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The small-sized and safe cogeneration High Temperature Gas-cooled Reactor (HTGR) that
can be used not only for electric power generation but also for hydrogen production and district
heating is considered one of the most promising nuclear reactors for developing countries where
sufficient infrastructure such as power grids is not provided.

Thus, the small-sized cogeneration HTGR, named High Temperature Reactor
50-Cogeneration (HTR50C), was studied assuming that it should be constructed in developing
countries. Specification, equipment configuration, etc. of the HTR50C were determined, and
economical evaluation was made. As a result, it was shown that the HTR50C is economically

competitive with small-sized light water reactors.
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1. INDUSTRIAL HYDROGEN DEMAND

The global industrial hydrogen consumptions in the year 1980 are shown in Fig. 1". The total hydrogen
consumption amounts to 237,300 Mm’/y, which includes the consumptions of ammonia synthesis of
109,160 Mm’/y, oil refinement of 87,800 Mm/y, methanol synthesis of 23,730 Mm’/y, and petro-chemistry
and others of 16,610 Mm’/y. More than 80% of the hydrogen was consumed by the two major industries
of ammonia synthesis and oil refinement. The present relative hydrogen consumptions by the individual

industrial sectors remain almost same as those in 1980.

Figure 2 shows the forecast for the global hydrogen demand by 2050 as reported by the International
Energy Agency (IEA). The corresponding numerical values are given in Table 1.  The hydrogen demand
for chemical and refinery sectors is projected to increase steadily. After 2020, it is expected that hydrogen
will be utilized in the widely-deployed fuel cells. Hydrogen demand for the fuel cells will increase
drastically and exceeds the traditional demand for chemicals and refinery in 2050. The total global hydrogen
demand in 2050 is estimated at 2,036,400 Mm’/y, which is more than a four-fold of hydrogen demand

comparing with the current hydrogen demand.

The hydrogen cost with a nuclear IS process is estimated to be 1,270 $/ t H, ($1.27/kg) as indicated in
Fig.3” comparing the hydrogen cost with other production methods. A separate study by General Atomics
of the USA predicts that the hydrogen produced in a High Temperature Gas-cooled Reactor (HTGR) would
cost $1.53/kg ¥\

Figure 4 shows potential supplies of hydrogen produced in an HTGR to various industries. Availability of
hydrogen product can spur creation of new domestic industries such as petroleum refining, ammonia
production and steel making. It is possible to refine the petroleum of 6 x 107 barrels per year of crude oil by
using hydrogen generated from one 600 MWt HTGR.

Ammonia has a large global market as a feedstock of the fertilizer production. Not only can HTGR
generate hydrogen as such a feedstock, but also HTGR can supply steam and heat needed for the ammonia
production (N, + 3H, -> 2NHj). Estimated ammonia production rate using one 600 MWt HTGR is
approximately 190 kt per year. It is about 0.2% of global ammonia production in 2004.

The developing country with a large iron ore reserve can greatly expand its steelmaking industry to meet the
rapidly growing world demand for steels as shown in Fig. 5°. Hydrogen may be used as a reducing agent in
steelmaking while contributing to a substantial reduction of carbon dioxide greenhouse gas emission.
Approximately 3.7 Mt/y of iron ore can be processed by using the amount of hydrogen produced in one 600
MWt HTGR.

Figure 6” shows the amounts of carbon dioxide gas emitted from various hydrogen production methods.
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Nuclear system can reduce carbon dioxide emissions especially when the thermochemical water-splitting IS
process hydrogen production system is used. The carbon dioxide emission can be reduced by about 1.75
Mt/y while the steel is manufactured by using the hydrogen supplied from one 600 MWt HTGR.

Automotive energy consumption in the world is 58.5 EJ/y as shown in Fig. 7”.  About 2.5 x 10'* Nm’/y of
hydrogen will be necessary when the internal-combustion engine vehicle will replace to the fuel cell vehicle
in all over the world. At that time carbon dioxide emission can be reduced by 4,795 Mt/y in total as shown

in Fig. 8” which value corresponds to approximately 21% of global carbon dioxide emission in 2000.
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2. THE HTRS0C PLANT PRODUCTS

The HTR50C, the HTGR proposed to be built in the developing countries, is designed to be a cascade
energy plant that enables highly-efficient cogeneration of electricity, hydrogen and district heating. Table 2
provides the HTRS50C plant specification. Figure 9 shows the plant cogeneration process including major

process parameters.

The plant employs one unit of reactor rated at SOMWt thermal power. The basic energy product of the
HTRS50C is 15MWe net electricity, which can be produced with or without cogeneration of district heat and
hydrogen. Additionally, district heat of 27.4MWt in supplying 260~340th water at 100~115°C is
co-generated without affecting the nominal production of electricity. The net efficiency of the HTR50C
plant for cogeneration of the electricity and district heat is about 84%. Furthermore, hydrogen is co-produced
for an output of 25,000 Nm’/day. When hydrogen is co-produced, about 1MWe electricity is supplied for
the in-house hydrogen production, which lowers electricity available for external grid output to 14MWe. In
addition, the hydrogen production draws about 7.4MW?t thermal power, which reduces district heat output to
20MWt. The net efficiency of the plant, when cogenerating all three energy products including electricity,
hydrogen and district heat, is about 75%.
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3. DESCRIPTION OF THE HTR50C PLANT

3.1 The system features of the HTRS0C

The HTRS50C is based on the Generation-IV VHTR nuclear reactor technology that provides significant
advances and advantages of nuclear energy in economics, safety, spent fuel management and nuclear
non-proliferation. Featuring ceramic coated particle fuel, graphite core structure and helium coolant, the
HTRS50C provides a core meltdown proof under fully passive and inherent protection and a high temperature
coolant capability unmatched by any other nuclear reactors. The coolant heat of 900°C or higher temperature
allows efficient electricity generation by using gas turbine, which provides simplified plant construction and
reduces electricity cost and the amount of spent fuel per unit of electricity generation. The high temperature
capability of the HTR50C enables efficient and economical heat cogeneration with about 80% overall
thermal efficiency. The high temperature heat can supply chemical or industrial production such as hydrogen
production or ethylene production, iron-making, paper manufacture, cement manufacturing and so on while
the low temperature heat can supply process steam, district heating, water distillation or desalination,

agricultural and fishery farms and etc.
Specifically, the HTR50C is designed to provide the following plant characteristics:

Plant economics

® 50 MWt unit reactor thermal power and 900°C coolant temperature
® 15 MWe electricity

e 25,000 Nm®/day hydrogen

e 20-27 MWt district heat

e Generating the above energy products independently and simultaneously

Safety, safeguards and public acceptance

o Fully inherent and passive nuclear safety
e Nuclear proliferation resistance without weapon-grade fuel and spent fuel
e Demonstrable safety as performed and to be shown in the JAEA’s HTTR

Fuel cycles and sustainability

e Ceramic TRISO coated particle fuel
® Once-through low-enriched uranium LEU
e Mixed oxide fuel MOX (optional)

e Direct depository or reprocessing of spent fuel

Near-term deployment
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e Deployable from 2010~
e Experience of licensed construction and operations in the HTTR
e Experience of nuclear facility quality assurance in the HTTR project

e Experience of licensed fuel fabrication in the HTTR project

HTRS50C technology

® Based on the Generation-IV VHTR reactor technology

3.2 Plant primary system

Figure 10 shows the nuclear primary system layout of the HTR50C Plant. The primary system consists of
four pressure vessels containing respectively the reactor, an intermediate heat exchanger, a gas turbine
generator unit, and a heat exchangers unit. The pressure vessels are constructed of the conventional steel
SAS533/SAS508, the same steel used in construction of the LWR reactor pressure vessels. The pressure
vessels are inter-connected by co-axial pressure pipes as is done in the JAEA’s HTTR construction®. The

whole of the plant primary system is located in underground confinement buildings.

