that the experimental device was not insulated
completely Thus, if the mass flow rate of the heat exchange medium was higher, the
heat exchanged quantity should be also higher As a result, the heal loss from the
surface of the outer tube became smaller Nevertheless, from the results shown in

Fig 10, it was clear that the catalytic heat exchange reactor had high heat exchange
efficiency
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(the case of a parallel flow)

3. TEMPERATURE UPGRADING EFFECT
As shown above, a relatively high temperature level heat could be transported in the

form of chemical substance and that it could be reconverted to heat at the demand end In
this heat transportation system, there was relatively large temperature difference between
the heal supply and the heat demand ends, since the pressure in the system was isobanc
However, if the pressure in reactor I and II were regulated individually, that is, the
pressure in reactor I was greater than that in reactor II, the temperature difference
between the two reactors became smaller. It is also expected that if the pressure in reactor
II was decreased, we could at last achieve the thermal energy of which the temperature
level in the heat demand end was higher than that in the heat supply end (see Fig 11)
This is so-called heat pump effect In order to examine the temperature upgrading effect
of the proposed chemical heat pipe, this effect was only estimated based on calculation
results

The relationships between the heat transportation efficiency (?;) and the pressure
in reactor I are shown m Fig 12 Here, 17 was defined as the ratio of the changes of
enthalpy of gases produced in reactor I to the sum of the work of compressor and
endotherm«: quantity in reactor II (q = AH,/(AH2 + W)) The relationship between the
temperature difference based on the initial temperature of reactor II (P = 0 1 atm) and



the pressure in reactor I are also shown m Fig 12 It is shown that the temperature
difference, that is, the effect of temperature upgrade increased with an increase in both
molar ratio of SO2 and pressure m reactor I On the other hand, it is shown that the TJ
increased with an increase in molar ratio of SO2 but decreased slightly with an increase
of pressure in reactor I These i\ behaviours are interpreted by the fact that the value
of iH, as well as W increased m a similar manner as an increase in pressure
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Fig 12 Relationship between AT or tj and the pressure

CONCLUSION
1 The SOj/SOj chemical heat pipe system was discussed experimentally by using a

hermauc device composed of SO,-oxidation and SO3-deoxidization reactors. It was
recognized that the high temperature thermal energy could be transported continuously
between two reactors without any drop in catalyst reactivity.

2. An application of a catalytic finned tube-wall reactor was proposed High reactivity
of SO2-oxidation and high efficiency on heat exchanging process was achieved in the
catalytic finned tube-wall reactor

3 SOj/SOj system can be to apply as a chemical heat pipe with chemical heat-pump
function

NOMENCLATURE
G mass velocity of reactant gases
GS02. mass velocity of SO2

G M molal velocity of SO2

P pressure in reactor I

[kg .m' . s 1 ]
[kg.m' .s 1 ]
[kg.m' . s 1 ]

[atm]

Qair exchanged heat by air
QR heat of reaction
Q, the maximum transported heat
T temperature
TWI temperature of outer tube at the wall ( reactor I )

temperature of outer tube at the wall ( reactor U )
work of compressor
molal fraction of SO2

axial distance in the catalytic packed bed
A Hi. heat of reaction
AT. temperature difference
AX conversion of SO2

T|: heat transportation efficiency

'WÎ

W

Z:

[ W ]
[ W ]

[ k W - m 2 ]
[K ]
[ K ]
[ K ]

[ J. mol ']
[ - ]

[ m ]
[J.morj

[ K ]
[ K ]
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R&D AND THE APPLICATION OF METAL
HYDRIDE SUPER HEAT PUMP FOR
NUCLEAR PLANT AND H2 PLANT

S ISHIYAMA, H UGACHI, M ETO
Japan Atomic Energy Research Institute,
Tokai, Ibaraki,
Japan

Abstract
To contribute to the effective utilization of nuclear heat, the investigation was made

on the heat storage technique in which the lower grade thermal energy can be
transferred into the higher grade one, and the mass hydrogen storage technique in

which the large amount of hydrogen can be stored efficiently
\ heat pump system in which the metal-hydrogen reaction is utilized(Metal Hydride

Super Heat Pump MHSHP) was evaluated in this study It was made clear that there is a
possibility that if the heat sources of 100XÜ and 600X1 are supplied from outside of the
system, the output temperatures of 200X! and 800X1 would be available using MHSHP
system The specifications of the metal hydride optimum for the effective operation of
the MHSHP system are also discussed Moreover, recent experimental activities of R&D

for the new metal hydride materials are summarized

reactor containing Ca metal and low reaction temperature reactor containing MHX alloy
Absorption and thermo-cheraical behavior of MHX materials are designed to be
preferable for this system The utilization of this system for nuclear plant and H2

chemical plant is discussed R&D on super heat pump of this type will be also reported
in this paper

2 THE CONCEPT OF SUPER HEAT PUMP

2 1 The useful metal hydride reactions and the materials for MHSHP
Metal Hydride(MH) reaction is very simple as

M + Ha -» MHa <• AH

where M is hydrogen absorption metal and A H is reaction enthalpy
Many of MH materials have advantages in its reaction process and these typical

advantage of these reaction are summarized as follows,
©The reactions are reversible
©Reaction rate is very high
(3)High heat storage capacity per weight or volume
©No side reaction intercepts the main reaction
©No poisonous, corrosion or burnable reaction product
©Metal hydride product is stable
©MH materials are cheap

1 INTRODUCTION
The heat pump technology for exhaust heat recovery, thermal energy storage and H3

storage is very important not only for the improvement of the efficiency of the nuclear
and another industrial plants but also for the global environmental problem due to green
house effect Application of the chemical heat pump using the metal hydride reaction is
very useful both for the recovery of the exhaust heat from nuclear plants and for the
storage of hydrogen gas from hydrogen production plants

However, there is no good idea to apply heat pump technology for the recovery of
the exhaust heat from nuclear plants concurrently the storage of mass hydrogen energy

Metal hydride materials are very useful for the chemical heat pump and hydrogen
storage, because these materials yield high reaction energy and absorption of hydrogen
gas in metal hydride reaction processcl"2:1,so that R&D for the heat pump technology
using metal hydride materials become very important for the future nuclear technology

This paper presents the idea of Metal Hydride Super Heat Pump(MHSHP) system,
which can supply thermal out-put of 800"C and 200X1, if the thermal source of 6QO°C
and 100 °C is given to this system This system consists of high reaction temperature

Figure 1 shows typical metal hydride reactions as a function of hydrogen pressure or
temperature It is clear that there are many types of alloys and its reaction patterns
According to this diagram, many of these reaction patterns can be classified by reaction
temperature. Th, Hf, La,T Ca, Gd metal-H? reactions are limited within the temperature
range from 1000 to 500X), Na. U, Mg, Cs-H2 reactions are from 500 to 200'C and Pd, Nb
Ti V-Hz reactions are from 200 to 50X1 The pressure decreases with increasing reaction
temperature

The principle of chemical heat pump using these metal hydride reactions is to find
good combination of two different types of MH materials with different reaction pressure
and temperature limitations There are many designs and studies of heat pumps using
the reaction at temperatures lower than 200 "C C1'z:i , however, it is very seldom to
design a chemical heat pump of operation operable at temperature around &00°C We
would like to show the possibility of a closed loop MH heat pump, which can recovers
thermal out-put of 800*Ç and 200X1 from wasted 600X) 200X1 heat energy by the
combination of high reaction temperature MH materials(between 800X1 to 600X1) and
middle reaction temperature MH materials^ between 600X1 to
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Fig. 1 Typical P-C-T diagram of metal hydride materials

On trial, Ca powder is chosen as a high reaction temperature material, and U or Na
powder is chosen as a middle reaction temperature material here. Considering the
reaction pressure or differential pressure between the two MH materials at the operation

temperature of MHSHP, it is seen that absorption and release processes of Ha gas to and
from high and middle reaction temperature MH materials can be reversible under the
control of reaction temperature and hydrogen pressure.

2.2 MHSHP
The system overview of MHSHP is shown in Fig. 2. The system consists of two types

of reactors. One of the reactors contains Ca powder inside only and heat exchangers and
the other reactor contains an ideal MHX powder, which is the key material to make the
closed loop heat pump. Ca and MHX reactors would be designed in the operation
temperature of from 800"C to 6001C and 6001Q to 1001C, respectively. There are two
reasons for the adoption of Ca alloy as a high reaction temperature materials. One is the
low hydrogen pressure in metal hydride reaction, which dispense the consideration of
high pressure vessel design and its safety under high temperature operations. The other
is that Ca material is very cheap and there is much data on this material.

In the MHSHP system, Ha gas is supplied from the outside and charged into Ca or
MHX reactor. After the gas charge, the system is isolated from the hydrogen supplier
and make a closed loop. Then, H2 gas is circulated around the loop under the control of
reaction temperature and pressure of MH reactors. While the system is open to outside.

