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Abstract

The High Temperature Engineering Test Reactor (HTTR), which is a Japanese High Temperature
Gas-cooled Reactor (HTGR) with 30MW thermal output at 950°C of the coolant outlet temperature, was
constructed at Oarai Research Establishment of Japan Atomic Energy Research Institute (JAERI). The HTTR has
attained the first criticality on November 1998. In JAERI, a hydrogen production system was selected as a heat
utilization system of the HTTR. The development program on the HTTR hydrogen production system consists of
two parts J one is to establish technologies connecting the hydrogen production system with the HTTR, the other is
to establish technologies producing hydrogen from water by using nuclear heat. Finally, hydrogen can be produced
from water by using nuclear heat supplied by the HTTR. In the hydrogen production system connected to the
HTTR at first, JAERI selected a steam reforming process because its technology had matured. The HTTR
hydrogen production system adopting the steam reforming process is being designed to produce hydrogen of about
3800Nm7hr by using nuclear heat (10MW, 905°C) supplied from the HTTR. The safety principle and criteria are
also being investigated for the HTTR hydrogen production system. A facility for an out-of-pile test prior to the
demonstration test with the HTTR hydrogen production system is under manufacturing to carry out tests of safety,
controllability and performance. The out-of-pile test facility simulates key components downstream an
intermediate heat exchanger of the HTTR hydrogen production system on a scale of 1 to 30. The tests will be
started in 2001 and continued for 4 years or longer. In parallel to the tests, a hydrogen/tritium permeation test and
a corrosion test of a catalyst tube of a steam reformer are being carried out to obtain data necessary for the design of
the HTTR hydrogen production system. A kind of thermochemical methods called IS process is under studying to
produce hydrogen from water by using nuclear heat. Stable hydrogen production of 0.001 Nm7hr has been
successfully demonstrated for 48 hours in a laboratory scale experiment. The study has been just started to head for
the next engineering step aiming at 0.05 NmVhr from this year. After the demonstration test of the steam reforming
process, the steam reforming process is planed to be replaced with the IS process in the HTTR. The research and
development on the nuclear heat application systems was consigned by Science and Technology Agency since
January in 1997. In the presentation, an overview of the HTTR heat application systems at JAERI is described with
an emphasis of technical subjects to be solved for commercialization as well as technical achievement obtained so
far.

1. INTRODUCTION

Consumption of a huge amount of fossil fuels due to invention of a steam engine in the
industrial revolution has caused an enhanced global warming. In order to relax the global warming issue,
that is, to reduce CO2 emission, new energy resource/carrier and technologies for those are required to
be developed at present. Nuclear energy can satisfy a large amount of energy demands without
significant CO2 emission. The most of nuclear energy are used for generating electricity. The ratio of
electricity to the secondary energy demands, however, is small as about 21% in Japan 1995, and is
predicted to be only 23% in 2010. High Temperature Gas cooled Reactors (HTGRs) having many
outstanding safety features can produce a very high outlet temperature as high as 1000°C. Therefore
HTGRs can generate electricity with high thermal efficiency of about 50%. In addition, the nuclear heat
with high temperature such as a 1000°C is possibly used in the non-electric field, because it can cover
the region of 60-70 % to all kinds of industries using heat. Thus, HTGRs can provide nuclear energy to
both electric and non-electric fields and can contribute to reduction of CO2 emission.

Japan Atomic Energy Research Institute (JAERI) has constructed a 30-MWt HTGR with a
reactor outlet coolant temperature of 950°C, named HTTR (High Temperature engineering Test
Reactor), to develop technology and to demonstrate effectiveness of high-temperature nuclear heat
utilization. The first criticality of the HTTR has been just achieved in November 10, 1998, and the
power rise test is being performed in the HTTR, then reactor performance tests, safety demonstration
tests, and high temperature irradiation tests will be carried out [1]. After the tests, a high-temperature
nuclear heat utilization system is planned to be coupled with the HTTR from around 2002.
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A hydrogen production system is considered as one of the leading nuclear heat utilization
systems in non-electric field because hydrogen has superior characteristics as energy carrier and its
demand is expected to increase in near future. If combustion of fossil fuels would not be allowed
because of reducing CO? emission, an alternative fuel to obtain heat energy with high temperature is
only hydrogen which burns to become water. Research and development (R&D) on the hydrogen
production systems are as follows;

(1) R&D of connection technologies between a nuclear plant and a chemical plant,
(2) R&D on hydrogen production by water splitting method with nuclear heat.

