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Abstract

Coal is the dominant source of energy in China. This use of coal results in two
significant problems for China; it is a major burden on the train, road and waterway
transportation infrastructures and it is a significant source of environmental pollution. In order
to ease the problems caused by the burning of coal and to help reduce the energy supply
shortage in China, national policy has directed the development of nuclear power. This
includes the erection of nuclear power plants with water cooled reactors and the development
of advanced nuclear reactor types, specifically, the high temperature gas cooled reactor
(HTGR).

The HTGR was chosen for its favorable safety features and its ability to provide high
reactor outlet coolant temperatures for efficient power generation and high quality process
heat for industrial applications. As the initial modular HTGR development activity within the
Chinese High Technology Programme, a 10MW helium cooled test reactor is currently under
construction on the site of the Institute of Nuclear Energy Technology northwest of Beijing.
This plant features a pebble-bed helium cooled reactor with initial criticality anticipated in
1999. There will be two phases of high temperature heat utilization from the HTR-10. The
first phase will utilize a reactor outlet temperature of 700°C. with a steam generator
providing steam for a steam turbine cycle which works on an electrical/heat co-generation
basis. The second phase is planned for a core outlet temperature of 900°C. to investigate a
steam cycle/gas turbine combined cycle system with the gas turbine and the steam cycle being
independently parallel in the secondary side of the plant. This paper provides a review of
the technical design, licensing, safety and construction schedule for the HTR-10. It also
addresses the potential uses of the HTGR for non-electric applications in China including
process steam for the petrochemical industry, heavy oil recovery, coal conversion and
seawater desalination.

1 The HTR-10 Project

1.1 Project background

The rapid economic development in China at present and in the future demands
correspondingly rapid increases in energy supply. Coal plays the dominant role in China's energy
supply systems, which causes great problems in terms of transport burden and environmental
pollution. To ease the overall problem of energy supply shortage and the problems caused by coal
burning, China has decided to make much use of nuclear energy. Besides the erection of nuclear
power plants with water cooled reactors, the national nuclear policy also includes the development of
advanced nuclear reactor types to prepare for more intensified utilization of nuclear energy in the
next century.

The high temperature gas-cooled reactor (HTGR) is the only reactor type which can offer a
coofant temperature over 700°C. This feature has two benefits: it makes power generation very
efficient; and it can supply process heat for a variety of industrial applications. In the last decades,
the development of HTGR technology has focused on modular reactor designs. These are
characterized by favourable safety features, particularly in the area of inherent safety. China
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recognizes the advantages of the modular HTGR and has decided to develop this technology. In the
energy supply systems of the next century, the HTGR will have two roles, namely to supplement
water-cooled reactors for electricity generation and to provide an environmentally friendly heat
source, providing process heat at different temperatures for various industrial applications.

As the first important step of the modular HTGR development, a 10 MW helium cooled test
reactor (termed as HTR-10) shall be built. It is projected within the framework of China's High
Technology Programme. The test reactor will be erected on the site of the Institute of Nuclear Energy
Technology (INET) in a northwest suburb of Beijing.

In China, research and development work on HTGR technology started in the 1970s. Before
the HTR-10 project was finally approved in 1992, R&D activities had focused on fuel fabrication,
helium technology, design methodology, concept design and application potential studies.

1.2 Project objectives

The HTR-10 project is to be carried out in two phases. In the first phase, the reactor will be
operated with a coolant outlet temperature of 700°C. It will be coupled with a steam generator
providing steam for a steam turbine cycle which works on an electricity / heat co-generation basis.
The process flow diagram of the first phase is given in Fig. 1. In the second phase, it is planned to
raise the reactor coolant outlet temperature to 900°C. A gas turbine cycle, with an intermediate heat
exchanger (IHX) in between, will be coupled to the reactor in addition to the steam turbine cycle. The
process flow diagram of the second phase is given in Fig. 2. Experimental studies on high
temperature process heat application, e.g. coal gasification, are also planned to be performed using
the nuclear heat of HTR-10. Construction of HTR-10 is scheduled to be completed before the end of
the century. When the HTR-10 has been erected, it will enable the following aims to be met:

• Acquiring know-how in the design, construction and operation of HTGRs.
• Establishing an irradiation and experimental facility.
• Demonstrating the inherent safety features of modular HTGR.
• Testing electricity / heat co-generation and closed gas turbine technology.
• Carrying out R&D work on high temperature process heat application.

7 O0 °C

Reactor
10 MW

250 §<:
3.0-1 MPo

H«.- CircwkiU-i

FIG. 1. Flow scheme of HTR-10 steam-turbine cycle.
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FIG. 2. The HTR-10TM/GT-ST Cycle Process.