H, in

L heat exchanger

rn rn
600t SOO'C IUU-U/ÖUUT; 200'C
input output |nput

Metal Hydride Super Heat Pump (MHSHP)

Fig. 2 Overview of MHSHP

800600 200100
Temperature ( *C )

Pig. Z The concept of MHSHP

MHSHP system can supply large amount of hydrogen gas absorbed in MH reactors to
outside. So that, there are two ways to use this system as (DMHSHP or (2) mass
hydrogen storages system.
(1) MHSHP system

Fig. 3 shows the principle of the (1) MHSHP system and (2)large amount of hydrogen
gas storage system. H2 gas charged into MHX reactor is absorbed into MHX alloy at 100
"C. then heat source of 600*C is connected to MHX reactor. MHX powder releases Ha gas
to Ca reactor at a hydrogen pressure of about IMPa. At this time, Ca reactor is heated
up to about eOO'C by the outside heat source, so that there is differential pressure



between Ca reactor and MHX one(pressure of Ca reactoKpressure of MHX reactor). H2

gas is transferred from MHX reactor to Ca reactor smoothly and the gas is absorbed into
Ca alloy immediately. Then Ca reactor is heated up from 600X1 to 800*0 by the reaction
heat generated form Ca-Hz reaction. These recovered heat energy can be taken out of
this system by helium heat exchange system in Ca reactor. After finishing gas
absorption of Ca alloy, the temperature of Ca reactor return to 600*0 again, and then
6001C heat source is cut off from MHX reactor and 100*C heat source is connected to
MHX reactor. Under these heating conditions, there is differential pressure between Ca
reactor and MHX reactor again. H2 pressure of Ca reactor become higher than that of
MHX reactor, H2 gas is transferred from Ca reactor to MHX reactor. MHX alloy starts to
absorb Hz gas immediately and release reaction energy to heat MHX reactor up to 200*0-

Heat exchanger inside of the MHX reactor is applicable to transfer 200*C thermal
energy outside the system. After absorption of H2 gas transferred from Ca reactor, MHX
reactor is heated to 600*0 to release H2 gas into Ca reactor again. The hydrogen gas
loop process will be repeated in the system by connection/cut off operation of the
outside heat source.
(2) Large amount of hydrogen storage system

Ca and MHX reactors are heated up to 600*C and lOOtD respectively. H2 gas will be
charged to both reactors from the outside Hz gas supplier. Both alloys absorb H« gas
immediately and generate heat energy.

At the time of hydrogen gas release, MHX reactor is heated up to 6001C, then the
pressure of H2 gas rises up to IMPa. The closed loop connected to Ca reactor is open to
the outside, then Ha gas is released to the outside easily due to the differential
pressure between outside and the reactor. After release of ail the H2 gas in MHX alloy,
then Ca reactor is connected to 600*C heat source. Then the pressure of absorbed Ha
gas rises up to about lOPa. If the differential pressure between Ca and MHX reactor is
large enough to move H2 gas from Ca to MHX reactor, MHX alloy absorbs Ha gas at 100
*C. After the absorption of Ha gas, MHX reactor is connected to the outside heat source
of 600*C and release H2 gas to the outside.

These operations can be repeated by controlling the pressure and temperature of Ca
and MHX reactors.

2.3 MHSHP application
One of the applications MHSHP of this system is to connect MHSHP to a H2 gas

generation chemical plant, which needs high temperature heat source such as HTGR.
Fig. 4(a) shows an example MHSHP system connected to H2 gas production plant, that is,
UT-3. The UT-3 plant needs 800 to 850°C heat source from an HTGR to produce H2 gas
by a chemical reaction and 200 to 250*C heat source for plant control energy. After H2
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Fig. 4{a) Typical application case of MHSHP to nuclear and chemical plants
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Fig. 4<b) Typical application case of MHSHP to nuclear and chemical plants

generation, the plant disposes 600*C and lOOtD thermal energies outside the plant. Here,
600*0 thermal energy is transported to the power generator. If MHSHP system can be
linked to the middle of thermal energy flow from HTGR to UT-3 plant and utilized to
reheat the wasted 600 *C and 100*0 thermal energies up to 800 °C and 200 *C. these
recovered energies can be reused to H2 production and plant maintenance again. Total
efficiency of H2 production of UT-3 plant can be improved.

Another example is to connect MHSHP system directly to HTGR(out-put and input

temperature of this reactor are 600*0 and 200*C). In this case, as shown in Fig. 4(b),
MHSHP can supply 800*C output to UT-3 plant directly and 200*C output to HTGR, if



and 100"C exhaust heat are given f rom HTGR, UT-3 plant and turbine to MHSHP

system.

4. R&D for MHSHP

4.1 MHX requirements for MHSHP
If Ca alloy is used as a metal hydride in high temperature reactor, there are

limitations for the MHX materials contained in the middle temperature reactor. These
limitations are summarized as following«:

©Absorption pressure of Ca at SOOtX Dissociation pressure of MHX at 600X3
©Dissociation pressure of Ca at 600t3> Absorption pressure of MHX at 200X3
©Saturation hydrogen content in Ca reactor- Saturation hydrogen content in MHX
reactor

©Hydrogen absorption rate of Ca at 800t^>=Dissociating rate of MHX at 600X3
©Hydrogen dissociation rate of Ca at 600X3 <" absorption rate of MHX at 200X3

Considering these imitations and P-C-T data as shown in Fig. 1, it is clear that the
materials apposite to these imitations are U and Na. However, U is hazardous and its
handling and administration are very difficult. Na has the melting temperature of about
400 to 500X3 and Na powder in the middle temperature reactor changes in liquid state
under MHSHP operation temperature. It becomes very difficult to handle molten Na in
the reactor. Due to these disadvantages of these materials, R&D for MHX materials
instead of these materials are required for the use of the heat pump of this type.

4.2 Recent activities of R&D for MHSHP

4.2.1 Evaluation of hydrogen absorption/dissociation of MHX materials
4.2.1-1 Candidate MHX materials

Due to the lack of data on candidate MHX materials, there are many unknown factors
to be considered about the R&D of MHX materials. Preliminarily we have chosen many
materials as MHX, from the aspect of the high reaction enthalpy and the reaction
temperature range of those material. The candidate materials are (l)La-Ni, (2)Mg-Ni and
(3)others.

(l)La-Ni system
The reason of the choice of these materials is that LaNi and LaNia have large

reaction enthalpy A H, which are 27 to 88 kJ/molt2], respectively. There have been few
data on these materials.

Fig. 5 shows the La-Ni binary metal constitutional diagram133. Here, three kinds of
binary systems are chosen, that is, LaNi, LaNi2 and LaNiE. LaNi6 is well known MH

* IQ u 20 îi » 40 M u ro io w
,100,—————f————J————l———L-r-J——t-————S————I———<-,——'——>——I——,

-f=T

La-Mi alloy
Fig. 5 Constitution of binary La-Ni alloy

materials and chosen as a reference material here. Judging from this diagram, the
melting point of these materials decreases with decreasing x number, so the materials
would not be used at high temperature use.
(2)Mg-Ni systems

MgzNi was developed by the Chemical Institute"-1 as a heat pump materials of
operation temperature of from 400X3 to 300X3. It is hoped to be a candidate material as
MHX. However, MHX requires much higher temperature service of 600X3. Information
about service temperature limitation of this material is required.
(3)0ther materials

Zr-Fe-V alloys are chosen because of high reaction enthalpy. These materials are
now under investigation.

4.2.1-2 P-C-T apparatus
To define the required reaction conditions of candidate materials mentioned in (4.1),

P-C-T data of these materials must be measured. Fig. 6 shows the P-C-T apparatus
designed for high temperature use of up to 1000X3 measurement. This system can be
applied for clarifying the hydrogen absorption/dissociation behavior of the materials
which have the Ha absorption pressure level of less than 5MPa and Hz gas absorption
rate of up to 5wt.%. Fig. 7 shows the typical P-C-T reactor containing alloy powders
inside. Absorption/dissociation data of the materials can be measured automatically by
this system.
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Fig. 7 Typical P-C-T reactor

4 2.2 RESULTS and DISCUSSION
(l)La-Ni

Fig 8 shows the P-C-T diagram of La-Nix(x-l,2. 5) materials at the temperature of
40*C H3 absorption of LaNia( open symbols) tested at 40TÜ has clear plateau at the
pressure of about 0 2 to 0 3MPa and absorbed the Ha gas up to 1.4wt%. Hz dissociation
data of this materiaHclosed symbols) were obtained along the absorption data. The
P-C-T data indicate that LaNi8 has large Ha absorption and good reversibility of Ha gas
absorption/dissociation On the contrary. LaNi and LaNia do not show clear plateau and
the reversibility of absorption/dissociation is lost Ha absorption became less as x
number decreased It is considered that the absorption capacity and reversibility of Hz

in La-Ni materials depend strongly on H3 trap structure of the materials That is,
LaNiB, an AB8 type material has 5 sites around La atom and Ha atom can be transferred
into or out of these sites at the temperature and pressure, but, LaNi or LaNiz has fewer
Ha sites than that of LaNiK and these factors make the movements of Ha atom into or out
of this site hard.

Open Absoption data
Closed Dissociation data

I
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W
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0 j 0 2 0 4 . 0 6 0 9 1 0 1 2 1 1
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Fig. 8 P-C-T data of La-Ni alloys tested at 40°C

Fig 9 shows the P-C-T data of this material tested at 300"C It is clear that at this
temperature, absorption and dissociation capacities of the material are thoroughly lost
It is considered to be due to the decomposition of the material or lattice vibration
which excites hydrogen atoms to move out of the sites

Judging from these data. La-Ni materials have no advantage at temperature higher
than 300X1! There is almost no probability for La-Ni system to be used as an MHX
material, even if some modification can be done to these materials
(2)Mg-Ni

Fig 10 shows the P-C-T diagram of MgaNi at elevated temperatures In this figure,
open and closed symbols indicate the absorption and dissociation data, respectively The
material has very high absorption capacity up to about 2 5 to 3 0 wt % It is 1 5 to 3
times larger than that of La-Ni materials Dissociation data obtained are close to
absorption data at 400'C, but the difference between absorption and dissociation data
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Fig. 9 P-C-T data of La-Ni alloys tested at 300"C

becomes larger as tested temperature becomes lower and finally there is no dissociation
at 2001C.

It is clear that Mg»Ni is very promising material as MHX, but some modification is
needed, especially the dissociation capacity below 20010.

5. SUMMARY

5.1 Conclusions

in this paper, we presented the principle of a Metal Hydride Chemical Super Heat
PumrXMHSHP) system and mass hydrogen storage system. The application case for HTTR
and hydrogen generation plant are proposed.