3.3 Reactor

The plant employs a helium-cooled and graphite-moderated reactor of 50 MWt thermal power. The
reactor is particularly noted for its ability to produce high temperature helium coolant gas and for its strong
safety characteristics. The reactor helium coolant operates at 560°C inlet and 900°C outlet at 4.0 MPa.
And the reactor is inherently and passively safe. The core cross section as shown in Fig. 11 consists of 48
columns of fuel blocks and 19 columns of control-rod guide blocks, and side peripheral columns of
replaceable and permanent graphite reflector blocks. Each of the fuel columns is stacked of five fuel
element blocks high. As a result, there are a total of 240 fuel element blocks loaded in the core. The fuel
design is based on the pin-in-block fuel element of the JAEA’s HTTR operating test reactor. The fuel cycle
is once through low-enriched uranium with 5.3% average enrichment and fuel cycle length of 900 days with
fuel burnup from 30.5 GWd/t in the first fuelled core to 120 GWd/t in the later advanced fuelled cores.
The neutronics specification of the HTR50C reactor is listed in Tables 3 and 4.

3.4 Fuel

The fuel element of the HTRS50C is so-called pin-in-block type, which is made up of fuel rods embedded in
a hexagonal graphite block. The configuration of the fuel block element is shown in Fig. 12. The data of
uranium enrichments of fuel rod and Boron contents of burnable poison in each fuel block are shown in
Tables 5 and 6.

The coated fuel particle (CFP) is a micro-sphere which confines low enriched UO, kemel with TRISO



JAEA-Technology 2008-019

(Tri-ISOtropic) coating. The CFPs make fuel compacts with graphite matrix. The fuel rod, which is
composed of fuel compacts and a graphite sleeve, is contained within a vertical hole of a graphite block.
Specifications of the CFPs and fuel compact are shown in Table 7. The TRISO coatings consist of 4 layers
of a low-density, porous pyrolytic carbon (PyC) buffer layer (60 micro-m) around the fuel kernel (600
micro-m in diameter), high density isotropic PyC layer (30 micro-m), a SiC layer (25 micro-m) and outer

PyC coating (45 micro-m). The fuel compact is 10mm in inner diameter and 26 mm in outer diameter.

The higher burnup fuel to be used in the later advanced cores has a thicker SiC layer (40 micro-m) and a
thicker buffer layer (130 micro-m) compared with the fuel of the first HTR50C core. These modifications
are intended to retain increased quantity of fission products inside the coated fuel particle as the burnup is
raised up to 120 GWd/t. The average enrichment of the fuels for use in the advanced cores is

approximately 15 %.

3.5 Intermediate heat exchanger

The intermediate heat exchanger (IHX) is a vertical helically-coiled counter flow type heat exchanger in
which the primary helium gas flows on the shell side and the secondary helium gas in the tube side as shown
in Fig. 13. The primary helium is contained only in the primary coolant system by keeping the pressure in

the secondary helium circuit slightly higher than the pressure of the primary system circuit.

The primary helium enters the IHX through the inner tube of the primary concentric hot-gas-duct. It is
deflected under a hot header and discharged around the heat transfer tubes to transfer the heat to the
secondary helium coolant. The secondary helium enters the IHX through the top tube sheet headers and
flows downward in the heat transfer tubes while being heated. Being collected in the bottom hot header,

the hot secondary helium flows upward in the central hot-gas-duct to exit the IHX.

The insulation is applied onto the inner shell and the central hot-gas-duct to control the metal temperatures.
The tube support assemblies hold the heat transfer tubes. Both the central hot-gas-duct and heat transfer
tube support assemblies are hung from the vessel top so that the thermal expansion is not constrained.
Material of the heat transfer tubes and hot header is Hastelloy XR, and the inner and outer shells are made of
Mn - Mo steel.

3.6 Gas turbine and generator

Figure 14 depicts the 15MWe class helium gas turbine design for the HTRS0C. The gas turbine is of a
single-shaft and axial-flow design including a six-stage turbine and a twenty-stage compressor. The gas
turbine drives a synchronous generator on the cold end of the shaft at 10,000 rpm. The commercial grid
frequency is achieved by power electronics frequency converter. A flexible shaft diaphragm couples the
gas turbine rotor to the generator rotor and makes alignment and vibration of each rotor group effectively

independent of the other. Each of the rotors is supported by bearings at two rotor ends.
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The turbine design is based on reaction stages with the tip speed and stage loading similar to those employed
in modern turbine designs. In addition, advanced design techniques are employed to optimize
aerodynamic performance such as the 3D blading used to optimize the secondary flows in the turbine flow
path. The turbine uses uncooled blades made of directionally solidified alloy. The maximum rotor

diameter is 0.82 meter. The polytropic efficiency of the helium turbine is estimated to be 90%.

The compressor design is based on the advanced helium compressor flowpath design that has been proven
in the recent JAEA helium compressor development and test program”. The flowpath design incorporates
a number of advanced blading techniques including the blade-end bends to eliminate flow separation and the
blade over-camber to compensate for flow distortion near the endwall. These advanced design features are
combined with optimum blade row solidity and aspect ratio to balance the operational requirements of
efficiency and flow stability. CFD optimizations of inlet and outlet geometries are performed to control
pressure losses in these usually loss-intensive locations. The rotor maximum diameter is 0.59 meter. The

compressor performance is estimated of 87% polytropic efficiency with a 20% design point surge margin.

3.7 Heat exchangers

The major heat exchangers of the HTR50C include a He-to-He recuperator and a He-to-water precooler.
Both heat exchangers are installed in the same HTX pressure vessel. The recuperator rated at 60 MWt is
made up of three compact plate-fin heat transfer units that operate in parallel and is located in the upper

HTX pressure vessel.

Figure 15 shows a unit design of the recuperator. The effective heat exchanger core volume of the
recuperator is about 1m’.  The surface material is stainless steel of Type 316SS.  The precooler rated at 26
MWt is the heat exchanger equipment used for district heating. It supplies 160°C water to be circulated in
an intermediate water circulating loop. The precooler is a helically-coiled tube bundle with water
circulating in the tubes and helium in the shell. Tubing is fabricated of carbon steel STB410. The tube
bundle is placed in the lower HTX pressure vessel section. Essential technologies employed in the

recuperator and pre-cooler designs have been developed in Japan®.

3.8 Helium purification system

Two separate helium purification systems are used to purify the primary and secondary helium circuits,
respectively, by removing the chemical impurities such as hydrogen, carbon monoxide, water vapour,
carbon dioxide, methane, oxygen and nitrogen. The primary helium purification system is mainly
composed of a pre-charcoal trap, an inlet heater, two copper oxide fixed beds, coolers, two molecular sieve

traps, two cold charcoal traps and gas circulators. The helium purification system has three kinds of traps
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for reducing the chemical impurities. Each trap has two identical systems for high reliability of the plant
operation. The first trap is a copper oxide fixed bed where hydrogen and carbon monoxide are oxidised to
water vapour and carbon dioxide, respectively. It is kept at a temperature of 280°C during its operation.
The second trap is a molecular sieve trap where water vapour and carbon dioxide are removed by adsorption.
The third trap is a cold charcoal trap where oxygen, nitrogen, methane and noble gases are removed by
adsorption; it is kept at a temperature of -195°C.  The flow rate in the primary helium purification system is
200kg/h.  The flow rate through the cold charcoal trap is 50kg/h with a bypass flow for the rest of the gas.

3.9 Instrumentation and control system

The instrumentation and control system is based on the same practice of the JAEA’s HTTR operating
reactor”. The system consists of instrumentation, control, safety protection systems as well as a control room.
The instrumentation system consists of reactor and process instrumentations to provide information for

operation, monitoring and reactor protection.
(1) Reactor instrumentation

The reactor instrumentation monitors the major parameters in the operation condition of the HTRS0C such
as the neutron flux, position of control rods (CRs), differential pressure in the core, coolant temperature at

the hot plenum and fission products (FPs) from failed fuel.

