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Abstract

Consumption of a huge amount of fossil fuels resulted from human

activities since the industrial revolution has caused an enhanced global warming. In order to

relax the global warming issue, that is, reduction of COs emission, new energy resource/carrier

and technology are required to be developed at present. Nuclear energy can satisfy a large

amount of energy demands without significant CO2 emission and its application to hydrogen

production is also considered as one of the leading nuclear heat utilization because hydrogen

has superior characteristics as energy carrier and its demand is expected to increase in future.

JAERI has been constructing a 30-MWt HTGR, named HTTR, to develop

technology and to demonstrate effectiveness of high-temperature nuclear heat utilization. A

hydrogen production system by natural gas steam reforming is to be the first heat utilization

system of the HTTR since its technology matured in fossil-fired plant enables to couple with

HTTR in the early 2000's and technical solutions demonstrated by the coupling will contribute

to all other hydrogen production systems. The HTTR steam reforming system is designed to

utilize the nuclear heat effectively and to achieve hydrogen productivity competitive to that of a

fossil-fired plant with operability, controllability and safety acceptable enough to

commercialization, and an arrangement of key components was already decided. Prior to

coupling of the steam reforming system with the HTTR, an out-of-pile test is planned to confirm

safety, controllability and performance of the steam reforming system under simulated

operational conditions. The out-of-pile system is an approximately 1/20-1/30 scale system of

the HTTR steam reforming system and simulates key components downstream from an IHX.

Hydrogen production using HTGR offers a quite ambitious concept for
future energy systems especially when hydrogen is produced from water. JAERI has been
conducting basic studies on two hydrogen production processes by water splitting,
thermochemical IS and high-temperature electrolysis of steam process, as one of the future heat
utilization systems of the HTTR following the steam reforming system.

Also, a design study on of three gas turbine systems, such as a direct,

indirect, indirect combined cycle systems, has been performed from viewpoint of thermal

efficiency and technical problems.
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1. Introduction

Consumption of a huge amount of fossil fuels resulted from human

activities since the industrial revolution has caused an enhanced global warming. In order to

relax the global warming issue, that is, reduction of CO2 emission, new energy resource/carrier

and technology are required to be developed at present. Nuclear energy can satisfy a large

amount of energy demands without significant CO2 emission and its power generation

technology by steam-turbine is said to be proven. The ratio of electricity to the secondary

energy demands, however, is about 19% at present in Japan and is estimated to be only 23% in

the year 2010. Therefore, positive application of nuclear energy to nonelectric field is required

to relax the global wanning issue. A hydrogen production system is considered as one of the

leading nuclear heat utilization systems in nonelectric field because hydrogen has superior

characteristics as energy carrier and its demand is expected to increase in future.

A High-Temperature Gas-cooled Reactor (HTGR) provides a high-
temperature nuclear heat with high thermal efficiency being applicable to both electric and
nonelectric fields. Japan Atomic Energy Research Institute (JAERI) has been constructing a
30-MWt HTGR with 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 is scheduled in December
1997, and reactor performance and safety demonstration tests will be carried out for several
years[l]. After that, a high-temperature nuclear heat utilization system will be coupled with
the HTTR.

A hydrogen production system by natural gas steam reforming is to be the
first heat utilization system of the HTTR since its technology matured in fossil-fired plant
enables to couple with HTTR in the early 2000's and technical solutions demonstrated by the
coupling will contribute to all other hydrogen production system. At a preliminary design
conducted from 1990 through 1995, a framework and key design of the HTTR steam reforming
plant have been developed. Prior to coupling of the steam reforming system with the HTTR,
an out-of-pile test is planned to confirm safety, controllability and performance of the steam
reforming system under simulated operational conditions. The out-of-pile system is an
approximately 1/20-1/30 scale system of the HTTR steam reforming system and simulate key
components downstream from an intermediate heat exchanger (IHX).

On the other hand, hydrogen production from water is considered as an
ideal method for hydrogen production using the HTGR because any CO2 emission is not
expected from the system. JAERI has been conducting basic studies on two hydrogen
production processes by water splitting as one of the future heat utilization systems of the
HTTR following the steam reforming system. One is the iodine-sulfur (IS) process which
utilizes plural chemical reactions and works like a chemical engine to produce by absorbing high
temperature heat from the HTGR. Stable production of hydrogen and oxygen from water
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were successfully demonstrated for 8 hours in closed-cycle operation of a laboratory-scale test
apparatus. A study on materials suitable for corrosive process environments is under way for
large-scale realization. The other is the high-temperature electrolysis of steam process which
utilize the inverse reaction of a solid oxide fuel cell. Electrolysis cells in the course of fabrication
of electrolysis tube and planar cells have been developed, and their performance tests have been
carried out.