Some candidate materials as MHX for MHSHP are made for trial and P-C-T data are
obtained and the following conclusions are obtained:

Open: Absorption data
Closed: Dissociation data

QB200°C O«300°C AA40C°C

o.oosl______________________
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Fig. 10 P-C-T data of Mg3Ni alloys tested at elevated temperatures

(1)La-Ni
La-Nix materials are very useful at low operation temperature, but not good for high

operation temperature use as required to MHX material, because almost of all absorption
and dissociation capacity are lost at the temperature of up to 300t.
(2)Mg-Ni

Mg2Ni alloys are very promising material as MHX, because this material have very

high absorption and dissociation capacity at very high temperature up to 600 "C.
However, from the point of material composition view, some of modification must be
done, especially to improve dissociation capacity at the temperature of lower than 200
•c.



5 2 Future planing for the R&D of MHSHP
R&D of MHSHP will be continued in accordance with the following master schedule

U)R&D for MHX matemls(1991-1994)
Some of candidate materials will be made for trial and P-C-T data and reaction

enthalpy data will be obtained to construct the data base for the design of prototype
MHSHP system

We found some of promising materials and some of up-graded materials will be made
and tested Reaction enthalpy measurement system in metal hydride reaction are under
construction and will be on the service after the end of this year

<2)R&D for MHSHPÜ992-1997)

We are constructing tht demonstration system to testify the principle of MHSHP
system proposed Mam purpose of this system is to show the heat recovery of 600TC
energy up to 800"C by chemical heating only This demonstration system will be on the
service next march

Considering the data base obtained by P-C T, reaction enthalpy and demonstration
system, the design and total efficiency estimation of the prototype MHSHP system
jointed to the Ha generation plant are continued

REFERENCES
[UMetalhc hydride compound-physical properties and application-, Y Osunn, edited by
chemical industry company(1987)
[2]Hydrogen storage alloy hand book, Y.Osumi. edited by Yonoshobou(1987)
[3]Constitution of binary alloys, M. Hansen,Materials Science and Engineering Series,
Second Edition of McGraw-Hill Book Company, London (1958)

A PROGRESS REPORT ON BENCH SCALE
STUDIES OF THE IODINE-SULFUR PROCESS FOR
THERMOCHEMICAL HYDROGEN PRODUCTION

S SHIMIZU, H NAKAJIMA, K ONUKI
Japan Atomic Energy Research Institute,
Tokai, Ibaraki,
Japan

Abstract
This paper describes recent progress In studies of the lodtne-Sulfur(IS)

process for thermochemlcal hydrogen production being performed In JAERI
A total of about 20 liters of hydrogen were produced during six cycles of
operation of a bench scale apparatus for the IS process. The three key
conditions, (1) the relation between density and X(HzO) under two-phase
separation of HIx(aq) and HzSO.,(aq), (2) the maxloum amount of S02
absorbable In the Bunsen reaction and (3) the removal of HZS04 dissolved In
Hlx(aq). are clarified

1. Introduction
Among the variety of hydrogen production methods, the thermochemical

cycle has the potential ability of Industrial scale production
lodlne-Sulfur(IS) processes have been studied In JAERI as candidates for a
heat application system to be coupled with the High Temperature Engineering
Test Reactor, which Is under construction [1]. The process presently being
studied is Iodine-Sulfur process comprised of following three reactions (
First one is known as the Bunsen reaction).

xUc) + S02(g) * 2H20U) = 2HIK(aq) + HaSO^(aq) (1)
2HI(g) = H2(g) + I2(c) (2)
H^SCUU) = HzO(l) * S0a(g) * l/202(g) (3)

The cycle, originally proposed and studied as the SI Cycle by GA [2],
has provided a broad area for research. A bench-scale apparatus for the IS
process has been assembled and operated. Objectives of bench-scale studies
are

(a) to verify hydrogen production by the apparatus and
(b) to establish actual conditions for the reactions, product

separation, and product transfer In the apparatus
These studies will contribute to the design of a large-scale plant

2. Description of bench-scale apparatus and operating conditions
The bench-scale apparatus is comprised of a Bunsen reaction section, an

HI decomposition section, an HaSO« decomposition section and a control /
analysis section Equipment installed in the apparatus is shown in fig 1
The components were made from fused silica or borosllicate glass and were
Interconnected with teflon tubing The gaseous and aqueous products were



SECTION 1

Flg. l Scheme of bench-scale apparatus for IS process.

transferred using carrier N2 gas and ceramics pumps(FMI pump), respectively.
Details of the apparatus are described in reference [3].

For an entire cycle of operation, the reactions, the separation of the
products and transfer of the products are performed sequentially.
However, the Bunsen reaction (1) and the HzSO* decomposition are carried
out at a same time to avoid storage of gaseous S02.

The apparatus was operated under the following conditions for steps (A)
to (G).

(A) Reaction (1) at 20' C: HIx(aq, x<4) Is formed so transfer with
pump is advantageous.

(B) Two-phase separation of HIx(aq) and H2SCMaq) at 20' C
under Is saturation condition.

(C) H2SCU removal from Hlx(aq) at a temperature of about 120' C
under Na flow conditions: Sulfur dioxide, formed by the
reaction of HzSO« with HI, is stripped with N2 gas.

(D) Distillation of HIx(aq) under atmospheric pressure: HI Is
separated with H20, In azeotroplc composition, from the Iz.

(E) Catalytic decomposition of HI at 700' C on Pt supported on
silica wool: The HI decomposition ratio approached 50% when
4 decomposers in series, withdrawing H2 from each
decomposer by the condensation method were used.

(F) Surfurlc acid concentration from 45 wt% to 75 wt% with a
packed column at about 160' C.

(G) Catalytic decomposition of H2SO« at 800" C.

One cycle of operation starts with step of two-phase separation, step
(B), and continues through steps of the H2SCU decomposition and the Bunsen
reaction, steps (G) and (A).

The hydrogen and oxygen were analyzed by a gas Chromatograph and an
02 meter equipped with a zirconium sensor, respectively.

3. Cyclic operation

3.1 Hydrogen production
According to the procedures described, 6 cycles of operation of the

apparatus were performed in May and June of 1990. Table 1 shows the
amount of H2 and 02 produced in during cycle. The total amount of H2 and Oa
equals 16.37 and 9.92 liters, respectively. The rate of HE production was
about 12 SCCM and that of Os was about 20 SCCM. Both rates were nearly
constant during all cycles. The difference between two rates results merely
from experimental convenience.

Table 1 Hydrogen and oxygen production
under slx6 cyclic operations.

Cycle Ko.

1
2
3
4
5
6

Products
H2

2.00
4.50
2.76
2.43
2.53
2.15

02

1.40
0.91
2.28
O.il
1.22
3.30

calcd. • /B
02

1.31
1.55
-
-

1.56
2.30

0 Oxygen evolution uotmt is predicted usine the
da U of maximum imoanl of 502 absorbable r i lh
the process l i q u i d for Bunsen reaction.

The amount of Os to be produced, shown in the right-hand column of
Table 1, was calculated as follows. 1) An amount of HE to be produced in one
cycle Is selected; for example, 2 liters. 2) Steps (B), (C), (D) and (E) are
supposed to be carried out successively. 3) The amounts of effluents from
steps (B) to (E) are estimated. It is noticed that theentire amount of each
effluent is not always in the reaction. 4) The sulfur dioxide to be reacted
with Is in the effluents estimated above is calculated based on the maximum
amount of S02 absorbable (See section 3.3). Thus, an amount of 02 to be
produced, which equals the absorbable S0a, Is calculated and tabulated in
Table 2.



Table 2 Typical results of simulated cyclic operation of IS process
Starting conditions and mass balance are listed. Stream letters are given in Fig 1
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The difference in the amount of Oa measured and calculated is
significant. The data on which above calculation is based are not sufficient
for the design a large-scale plant because of the large difference.
Separately from cyclic operations of the apparatus, studies have been
conducted to elucidate the characteristics of the process.
3.2 Disappearance of two phase-separation pheno»enon

Early in the operation of the apparatus, cyclic operation frequently
stopped due to disappearance of the two-phase separation. An excess of HsO
or a lack of lz in Bunsen reaction (2) leads to formation of a homogeneous
solution of HI and HsSCU. We studied the relation between density and the
molar fraction of H^O, XCHaO), for HI-HaSCU-HaO systems at 20" C under
conditions of Iz saturation. The saturation condition was selected to
decrease number of variables and to decrease mutual solubilities.

As shown in Fig. 2, two phase separation occurs when X(HsO) < 0.92. The
density of Hlx(aq) increases from 2.4 to about 3 with a lowering of XfHzO),
while the density of HeSCU phase remains nearly constant, at 1.4. The
difference of the XfHaO) dependence of density between the two phases is
interpreted to be that both the increase of I2 solvation surrounding I~ ions
and the decrease of H^O content in HI* phase proceed with the lowering of
X(H20) of the whole system. Concurrently, migration of water from HIX phase
to the H2SO.» phase keeps the density of the HESCU phase nearly constant.

Observing HIx(aq) density with a PAAR density meter, cyclic operation
could be performed without the disappearance of the phase separation.
Furthermore, as shown in Fig. 3, studies revealed that the concentrations of
HI, l-z and HsSO« in the HI* phase are proportional to the density of HIx(aq).

085 090 095

0 85 0.90 0.95

Molar fraction of HZ0, X(HaO)
1.00

Fig. 2 Relation between density and molar fraction of HaO .X(HzO). of
HI-HzSO<-HzO systems at 20' C under Iz saturation condition.

Though all of the system is saturated with Iz, X(HzO) Is calculated
excluding Ia.

The concentration of HI, Iz and HaSCU under the two-phase separation with 12
saturation condition is expressed by equation (a), (b) and (c), respectively.

HI concentration = 4.280» p (HIx) - 5.200
la concentration = 1.005*p (HIx) + 1.126
HsSO^ concentration = -0.390» p (HIx) * 1-250

Accordingly, the concentration of these species could rapidly, simply
and easily be estimated by observing the density.