The instrumentation system, such as nuclear instrumentation, CR position instrumentation and differential
pressure instrumentation, is used as a safety protection system. The requirements for the system are as

follows.

a) The channel of the instrumentation is multiple so as not to lose the safety protection function even
if a single failure occurs or one of channels is detached during the operation.

b) The multiple channels are separated physically as reasonably achievable.

¢) The safety protection function is not lost in the event of a loss of off-site electric power or isolation
of the system.

d) In case that the signal from the channel is used for the reactor control system, etc., the safety
protection function is not lost because of a malfunction in the reactor control system.

e) The instrumentation system is inspected periodically during reactor operation and the function of
the system must be confirmed not to be lost.

f) For instrumentation wiring, the incombustible and flame-resistant material is used as reasonably
achievable.

g) The power source for the instrumentation system is available in the power suspension.

The fuel failure detection (FFD) system and hot plenum coolant temperature instrumentation are installed

for monitoring the core state during reactor operation.
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® Nuclear instrumentation

Two types of neutron detectors are installed for the HTR50C. One is a fission counter which is prepared
for the wide range monitoring system (WRMS) and is used under a high temperature environment at the top
of a permanent reflector, the other an uncompensated ionization chamber which is prepared for the power
range monitoring system (PRMS) and can detect a low neutron flux level outside the RPV. The WRMS
and PRMS are used in the power range from 10°% to 35% and from 0.1% to 120%, respectively. In the
HTRS50C, the temperature around the wide range detector becomes about 600°C and the neutron flux level
around the power range detector becomes about 10'n/cm’s during the rated power operation of S0MW. It
was confirmed that the WRMS could be used under a high temperature environment of 600°C and the
PRMS could detect a flux level of 10'n/cm’s.  Figure 16 shows the arrangement of neutron detector for
WRMS and PRMS.

® CR position instrumentation

The CR position instrumentation is prepared to monitor the vertical position of 19 pairs of CRs. The
position of CR is measured by the encoder sensor in the control rod drive mechanism (CRDM) and the

signal from this instrumentation is used for the reactor control system and the safety protection system.
® Core differential pressure instrumentation

The core differential pressure instrumentation is prepared to detect a decrease in primary coolant flow in the
reactor core. The core differential pressure instrumentation measures the differential pressure between the

inlet and outlet of the core, and the signal from this instrumentation is used for the safety protection system.
® Fuel failure detection system

It is very important to prevent the FPs from being released abnormally into the primary coolant during the
normal operation. The FFD system detects the failure of a CFP by detecting short life FPs, such as Kr-88
and Xe-138, which are gathered with precipitating wiring. The conceptual block diagram is shown in Fig.
17. The helium gases of the primary cooling system from the seven regions in the hot plenum are
transferred to the precipitating wiring, and the K-88 and Xe-138 in the gases are detected. The FFD system
has such sufficient and high sensitivity to detect a 0.02% fuel failure.

® [n-core temperature monitoring system
Four thermocouples are arranged at each hot plenum block in order to monitor the primary coolant

temperature. The N-type thermocouples are used because the deviation of thermo-electromotive force is

small compared with other types of thermocouple under a high temperature environment.
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(2) Process instrumentation

The process instrumentations of temperature, pressure, flow rate, radioactivity, etc., are required to monitor
the plant parameter during the reactor operation. There are about 4000 sensors in the HTR50C, and the

signals from the sensors are centralized by the plant computer.

The process instrumentation is used to measure process parameters. The signals of process instrumentation
are transferred to the safety protection system, reactor control system and others. Major signals are
indicated and recorded at the central control room. The process instrumentations used for the reactor
protection system and the engineered safety features actuating system consist of three identical channels.
The post accident monitoring instrumentation designed with safety protection grade is required to monitor

the parameters during an accident.

(2) Control system

The control system controls the plant major operating parameters such as reactor power in the case of the
ordinary change of the reactor power and the disturbance postulated during the normal operation, to prevent
the abnormal event from escalation, and to actuate the interlock before reactor scram. The main control
systems of the HTR50C are described as follows.

® Turbine bypass valve control system

The turbine bypass control system is used in the power range from 30 to 100%. In the case that there is a
deviation between the power generator output and the set value, the primary coolant flow rate in the reactor
core and the turbine is controlled by adjusting the opening of a turbine bypass valve to make the generated
power output follow the desired set value. In the case that the unbalance between the power output and the
load following such as in a loss of load event, the interlock of the control system makes the turbine bypass
valve fully open to bring the reactor and plant to an equilibrium state of idle running in which the nominal

turbine rotational speed is maintained to continue the idle plant operation.

® Reactor outlet coolant temperature control system

The reactor outlet coolant temperature control system is used in the power range from 10 to 100%. In the

case that there is deviation, this control system gives a demand to the reactor power control system and

controls the reactor outlet coolant temperature by controlling the position of CRs.

@® Reactor power control system

The reactor power control system is used in the power range from 10 to 100%. In the case that there is a
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deviation between the reactor power and set value, some CRs are inserted or withdrawn to dissipate the

deviation.

® Primary helium pressure control system

The primary helium pressure control system is used in the power range from 10 to 100%. The primary
helium pressure control system controls the primary helium pressure by actuating the valves of the helium

storage and supply system.

® Recuperator inlet coolant temperature control system

The recuperator inlet coolant temperature control system is the equipment to maintain the recuperator inlet
helium temperature by actuating a control valve in the case that the recuperator inlet helium temperature

deviates from the set value.

(3) Safety protection system

The safety protection system consists of the reactor protection system and engineered safety features
actuating system. The reactor protection system ensures the integrity of the core and reactor coolant pressure
boundary under the abnormal operating conditions. The engineered safety features actuating system
prevents the FPs from being released into the environment in case of an accident such as a rupture in the

primary concentric hot-gas-duct.

® Reactor protection system

The reactor protection system inserts the CRs into the core to ensure the integrity of fuel and protect the
reactor coolant pressure boundary under abnormal operating conditions. This system has logic circuits
having two trains which receive the signals from the reactor and process instrumentation systems, and sends

the signals in case of a reactor scram.

® Engineered safety features actuating system

The engineered safety features actuating system sends the signals actuating the engineered safety features.
The engineered safety features protect the reactor, the reactor coolant pressure boundary and the reactor
building boundary, and prevent large amounts of FPs from being released outside the reactor facility. This
system consists of the logic circuits having two trains which receive the signals from the reactor and process

instrumentation, and actuates the engineered safety features.
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3.10 Plant auxiliary facilities

(1) Fuel handling and storage systems

The new fuels and the spent fuels should be handled and stored safely and reliably by the fuel handling and

the fuel storage systems. These facilities are located in the operating floor in the reactor building.

® Fuel handling system

The fuel handling system is utilized to install and remove fuel elements, replaceable reflector blocks, top
shielding blocks, CR guide blocks and CRs. The fuel handling system consists of a fuel handling machine,

attached equipment and auxiliary equipment.

The fuel handling machine consists mainly of a shielded cask, a gripper, a fuel handling unit drive system, a
rotating rack and a door valve as shown in Fig 18. The fuel handling machine has a shield sufficient for
fuel handling personnel and gas-tight boundary. The gripper handles the fuel element. The gripper is
suspended by a pair of wires, and the gripper tip consists of six fingers to prevent the core element from
dropping during refueling. The rotating rack has four discharge holes located circularly, and has the
capacity to contain a top shielding block and one column of core component. Even if the fuel blocks are
stored to capacity, the fuel handling machine maintains sub-criticality. The door valve, which is connected
with the bottom of the fuel handling machine, has a gas-tight and shield structure along with a reactor

isolation valve.