In the first item, JAERI is designing a hydrogen production system to connect to the HTTR [2].
A steam reforming process with natural gas was selected for the the HTTR hydrogen production system,
because its technology has already matured in existing fossil-fired plants, and are applicable to other
hydrogen production systems and chemical plants. In the second item, JAERI is carrying out R&D on an
iodine sulfur (IS) process of a kind of thermochemical method for hydrogen production by means of
water splitting [3]. The basic study on the IS process has just succeeded in a laboratory scale experiment,
then the study goes forward to a next step from this year.

The overview of the development program is described on the HTTR heat application systems at
JAERI in Japan.

2. DEMONSTRATION PROGRAM OF HYDROGEN PRODUCTION IN HTTR

Figure 1 shows the development schedule of the demonstration program of the hydrogen
production at JAERI. The development program for the HTTR hydrogen production system with the
steam reforming process consists of the development of the HTTR hydrogen production system itself,
an out-of-pile test, and two component tests. The dotted lines in Fig. 1 shows that its execution will be
decided after taking the check and review (C&R) in around 2000. The design and safety studies of the
HTTR hydrogen production system with the steam reforming process are carried out until about 2001.
The facility of the out-of-pile test for the HTTR hydrogen production system is designed and
constructed in 1996-2000, then the out-of-pile test is performed until 2004 or longer. In the component
tests, two experimental apparatus were completed in 1997, and the hydrogen/tritium permeation test and
the corrosion test are being carried out in 1998-2000. After the C&R of the HTTR hydrogen production
system, the construction of the HTTR hydrogen production system will be started from 2004 and the
demonstration test from around 2006. In parallel, a facility of a close cycle test for the IS process is
being designed and manufactured from this year. The test will be started from 2001 to 2004. Passing
through a next bench-scale test, the steam reforming process of the HTTR hydrogen production system
is planed to be replaced with the IS process.
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Fig. 1 Schedule of demonstration program on HTTR heat application systems at JAERI.
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The HTTR hydrogen production system with the steam reforming process is designed to utilize
the nuclear heat effectively and achieve hydrogen productivity competitive to that of a fossil-fired plant
with operability, controllability and safety acceptable enough to commercialization. Figure 2 shows an
arrangement of the main components. The HTTR reactor supplies nuclear heat of 1OMW with 950°C to
the IHX in the reactor cooling loop, and then the nuclear heat is transferred from the IHX to the
secondary helium loop to be utilized for the production of hydrogen. Due to heat loss along the
secondary helium piping from the IHX to a steam reformer (SR), the secondary helium temperature is
reduced to 880°C at the SR inlet, whereas the IHX outlet temperature is 905°C. Design specifications of
the HTTR hydrogen production system is shown in Table 1. The key components, such as the SR and a
steam generator (SG), and their arrangement were designed to achieve hydrogen productivity
competitive to that of a fossil-fired system with operability, controllability and safety acceptable enough
for commercialization [2].
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FIG. .2. Flow scheme of HTTR steam reforming hydrogen production system.

Table 1. Design specifications of the HTTR and out-of-pile steam reforming hydrogen
production systems

Items

Pressure ; Process gas/Secondary helium gas
Inlet gas temperature of steam reformer
Process gas/Secondary helium gas
Outlet gas temperature of steam reformer
Process gas/Secondary helium gas
Natural gas feed
Helium gas feed
Steam/carbon ratio
Hydrogen production rate

Heat source

HTTR system Out-of-pile
test system

4.5/4.1 MPa

450/880°C

600/600°C
1300kg/hr
8700kg/hr

3.5

3800Nm/hr
Reactor (10MW)

600/650°C
43kg/hr
330kg/hr

2-A

HONm/hr
Electric heater (380kW)

101



Although the hydrogen production system by steam reforming is matured in fossil-fired plants,
some safety-related technology should be developed for coupling with HTGRs as well as the HTTR in
the following.

(1) Mitigation of thermal disturbance to reactor

The SG supplies steam to the SR, and can also stabilize the inlet temperature of the IHX in the
secondary helium coolant loop. Even if the helium gas temperature at the SR outlet, that is, the SG inlet
is increased by some thermal disturbance such a malfunction in the rocess gas line, the helium gas
temperature at the SG outlet can be kept constant at the saturation temperature of steam by controlling
the pressure in the SG. This performance of the SG working as an absorber of thermal disturbance can
make it possible that the nuclear reactor is stopped according to a normal operation procedure but not
with a reactor scram for some malfunction or accident at the heat utilization system. We aim to limit the
temperature fluctuation of the secondary helium gas within 10 K at the SG outlet, because the
temperature rise above 15 K compared with the normal temperature at the reactor inlet causes the HTTR
reactor scram.
(2) Assurance of structural integrity of catalyst tube
(a) Control of pressure difference between helium and process gases at catalyst tube