3.3 Amount of S02 absorbable in Bunsen reaction (1)
Though the reaction (1) favours an elevated temperature from the

viewpoint of thermal efficiency of the process, it was performed at ambient
temperature in these bench-scale studies. Using a lower reaction
temperature, facilitated the transfer of chemicals in the apparatus.

The Bunsen reaction has been studied at 20' C for a wide range of HZ0, I2
and HI concentrations. In Fig. 4, the amount of S02 absorbed, equal to the
HzS04 formed, is plotted against the molar fraction of I2 as a parameter of
HI molar fraction. Here, X(I2) denotes a molar fraction in ingredient that
excludes hydrogen iodide. The S02 carried by the Na gas to the H20-I2(-HI)
mixtures reacts rapidly with I2, so S02 is not detected in course of the
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reaction (1). Hence, the end point of reaction (1) was detected when the S02
concentration in the tall Kz gas from the Bunsen reactor grew to 500 ppm.

Thus, the amount of S02 absorbable in reaction (1) was clarified. The
right side of the figure, where two-phase separation occurs, provides
valuable Information for cyclic operations. Further analysis of the data on
the reaction shows that at the end point of the reaction, the number x. the
suffix of HIX, will approaches certain value at a constant temperature
regardless of the initial HI molar fraction. The number of x, from which the
maximum amount of S02 can be deduced, is expressed as follows.

x = (100 / 4.5) » (I2 / (I2 + HaO )) + 1.0
Details of this phenomenon will be reported in a future paper.

= (UK

0 Q02 004 Q06 0.08 0.10 0.12 0.1«

I ( I J . (I/O.«,«))

Fig. 4 Dependence of absorbed SOZ on molar
fraction of Iz In Bunsen reaction at
20' C under various Initial HI fraction.
X axis denotes XUs) calcd. as Ia/(I2*HzO)

3.4 Rénovai of sulfuric acid dissolved in mx phase
Removal of HsSO.» dissolved In HIX phase is required to avoid sulfur

formation in the HI separation step and in the HI decomposition step. Sulfur
is formed accompanying HI consumption via the following reaction.

HsSCU + 6HI = S + 4HsO + 3I2 (4)
Typical compositions of both HI(aq) and HsSO«(aq) are as follows.

Hlx(aq) : HI/WHaO/HaSO^ = 1/4/5/0.001 (95- C), 1/1/7/0.05 (20' C)
HaSO^(aq) : E^O^/EsP = 1/4 (95' C), 1/7 (20' C)

As mentioned, amount of HaSO.» dissolved in HI„(aq) increases when lowering
the temperature of reaction (1). In case of a reaction at 20' C, 30% of the HI
formed may be consumed via reaction (4).

Dissolved sulfuric acid can be removed from the HIX phase according to
the reverse Bunsen reaction,

HzSO* + 2HI = 2HsO + S0a + Ia.
In the early stage of cyclic operations (Section 3.2), HSSO* removal was
performed In a batch mode using a desulfurizer as seen in Fig. 1. Details of
this procedure are described in reference [31.

Further study has Identified a way of continuous removal of HaSCU using
a flow-type desulferizer. The flow desulfurizer is comprised of an HIx(aq)
feed pump, a glass made column packed with fillers, a reservoir for
desurfurlzed HIx(aq) and a cooled condenser for volatile effluents from the
packed column. These are shown in Fig. 5.

The packed column and the cooled condenser are connected with a pipe
that slopes down to the packed column at an angle of about ten degrees from
the horizontal. The column and the sloped pipe are heated with mantled
heaters to about 130-140" C and 110-120' C, respectively.

Figure 6 shows the desulfurizing ratio and the ratio of HI in the
desufurized HIx(aq) to that of the feed HIx(aq) as a function of the heating
temperature of the mantled heater of the packed column. More than 99% of



Fig. 5 Scheme of continuous desulfurlzer.

JW CT J<0

Temperature of heating nanti« /*C

Fie. 6 Dependence of desulfurlzlng ratio
and ratio of desulfurized HIx to fed
HIx on temperature of mantled heater.

the HzSCU dissolved could be removed from the HIx(aq) with a heating
temperature higher than 230' C. The decrease In the amount of HI due to
reaction (5) and the vaporization of unreacted HI. The desulfurization
condition with the least vaporization of HI Is necessary.

3.5 Simulation of cyclic operation
A simulation study has been started based on the data discussed to

formulate a flow sheet for cyclic operations. Table 2 illustrates a mass
balance for a cycle, where one liter of Hs(45 mmol) and a half liter of
Oz{22.5 mmol) should be produced with complete circulation of materials.

The upper column on Table 2 shows the amount of H2 and 02 to be formed,
the decomposition ratio of HI and HaSCU, and composition of HIx(aq) and

Table 3 Typical results of simulated cyclic operation of IS process
Effluents are ro» materials for Bunsen reaction and regenerated products of the reaction
are tabled showing they are equal to those used at the start of the cycle
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0
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used as starting materials of the cycle, respectively. Conditions
of desulfurization of the HIx(aq) and distillation of the desulfurized
Hlx(aq) are shown in the upper column, too. In the lower two columns, the
amount and composition of circulating materials for ten streams are listed.
According to these data, it is possible for these materials to be circulated
as reactants of the Bunsen reaction. Completion of the cycle Is Judged by
how completely the starting materials shown on the upper column of Table 2
are regenerated.

Table 3 shows that the sum total of effluent of streams x,x,x,x,x and x,
together with the additional HaSO.»(aq) remained(23ml). is suitable for
absorbing 45 mmol of SOS. Here, the maximum amount of S02 absorbable is
estimated from data described in section 3.3. The addition of the HsSCUCaq)
Is explained as follows. The decomposition ratio of Hj-SO.« is larger than
that of HI. Some HaSO^(aq) that is formed stoichiometricaly according to
Bunsen reaction, does not enter the cycle at the beginning of the cycle.
This remaining HaSO^(aq) must enter the cycle to satisfy the 45 mmol estimate
of "the maximum amount of S02 absorbable".

With 50% decomposition of HI in one step, amount of circulating
materials per liter H2 produced is as follows.

HI : 410 mmol / H2 45 mmol I2 : 595 mmol / H2 45 mmol
HzO : 4930 mmol / H2 45 mmol HsSCU : 205 mmol / H2 45 mmol

These figures would reduced with 100% HI decomposition and the use of a
higher temperature for the Bunsen reaction. For example, the circulating HI
could be reduced to about 100 mmol / H2 45 mmol.



4 Future works
Extensive study is required to develop thermochemical cycles useful on

an industrial scale
Bench-scale studies of the IS process, and experiments concerning the

Bunsen reaction should be performed at higher temperatures, up to about
100 C Further, continuous operation of the bench-scale apparatus for H2
production should be studied as a step toward industrialization of this
process

Extensive studies are required to establish a flow sheet that promises
high thermal efficiency and that to develop materials for thermochemical
processes It is desirable that new concepts of HI separation and HI
decomposition such as the direct dissociation of HI under distillation under
high pressure [4], be pursued

5. Conclusions
The most significant conclusions of bench-scale studies of the IS

process during the past three years are summarized as follows
(1) The IS process has functioned as a thermochemical hydrogen

production cycle.
(2) Process characteristics have been verified in the area of two-phase

separation phenomenon, the Bunsen reaction and for desulfurlzation
of Hlx(aq)

(3) Material-balance for closed cyclic operation is obtained based on
the exrimental data.
obtained in bench-scale studies
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HYDROGEN PRODUCTION BY HIGH-
TEMPERATURE ELECTROLYSIS OF STEAM

R HINO, Y MIYAMOTO
Japan Atomic Energy Research Institute,
Tokai, Ibaraki,
Japan

Abstract
Hydrogen production by high temperature electrolysis of steam is a

reverse process of a solid oxide fuel cell under development in the world
It is a simple and efficient process to produce hydrogen from water theo-

retically In JAERI bench scale tests using an electrolysis tube have been
conducted to investigate electrolysis characteristics and to accumulate
operational know-how for a plant which Is a utility system of high
temperature heat from high temperature gas-cooled reactors

An electrolysis tube was fabricated by connecting 12 electrolysis cells
in series The cell consisted of multi-layers of an electrolyte and
electrodes coated on a base ceramic tube The electrolyte layer was made of
yttria-stabilized zirconla In the test, steam was supplied with argon gas as
a carrier gas and DC power to the electrolyte through the electrodes
Hydrogen production rate Increased with the applied power and the
electrolysis temperature The maximum production rate was 76 Nl /h at 950
"C and the applied power of 27W

1. INTRODUCTION

Hydrogen has a possibility playing more important role in future as a
secondary energy carrier as well as a raw material in many industrial chemi-
cal processes At present, hydrogen Is produced mainly from fossil fuels
(e g by steam reforming of natural gas), and then much amount of carbon
dioxide is released in supplying process heat by burning fossil fuels From
the view of environment protection and saving fossil resources, it is needed
to realize clean processes to produce hydrogen Independent of fossil fuels
using nuclear heat thermochemical and electrolytic processes which can
produce hydrogen from water



The high-temperature electrolysis of steam with using a process heat and
electricity by a high-temperature gas-cooled reactor (HTGR) is one of the
most attractive process to produce hydrogen from water. The
high-temperature electrolysis process decomposes steam at a temperature of
1000 *C. Although bench-scale tests [1,2] and a pilot plant design [3] have
been performed, an amount of RfcD and design works remain: comprehension of
electrolysis characteristics, improvement of high-temperature electrolysis
cells, establishment of operational method, optimization of process layout
etc..