The attached equipment used during refueling consists of a reactor isolation valve, a connecting pipe and the

CR handling machine. A maintenance pit is provided for the maintenance of the fuel handling machine.

® Fuel storage system

The fuel storage system consists of fresh and spent fuel storage systems. After cooling in the spent fuel
storage pool in the reactor building, the spent fuels are transferred to the spent fuel storage system in the

spent fuel storage building.

The functions of the fresh fuel storage system are to inspect fresh fuel rods which are transported to the
reactor building, to assemble fuel elements and to store fresh fuel elements. The fresh fuel storage system
consists of the fuel assembling and testing equipment, the fresh fuel storage cell and the inert gas
replacement equipment. The fresh fuel storage cell is fabricated of ferroconcrete. The storage rack forms
a vessel of a vertical cylinder with a plug and has sufficient distance to the adjacent storage racks not to
become critical. The inert gas replacement equipment evacuates the air in the rack and replaces it with

pure helium gas to keep fuel elements in a dry condition.
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The spent fuel storage system stores spent fuel elements, CR guide blocks, replaceable reflector blocks.
This system consists of a spent fuel storage pool, pool water cooling and purification system, and an
irradiated material storage pit. The spent fuel storage pool is fabricated of ferroconcrete and has sufficient
shielding for personnel as shown in Fig. 19. The spent fuel storage pool is lined inside the pool with
stainless steel to prevent pool water leakage. When pool water leaks, the leakage can be detected by
monitoring the water from the leakage check ditch which is located within the lining. The storage rack
forms a vessel of a vertical cylinder with a shielding plug and has sufficient distance to the adjacent storage
racks not to become critical even if the inside of the storage rack is filled with water. The pool water
cooling and purification system removes the decay heat from spent fuel elements by coolers. The

irradiated material storage pit stores and cools down spent CRs and irradiated samples.
(2) Radioactive waste treatment systems

The concept of radioactive waste management involves examination of all potential pathways of a
radioactive release into the environment and provisions for appropriate processing and treatment equipment
to ensure that any release of radioactivity into the environment is kept as low as possible. There are three
radioactive waste treatment systems in the HTR50C: the radioactive waste treatment systems for gaseous,
liquid and solid.  All potentially radioactive gases, liquids and solids are collected and processed according
to their physical and chemical properties and radioactive concentrations. Considerations are also taken in

the design to minimize any mechanical leakage paths in these systems in order to limit unprocessed leakage.
® Gaseous radioactive waste treatment system

The gaseous radioactive waste treatment system collects and monitors all potentially radioactive gases
discharged from the plant. Figure 20 shows the schematic diagram of the gaseous radioactive waste
treatment system. This system consists of the high and low activity gaseous radioactive waste treatment

lines.

The high activity gaseous waste treatment line consists of a buffer tank with 0.5m’ capacity, two
compressors and two decay tanks with 10m’ capacity each. Gases are stored temporarily up to 30 days in
the decay tanks to reduce the activity for the release. The major sources of high activity gaseous wastes
derive from the regeneration off-gas of the primary helium purification system. The low activity gaseous
radioactive waste treatment line consists of two filtering units and exhaust blowers each. Gas which enters
the system via the low activity inlet header flows through filtering units. Each filtering unit contains three
kinds of filters: coarse-filter, metallic FP removal filter and radioactive iodine removal filter. The major

sources of low activity gaseous wastes derive from the fuel handling system.
® Liquid radioactive waste treatment system

The liquid radioactive waste treatment system collects and monitors all aqueous radioactive waste



JAEA-Technology 2008-019

discharged from the plant. Figure 21 shows the diagram of the liquid radioactive waste treatment system.
The system contains washing waste liquid drain, component drain, floor drain and spent fuel storage

building drain lines.

Liquid radioactive waste from the washing waste liquid drain, component drain and floor drain lines are
classified according to level of the activity in solutions. Liquid with high activity is transferred to the
radioactive waste treatment facility. Leakage detectors are installed on each tank to detect any leakage

from the tanks at an early stage.
® Solid radioactive waste treatment system

The solid radioactive waste treatment system collects, classifies, packages and tentatively stores all solid
waste discharged from the plant. The beta and gamma emitting high level solid radioactive wastes such as
spent replaceable reflector blocks and so on are temporarily stored in the storage pool to reduce their
radioactivity. The spent CRs are stored in the irradiated material storage pit or storage pool. Solid
radioactive waste is packed for shipment in the radioactive waste treatment facility according to their
radioactive levels. The wall thickness on the solid radioactive waste treatment system is designed to

control the equivalent dose rate around the site at a level as low as is reasonably achievable.
(3) Radiation management system

The protection and safety of all plant personnel and the general public against the radiation exposure, under
all plant operating conditions, are ensured by the radiation monitoring system, adequate shielding design and
access control procedures, supplemented by periodic radiation surveys and radiochemical analyses.
Radiation protection is provided to prevent exposure of the public and employee beyond the limits.
Radiation shielding and plant layout for the HTRS50C are designed so that the plant can be operated,
maintained, and refueled without operating personnel receiving radiation doses beyond the limits.
Appropriate access control should be provided throughout the plant. For the access control, the plant

layout should be divided into zones for normal operational and refueling conditions.

The function of the radiation monitoring system is to protect the employee and the public, and to safeguard
plant equipment by providing measurement and alarm if the radiation level or activity release rate reach
preset or maximum allowable levels. Permanent area radiation monitors are provided to warn the
operating personnel of off-normal radiation levels in operating areas most subject to accidental irradiation
from equipment or pipelines or from activity released into the building. Normally, high activity areas or
shielded special areas are not provided with permanent monitors. Health physics procedures under
administrative control call for special monitoring measures (with aid of portable instruments) when working
at such locations. The area monitors are connected to redundant power source such that loss of single
power supply will not disable the whole system. The radiation levels are indicated and recorded in the

control room in order to provide a history of radiation in a given area in case of accidental over-radiation.
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Additionally, alarms both in the control room and near the detector are provided to warn the operators. The
operation of a monitor may be checked periodically from the control room by means of a check source at the

detector.

(4) Electric facility

The electric facility of the HTR50C consists of a commercial power line, two emergency power lines and

two constant-voltage and constant-frequency (CVCF) power lines.

A commercial high-voltage bus is made of only one which supplies power to gas turbine and four power
centers. Two of the power centers are supplied only from the commercial power line and the others are
from the commercial power line and/or the emergency power lines. Four power centers are connected to a
high-voltage line through transformers.

The emergency power lines consist of two independent emergency power feeders with equal capacity. The
emergency power feeders have gas turbine generators which are composed of gas turbine engines,
generators and current breakers. The gas turbine generators are selected as an emergency power supply
because it is possible to operate without cooling water and to supply the rated power instantly. The gas
turbine generator starts up automatically when commercial power is lost and supplies emergency power to
CVCF, safety equipments. One of the gas turbine generators is capable of supplying enough power to keep

the reactor shutting down safely.