The catalyst tube in the SR is a component important to safety, because it forms a pressure
boundary between helium and process gases. In design of the catalyst tube, its wall thickness is decided
considering both outer pressure of helium gas at 4.1MPa and inner pressure of process gas at 4.5MPa to
assure the structural integrity in all conditions such as not only normal startup and shutdown but also
malfunction and accident at the heat utilization system. This design, however, makes the wall thickness
too large; for example, the wall thickness becomes about 130mm and an inner diameter 128mm using
Alloy 800H. To realize the reasonable wall thickness such as 10mm order, it must be decided
considering the pressure difference between helium and process gases, and a control system is required
to keep the pressure difference within an allowable value. In concrete terms, the control system makes
the process gas pressure follow pressure change of helium gas.

(b) Estimation of hydrogen embrittlement and corrosion of catalyst tube

The catalyst tube is designed to be made of Hastelloy XR, which is a nickel-base, helium
corrosion — and heat-resistance super alloy developed for the HTTR by the JAERI. It is necessary to
examine characteristics of corrosion due to metal dusting and oxidation and strength reduction due to
hydrogen embrittlement. The corrosion test is described later.

(3) Estimation of tritium permeation

Tritium produced in the HTTR core flows with the primary helium gas coolant to the IHX,
then permeates through the Hastelloy XR tube of the IHX to the secondary helium gas coolant and
through the Hastelloy XR tube of the SR, at last, mixes with the process gas. Therefore tritium
concentration in the process gas must be estimated because tritium cannot be perfectly removed by a
purification system in the HTTR. The hydrogen/tritium permeation test is described later.

3. OUT-OF-PILE TEST

The main objectives are investigation of transient behavior and establishment of operation and
control technology, focussing on establishment of the safety-related technology described previously, as
well as design verification of performance of high temperature components, such as the SR and SG.

The test facility has an approximate hydrogen production capacity of 110Nm7h and simulates
key components downstream the IHX of the HTTR hydrogen production system on a scale of 1 to 30[4].
Design specifications of this test system is also shown in Table 1. Figure 3 shows a schematic flow
diagram of the test facility. An electric heater with 380kW is used as a heat source instead of the nuclear
heat to heat helium gas up to 880°C at the SR inlet of the same conditions as the HTTR hydrogen
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FIG. .3. Flow scheme of out-of-pipe test system.

production system. The process gas pressure is controlled by a control valve installed downstream the
SR, monitoring the pressure difference between helium and process gases.

In the fossil-fired plant, the process gas receives heat from combustion air of about 1200°C by
heat radiation, and the heat flux at the outer surface of the catalyst tube reaches 70 000-87 000 W/m2. In
order to achieve the same heat flux as that of the fossil-fired plant, it is very important to promote heat
transfer of helium gas by forced convection because the temperature of helium gas the temperature of
heat source is too low compared with that of the fossil-fired plant. So, disc-type fins, 2mm in height,
1 mm in width and 3 mm in pitch, are arranged around outer surface of the catalyst tube in the test facility
to increase a heat transfer coefficient of helium gas by 2.7 times, 2150W/m2K with the fins, and a heat
transfer area by 2.3 times larger than those of smooth surface, respectively. As the result, the heat
transfer performance of the catalyst tube in the test facility becomes competitive to that of the
fossil-fired plant.

The test plan consists of three categories; (i) normal startup/shutdown test, (ii) safety-related
test, and (iii) high-temperature component test. The objective of the normal startup/shutdown test is to
optimize a feed ratio of steam to natural gas according to change of the temperature and pressure of
helium gas supplied from the HTTR to restrain the above fluctuation within allowable range. The
objective of the safety-related test is to establish the safety-related technology dealing with malfunction
and accident at the process gas line. The emergency shutdown method of the hydrogen production
system will be also established to assure the safety, especially structural integrity of the catalyst tube, by
the experiment. Thermal and hydraulic performance of the SR and SG is clarified in the
high-temperature component test. The SR is investigated focusing on chemical reaction characteristics
which is very important to predict transient behavior and hydrogen productivity of the hydrogen
production system. The pressure controllability, transient behavior of temperature of helium gas and
steam, steam production rate and natural convection of steam and condensed water will be investigated
in detail.