In Japan Atomic Energy Research Institute (JAERI), electrolysis tests has
been started to get design data on process characteristics and to
accumulate operational technologies and know-how for a high-temperature
electrolysis plant which Is one of utility systems of high-temperature heat
from the HTGRs. As the first step, an electrolysis tube with several cells
was fabricated, and a basic test was conducted to comprehend electrolysis

characteristics and operational procedure by using a bench-scale test
apparatus. This paper reports the test results obtained under high
temperature of 850 *C and 950 *C.

2. PRINCIPLE OF HIGH-TEMPERATURE ELECTROLYSIS OF STEAM

The process of the high-temperature electrolysis of steam Is a reverse
reaction of a solid oxide fuel cell (SOFC) developing vigorously in the
world: an oxygen ionic conductor is used as a solid electrolyte as shown in
Fig. 1. Steam is dissociated with electrons from externally provided
electricity on the surface of a cathode. Hydrogen molecules form on this
surface. Simultaneously oxygen Ions migrate through the electrolyte and
form oxygen molecules on the surface of an anode with the release of elec-
trons. The products, hydrogen and oxygen, are separated by the gastight e-
lectrolyte. Hydrogen produced by the process has high purity.

On the other hand, the total energy demand (AH) for steam decomposition
is the sum of the Gibbs energy (AG) and the heat energy (TAS). The e-

/ \
Cathode (-) I Anode ( + )

Electrolyte

1/20,

Cathode (-)
Electrolyte

Cathodic reaction Hj-t-O2"-* H 2 O+2e~

Anodic reaction 1/2O2+ 2 e" —*• OZ"

Total reaction H2+ 1/2O2~* H2O

->H2+02-

2e"+l/2O,

H2O-»-H2+l/202

Figure 1 Principle of high-temperature electrolysis of steam
(Reverse reaction of solid oxide fuel cell)
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Figure 2 Energy demand for HsO-electrolysls
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Figure 3 Structural drawing of electrolysis tube with 12 cells Photo 1 External view of electrolysis tube

lectrical energy demand, AG, decreases with Increasing temperature as shown
in Fig 2 [4]; the ratio of AG to AH is about 93* at 100 "C and about 70% at
1000 *C The reaction at the higher temperature provides the advantage in
improving the electrolysis efficiency

3. CELL STRUCTURE AND TEST APPARATUS

Figure 3 and photo 1 show a structural drawing and an external view of
the electrolysis tube in the test The electrolysis tube was composed of 12
electrolysis cells of 19mm in length which were connected to form a series
electrical circuit. The cell has an electrolyte of zirconia stabilized with 8
mol« yttria (YSZ) which is popular material in the SOFC The electrolyte
layer was sandwiched between the porous cathode and anode layers, the
cathode was formed from nickel cermet with zirconia and nickel oxide (NiO),
and the anode is thin porous layer of LaCoOs. At the end of the electrolysis
tube, platinum wires were welded on copper coating layers to apply electric
power to the cells The copper coating layers were connected with thin
layers of electric conductors Outside of the electrolysis tube was coated
by thin gastight layers without the cells and the copper coatings These

layers were formed on a porous ceramic tube (base tube) of 22mm in outer
diameter with plasma spraying technique, thickness of layers are in a range
from 0 1mm to 0 25 mm

Figure 4 shows a schematic diagram of the test apparatus The electroly-
sis tube was installed in a metallic tube (Inconel 600) of 50mm in inner
diameter, and was heated up to 1000"C in an electric furnace The electroly-
sis tube was fixed at the copper coatings with a metal tube by ground
packing rings Argon carrier gas was mixed with steam at a constant
concentration In a humidifier and then flowed inside the electrolysis tube,
steam heated in the electrolysis tube was decomposed by electricity The
steam concentration is detected by dew point monitors both at the inlet and
outlet Dry air was introduced into the outside of the electrolysis tube for
supplying oxygen in order to maintain anode function Hydrogen
concentration was measured by a gas Chromatograph A potentiostat was used
to apply stable electric voltage (DC voltage) to the cells Electrolysis
current was measured through a standard resistor of 1Q
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4. TEST CONDITIONS AND PROCEDURES

Tests were conducted under electrolysis temperatures of 850 °C and 950
"C. The other test conditions were as follows:

Argon flow rate : 2.2 NL/min
Dew point at the Inlet of the electrolysis tube : 40X1 ~ 56 °C
Steam content at the Inlet of the electrolysis tube: 0.13 — 0.32 g/min
Air flow rate : 4~ 5 NL/min (dew point below -30t )
Inlet pressure : 1.1 bar(abs)

Temperature of the electric furnace was raised slowly from room
temperature at a rate of 10"C/h In order not to break electrolysis layer by
rapid thermal expansion. Then argon carrier gas of dew point 20 °C and dry
air were supplied. Before the tests, NiO of cathode had to be reduced to Ni
by supplying hydrogen at the electrolysis temperature in order to work the
cathode as an electron conductor. In this procedure, the electrolysis tube
worked as the SOFC. For example, direct current voltage of about 10V was

8 10 12 14 16
Applied voltage (V)

18

Figure 5 Relationship between hydrogen production rate and
applied voltage obtained at 850'C and 950 "C

generated without load under the conditions of 850 "C and the hydrogen flow
rate of 0.15NL/mln. After that, supplying hydrogen was stopped, and the
steam concentration was regulated to the test condition.

4. TEST RESULTS

Figure 5 shows a relationship between hydrogen production rate and ap-
plied direct current voltage obtained at 850"C and 950"C. Hydrogen produc-
tion rate increased with the applied voltage and the electrolysis
temperature; a net hydrogen production started at about 9V as seen in the
figure, and the maximum production rate was 4 NL/h at 16.2V and 850 °C and
7.6 NL/h at 15.6V and 950*C. respectively. Efficiency of steam utilization
was less than 40%. The reason of low efficiency is considered that steam can
not permeate easily through the tube to the cathode as porosity of the base
tube is limited. If steam reaches to the cathode directly, hydrogen
production rate shall Increase more than the present results. An
unsupported cell without a base ceramics, therefore, is considered to be
better in the high-temperature electrolysis of steam.
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Figure 6 Relationship between apparent resistance and applied voltage

Figure 6 shows a relationship between apparent resistance and applied
direct current voltage. The apparent resistance Is defined by (applied volt-
age/electrolysis current) here, which decreased with increasing the applied
voltage and the electrolysis temperature; the minimum apparent resistance is
about 12 Q and 9 Q at 850 'C and 950 *C. respectively. This means that the
specific resistivity of YSZ decreased with température [5], and is thought
that an electron nobility In the cathode and the anode increased with the
hydrogen production rate. These apparent resistance can be used as a
standard value to check a damage of the electrolysis tube.

Figure 7 shows a relationship between applied power and combustion heat
of generated hydrogen. In the evaluation, the applied power is (applied
voltage x electrolysis current), and the combustion heat of hydrogen is
286kJ/mol. A quotient of (combustion heat of generated hydrogen/ applied
power) means an electrolysis efficiency. The electrolysis efficiency
increased with temperature. This Indicates that the electrolysis tube with
YSZ electrolyte should be used at the high-temperature condition more than
950 "C. If a hydrogen production plant of the high- temperature electrolysis
of steam is supplied high-temperature heat and steam from the HTGR, a plant

10 20
Applied power (W)

30

Figure 7 Relationship between applied power and combustion heat
of generated hydrogen

operation temperature Is thought to be 900 °C at highest. From this reason,
new better solid electrolytes working below 900 "C should be searched. One
of candidates is ytterbia stabilized zirconia.

5. CONCLUSIONS AND RESEARCH PLAN

The hydrogen production test by high-temperature electrolysis of steam
was conducted by using the electrolysis tube with 12 YSZ cells, and the
operational procedures were nearly established. The feasibility of this
method was verified to produce hydrogen at the maximum rate of 7.6 NL/h
under the temperature of 950X1. Apparent resistance data obtained in the
tests can be used as a standard value to check a damage of the electrolysis
tube. On the other hand, it is found that YSZ cells should be used at a
high- temperature condition more than 950 X:.

Various types of electrolysis cells such as tubular and planar type
cells will be fabricated to examine their performance of hydrogen
production as a development test. All of the cell will be the unsupported
cell with the electrolyte working below 900 *C. Then we will fabricate a



f3 small process apparatus with several modules consisting of 5 or 6
electrolysis tubes or planar cells to obtain design and operational data for
a pilot plant. In development steps, hydrogen will be produced around lms/h
by the small process apparatus and lOOnrVh by the pilot plant. In addition,
we have a plan to construct the pilot plant in the helium engineering
demonstration loop (HENDEL) of JAERI.
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DESIGN OF STEAM REFORMING HYDROGEN
AND METHANOL CO-PRODUCTION SYSTEM
TO BE CONNECTED TO THE HTTR

K. HADA, N. FUJIMOTO, Y. SUDO
Department of HTTR Project,
Japan Atomic Energy Research Institute,
Oarai, Ibaraki,
Japan

Abstract
A wide spectrum of discussions on nuclear process heat applications suggest that a steam

reforming hydrogen and mcthanol(or sysnthesis gas) co-production process be at present the
most practical and desirable nuclear process heat application to be demonstrated using the
HTTR.

The HTTR steam reforming system achieved economic competitivity and
operability/controllability by applying several innovative measures to improve productivity
of hydrogen and methanol, effectively utilizing nuclear process heat and installing an extra
heat exchanger to accommodate heat demand in the steam reforming system to the nuclear
process heat supply. As the result, hydrogen of 1390Nm3/h and methanol of 1930kg/h are to
be produced from LNG of 950kg/h utilizing the nuclear process heat of 10MW.