The CVCEF power lines are classified into three systems, i.e., DC power systems, uninterruptible AC power
systems and a power providing system for the computers. These power systems are designed to adopt
static type power conversion equipment. DC power systems are composed of the two battery units of the
same capacity. When off-site electric power is available, the power is charged in the DC battery units and
supplied to safety equipment through rectifiers. When off-site electric power is lost, the DC battery units
are discharged for providing electricity to the safety equipment. Uninterruptible AC power systems are
composed of the same size of three inverter-converter units. When off-site electric power is available,
electrical power is supplied to the safety instrumentation channels through the inverter-converter units.
When the off-site electric power is lost, the power is switched to DC power systems. The computer power
providing system is connected with non-safety equipment such as plant computers, plant control units,
reactor power control units, instrumentations and other control panels. When one of the emergency power

lines fails, the line is automatically switched to the other emergency power line.
(5) Other auxiliary facilities
The auxiliary plant facilities consist of systems for ventilation and air conditioning, fresh water supply,

purified water supply, auxiliary component cooling water, general cooling water, solution injection, nitrogen

supply, compressed air supply, steam supply, fire-extinguish and general drainage.
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® Ventilation and air conditioning system

The ventilation and air conditioning system is available to supply fresh air to ventilate and regulate the
temperature and humidity in the buildings. The ventilation and air conditioning system for reactor building
consists of the air supply system and two exhaust systems. The air supply system is composed of two air
conditioners, two blowers and three air supply filtering units. The system supplies air to the controlled area
by regulating the automatic damper located downstream to the blower. The exhaust system A is composed
of a filtering unit including a coarse and fine dust filter to purify the gas from each room in the controlled
area. The exhaust system B is composed of two filtering units including coarse and fine dust filters and an

active charcoal filter to purify the gas from the spent fuel inspection room.

At the time of an accident, the ventilation and air conditioning system is shut down and connected to the
active charcoal filter to protect employees from radiation exposure. The ventilation system is so designed
as to allow air to flow through the lower region of radioactive level to the higher region while taking in fresh
air. The ventilation and air circulating system contains a recirculation cooler and a depressurization
apparatus. The recirculation cooler consists of an air conditioner including two cooling coils and two
blowers to cool and circulate air in the reactor building during normal condition as well as accidents and loss
of off-site electric power. It is of great importance in supplying air to the stand pipe room so as to keep
CRDM temperature below the limit. The depressurization apparatus suppresses any pressure increase
during normal conditions. Then, it leads the air to the ventilation stack through the fine dust filter and active

charcoal filter.
® Miscellaneous facilities

The auxiliary component cooling water system consists of a cooling tower, a circulation pump and piping.
During normal condition as well as accidents and loss of off-site electric power, temperature increase of
water used in some cooling systems is reduced by the air of the cooling tower, and the water is restored by

the circulation pump.

In the hydrazine injection system, it is necessary to remove dissolvent oxygen by controlling the hydrogen
exponent of pH and preserve the plant components and related pipes from corrosion by injecting inadequate
amount of hydrazine into the cooling water. The hydrazine injection is carried out independently of the

cooling system and is regulated by related valves.
3.11 IS process hydrogen production system
Table 8 shows the major specification of the IS process to be coupled with the HTR50C. The heat produced

by the reactor is supplied to the IS process by the secondary helium. The thermal duty of the IS process is
approximately 7.4MW. Hydrogen production rate is estimated to be about 25,000 Nm®/day.
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® Flow sheet diagram

Figure 22 shows the simplified flow sheet diagram of the IS process. The IS process is split into three
procedures; Bunsen reaction procedure (Bunsen PROC), H,SO4 decomposition procedure (H,SO, PROC),
and HI decomposition procedure (HI PROC). H,SO, solution and HIx solution (solution of HI, I, and H,O)
obtained in the Bunsen reactor are separated at H,SO,/HIx separator. Each of the solutions is concentrated,
vaporized and decomposed in H,SO, PROC and HI PROC, respectively. H, and O, are obtained as
products and other compounds are returned into the Bunsen reactor. A three stage multiple-effect vaporizer is
used as H,SO4 concentrator. A direct contact heat exchanger (DCHX) is installed upper stream of the
H,SO, vaporizer to recover unreacted H,SO4 in the SO5; decomposer with efficient direct heat exchanging.
An Electro-Dialyzer is used to increase the HI concentration of the HIx solution to over pseudo-azeotropic.
While the concentrated HIx solution is fed to the HI distillation column, HI-rich vapor is obtained from the

top. L is removed from the reaction field by reaction with Cobalt in HI decomposition reactor.
(1) Major specifications of main components
® H,SO,PROC

Main components in H,SO4 PROC are H,SO, concentrator, H,SO, decomposer and SO; decomposer. Table
9 provides the major specification of the H,SO,4 concentrator. For the internal structures, ceramic tray and
carbon steel coated with glass lining are adapted for the pressure vessels and for piping and other equipment,
respectively, to ensure structural integrity in the corrosive working fluid environments. Table 10 shows the
major specification of the H,SO4 decomposer. H,SO, is decomposed into SO; and H,O at the H,SO,
decomposer. The H,SO,4 decomposer is constructed of SiC heat transfer blocks which are corrosion resistant
to the evaporating H,SO, environment. Table 11 shows the major specification of the SO; decomposer.
The SO; decomposer is installed downstream of the H,SO,4 decomposer and SO; is decomposed into SO,
and O,. Pt catalysts are loaded inside the flow path in the heat transfer blocks to enhance the SO;

decomposition.
® HIPROC

Main components in HI PROC are HI distillation column, Electro-Dialyzer, HI decomposer. Table 12
provides the major specification of the Hl distillation column. Hl-rich vapour is obtained from the top and
azeotropic HIx solution is obtained from the bottom. The heat from the secondary helium and regenerated
heat in the HI PROC are used as the heat source of the re-boiler. Table 13 shows the major specification of
the Electro-Dialyzer. HIx solution is concentrated up to 13 mol-HI/kg-H,O by using the grafi-type polymer
electrolyte membrane prepared by radiation processing developed by JAEA'®.  Table 14 shows the major
specifications of the HI decomposer. HI vapor is heated using regenerated heat in the HI PROC and then

decomposed into H, and I, at HI decomposer. Decomposition is enhanced by Pt catalysts and I, absorption
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using Cobalt system. Absorbed I, is separated by the secondary helium.

® Bunsen PROC

Main components in Bunsen PROC are Bunsen reactor and H,SO4/HIx separator. Table 15 provides the
major specification of the Bunsen reactor. The H,SO, solution and HIx solution are obtained in the Bunsen
reactor. Tantalum or other lining materials are utilized for corrosion resistance. Table 16 shows the major
specification of the H,SO4/HIx separator. The H,SO, solution and HIx solution obtained in the Bunsen
reactor are separated into H,SO,-rich phase and HIx-rich phase by detention in the separator. Tantalum or

other lining materials are utilized to ensure the structural integrity in the corrosive working environments.

3.12 The HTRS0C plant buildings

The HTRS50C plant consists of a reactor building, a hydrogen production area and a district heat building.
Figure 23 shows the arrangement of the HTR50C plant. The layout was designed by sizing the main
components installed in the HTR50C plant. The hydrogen production system is not enclosed in a building in
order to minimize the possibility of a hydrogen explosion accident. The hydrogen production area and the
district heat building are separated over an adequate distance from the reactor building. The adequate
distance will be defined by considering the structural integrity of the safety equipment, reactor control room,
etc. from a possible hydrogen explosion and a possible toxic gas leakage from the IS hydrogen production

system. The spent fuel storage area which is not mentioned in the figure is also required.

The reactor building made of reinforced concrete is divided into a reactor building section, an auxiliary
building section and a service building section. The plan views of the reactor building are shown in Fig. 24,
25, and 26. Figure 24 shows the elevated reactor building which includes a reactor section and a service
section. The height of the building is 21m above the ground and 30 m underground. The height of stacks
above the ground is about 30m. The width of the building is about 57m. Figure 25 shows the side view

of the reactor building with a width of about 27m.  Figure 26 shows the plan view of the reactor building.