4. COMPONENT TESTS

In parallel to the out-of-pile test described above, the corrosion test and hydrogen/tritium
permeation test are being carried out in small apparatus to establish the safety-related technology, to
obtain detailed data for a safety review of the HTTR hydrogen production system, and to develop a
calculation code of hydrogen/tritium permeation.
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The objective of the corrosion test is to estimate the effect of corrosion, oxidation and
hydrogen embrittlement on strength reduction of Hastelloy XR. Metallography and material tests are in
progress on strength and creep of test specimens exposed in the corrosive gases such as CH4, CO, H2O,
and H2 with temperature up to 900°C.

Tritium produced in the HTTR core permeates into the hydrogen production system, on the
other hand hydrogen in the product gases also permeates into the HTTR core to the opposite direction of
the tritium permeation. The aims of the hydrogen/tritium permeation test are to obtain the data of
permeation coefficient in the very low tritium partial pressure less than 10 Pa, to examine the effect of an
isotope of hydrogen simultaneously existing in the gas which is called mutual diffusion, and the effect of
protection for hydrogen/tritium permeation by the coating film on the reforming tube such as oxidation
film, calorizing film and so on [5]. In the mutual diffusion test, deuterium is used instead of tritium as the
isotope of hydrogen. The data on hydrogen permeation of the Hastelloy XR has been obtained as a
standard data.

5. Hydrogen Production by Water Splitting

Hydrogen production from water using HTGRs is considered as an ideal method because any
CO2 emission is not expected from the system. JAERI has been conducting basic studies on the IS
process, which is a kind of thermochemical methods for hydrogen production by water splitting, as a
next heat utilization system of the HTTR following the steam reforming system described above. The IS
process produces hydrogen by absorbing a high temperature heat with 800-900°C supplied from
HTGRs. The IS process is composed of the following three chemical reactions. The details of the IS
process is shown in Fig.4.

2H,0 + SO2 + I2 -> H2SO4 +2HI (1)
H2SO4 -> H2O + SO2 + (l/2)O2 (2)
2HI -» H2 + I2 (3)

H 2 O ^ H 2 + (1/2)O2 (4)

The process works like a chemical engine to produce hydrogen by absorbing high temperature
heat through endothermic decomposition of sulfuric acid and dissipating low temperature heat through
exothermic reaction. The IS process has attractive features such that all the process chemicals are used in
its fluid phase and the endothermic sulfuric acid decomposition reaction proceeds stoichiometrically
with large entropy change. The IS process was proposed and studied by General Atomic Co. [6] and has
been studied also in Japan [3], Germany [7], and Canada [8].

JAERI's effort has so far been concentrated on demonstrating the continuous hydrogen
production by connecting the three chemical reactions. By acquiring physico-chemical data relating to
the step of reaction (1), it could be realized the continuous and stoichiometric production of hydrogen
and oxygen with stable rate [9], Figure 5 shows a result of the laboratory scale experiment carried out.
Stable production of hydrogen of 0.001Nm3/h and oxygen of its half from water has been successfully
made in a closed cycle process operated continuously for 48 hours. In Fig.5, to show the stability of the
process solution, the fluctuation of the iodine concentration in sulfuric acid solution is also shown to be
small.

At present, a demonstration using a scaled-up glass apparatus is under study, where the
operating condition will be modified to realize the more efficient hydrogen production in a liquid phase
separator placed between Reaction (1) and Reactions (2), (3) at elevated temperature condition (0°C to
95°C) to achieve better separation of HI and H2SO4. Also, an introduction of advanced separation
technologies, which includes ceramic hydrogen separation membranes for efficient HI decomposition,
is under study to improve the process scheme. In parallel with these process studies, studies on materials
of construction for further scaling up are in progress to meet the corrosive process conditions such as
boiling sulfuric acid and SO2-SO3-H2O-O2 gaseous mixture at 800°C. As for the boiling sulfuric acid
condition, iron-silicon alloys and silicon impregnated SiC are the promising candidates from the
viewpoint of corrosion resistance. A closed-cycle test as an next step in which hydrogen of 0.05 Nm3/h is
produced has been started from this fiscal year.
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6. CONCLUDING REMARKS

Under an understanding that HTGRs can play an important role to expand the nuclear heat
application to chemical industries against the current environmental issue of the CO2, JAER1 proceeds
with the development of the nuclear process heat application system coupling to the HTTR. Global eyes
are kept by not only nuclear persons of interest but also the public upon the development of the HTTR
heat application system, since its successful achievement may enhance the possibility to solve the
environmental issue of CO2 emission as well as a possible energy crisis which might happen in the
future.

Finally it should be emphasized that an overall support and understanding from the overseas
countries of concern are needed and wished for the success of the Project. The Project is highly expected
to contribute so much to promoting international cooperation on the development of HTGRs and its
process heat application.

The R&D of the nuclear heat application systems was consigned by Science and Technology Agency.
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