1. Introduction : Why Nuclear Steam Reforming Hydrogen and Methanol Co-Production?

1.1 Global warming and energy shortage problems
In recent years, a rapid increase in emission rate of carbon dioxide gps(CO^) which is

resulted mainly from increasing consumption of oil and coal as energy sources is causing a
significant increase in global air temperature, that is, global warming. The air temperature is
estimated to increase by approximately 2°C in the year 2050[1]. On the other hand, fossil
resources are not unlimited and, in particular, oil is said to be consumed out in the middle of
the next century for the annual consumption rate as of the year 1988[2). These crucial
problems on supply and consumption of fossil resources require that the present oil society
in which oil is predominantly used not only as energy but as materials be urgently and
dramatically changed to a CO2-free society. Figure 1 illustrates how strongly Japan depends
upon oil, approximately two-thirds of the primary energy resources consumed is oil and oil(or
petroleum) products are predominantly used in all end-user sectors as well as electricity
gcnerationj3],[4],[5]. Since it takes very long time to develop new or innovative technologies
for changing our society, we should start our efforts to develop technological revolutions on
this matter as soon as possible.

1.2 Attractiveness of hydrogen and methanol
Hydrogen is of great importance among clean energy sources due primarily to its high

energy density. It also offers potential attractiveness because it can be produced from an
abundantly recyclable resource of water but not from fossil resources. However, major
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technologies for utilizing hydrogen as secondai)' energy source are still under development
and is expected to be realized in the middle of the next century at the earliest.

At present, methanol attracts attention as less CO2-emissivc secondary energy, especially
as automobile fuel. Its merits are easy to store and transport Methanol and its raw material,
the synthesis gas, are potentially superior to hydrogen because these offer great potential to
produce a variety of chemicals, well-known as C, chemistry and arc theoretically possible
to be produced from coal through coal gasification or liquefaction. Figure 2 schematically
illustrates the state-of-the-art of key technologies for synthesis gas and methanol production
and for C, chemistry[6]. In this figure, solid lines denote commercialized processes and
dashed lines do processes under development or to be developed. It is clear that we need
substantial technology developments to substitute methanol for oil, especially to produce
olefin from methanol for petrochemicals.

1.3 Role of HTGR
At present, process heat is generated by burning fossil fuels even in producing hydrogen

Another critical issue for meaningfully reducing CO,-emission is how to generate process
heat without any emission of CO2 as a substitute for burning fossil fuels.

Many processes of hydrogen and/or methanol production need process heat at high
temperatures of 950°C or less enough to develop key endothermic chemical reactions or to
preheat reacting fluids. Reaction temperatures for typical processes are shown in Fig. 3.
Moreover, as shown in Fig. 4, thermal energy demand in Japan can be grouped into three
temperature ranges, that is, thermal energy is consumed to generate the process heat at
temperatures of 600°C and less in the first group, 700 to 900°C in the second and 1000°C and
above in the third[7]. As of 1980, the thermal energy demand for process heat up to 900°C
amounts to approximately 60%. Two-thirds of the process heat is supplied from oil. On the
other hand, approximately 80% of process heat at 900°C and above is done from coke, COG
and BG, and is exclusively consumed for steel making.

A high temperature gas cooled reactor(HTGR) is expected to be the most promising
reactor to generate the thermal energy up to 950°C without any emission of CO, gas and other
greenhouse effect gases as well as sulfur oxide and nitrogen oxide gases.

Accordingly, as a substitute to oil, hydrogen and/or methanol(or synthesis gas) production
process in which an HTGR is used as the heat source (hereinafter, it is called HTGR
hydrogen and/or methanol production process) is anticipated to play a key role in resolving
the global warming and oil shortage problems. It should be noted here that nuclear direct steel
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making has ever attracted steelmakers' attention. Nuclear direct steel-making is to produce
reduced iron utilizing synthesis gas or hydrogen directly from iron ore. Synthesis gas or
hydrogen is, of course, able to be supplied from an HTGR synthesis gas production process.

So far, any HTGR process heat utilization system, including the HTGR hydrogen and
methanol production process system, has not been operated in this world, even though a wide
variety of R&D works have been devoted to realizing it.

1.4 Demonstration testing using an HTGR
The Japan Atomic Energy Research Lnstitute(JAERl) has started construction of an

engineering testing HTGR which is officially called the High Temperature Engineering Test
Reactor, HTTR. One of the most creative objectives of the HTTR is to demonstrate high
efficiency and CO2-free applications of high temperature nuclear process heat with utilizing
HTGR and to provide technical information for proceeding to commercial deployment of an
HTGR process heat utilization.

A computational prediction suggests that commercialization of the HTGR process heal
utilization be required to be achieved in the year 2015 or earlier so as to effectively reduce
CO, emission[8]. Demonstration of an HTTR hydrogen and methanol production should be
made in the beginning of the next century at the latest.

The production process that is to be demonstrated using the HTTR is, therefore, required
to be acceptable to the next requirements.

Its key chemical reactions should be generic to other production processes.
Since it is difficult to accurately predict the market for nuclear process heat

applications arid to specify the most practical or desirable production process in the next
century, the production process and the associated technologies which are demonstrated
using the HTTR should be applicable to candidate HTGR production processes. In many
production processes, process heat is utilized for endothermic chemical reaction and/or
preheating. As it is within a limited temperature range that endothermic reaction occurs,
a complicated technique is required to control heat input to a reacting fluid, depending
upon the fluid temperature. Therefore, the hydrogen and/or methanol production process
demonstrated should involve a key cndothermic chemical reaction and then a heat load
control technique is needed to be developed through the demonstration.

- The production process should be licensable based on miscellaneous technical information
and experimental demonstrations for ensuring the nuclear safety.

- The nuclear production process should be economically competitive with the conventional
non-nuclear counterpart.
On reviewing the present technologies for producing hydrogen and/or methanol(or

synthesis gas), a steam reforming synthesis gas production from such a light hydrocarbon as
methane is acceptable to the above requirements and is considered at present the most
practical and desirable to demonstrate effectiveness of nuclear process heat utilization using
the HTTR. The hi IK steam reforming production process system is technically possible to
be realized in the beginning of the next century as is described below. The reasons to be
acceptable arc as follows.
(1) Steam reforming is an endothermic reaction and is caused within a limited temperature

range of about 5WC and above.
(2) It is a well-experienced production process in non-nuclear industrial areas.
(3) At present and in the near future, the most economical process to produce hydrogen is

said to be the steam reforming of natural gas.

(4) Hydrogen and methanol arc co-produced from the synthesis gas. The hydrogen gas can
be provided for coal hydrogasification or liquefaction. Integration of coal
hydrogasification to produce methane and steam reforming of mefhane leads to a valuable
production process of methanol from coal.

In the following, technical possibility of the HTTR steam reforming hydrogen and
methanol co-production process system and related issues to be overcome are discussed, and
then a conceptual design is carried out to realize it.

2. Technical Possibility of The Nuclear System

2.1 Background
Conventional fossil-fueled production processes are not always realizable as the

counterpart of a nuclear system to which the process heat is supplied by the nuclear reactor.
The main reasons are as described below.
(1) Operational conditions or procedures of a nuclear reactor for generating process heat are

not always compatible with those of its production process system as utilizing the heat,
because the nuclear reactor cannot be operated in so flexible manners as a fossil-fueled
furnace.

(2) Extra barriers are required of a nuclear reactor so as to suppress the transportation of
fission products to a production process system. This requirement may have the
possibility of placing hard restrictions on operability of the production process system.

(3) Much severer safety requirements are imposed on the integrated nuclear reactor and
production process:systcm(hereinafter, it is called the nuclear system.) than a fossil-fueled
plant, leading to its less operability.
Technical possibility of the HTGR steam reforming hydrogen and methanol co-production

process system is discussed with respect to these issues.

2.2 Operational compatibility
A reactor coolant temperature is generally proportional to reactor thermal output because

the temperature is controlled primarily by the reactor output but not by coolant flow rate.
Since heat of steam reforming endothermic reaction is increased as the reacting gas
temperature is heated up, the reactor output is basically compatible with the heat input to
catalyst tubes inside which the reforming gas flows.

2.3 Extra barriers of the nuclear reactor
A reactor coolant boundary and associated systems should be provided for establishing

an essentially Icaktight barrier against the uncontrolled release of radioactivity to the.
environment. A pressurized helium gas is usually selected as the reactor(or primary) coolant
of an HTGR due to both the best cooling performance and the chemically and ncutronically
inert gas. Both requirements are met if the pressurized helium gas is contained in pressure
vessels or pipings.

A design of a steam reformer of the nuclear system is, therefore, acceptable if the primary
or secondary helium gas is contained and flows inside the pressure vessel which is part of the
reactor coolant or pressure-retaining boundary. The helium gas is desirable to flow outside
the catalyst tubes so as to provide greater possibilities to enhance heat transferring rate.
Moreover, reforming catalysts of Nickel/Al2O3 arc packed into catalyst tubes.
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Accordingly, a shcll-and-tubc type of heat exchanger can satisfy the requirements for the
steam reformer as mentioned above.

2 4 Nuclear safety requirements
Nuclear safety requirements are basically applied to systems of a nuclear plant that are

provided for assuring the operation of the nuclear reactor without undue risk to health and
safety of the public. Technical possibility will be evident if a production process system is
not required to perform any safety function.

Another safety-related issue is operational possibility of the production process system
during a reactor scram.
(1) Suitable classification of production process system

If a production process system of a nuclear plant performs such an important safety
function as residual heat removal and emergency core cooling, it should be designed,
fabricated, constructed, operated and tested with higher functional redundancy, diversity
and reliability in accordance with nuclear safety regulations than the conventional fossil-
fueled counterpart. This brings the demerit of losing economic competitivity with the
fossil-fueled plants.

Another important requirement is that, in the current safety regulations, an ultimate
heat sink of a nuclear plant is limited to water and/or air but docs not involve electricity
or chemical products as a result of conversion of nuclear thermal energy to electrical or
chemical energy.

Taking into consideration the safety function classification of a steam turbine power
generating system of light water reactor, the production process system should not be part
of systems necessary for performing important safety functions to reasonably assure that
the nuclear plant can be operated without the undue risk.