In the reactor building section, the reactor pressure vessel (RPV), the gas turbine generator (GTG) vessel, the
heat exchangers (HTX) vessel and the intermediate heat exchanger (IHX) vessel are installed. Fuel handling
machine and control rod handling machine are located at the operation floor on the ground level. The
reactor confinement made of concrete, rather than the reactor containment steel vessel, provides the safety of
the HTR50C. The building pressure is reduced by the stacks during a depressurization accident. The
advantage of the fully inherent and passive safety features of the HTR50C can significantly improve the
HTRS50C plant cost and economics.
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4. THE HTRS50C ECONOMIC ASSESSMENT

4.1 Economic assessment of the reactor system
(1) Plant construction cost

Plant construction cost of the HTR50C was estimated. The estimations of major systems, which are similar
to those of the Japanese HTTR®, were carried out based on the construction cost data of the HTTR. On the
other hand, the estimations of some systems, which are similar to those of the GTHTR300, were based on

the previous estimation results of the GTHTR300'".

The result of the HTR50C construction cost estimate is shown in Table 17. The total plant construction cost
was estimated as 466.8 M$. This value is based on the assumption that all equipments are provided by the
Japanese vendors and the HTR50C is constructed in the Japanese site.

It should be noted that escalation of metallic material prices is not taken into consideration.

(2) Power generating and heat supply costs

Power generating and heat supply costs of the HTR50C were estimated with the similar calculation method

used in the power generating cost estimates of the GTHTR300 in Japan'".
(a) Major assumption
(1) General conditions

® Plant life time 40 year
® Plant capacity factor 90%

® Discount rate 3%
(i1) Capital cost

® Depreciation cost
- Declining balance method
- Durable years: 40years (the same as operating lifetime of reference plant)
- Residual book value: 5% at the last year of the operation
® Decommissioning cost per unit reactor power is assumed to be same to that of the GTHTR300.

® Interest cost and fixed property cost are neglected.
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(iii) Operating & Maintenance cost

® Total of the maintenance cost rate and the miscellaneous cost rate are assumed to 5.0 % based on
the operating experience of the HTTR.

® Personnel cost: Number of the employees are assumed to be 28 persons per unit as same as the
estimation of the GTHTR300.

® Head office cost and business tax are neglected.
(iv) Fuel Cycle cost

Unit price of each item used in the fuel cycle cost calculation are shown in Table 18. The unit price of the
fuel fabrication cost is assumed as twice higher as that of the GTHTR300’s estimation so that the FOAK
(First Of A Kind) cost should be obtained from the NOAK (Number Of A Kind) cost of the GTHTR300.
The fuel cycle cost estimated in the GTHTR300 includes the reprocessing cost and the resulting waste
disposal cost. However, in this HTRS0C estimation, the spent fuel are assumed to be directly disposed and
the unit price of the final direct disposal cost is assumed to one forth of that of the reprocessing cost based on
the example of the LWR cost estimations. Other unit price data in Table 18 are same as that used in the
GTHTR300.

(b) Estimation results

Based on the assumptions explained above, the total amount of the necessary annual expenditures during the

plant operation is calculated as Table 19.

The power generating cost and the heat supply cost should be determined to compensate this expenditure.
However, each share of the power generating cost and the heat supply cost cannot be defined, the heat
supply cost necessary to compensate the annual expenditure for given power generating cost is calculated
parametrically. The result is shown in Fig. 27. The cost profile of the HTR50C shown in Fig. 27 is

apparently higher than those of the Russian ABV-6 reactor'.

(3) Revised cost estimates using Russian labour cost data

Russian labour cost data is compared to Japanese labour cost in order to minimize the cost of power

generation and heat supply.
(a) Russian labour cost data information
According to the database of the ILO website'”, labour cost of the machine and electrical machinery

fabrication of the year 2005 in Russia is about 340 JPY/h. On the other hand, the Japanese labour cost of
the year 2001 is about 3,600 JPY/h, which is about 10.6 times higher than that of Russia. Therefore it can
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be assumed that the all Russian personnel costs are ten times lower than the relevant Japanese personnel

COosts.
(b) Fraction of the personnel cost to the total plant construction cost

Here it is assumed roughly that two third of the total plant construction cost depends upon the personnel cost

and the remaining one third is the material cost.
(c) Revised estimates case and their results

- Case 1 : All systems are provided as the Japanese personnel cost condition.

(This case is essentially the same one to the case estimated in the previous section.)

- Case 2 : Major systems (reactor internals, [HX, gas-turbine system, secondary helium system and
fuel handling and storage system) are provided as the Japanese personnel cost
condition and all remained systems are provided as the Russian personnel cost
condition.

- Case 3 : All systems are provided as the Russian personnel cost condition.

The estimation results of the plant construction cost and the annual expenditures for each case above are
shown in Table 20.

In the estimation of the annual expenditures of the case 2 and 3 shown in Table 20, following assumptions
are adopted.
® The unit price of the personnel cost of the operation and maintenance cost are as the Russian
personnel cost condition.
® The two third of the fuel cycle cost are assumed to depend on the personnel cost and the Russian

personnel cost condition is adopted.

According to the total annual expenditures of the each case, the cost profile on the power generating cost and
the heat supply cost are calculated in the same manner, and the results are shown in Fig. 28. The cost
profile of the case 2 and 3 shown in Fig. 28 is much lower than those of the Russian ABV-6 reactor'”.
Especially, in the case 3, if the power generation cost are set to slightly higher than 10 ¢/kWh, the heat
supply cost is lower than the energy price of the coal and this suggests that the case 3 cost has a possibility to

be competitive to the present heat supply cost of the conventional plant.
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5. RESEARCH AND DEVELOPMENT

5.1 Major technologies for HTGR system developed by JAEA

JAEA has been developing the HTGR technologies through the design, construction and operation of the
HTTR since 1969. In order to design and construct the HTTR, R&Ds were carried out with large numbers

of test apparatuses.

Representing tests using large-scale test apparatuses are OGL-1, HENDEL, VHTRC and material test
machines. Irradiation tests of HTTR fuels were performed with the OGL-1 installed in the Japan Materials
Testing Reactor JMTR)™.  Thermal-hydraulic performance of HTTR core and durability of core structure
were verified with the real scale mock-up model, HENDEL, under high-pressure and high-temperature
conditions simulating the HTTR operation”"'”. Helium circulation and high-temperature helium transfer
technologies were established through the HENDEL tests'”. Reactor criticality was examined in a system
consisting of graphite fuel blocks using the VHTRC'. Mechanical strength including creep fatigue
performance was examined in high-temperature helium gas conditions up to 950 °C using the material test

. 20)21
machines”®",

Major technologies for HTGR system developed by JAEA are listed in Tables 21 and 22.

The fabrication technology for unique and high quality coated fuel particles has been developed by
establishing the fluidization and continuous coating technologies, and hot pressing technique for fuel
compact. The data base and inspection standard of fuel particles has been established. Fine-grained
isotropic nuclear graphite, IG-110, has been developed for core graphite components of the HTTR. The
IG-110 has quite excellent mechanical and irradiation-resistant properties. 1G-110 is only the high quality
nuclear graphite in the world. The irradiation database of IG-110 has already been established”. For the
metallic material for the components under high-temperature condition, i.e., heat transfer tube of IHX and
hot-gas duct, super alloy Hastelloy XR has been developed. The Hastelloy XR is the Hastelloy X based
superalloy enhancing corrosion resistant and high-temperature mechanical performances. The Hastelloy

XR showed no corrosion under the HTTR coolant condition of 10,000 hr long-term corrosion test™.

First criticality of the HTTR was attained in 1998, and the reactor outlet temperature of 950 °C with full
power of 30MWt was achieved in 2004 based on these technologies. The excellent reactor safety
characteristics of HTGRs have been demonstrated by the safety demonstration tests using the HTTR™.
The excellent FP-retention ability of Japanese coated fuel particle has been demonstrated through the
long-term HTTR operation. The experimental results obtained with the HTTR showed much lower FP
release than that observed with AVR in Germany or FSV in US*®. The technical know-how for the reactor

construction and the reactor operation were also established by the HTTR.
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R&Ds for the next generation HTGR, GTHTR300C>”, have been also conducted including R&Ds on the

helium gas compressor”, magnetic bearing”, high-temperature isolation valve™, and IS process hydrogen

production system™.