Also, a design study on of three gas turbine systems, such as a direct,
indirect, indirect combined cycle systems, has been performed from viewpoint of thermal
efficiency and technical problems.

2. HTTR Hydrogen Production System by Natural Gas Steam Reforming

2.1 Design of HTTR steam reforming system

The HTTR steam reforming system is designed to utilize the nuclear heat
effectively and to achieve hydrogen productivity competitive to that of a fossil-fired plant with
operability, controllability and safety acceptable enough to commercialization. Figure 1 shows
an arrangement of main components. The HTTR reactor supplies nuclear heat of 30MW with
950°C to parallel-loaded two heat exchangers in the reactor cooling loop, namely the IHX of
10MW at the rated heat exchanging rate and a pressurized water cooler of the remaining
20MW. The nuclear heat of 10MW transferred from the IHX to the secondary helium loop is
to be utilized for 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 outlet, whereas the IHX outlet temperature is 905°C. Design specifications of the
HTTR steam reforming system is shown in Table I. The key design concept was already
developed as follows[2]:

TABLE I Design specifications of the HTTR steam reforming hydrogen production system.

Pressure
Process-gas/Secondary-helium

Temperature

inlet at steam reformer

Process-gas/Secondary-helium

Outlet at steam reformer
Process-gas/Secondary-helium

Hydrogen production rate

Steam-carbon ratio

4. 5/4. 1

450/880

600/600

3800 Nm3

3.5

MPa

°C

°C

/h
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TABLE D Comparison of operational conditions and performance of steam reformers.

Reformer type

Process gas pressure

Max i mum
process gas temperature

Max imum heat f lux
to catalyst zone

Thermal energy utilization of
steam reformer

C02emission from heat source
for heat source power

Fossil-fired Plant

1~3MPa

depending upon
final products

850~900°C

50~80kW/rn

80-85%

3t-C0a/h/
/10MW

HTTR

4. 5MPa at
of steam
r >He1i urn
L PH. Of

800°C

40kW/m

78%

0

system

the i n1et
reformer
pressure -\
4. 1MPa J

H T T R 905°C
(30MW)

Hydrogen production system

Product gas(H2, CO)

Natural gas

r,S f° r.T? r (SR) Steam

395°C

Pressur i zed
water cooler
(20MW)

Seconda ry he l ium F e e d w a t e r

FIG. 1. Flow scheme of the HTTR steam reforming hydrogen production system.

(1) Improvement of steam reformer to enhance hydrogen productivity
Since the steam reforming conditions in the HTTR are higher pressure

and lower temperature as shown in Table n, the lower hydrogen productivity is predicted
compared with a fossil-fired plant. The following improvements are, therefore, introduced to
the SR to increase hydrogen productivity.

1) increasing heat input to the reforming process gas which flows in catalyst tubes,
2) increasing a reaction temperature, that is a process gas temperature at the outlet of catalyst
zone in the catalyst tube and
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Reforming gas 450*0. 4.5Mpa

<=£> Reformed gas
600'C

, -N Helium gas
^ 600*C

Improvements of hydrogen
produclion performance

Increasing heat input to
reforming gas

•Thermal energy
utilization of 78%

-Compact seamless
catalyst tubes

1. Effective utilization of hot reformed gas
Bayonet type of catalyst tubes

2. Increasing helium temperature drop through reformer
Reformer outlet helium temperature : 600*C

, \ From helium : 2.3—3.6MW 1
C=!> From reformed gas : 0 - 1 . 2MW } 4 8 M W i n t O t a l

Increasing reaction
temperature

Helium side heat transfer enhancement
Orifice baffle+wirenet

K f Maximum reformed gas temperature : 800*C
^ I Maximum heat flux : 40kW/m?

v-̂
Optimization of reforming

gas composition

800*C

Helium gas 880*C, 4.1Mpa

1.Steam/Carbon=3.5
2. Excessive methane supply

(resulted in residual methane of 0.3MPa at outlet)

FIG. 2. Improvements of'helium-heated steam reformerperformance.

3) optimizing reforming gas composition so as to enhance the reforming rate.

Survey of improved types of heat exchangers and an analytical study on enhancement of

hydrogen production rate lead to proposals shown in FIG. 2. These improvements attain a

high hydrogen productivity, that is, a thermal energy utilization of 78% is competitive to that of

a fissile-fired plant of 80-85%. The technologies improved here are applicable also to other

HTGR-hydrogen production systems because a heat exchanger type of endothermic chemical

reactor is an essential technology.