1.3 Technical design of the HTR-10 test reactor

Technical design of the HTR-10 test reactor represents the features of modular HTGR
design. Reactor core and steam generator are housed in two steel pressure vessels which are
arranged in a "side-by-side" way (Fig. 3). The two vessels are connected to each other by a
connecting vessel in which the hot gas duct is designed. All these steel pressure vessels are in touch
with the cold helium of about 250°C coming out from the circulator which sits over the steam
generator tubes in the same vessel. The key design parameters, are listed in Table 1.

Spherical fuel elements (6 cm in diameter) with coated particles are used. The reactor core
contains about 27,000 fuel elements forming a pebble bed which is 180 cm in diameter and 197 cm
in average height. Graphite serves as the main material of core structures which mainly consist of
the top, bottom and side reflectors. The ceramic core structures are housed in a metallic core vessel
which is supported on the steel pressure vessel. Side reflector is 100 cm thick. In the side reflector,
cold helium channels are designed in which helium flows upward after entering the reactor from
between the connecting vessel and the hot gas duct. Helium flow reverses at the top of reactor core
into the pebble bed, so that a downward flow pattern takes place in it. After being heated in the
pebble bed, helium enters into a hot gas chamber in the bottom reflector, and from there it flows with
reactor outlet temperature through hot gas duct to the heat exchanging components.

The steam generator is composed of a number of modular helical tubes which are arranged
in a circle between two insulation barrels inside the steam generator pressure vessel. The place
inside the inner barrel is foreseen for the IHX which is to be installed in the second phase of the
project. The IHX will be a large helical tube type with the primary helium flowing outside the tubes.

Decay heat removal is accomplished on a completely passive basis. At a loss of pressure
accident, against which no core cooling is foreseen at all, decay power will dissipate through the core
structures by means of heat conduction and radiation to the outside of the reactor pressure vessel,
where, on the wall of the concrete housing, a surface cooling system is designed. This system works
on the principle of natural circulation of water and it takes the decay heat via air coolers to the
atmosphere. In fact, this surface cooling system is designed to protect the vessel and concrete
structures more than the ceramic reactor core from being overheated by decay power.
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FIG. 3. HTR-10 reactor and steam generator arrangement in the primary cavity.

There are two reactor shutdown systems, one control rod system and one small absorber ball
system. They are all designed in the side reflector. Both systems are able to bring the reactor to cold
shutdown conditions. Since the reactor has strong negative temperature coefficients and decay heat
removal does not require any circulation of the helium coolant, turning off the helium circulator can
also shut down the reactor from power operating conditions.

Spherical fuel elements go through the reactor core in a "multi-pass" pattern. Fuel pebbles
are continuously discharged via a pneumatic pulse single-exit gate (or better called "serializeO which
is placed inside the reactor pressure vessel. The bum-up of the discharged fuel elements is
measured individually and those fuel elements which have not reached the limit value will be sent
back pneumatically to the reactor core.
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Table 1 Key design parameters of the HTR-10 test reactor

Items
Reactor
Thermal power
Average core power density
Reactor core diameter
Average core height
Primary helium pressure
Average helium temperature at reactor inlet / outlet
Helium mass flow rate at full power
Number of control rods in side reflector
Number of absorber ball units in side reflector
Nuclear fuel
Heavy metal loading per fuel element
Enrichment of fresh fuel element
Number of fuel elements in reactor core
Fuel loading mode
Steam generator
Thermal power
Primary helium inlet / outlet temperature
Live steam pressure at steam generator outlet
Feedwater / live steam temperature
Live steam flow rate
Intermediate heat exchanger (IHX)
Thermal power
Primary helium inlet / outlet temperature
Secondary nitrogen pressure
Secondary nitrogen inlet / outlet temperature
Secondary nitrogen flow rate

MW
MW/m3

cm
cm

MPa
°C

kg/s

g
%

MW
°C

MPa
°C

kg/s

MW .
°C

MPa
°C

kg/s

First phase Second phase

10
2

180
197
3.0

250 / 700 300 / 900
4.3 3.2

10
7

UO2

5
17

27,000
multi-pass

10 5
700/250 600/287

4.0 4.0
104/435 104/435

3.47 1.75

5
900/600

3.2
483/850

11.2

No pressure-containing and leak-tight containment is designed. The concrete compartments,
which house the reactor and the steam generator as well as other parts of the primary pressure
boundary and which are preferably called as confinement, together with the accident ventilation
system, serve as the last barrier to the radioactivity release into the environment.