5.2 Necessary R&Ds for HTRS0C

R&Ds for HTR50C in the future are none or to be minimized because KHTR will be built on the basis of the
above-mentioned technologies for HTGR system developed by JAEA.
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6. CONCLUDING REMARKS

The small-sized and safe cogeneration reactor, HTR50C, which is a cascade energy plant that enables
highly-efficient cogeneration of electricity, hydrogen and district heating, was studied assuming that it
should be constructed in developing countries. Specification, equipment configuration, etc. of the HTR50C
were determined, and economical evaluation was made. As a result, it was shown that the HTR50C is

economically competitive with small-sized light water reactors.
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Table 1 Forecast of the global hydrogen demand (Mm’/y)”

Year 2000 2010 2020 2030 2040 2050
For energy use 0 0 27,900 303,100 655200 | 1,147,800
(fuel cell)
For chemical and 462,800 548,000 633,100 718,300 803,400 888,600
refinery

Total 462,800 548,000 661,000 | 1,021,400 | 1,458,600 | 2,036,400
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Table2 Major plant specification of the HTR50C

Plant

Reactor unit(s) / unit power

Electricity output (when H, is co-produced)

Hydrogen (H,) output
District heat (when H, is co-produced)

Plant efficiency (when H, is co-produced)

Plant capacity factor

1 unit / 50 MWt
15 (14) MWe

25,000 Nm*/day

27 (20) MWt 100~115°C water
84% (75%)

>90%

Reactor

Reactor pressure vessel
Reactor safety system
Radioactive nuclide retention
Coolant inlet/outlet temperature
Coolant pressure

Coolant flowrate

Fuel operating temperature
Average power density

Fuel element

Fuel cycle

Fuel average enrichment
Average burnup

Shutdown refueling

SA533/SA508 (Mn-Mo) steel
no active emergency system
confinement

560 /900°C

4 MPa

28 kg/s

1350 °C

2.5Wlce

pin-in-block prism

LEU once through

5.3%

30.5 GWd/ton

once per 3 years

Generator drive
Frequency conversion

Refueling duration 30 days
Design type single-shaft horizontal unit
Shaft speed 10,000 rpm
Turbine inlet temperature/pressure 850°C / 3.87 MPa

. | Turbine mass flow 28 kg/s

Q . . .

B Turbine expansion ratio 1.87

@ [Number of turbine stages 6

& [Turbine maximum rotor diameter 0.82 m

& |Turbine polytropic efficiency 90%

5 [Compressor inlet temperature 28°C

- Compressor pressure ratio 2.0

& [Number of compressor stages 20

© Compressor maximum rotor diameter 0.59m
Compressor polytropic efficiency 87%

high-speed synchronous
Power electronics

Heat exchangers

Recuperator design type
Recuperator thermal rating
Recuperator effectiveness
Recuperator total pressure loss
Recuperator construction material
Precooler design type

Precooler thermal rating

Cooling water inlet temperature
Cooling water outlet temperature

Precooler tubing material

plate-fin

60 MWt

88%

1.7%

Type 316SS

helical-coiled finned tube bundle
26 MWt

22°C

160°C

carbon steel (STB410)
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Table 3 The neutronics specification of the HTR50C reactor (Part 1/2)

Items HTR?OC HTTR
preliminary
Thermal power(MWth) 50 30
Fuel block kinds :radial direction 6 4
:axis direction 4 4
U enrichment(%) max. 9.9 9.9
min. 3.0 34
average 5.3 5.8
Enrichment kinds 13 12
Burnable poison content kinds 1 2
U loading(t) 1.48 0.9
Fuel block columns 48 30
Fuel block layers 5 5
Total fuel blocks 240 150
Fuel suffling during a cycle 0 0
Cycle length (Effective full power days) 900 660
Burnup average(GWd/t) 30.5 22.0
Burnup max.(GWd/t) 43.4 33.0
Integral power average(GWd) 45.0 19.8
Averaged column power(MW/Column) 1.04 1.00
Power density(W/cc) ave. 3.2 3.0
max. 7.0 6.6
Control rod block column 19 16
Fuel region diameter(m) 3.0 23
Active core height(m) 2.9 2.9
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Table4 The neutronics specification of the HTR50C reactor (Part 2/2)

Items HT_RS,OC HTTR
preliminary
Excess reactivity(%Dk/k)
Cold clean state limit 16.5 16.5
evaluated 9.7 13.5
Power operation state 1.8 3.2
Control rod worth(%Dk/k) summation 23.0 18.0
evaluated 63.5 66.5
Shutdown margin(%Dk/k) limit 1.0 1.0
evaluated 32.0 45.0
Temperature coefficient of fuel max. -4 -2
(x10” %Dk/k/°C)
Temperature coefficient of Reflimax. -2 1
(x10” %Dk/k/°C)
Power coefficient max. -2 -4
(x10™ %Dk/k/MW)
Prompt neutron generation time max. 0.88 0.85
min. 0.80 0.81
Delayed neutron fraction max. 0.0067 0.0067
min. 0.0046 0.0049
Fuel temperature(°C) max. 1492 1492
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Table 5 Uranium enrichment for fuel blocks

radius F1 F2 F3 F4 F5 Fo6
axis
1 6.2 6.2 7.0 8.6 8.6 9.9
2 5.0 5.0 5.5 6.7 6.7 7.9
3 4.0 4.0 4.5 5.5 5.5 6.2
4 3.0 3.0 34 4.0 4.0 4.8
5 3.0 3.0 34 4.0 4.0 4.8
U235wt% average = 5.3
Table 6 Boron content for fuel blocks
radius F1 F2 F3 F4 F5 F6
axis
1 54 54 5.4 54 54 54
2 54 54 5.4 5.4 54 5.4
3 5.4 5.4 54 54 54 54
4 54 54 5.4 54 54 54
5 54 54 5.4 54 54 5.4

B-wt% average = 5.4
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Table 7 Comparative fuel specifications for the first and advanced cores of the HTRS0C

First core Advanced cores
Fuel type Rod Rod
Fuel coating type TRISO TRISO
Diameter of particle(micro m) 920 990
Fuel kernel
Materials Uo, Uo,
Density(%TD) 95 95
Diameter(micro m) 600 550
Materials and thickness (micro
m) of coatings
1% layer Low density PyC Low density PyC
60 130
2" Jayer High density PyC High density PyC
30 25
3" Jayer SiC SiC
25 40
4™ layer High density PyC High density PyC
45 25
Enrichment (wt %) 3-10 (Average 5) 11-16 (Average 15)
Burnup (GWd/t) 30.5 120
Specification of fuel compact
Type Hollow cylinder Hollow cylinder
Materials Coated fuel, binder, graphite | Coated fuel, binder, graphite

Packing fraction of coated
fuel particles (Volume %)
Dimensions
Outer/inner diameter(mm)
Height of compact(mm)

30

26/10
39

22

26/9
83

Table 8 Major specification of the IS process to be coupled to the HTR50C

Item Value

IS process thermal duty 74 MW
Hydrogen production rate 25,000 Nm*/d
Electrical power consumption 703 kW

IS process inlet helium temperature 835°C

IS process outlet helium temperature 460 °C
Secondary helium pressure 4.0 MPa (gauge)
Secondary helium flow rate 3.6 kg/s

H,SO,procedure pressure
HI procedure pressure
Bunsen procedure pressure

1.2 MPa (gauge)
1.2 MPa (gauge)
0.2 MPa (gauge)
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Table 9  Major specification of H,SO,4 concentrator

Item Specification

Number 1

Type Three-stage multiple-effect vaporizer + Direct
contact heat exchanger (DCHX)

Design pressure 0.28/0.28/0.28/1.4 MPa (gauge)