Such a safety function classification is applied to the HTTR reactor cooling system
coupled with a heat utilization system. Figure 5 schematically illustrates the reactor
cooling system arrangement of the HTTR. At a normal operation, the reactor generates
the thermal energy of 30MW. The primary helium transfers the thermal energy of 10MW
to the secondary helium in a helium-to-helium intermediate heat exchanger (IHX) and
the remaining energy to water in the primary pressurized water cooler (PWC). Finally,
the remaining energy of 20MW that is transferred to the water is dissipated to the air in
an air cooler. The production system, candidate Hi IK heat utilization system, is
connected to the IHX. At a normal shutdown, the PWC is capable of cooling residual
beats of the reactor. Two different types of cooling systems are provided for cooling the
reactor at a reactor scram. One is an auxiliary cooling systcm(ACS) which is designed
to have sufficient capability to cool the reactor directly by forced convection at an
accident without any loss of integrity of the reactor coolant pressure boundary. The ACS
has the potential capability of cooling the residual heats at the normal shutdown. Another
is two independent loops of a reactor vessel cooling systcm(VCS) which are provided for
cooling the reactor core indirectly through the reactor pressure vessel at such an accident
as a dcprcssurization due to pipe rupture.

This type of the reactor cooling system in which the production process system need
not perform the residual heat removal function may offer great possibility to realize an
economical HTGR production process system.

(2) Operational possibility at reactor scram
With an initiation of reactor scram, the reactor output falls drastically to such a low

level that the reactor shuts down safely and then the reactor is kept at its subcriticality

Heat
Utilization

SystemReactor Containment Vessel

IHX Helium/Helium
Intermediate Heat
Exchanger

PWC Primary Pressurized
Water Cooter

ACS Auxiliary Cooing
System

VCS Vessel Cooling
System

Fig. 5 Schematic Illustration of HTTR
Reactor Cooling System.

If the production process system cannot follow the change in heat input from the reactor
at the scram, it is not possible as the nuclear system.

Regarding a steam reforming system, an abrupt cut in heat input to a steam reformer
is usually followed by instantaneous stop of feedstock gas supply and finally by fulfilled
with nitrogen gas in the steam reforming loop so as to prevent catalysts from carbon
deposition. A large heat capacity of catalysts in catalyst tubes of the steam reformer
brings the benefit that a decreasing temperature rate of catalyst tubes is not so large even
with the nitrogen gas flowing that the process heat need not be supplied to the steam
reformer any longer.

Accordingly, there may be no operational mismatch between the nuclear reactor and
the production process system at the scram.

It can be easily concluded from the above discussion that the HTGR steam reforming
hydrogen and methanol co-production process system is practically possible to be realized.

3 How To Realize The Nuclear System

On the basis of the technical possibility of the HTGR steam reforming system as
discussed above, the next key issues are of paramount importance for realizing and
commercializing it.
(1) Economic competitivity with the fossil-fueled counterpart

Even though an HTGR production process is environmentally friendly, us economic
competitivity is required to be achieved with the fossil-fueled counterpart so a*, to
minimize the impact on energy economy and human life by replacing the fossil-fueled
plants with the nuclear plants Owing to less productive conditions of the steam reforma



in the integrated HTGR and steam reforming process, the first step to achieve the
economic competitivity should be taken in such a way that basic concepts should be
developed of how to improve the productivity of hydrogen and mcthanol and also how
to effectively utilize the nuclear process heat in the whole production process system.

(2) Controllability of the integrated nuclear system
As mentioned above, the nuclear reactor cannot be operated in so flexible manners.

An extra control technique of the nuclear system is required to accommodate the heat
demand of the production process system to nuclear process heat from the reactor.

(3) Safety of the integrated nuclear system
(4) System integrity and structural integrity of nuclear system components

In the present paper, discussion is focused on the former two issues.

3 1 Productivity improvements
The secondary helium that is heated up to approximately 900°C at a high pressure of

4.1MPa{=41kg/cm2G] in the IHX flows into a shell-and-tube type of steam reformer. As
mentioned in section 23, the helium flows outside the catalyst tubes and a process feed gas
that comprises mainly of steam and methane does inside the tubes. Hence, heat transfer from
helium to catalyst tubes is predominantly attributed to forced convection. On the other hand,
in a fossil-fueled steam reformer, catalyst tubes are heated through thermal radiation from
burning natural gas or other burnable gas. As the results, the maximum process gas
temperature barely exceeds 800°C, lower by 50 to 100°C than in fossil-fueled plants, and heat
flux to catalyst tubes is much lower than 50000 to 80000W/m2 in fossil-fueled plants[9],
around one-fifth to a half of these.

The process gas is recommended to be controlled at a higher pressure than the secondary
pressure, so as to ensure structural integrity of catalyst tubes in such a high temperature and
pressure conditions in accordance with a well-established design methodology for tubes under
internal pressure loadings. On the other hand, process gas in fossil-fueled plants is controlled
at a low pressure ranging from 1 to 3MPa, depending upon its final products) 10]

Steam reforming chemical reactions and associated shift reaction are represented by the
following chemical equadonsfll].

Table 1 How to Improve Productivity of
the HTTP Steam Reformer

CH4 t ff2O - CO + 3H2 - 206.20 kJ/mol

CH4 + 2H2O - CO2 + 4H2 - 165.03 kl/mol

CO + H2O - CO2 + H2 + 412 kJImol

(1)

02)

(3)

to

Well-known Lu chatelier's empirical rule tells that decreasing temperature or increasing
pressure decreases the concentration of hydrogen in the equilibrium mixture. Hence, the
higher pressure and lower temperature of process gas results in less productivity of hydrogen
and mcthanol.

The following counter-measures are applied to improve the productivity of the final
products, as summarized in Table 1.
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- bayonet type of catalyst tubes
- increasing temperature drop
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0.82
3.42
0.13
0.03

Outlet-

0.28
1.95
1.72
0.27

( « ) Citalyit Zone

(1) Balanced pressure
It is a natural idea to reduce the process gas pressure Pre close to the helium gas

pressure PHP that is, balanced pressure, Pro * Pfc.
It is heard that, in a Japanese structural design standard which is applicable to testing

nuclear reactor system components, structural design methodology based on design-by-
analysis is allowed to apply to class 4 components of nuclear plant as well as its class 1
to 3 components. The dcsign-by-analysis realizes the reasonable application of the
balanced pressure design in which the balanced pressure between the primary and
secondary side fluids is applied to the design of the structural part so as to drastically
reduce the primary stress and its design pressure is specified based on the differential
pressure but not on the maximum of both fluid pressure values.

The catalyst tube wall thickness of 16mm meets the requirements on design limits for
pressure retaining parts as shown in the Appendix.

(2) Enhancement of reforming rate by increasing a partial pressure of methane.
Many chemical researchers have proposed rate equations for the steam reforming

reactions (1) and (2). The following expression is recognized the basic pseudo-first-order
form among the proposals.

~ Pay

Pea.'
(4)
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where
~rCH4
k
Po«. Pm.
POKE

: demethanation rate,
: rate constant,
: partial pressure of methane, hydrogen, and others, and
: equilibrium methane partial pressure.

The basic form means that demethanation rate is roughly proportional to the difference
between the actual and equilibrium methane partial pressure.

Increasing the methane partial pressure is, therefore, the strongest measure to enhance
the steam reforming rate. A critical issue was emerged in adopting this measure, that there
exists a small amount of methane in the reformed process gas even at the outlet of the
steam reformer. An analogous method to fossil-fueled plant's to utilize the residual
methane as a burner gas is impossible to apply to the nuclear system. The simplest
counter-measure is adopted to recycle it as a feedstock methane, though the
countermeasure may have the potential to deteriorate hydrogen separation performance
of pressure swing absorbers(PSAs) and require power-up of a compressor.

(3) Preheating process feed gas
Process feed gas is preheated by helium for the purpose of increasing process gas

temperature over the catalyst zone.
A limitation is placed on process feed gas temperature at the inlet of catalyst zonerf

suppressing carbon formation from methane. This type of carbon formation is represented
by the following Dent chemical equation.

CH4 - C (5)

Taking it into consideration that methane recycled through PSAs includes a small amount
of hydrogen, and based on a Dent carbon formation possibility as shown in Fig. 6, the
process gas inlet temperature is to be controlled at the medium temperature of 450°C.

(4) Enhancement of external heat transfer rate
At a high temperature, less heat transfer rate by single gas phase forced

convection than by thermal radiation results in lower flux of heat input to catalyst tubes
and larger temperature drop from helium gas to reforming process gas. Forced convection
heat transfer is capable of being enhanced mainly by means of cross flow, accelerating
local flow velocity and inducing flow disturbance or thermal radiation for high
temperature applications. To a steam reformer, straight catalyst tubes should be applied
because of easily handling catalysts, to a shell-and-tube type of heat exchanger with
straight tubes, the above-mentioned enhancement measures are basically embodied as
cross flow by segmentai baffles or parallel flow with orifice baffles.

Orifice baffles are applied to enhance external heat transfer along the catalyst tubes
because of the next reasons.
- Potential high possibility of further enhancement, especially by means of inducing

thermal radiation to the catalyst rubes.
- Low pressure drop along the catalyst tube.
- Operational experience

An orifice-baffle type of helium-heated steam reformer was operated under the
Engineering Research Association of Nuclear Steel Making in Japan(12].

Experimental Data
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Fig.5
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Carbon Formation PossWIrty for the HTTR
Steam Reformer.

With a further enhancement, an averaged overall heat transfer coefficient of
approximately 200 W/nr-K and therefore averaged heat flux of around 20000 W/nr is
achieved along the catalyst tubes.

(5) Lowering helium outlet temperature
Heat input from helium gas to catalyst tubes is increased with lowering helium

temperature at the outlet of the steam reformer.
The following two limitations are placed on the helium outlet temperature.

- After flowing out the steam reformer, helium needs to preheat the process feed gas to
450°C as mentioned in the above (3).