(2) Steam generator in the secondary helium loop for stable controllability and as a safety
barrier

A steam generator (SG) installed at downstream of the SR in the

secondary helium loop is found to provide the stable controllability for any disturbance at the

SR due to a large capacity of heat sink. In a thermal transient state that helium temperatures

at the SR outlet and then at the SG inlet go up by a malfunction in the reforming process gas

line, a helium temperature at the SG outlet can be kept constant at the saturation temperature

of steam. Figure 3 shows analytical helium temperatures at inlet and outlet of the SR, SG and

so on for the process gas feed rate of 0 to 100% of the rated flow rate. The helium temperature

change is reduced from 280°C at SR outlet to only 5°C at SG outlet with change of the process

gas feed rate. This result suggests the SG works as a thermal absorber and protects the

reactor from thermal disturbance caused by the reforming system. Also, the SG is utilized to
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FIG. 4. Safety design concept against Gre and explosion.

avoid a reactor scram due to a malfunction or accident at the reforming system. The secondary
helium is designed to be passively cooled by only the SG, using natural convection of steam and
condensed water between the SG and a radiator installed above the SG. This passive cooling
system by the SG is now under design to meet safety requirements with reasonable
configuration.
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(3) Safely barrier against fire/explosion

A functional or physical barrier is required to assure the safety of a

nuclear system and public. The HTTR-steam reforming system has a potential possibility of

two-type fire/explosion, namely outside and inside of a reactor building (R/B). The safety design

concept is schematically illustrated in FIG. 4. Against the fire/explosion outside the R/B, it is

reasonable to assure safety integrity of safety-related items against a potential fire/explosion

because a low possibility of fire/explosion should be assumed. Against the fire/explosion inside

the R/B, however, it is the principle to take safety measures to prevent occurrence of

fire/explosion. The basic design concept is to limit the ingress of amount of explosive gas from

the SR through the secondary helium loop within an allowable value. A combination of

isolation valves in a containment vessel and emergency shut-off valve in the process gas feed

line is effective to restrict the amount of ingress gas.

2.2 Out-of-pile test

Prior to coupling of the steam reforming system with the HTTR, an out-of-

pile test is required to confirm the safety, controllability and performance of the steam

reforming system under the simulated operational conditions. The out-of-pile system is an

approximately 1/20-1/30 scale system of the HTTR steam reforming system and simulates key

components downstream from the IHX. The main objectives of the out-of-pile system are as

follows:

1) design verification of performance of high temperature components, such as the SR, SG,

isolation valve and so on, including hydrogen productivity,

2) investigation of transient behavior of steam reforming system, and

3) establishment of operation and control technologies so as not to give the reactor a significant

disturbance at steam reforming system trouble.

The design of the out-of-pile test system has been carried out since 1995, and its construction

will start from 1997.

3. Study on Hydrogen Production by Water Splitting

Hydrogen production using a HTGR offers a quite ambitious concept for
future energy systems especially when hydrogen is produced from water. JAERI has been
conducting basic studies on two hydrogen production processes by water splitting,
thermochemical IS and high-temperature electrolysis of steam process, as one of the future heat
utilization systems of the HTTR following the steam reforming system.

3.1 Thermochemical IS process

Thermochemical IS process utilizes plural chemical reactions and works

like a chemical engine to produce hydrogen by absorbing high temperature heat as shown in

FIG. 5. Here, the sulfuric acid (H2SO4) decomposition reaction is an endothermic reaction, and
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FIG. 5. Reaction scheme of thermochemical IS process.
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FIG. 6. Results of continuous production of hydrogen and oxygen with the

laboratory-scale test.

the so-called Bunsen reaction is an exothermic reaction. The process was first proposed by

General Atomic Co. [3], and has been studied at several research institutions [4-6]. The

thermal efficiency of the process based on the Higher Heating Value (HHV) of hydrogen has

been theoretically estimated to be 47~50% from existing thermodynamic data [3,7].

Continuous and stoichiometric production of hydrogen and oxygen for 8

hours was successfully achieved with a laboratory-scale apparatus made of glass as shown in

FIG. 6. However, the obtained thermal efficiency was much less than the theoritical one.
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Some technologies to be developed therefore, still remain to improve thermal efficiency. One is

a rise in reaction temperature at a Bunsen reaction step, and the other is highly effective

separation of hydrogen and iodine at a HI decomposition step. As for the latter, a hydrogen

permselective membrane is under study to improve separation efficiency. In addition to the

above issues, the development of corrosion resistance materials is necessary for commercial use.