1.4 Project progress

1.4.1 Safety review and licensing

The Environmental Impact Report (EIR) of HTR-10 was compiled and submitted it to the
National Environmental Protection Administration (NEPA) in the mid of 1992. The report was
reviewed by an expert committee, then NEPA approved the EIR of HTR-10 in November 1992.

The Siting and Seismic Report (SSR) of HTR-10 was submitted to the National Nuclear
Safety Administration (NNSA) and the reactor site was approved in December 1992.

The Preliminary Safety Analysis Report (PSAR) and the Quality Assurance Programme
were completed and submitted to NNSA for the application of the construction permit (CP) in
December 1993." The activities of the CP licensing procedure lasted for one year. NNSA formally
issued the construction permit for HTR-10 in December 1994.

1.4.2 Design of HTR-10

For the design and licensing requirement, INET has prepared two technical documents which
are the Design Criteria for HTR-10 and the Format and Content of the Safety Analysis Report of
HTR-10. These two documents were reviewed and approved by NNSA in August 1992 and March
1993 respectively.
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The basic design and budget estimate of HTR-10 was carried out in the mid of 1994 and then
examined and approved by both the State Education Commission (SEC) and the State Science and
Technology Commission (SSTC) before the end of 1994.

The detailed design of the components, systems and buildings is being carried out by INET
under cooperation with sub-contractors who are respectively responsible for the helium purification
system and other helium auxiliary systems, the turbine generator system and its building. For the
detailed design of the main components e.g. the reactor pressure vessel, the steam generator and
the helium circulator, design engineers of INET have closely contacted and discussed with the
manufacturing engineers to modify and improve the designs. The detailed design of HTR-10 is
scheduled to be completed in the next year.

1.4.3 Engineering experiments

A programme of engineering experiments for the HTR-10 key technologies is being
conducted in INET. The main aims of these engineering experiments are to verify the designed
characteristics and performance of the components and systems, to give feedback on design and to
obtain operational experiences.

The various experimental facilities have been set up or are being established. Some
experiments are being made. The key engineering experiments are as following:

• high temperature helium test loop and the relevant helium technology
• fuel handling system test
• control rod driving mechanism test
• small absorber ball simulating system
• hot gas duct test facility
• stability test of the steam generator
• helium flow temperature mixing
• pebble bed flow pattern

The test components of the fuel handling system and the small absorber ball system, the
prototype of the control rod driving apparatus and the test section of the hot gas duct are designed
in 1:1 scale. The tests are to be performed at operation temperatures and under helium atmosphere
condition. The tests of the fuel handling system and the small absorber ball system under air
condition at room temperature have been carried out.

1.4.4 Manufacturing of the main components

The main HTR-10 components, such as the reactor pressure vessel and its metallic
internals, the steam generator vessel and its internals and the helium circulator are fabricated by
domestic factories which have the ability and experience of manufacturing PWR's components.
Graphite blocks for core internals and part of the safety grade helium valves will be imported from
foreign suppliers. Spherical fuel elements will also be made indigenously.

The reactor pressure vessel is a safety grade I component. It has an overall height of 11.4 m,
and a diameter of 4.2 m. The total weight is 142 t. It is fabricated by Shanghai Boiler Works. The
metallic core internals, which consist of the metallic core vessel, top thermal shielding structure and
the bottom support structures, will be manufactured by Shanghai Machine Works No.1. The reflector
graphite blocks will be supplied by Toyo Tanco Co.. Ltd. of Japan. The final machining of the graphite
blocks is to be done in the workshop of INET. The carbon bricks of the reflector will be domestically
fabricated.

The steam generator pressure vessel as part of the primary pressure boundary is also a
safety grade I component. It has a height of 11.2 m, a diameter of 2.5 m and the total weight is 70 t.
The once-through type steam generator consists of 30 small helical heating tubes. This component
(vessel and internals) is fabricated by Shanghai Power Station Auxiliary Equipment Works.

The helium circulator is a vertical single-stage centrifugal one with the impeller at the end of
the shaft. The circulator has the same axle with its driving motor and is fixed in the circulator
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pressure vessel which is the top part of the steam generator vessel. The helium circulator is
fabricated by the Shanghai Blower Works.

The original German NUKEM manufacturing apparatus for fuel elements fabrication were
transferred to INET in the first half of 1995, so that fuel elements for HTR-10 are to be fabricated by
INET itself.

The components of the fuel handling system, the helium purification system and other
auxiliary systems will also be domestically made.