- Since lowering helium outlet temperature accompanies decrease in process gas
temperature at the outlet of a bayonet type of catalyst tubes(that is, at the outlet of the
inner tube) as is mentioned below, the helium is limited at such a high temperature that
carbon fonnation(or deposition) might be prevented hi reformed process gas. Carbon
formation from carbon monoxide, represented by the following Boudourd chemical
equation, has the potential possibility to occur in the reformed gas.

2CO - C + CO, (6)

Figure 6 shows the carbon formation possibility. In this figure, the associated
experimental data are plotted as open circle and triangle[13),[14]. Although chemical
compositions of mixtures in these two experiments fall into the carbon formation
possibility zone, any carbon formation was actually observed.

Based on these experimental observations, the process gas outlet and
correspondingly helium outlet temperatures arc decided to be controlled at a temperature
of approximately 600°C.
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(6) Effectively utilizing the hot process gas heat
At the outlet of catalyst zone, the process gas temperature reaches a high temperature

of about 830°C by applying the above-mentioned productivitj improvement measures
Such a hot process gas, of course, has a possibility to provide great benefit to generate
a high quality of steam, but it is much better to utilize the heat for heating up the process
gas flowing through the catalysts In a bayonet type of catalyst tubes, that is, concentric
double walled tubes(a set of inner and outer tubes) the process gas flows inside the inner
rubes as the return flow, and therefore provide another heat source to hea! the reforming
process gas up

Adopting this tjpe of tubes, the heat input of 5MW in total to the reforming process
gas was achieved as shown in Table 1
Figure 7 illustrates the sectional v icw of the improved steam reformer The secondan

helium at the temperature of 890°C, down bj 15°C from 905°C due to heat loss to the air,
flows into the steam reformer at the bottom and then flows up outside the catalyst tubes,
squeezed b\ multiple plates of onfice baffles Finalh, the helium flows out to a superheater
at the temperature of 600°C On the other hand, the process gas is preheated to 450°C at a

Reactor
(30MW)

Methanol
1930 kg/h

Hydrogen
|390Nm3/h

LNG
950 kg/h

Feedwater
20IOkg/h

1——©

Fig 8 Schematic Illustration of HTTP Steam Reforming
Hydrdgen/Methanol Co-production System.

high pressure of 4 5MPa higher than the helium pressure of 4 OMPa and then flows into the
steam reformer at the top It flows down through catalyst«; in annuli of the bavonet tvpe of
catalyst tubes, and methane, other light hydrocarbons and steam of the process gas are
reformed to hydrogen, carbon monoxide and carbon dioxide The reformed gas, then, flow«;
up inside the inner tubes and transferred its heat to the reforming process gas across the tube
wall Fmall}, the reformed gas flows out at the top of the reformer at the pressure of 4 OMPa
a little bit higher than the helium so as to ensure the structural intcgnu of tubes The tubes
are made of Hastcllo) XR, a Nickel-base Cr-Mo-Fe heat-resistant superalloj, which has
industrially appbed to high temperature structural parts of the IHX

Figure 8 schematically illustrates arrangement of the steam reformer and associated ke\
components As shown in this figure, Hydrogen of 1390 Nm3/h and methanol of 1930 kg/h
are to be produced from LNG of 950 kg/h utilizing the nuclear process heat of 10 MW b\
applying the above-mentioned measures to improve their productivity

3 2 Effective utilization of waste heat
The helium and reformed process gas is still at a high temperature of 600°C after flowing

out the steam reformer Among key issues to achieve economic compctitivity is how to
effectively utilize these waste heat in its sj stem

In a steam reforming hydrogen and methanol co-production system, power souce should
be provided for compressors to pressurize the process gases to a high pressure of around
lOMPa Steam turbines can be provided as the power source Heat sources are also needed
to preheat an LNG for desutfurization and to do fcedwater
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Taking into consideration temperature requirements for these heat sources, hot helium and
process gas heats are effectively utilized to generate the steam and to preheat the LNG and
fecdwatcr in the HTTR steam reforming hydrogen and methanol co-production system
Airangement of major components in this system is illustrated in Fig 8 Figure 9 shows how
effectively nuclear process heat is supplied to heat exchangers in the secondary helium
cooling circuit

3 3 Proposal of heat load control technique
Start-up of a conventional fossil-fueled steam reforming plant is established well as

described below
Step-1 Nitrogen gas is circulated through process gas loop of the steam reformer Feedwater

is supplied into steam loop
Step-2 Steam is generated increasingly as heated up When the nitrogen gas reaches around

400°C at the outlet of steam reformer, a mixture of nitrogen gas and steam is fed to the
steam reformer

Step-3 When the mixture reaches such a high temperature as to cause steam reforming
reactions and to avoid carbon formation, the process feed gas of LNG and steam is
supplied to the steam generator

Since much heat K needed to cause steam reforming cndothermic reactions represented b\
eqs(l) and (2), heat demand in the steam reforming plant is increased drasticallj when the
steam reforming reactions start in the process gas

30

2 20
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Constant Mass Row Rate of 100% Reactor
for Both Primary and Secondary Helium Powei

Secondary Helium
'IHX Outlet Temp

40

Fig 10 Start-up Operational Procedure and Responses of the HTTR

On the other hand, helium temperature is conventionally increased in proportm to reactor
power Figure 10 shows relationships between nuclear power and helium temperatures for the
HTTR Hence, mismatch is clear between the heat demand in the steam reforming system and
nuclear process heat supply when steam reforming reactions start

A preliminary evaluation clarifies that about a half of heat demand in the steam reformer,
approximately 2MW, is attributed to the steam reforming cndothermic chemical heat An extra
heat exchanger is needed to accommodate such an abrupt change in heat demand in the steam
reforming system to the nuclear process heat supply In the HTTR steam reforming system,
a conventional type of heat exchanger with the heat exchanging rate of 2 8MW, which is
called heat load controller in Fig 8, is installed Controlling the heat removal rate is achieved
b% means of controlling the helium flow rate, as shown m Fig 8

4 Summary

An environmentall} friendly HTGR offers great potential applications to a wide \anet>
of industrial production processes due to its capability to produce high temperature process
heat at 950°C or less It has also potential possibility to plaj a kej role in resolving oil-
shortage problems that will emerge early in the next century Among production processes
is a hydrogen and methanol(or sysnthesis gas) production process the most attractive and
desirable Steam reforming is at present the most practical and economical hydrogen and
methanol co-production process Its endothermic chemical reaction has common
characteristics with candidate HTGR production processes

The HTTR of 30MW in reactor thermal output is under construction in Oarai, Japan The
HTTR is expected to contribute to development and deploj'ment of HTGR production process
svstems to industrial market through demonstrating the hl 1K steam reforming hjdrogen and
methanol co-production process system The steam reforming sjstcm is to be connected to
the hehum-to-hehum intermediate heat exchanger with heat exchanging rate of 10MW

A wide spectrum of discussions on the technical possibility of an integrated HTGR and
steam reforming hydrogen and methanol production system come to the conclusion that the



nuclear system be practically possible to be realized. The next key issues, however, were
revealed to be of paramount importance for realizing and commercializing it.
- Economic competitivity with the fossil-fueled counterpart.
- Controllability of the integrated nuclear system.
- Safety of the integrated nuclear system.
- System integrity and structural integrity of nuclear system components.

The following measures were applied to achieve the economic competitivity, thai is, to
improve productivity of hydrogen and mcthanol.
(1) Balanced pressure of process gas to the secondary helium pressure so as to reduce the

process gas pressure as much as possible.
(2) Enhancement of steam reforming reaction rate by increasing a partial pressure of methane.
(3) Preheating process feed gas to a medium temperature of 450°C at which carbon formation

from methane can be avoided.
(4) Enhancement of external heat transfer rate by applying orifice baffles to a shell-and-tube

type of steam reformer.
(5) Effectively utilizing the hot process gas heat by means of a bayonet type of catalyst tubes.

The heat input to the reforming process gas reaches 5MW in total.
(6) Lowering helium temperature at the outlet of the steam reformer and correspondingly the

process gas temperature at the outlet of catalyst tubes to 600°C at which carbon formation
from carbon monoxide can be avoided.

As the result, hydrogen of 1390Nm3ft and methanol of 1930kg/h arc to be produced from
LNG of 950kg/h utilizing the nuclear process heat of 10MW.

Furthermore, nuclear process heat and also process gas heat were effectively, utilized to
generate steam and to preheat process gas and feedwater after flowing out the steam reformer.

Heat load mismatch between heat demand in the steam reforming system and nuclear
process heat supply from nuclear reactor was resolved by installing an extra heat exchanger
with controlling flow rate in the secondary helium cooling system.

Achieving the economic competitivity, controllability and safety, the HTGR offers great
possibility to produce not only clean energy from such a recyclable resource as water but also
a variety of carbon compound materials from an abundant carbon resource, coal, without any
emission of carbon dioxide as the heat source. Hence, the HTGR is expected to play an
important role ID relaxing global warming problem and replacing oil usage with coal.
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Appendix: Wall Thickness Calculation of Steam Reformer Catalyst Tube
The balanced pressure design is applied to calculate the minimum wall thickness t„.

(A-l)
2S

where
PD : design pressure,
DO : outer diameter, and
So : allowable stress at design temperature.

Design specifications of the catalyst tubes are fixed as follows.

Design pressure = 0.5 MPa
Design temperature = 900°C

(=nominal metal temperature +50°C)
Outer diameter =165 mm
Tube material : Hastelloy XR

(Nickel-base heat-resistant supcralloy)
S0 = 3.3 MPa



J^ Hence, the minimum wall thickness is calculated 11.8mm.

_ 0-5x165 =

" 2x3.3+0.8x0.5

Finally, the nominal wall thickness is determined 16mm, taking into consideration corrosion
allowance for both secondary helium gas and process gas.
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