Design temperature 110/120/180/450 °C

Structure material Carbon steel + Glass lining

Table 10 Major specification of H,SO4 decomposer

Item Specification

Number 1

Type SiC heat exchanger

Design pressure Helium : 4.0 MPa (gauge) Process : 1.2MPa
(gauge)

Design temperature Helium : 600 °C  Process : 500 °C

Structure material SUS316

Table 11  Major specification of SO; decomposer

Item Specification

Number 1

Type Catalytic packed SiC heat exchanger

Design pressure Helium : 4.0 MPa (gauge) Process : 1.2MPa
(gauge)

Design temperature Helium : 880 °C  Process : 850 °C

Structure material Alloy800

Table 12 Major specification of HI distillation column

Item Specification

Number 1

Type Packed tower

Design pressure 1.4MPa (gauge)

Design temperature 250 °C

Structure material Carbon steel + Glass lining
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Table 13 Major specification of Electro-Dialyzer

Item Specification
Number 1
Type Electrolyte cell
Design pressure 0.3 MPa (gauge)
Design temperature 140 °C
Structure material Carbon steel + Tantalum or other lining
Membrane Graft type polymer electrolyte membrane prepared by
radiation processing (Developed by JAEA)
Table 14 Major specification of HI decomposer
Item Specification
Number 1
Type Catalytic packed bed reactor
Design pressure 1.4MPa (gauge)
Design temperature 600 °C
Structure material MAT21
Table 15 Major specification of Bunsen reactor
Item Specification
Number 1
Type Shell & tube reactor
Design pressure 0.6 MPa (gauge)
Design temperature 100 °C
Structure material Carbon steel + Tantalum or other lining
Table 16 Major specification of H,SO,/HIx separator
Item Specification
Number 1
Type Cylindrical container
Design pressure 0.6 MPa (gauge)
Design temperature 100 °C
Structure material Carbon steel + Tantalum or other lining
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Table 17 Plant construction cost of the HTR50C

System Specification Weight Cost
(t) (1000USD)
1. Reactor
(1) Core Element CR Block 19 columns
Removal Reflector 24columns 57 12,828
(2) Core internal structure $4,930xH8,000 57,252
* Graphite Structure 210
= Metalic Structure 116
(3) Reactivity control system 19 systems - 29,735
2. Main Cooling System
(1) Primary Cooling System
= Reactor Pressure Vessel $5.2xH13.2xt120, SA-533 395 25,249
= Intermedeate Heat Exchanger $1,630H,9300. 7.4MWt - 10,564
= Turbine 6 stages, 34 MWt - 49,124
* Compressor 20 stages, 16.5MWt - incld. above.
= Generator 10,000rpm, 15MWe - incld. above.
= Power Conversion Vessel $3,000xL15,000 - incld. above.
* Heat Exchanger
Recuperator plate-fin, 60 MWt - incld. above.
Pre-Cooler helical coile, 26 MWt - incld. above.
= Heat Exchanger Vessel $3,000xL15,000 - incld. above.
* Primary Piping Co-axial Double Piping - incld. above.
(2) Secondary Helium Cooling System 7.4AMWt - 17,113
3. Engineering Safety Features
(1) Reactor Cavity Cooling System Natural Draft Air Cooling Panel 550 5,445
4. Reactor Auxiliary Systems 122 7,440
5. Auxiliary Helium Systems 40,820
(1) Shutdown Cooling System 5.8MWt -
(2) Primary Helium Purification System purification flow rate 200kg/h -
(3) Primary Helium Storage System 90m>x8.8MPa -
(4) Primary Helium Sampling System Humidity detector, Radiation
detector,etc. -
(5) Secondary Helium Purification System purification flow rate10kg/h -
(6) Secondary Helium Storage System 16.5m°x7.9MPa -
(7) Secondary Helium Sampling System Humidity detector, etc. -
6. Fuel Handing and Strage System 49,408
New Fuel Storage System Equivalent to 1.5 core 200
New Fuel Fabrication System -
Fuel Handling System Fuel Exchange Machine,
Fuel transport Machine 255
Spent Fuel Storage System Equivalent to 2 core 360
Auxiliary Equipments -
7. Instrumentation and Control System - 32,677
8. Electric Facility - 18,673
9. Radioactive Waste Treatment System - 4,080
10. Radiation Management System - 9,600
11. Auxiliary Plant Facilities - 17,502
Horizontal Cross Sectional Area
12. Buildings 1,500m’ - 79,310
Total Plant Construction Cost - 466,820
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Table 18  Unit price of fuel cycle

ltem Value Unit Loss factor
Uranium purchase, conversion 6 1000 JPY/kg-U
Enrichment 13 1000 JPY/kg-SWU 0.5%
Fabrication 1,124 1000 JPY/kg-U 1.0%
Storage 176 1000 JPY/kg-HM
Final direct deposal 266 1000 JPY/kg-HM
Other items for HTR50C

Uranium inventory 148+t-U

Fuel average enrichment 5.3wt %

Tails assay for enrichment 0.25 wt%

Table 19 Annual expenditures
(Unit MS$/y)

Item Cost

Capital Cost 16.6
Operating & Maintenance cost 42
Fuel Cycle cost 10.1

Total 30.9

Table 20 Revised plant construction costs and annual expenditures

Case 1 Case 2 Case 3
Plant construction cost (M$) 466.8 3223 186.7
Annual expenditures (M$/y)
Capital cost 16.6 11.5 6.7
Operation and maintenance cost 42 1.8 1.1
Fuel cycle cost 10.1 4.1 4.1
Total 30.9 17.4 11.9
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Table 21 Technologies developed by JAEA (1/2)

Category

Item

Fuel

e Development of fabrication technology for unique and high quality
coated fuel particles (low failure fraction, irradiation resistance)

o Establishment of data base of fuel particles

o Establishment of inspection standard for fuel particles

Graphite

¢ Development of high grade graphite, IG-110 (high strength, corrosion
and irradiation resistance)

o Establishment of irradiation database of IG-110

o Establishment of graphite structural design guideline

o Establishment of code/ standard for in-core components

Metallic Materials

e Development of heat and corrosion resistant super alloy, Hastelloy
XR (~1000°C, corrosion resistance)

o Establishment of strength data base of 2'/,Cr - 1Mo steel

o Establishment of high temperature structural design guideline

Instrumentation
equipments

¢ Development of fission counter for the wide range monitoring system
under high temperature environment

o Development of uncompensated ionization chamber for the power
range monitoring system

e Development of fuel failure detection system

e Development of in-core temperature monitoring system

Other components

e Development of intermediate heat exchanger

¢ Development of high-temperature isolation valve
¢ Development of hot-gas duct

e Establishment of helium purification technology
e Development of fuel handling system

Technical know-how for
reactor construction

o Transit and installation of king-size components
o Weld and assembly technology of piping and equipments
e Prefab construction of building and piping
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Table 22 Technologies developed by JAEA (2/2)

o Establishment of seismic characteristics of in-core components

e Establishment of evaluation technology for the plate-out behavior of
fission product

Safety evaluation e Establishment of evaluation technology for the lift off behavior of
fission product

o Establishment of evaluation technology for reaction rate of
oxidization of core graphite

o Development and verification of various codes (neutronics, thermal
hydraulics, seismic behavior, FP plate-out and transport, safety
analysis, heat balance of plant during normal operation, plant
dynamics, integrity of high temperature components)

Numerical code

¢ Development of helium compressor

b ) )
Gas turbme * Development of magnetic bearing
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Fig. 22 Flow sheet diagram of the IS process coupled with the HTR50C
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Fig. 23  Plant layout of the HTR50C
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Fig.24 Elevation of the reactor building
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Fig.25 Side view of the reactor building
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Fig. 26 Plan view of the reactor building
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Fig. 28 The revised power generating cost and the heat supply cost of each case
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