1.4.5 Building construction

The HTR-10 test plant includes a reactor building, a turbine generator building with two
cooling towers and a ventilation centre with a stack. The buildings are to be arranged and constructed
on an area of 100x130m2. Overall arrangement of these buildings is shown in Fig. 4.

Civil engineering work of the buildings are contracted" to engineering companies of China
National Nuclear Corporation (CNNC). The ground excavation was completed at the end of 1994.
The first concrete of the reactor building fundament was poured on 14. June 1995. Civil work of
building construction is now underway.

1.4.6 Time schedule

The time schedule for the HTR-10 project is shown in Table 2. The reactor building
construction will last for two and a half years and is scheduled to be complete at the end of
1997. In parallel, the manufacturing and installation of components, and systems will closely
follow the progress of building construction and will be complete at the end of 1998. The first
criticality of the reactor is planned to be reached in the beginning of 1999.

Table 2 Time schedule of the HTR-10 test reactor project

1994 1995 1996 1997 1998 1999

Milestone

Basic Design
Detailed Design
Construction
• Site Preparation
• Building
• Manufacture of Components
• Installation
Commissioning
• Critical
• Test
• Power Operation

Construction
.ice nee

it
First Concrete

ft ft '
FSAR Critical Power

Operatinon Ope ratio

2 Potential Use of HTGR for Non-electric Applications in China

Modem modular design of HTGR plants is characterized by excellent safety features. These
plants can be built near highly populated areas. This, together with the capability to provide high
temperature process heat, allows modular HTGR to be used for a variety of non-electric applications.
As part of the national nuclear policy, utilization of nuclear energy for heat supply is promoted in
China. Utilization of nuclear energy instead of fossil fuels for heat supply can help to ease the
problems of energy supply shortages and environment pollution.

217



00

Ventilation center

KiOOO
Pror'fss v.
appiicnijinns ^ Cooling tower

^ ! / •164.92

ll :"
"164.16

)• building

• J6-1.00
16-1.3

164.21

Turbine building

63*0

37000

10000

F/G. 4. HTR-10 site layout.

1



2.1 Process steam for petrochemical industry

Petrochemical industry is a large energy consumer in terms of both electricity and process
heat consumption. HTGR plants, working on a co-generation basis, are a suitable energy supplier in
this field. In the late 1980's, a Sino-German joint study was made on the application of modular
HTGR in petrochemical industry. The complex of the Yan Shan Petrochemical General Corporation
(YSPGC) has been selected as the reference user candidate in the study.

The annual energy consumption for supplying steam, process heat and electricity in the
YSPGC complex is in the range of 1.2 million tons of oil. The total requirement of steam in the
different pressure and temperature ranges is approx. 730 t/h in summer and 1650 t/h in winter. The
steam parameters are 118bar / 500° C, 47~50bar / 450°C, 34~39bar / 350° C and 8~13bar/ 280° C.
The way of steam supply is mainly by steam-electricity co-generation. Total electricity supply
capacity in the plant area was up to 120MWe in 1987 and shoufd be increased in the following years
for expanded production capacity.

Based on the above demand on steam and electricity, a HTGR-4-module plant is suggested
with the following key parameters:

• Thermal power output: 4 x 200 MWth =800 MWth
• Live steam mass flow: 4 x 2 5 0 t/h = 1000 t/h
• Live steam pressure / temperature: 190 bar / 530 °C

The four modules supply the steam for operating three back-pressure turbines and for providing the
heat source for four process steam systems (Fig. 5). The secondary water/steam circuit is separated
from the process steam systems by heat exchanging components to avoid mixtures. The industrial
process water feeding the four process steam systems is taken from a cold water storage and jointly
preheated up to 170°C. The outputs of the overall plant are as follows:

• Electricity output of generator: 139 MWe
• Process steam of 118bar / 500°C: 30.24 t/h
• Process steam of 48bar / 450°C: 73.08 t/h
• Process steam of 36bar/350°C: 310 t/h
• Process steam of 10bar / 280°C: 500 t/h

In the joint study, another reference plant design with two ABB-HRB reactor modules was also made.

The economic analysis performed within the framework of the joint study show that HTGR
plants for the application in petrochemical industry are competitive with comparison to fossil fueled
plants on the basis of international market price for fossil fuels. With the energy market in China
becoming more and more international and due to the fact of huge energy consumption by the
chemical industry, HTGR should have a large application potential in this field.