Especially as for H2SO4 boiling environment, any material dose not exist for commercial use.

Therefore, a new material based on iron-silicon alloy and an reactor vessel featuring the high

corrosion resistance of silicon based ceramics are under study.

3.2 High-temperature electrolysis of steam process

A hydrogen production process by an electrochemical water splitting,

based on high temperature electrolysis, is considered as one of possible future processes of using

a HTGR. Electrolysis cells in the course of fabrication of electrolysis tube and planar cells have

been developed. A self-supporting planar cell consists of an electrolyte plate of yttria-atabilized

zirconia (YSZ) and porous electrodes as shown in FIG. 7. Steam is supplied to the cathode

compartment with argon and hydrogen. Argon is a carrier of steam, and hydrogen is a
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FIG. 9. Development schedule ofHTGR utilization systems at JAERI.

reduced gas to keep nickel of the cathode material from oxidation. Dry air is supplied to the
anode compartment. Relationship between hydrogen production rate and applied voltage for
planar and tubular cells is also shown in FIG. 7. As for the planar cell, hydrogen was produced
at rate of 2.3Nm3/h at an applied voltage of 2.8V. Then hydrogen production density was
3.6Ndm3/m2h and was 1.4 times larger than that of the tubular cell at 850°C. The tests of
electrolysis cells will be finished in 1996 after hydrogen productivity data is accumulated.
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TABLE HI Assumed design parameters for the cycle calculation and obtained thermal
cycle efficiencies.

Case

Design parameters

•Turbine adiabatic
•Compressor adiabat

efficiency
i c eff i c i ency

•Recuperator effectiveness
•ATm for IHX

Thermal cycle effic iency (DC)

(IDC)
(IDCC)

%
X.
%
°c

%
%
%

1

90
88
88
120

44.4
42.9

47.5

2

92
90
88
120

46.2
45.4

48. 1

3

92
90
92
100

48.7

47.4

48.5

4

92
90
95
100

50.4

48. 1
49.3

5

92
90
95
80

52.3

49.2
49. 7

Note: (1) Reactor outlet temperatures are 850, 950 and 950°C
for DC, IDC and IDCC, respectively.

(2) Maximum reactor inlet temperature = 500°C.

4. Design Study on Gas Turbine System

It is expected that a high thermodynamic thermal efficiency of 50% can be

achieved in a HTGR gas-turbine (GT) power generation system. This means an effective

reduction in the amount of waste heat, radioactive waste and nuclear fuel use. Thus the GT is

considered to be one of the most useful power generation system to provide a safer environment.

A design study on thermal efficiencies for the direct and indirect gas

turbine cycles has been performed. A direct cycle (DC) is the simplest system and at the same

time has a great possibility to attain high thermal efficiency. However, there still remain some

key technologies to be developed such as a maintenance of turbomacinery associated with a

fission products plate out, a pressure seal of components in a power conversion vessel and a high

temperature (500°Q pressure vessel. An indirect cycle (IDC) also has some problems, such as

lower thermal efficiency compared with the DC and high temperature pressure vessel, although

problems associated with fission products can be removed by an IHX. An indirect combined

cycle (IDCC) is an effective candidate to circumbent these problems, since the problems

regarding the reactor inlet temperature can be solved by using the heat of lower temperature in

a steam cycle and thermal efficiency can be also improved compared with the IDC. Table HI

and FIG. 8 show a relative comparison of thermal efficiencies for the DC, IDC and IDCC under

assumed design parameters. They are assumed in accordance with the examination of

technologies, which advances in the order 1 to 5. The superiority of DC in the advanced

technology stage and that of IDCC in the conservative stage can be observed.
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A future work in JAERI will be devoted in the field of an improvement of

reactor design and safety, and studies regarding the concepts of power conversion vessel,

turbomachinery, recuperator. Furthermore, a trade-off study between IDC and IDCC will be

carried out. In parallel to the design, material tests of a recuperator and turbine blade are also

planned.

5. Development Schedule

Figure 9 shows the development schedule of the HTGR utilization
systems at JAERI. The out-of-pile test of the steam reforming system will be conducted from
2000 to 2004, and the results will be reflected to design and safety review of the HTTR steam
reforming system. The construction of the HTTR system will be planned to start from 2002,
and be followed by the demonstration test till 2009. The thermochemical IS process is planned
as one of the future candidates of the HTTR following the steam reforming system. After a
large-scale test vising commercially available metal and ceramic materials, an out-of-pile test is
scheduled from 2007. The design study on the gas turbine system will be carried out till 2000.
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