2.2 Heavy oil recovery

The heavy oil geological reserve is relatfvely rich with respect to the overall oil reserve in
China. It is estimated that heavy oil resources constitute about one-sixth of the total crude oil
reserve. Since the beginning of 1980s, heavy oil recovery by injecting steam had been practiced in
several oilfields in order to increase the crude oil production. In the pilot areas of thermal recovery,
the injected steam is generated with small oil-fired boilers. About 30-40% of the produced crude oil
should be consumed for generating the injected steam. Using HTGR instead of oil-fired boilers is an
option for the technology of heavy oil thermal recovery.

For the investigation on the use of HTGR in heavy oil recovery, a Sino-German joint study
was performed in the late 1980s. In this study, the Shanjiasi section of Shengli oilfield has been
selected as a reference case. The main aims of the study are to find out whether (a) the physical
properties of the Shanjiasi reservoir are suited for a steam driving process with a HTGR plant and (b)
the nuclea- steam is economic compared to conventional steam generated by oil-fired boilers.

'Me heavy oil resource of the reservoir is expected to be about 66-1 OOMt. Production
capac * by means of thermal recovery aims at about 1Mt per year with subsequent upgrading in a
specir! refinery. In the study, a heavy oil recovery scenario with soak and drive process is proposed
(Fig. 5). In this scenario, oil production capacity of 1 Mt per year may last for about 13 years with
stesm soak and steam drive process. Then, production with steam soak should decrease, and
production with steam drive process should remain for the rest 20 years. It means that in total, a
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FIG. 6. The transition from conventional to HTR steam generation
(1 HTR, OOIP = 66 Mt, steam-oil ratio = 4 for steam drive phase).

duration of about 33 years with a nearly continuous oil production of 0.5 Mt per year by means of
nudsar steam. According to preliminary investigation, a steam-to-oil ratio of 4 can be expected.
Urdar this boundary condition, a steam production capacity of 2 Mt/a ( equivalent to 250 t/h) by
HTGR is needed. This steam amount can be generated by a 200 MWth modular reactor. In the
s'ady, a 2-Module plant is proposed as an energy source for the Shanjiasi oilfield which also
reduces electricity to meet the electricity demand in the oilfield area. It is proposed to interconnect
the water/steam circuits of the two steam generators so that the plant works on a co-generation basis
(Fig. 7). The plant has an electrical output of about 75 MW. The HTGR co-generation plant for the
utilization in heavy oil recovery can be a technically and economically viable option under certain
conditions concerning mainly the plant properties, the oil 'price development and the capital
investment.

The study on the case of Shanjiasi oilfield should be taken as a sample. Other oilfields with
similar properties can also be good candidates for utilizing HTGR in their heavy oil recovery.

2.3 Coal conversion

It is estimated that to the mid of the next century, the gap between national demand and
indigenous supply of oil in China will reach to 200-300 Mt. Therefore, the shortage in the supply of
liquid form energy carriers will become an increasingly serious problem. China is richly endowed with
coal resources which are estimated at about 970 billion tons. Converting coal into liquid form energy
carriers will be a technical option to ease the above problem. It is estimated that about 40% of the
coal resources in China is suitable for gasification process. HTGR is the only reactor type which can
provide high temperature heat for coal conversion processes. Therefore, there is potential for HTGR
to be used in this field. There are active R&D activities on coal conversion technology with HTGR in
China and it is expected that HTGR will play an important role in this regard from a long term point of
view.

2.4 Other applications

District heating with HTGR on a co-generation basis is a viable option for Chinese conditions.
There are lots of highly densely inhabited cities, towns or zones. District heating is a common
practice, there is a relatively good infrastructure for nuclear district heating.
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FIG. 7. HTR-2-module plant for cogeneration of injection steam and electric power.

Seawater desalination is another application aspect of modular HTGR. Shortage in fresh
water supply in a number of coastal cities or areas is a serious problem. There have been recently
activities in the direction of using low temperature water cooled reactors for seawater desalination. As
long as modular HTGR becomes a available technology, it can also supply low parameter steam for
desalination purposes with only minor design modifications in the power conversion part.

Other non-electric applications of modular HTGR from a long term point of view may include
high temperature process heat supply for hydrogen production processes and for metallurgical
processes.

3 Summary

Great importance is attached in China to the development of modular high temperature gas-
cooled reactor technology. As the first important step, a 10 MW test reactor is now being constructed
and is scheduled to be erected before the end of this century. Non-electric applications like district
heating and coal conversion with nuclear energy are to be tested with the test reactor.

There is a large potential in China to use HTGR for non-electric applications in the future.
These applications can cover a wide range of process temperature. Seawater desalination, district
heating, heavy oil recovery, process steam for petrochemical industry, high temperature heat supply
for coal conversion or other processes are possible utilization areas.
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