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Abstract

The first Advanced Boiling Water Reactor (ABWR) started commercial operation as Tokyo Electric
Power Company's (TEPCO) Kashiwazaki-Kariwa Nuclear Power Station Unit No.6 (K-6) in November 1996
and its sister Unit No.7 (K-7) in July 1997. The ABWR was developed to achieve higher reliability and safety
margin while improving overall operability and economics. To achieve these goals, the optimal Boiling Water
Reactor (BWR) technologies had been studied, tested and were finally adopted into the ABWR design. These
technologies were called "First of a Kind" and include the Reactor Internal Pump (RIP), Fine Motion Control
Rod Drive (FMCRD), Reinforced Concrete Containment Vessel (RCCV), and integrated digital Instrumentation
and Control System (I&C). Intensive development study, confirmation tests and verification tests were conducted
by the plant equipment suppliers, electric utilities, and government agencies. During plant construction, the
system and equipment functions and operational characteristics were confirmed through various tests. Before the
start of the commercial operation, it was confirmed that these first ABWR units met all the design goals that had
been established for the next generation of nuclear power plants. Both units have now completed the first fuel
cycle of operation without any unplanned plant shut down and have achieved very high availability factors. This
paper describes the development and construction of these first ABWR units in the world.

1. INTRODUCTION

The first Advanced Boiling Water Reactor (ABWR) started its commercial operation when
Tokyo Electric Power Company's (TEPCO) Kashiwazaki-Kariwa Nuclear Power Station Unit No.6
(K-6) was taken into operation in November 1996; its sister Unit No.7 (K-7) followed in July 1997.
An outlook of the two plants is shown in figure 1.

1.1 Development Purpose
Based on the long construction and operation experience that has been accumulated in the

USA, European countries, and Japan, the Japanese BWR utilities and BWR equipment suppliers
identified the need to develop the next generation of BWR as a means of achieving broad scope
improvements throughout the nuclear power plant design, construction and operation. High level
goals were established for this development effort and they were: higher levels of safety and
performance, improved operability, and cost effectiveness. To achieve these goals, the following
detailed objectives were established:

• Core Damage Frequency less than 10'7

• Construction period from Rock Inspection to Commercial Operation less than 48 months

• First Refueling Outage period less than 55 days

• Occupational Radiation Exposure less than 0.36 man-Sv per year
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FIG. I Outlook ofK-6 (right) andK-7 (left)
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FIG. 2 Development History and Commercial Application Schedule

1.2 DevelopmeHt History

About 20 years ago, TEPCO saw a need to combine the best BWR technologies from around
the world in order to aggressively pursue the development of the most reliable, maintainable, and
efficient BWR possible. To implement TEPCO's idea, the world's BWR suppliers formed an
Advanced Engineering Team (AET) consisting of GE of USA, Hitachi and Toshiba of Japan, ABB
Atom (formerly ASEA-ATOM) of Sweden, and Ansaldo MN from Italy. The feasibility of this
ABWR project was studied by the AET, and the result was presented to TEPCO. Upon receipt of this
report, TEPCO decided to proceed with the development of the ABWR. A series of ABWR joint
study programs, between the six (6) Japanese BWR utilities and GE, Hitachi, and Toshiba BWR
suppliers, were conducted in which key technologies were studied and verified. At about that time, the
ABWR was adopted in the Japanese government's Third Improvement and Standardization Program
for nuclear power plants. Through these development programs, the ABWR feasibility was fully
demonstrated, and TEPCO announced the adoption of ABWR for their K-6 and K-7 units in 1987.
The development history is shown in figure 2.

1.3 Key Technologies

Many new technologies called "First of a Kind" were scrutinized, tested, and demonstrated.
Finally, the following systems and equipments were selected for application to the ABWR.

236



The Reactor Internal Pump (RIP) was adopted for the reactor recirculation system in place of
the conventional external loop system. The external loop piping and large pumps are replaced with ten
(10) RIPs, which are directly attached to the bottom of the Reactor Pressure Vessel (RPV).

The Fine Motion Control Rod Drive (FMCRD) was developed and adopted in place of the
conventional Locking Piston Control Rod Drive (LPCRD). The FMCRD is driven by a stepping
motor for the normal operation, and a hydraulic system is utilized for the emergency scram operation.

The reactor Primary Containment Vessel (PCV) has typically been a thick steel containment
vessel in past designs but, for the ABWR the Reinforced Concrete Containment Vessel (RCCV) was
adopted. In this design, a thin steel liner plate provides the leakage prevention function while the 2-
meter thick reinforced concrete provides the pressure containment function.

Three complete divisions of Emergency Core Cooling Systems (ECCS) are provided for a total
compliment of three high pressure core injection systems and three low pressure core injection
systems.

Large low pressure turbine with 52-inch last stage blades and Moisture Separator ReHeater
(MSH) were adopted for improved turbine system thermal efficiency. Two types of heater drain
forward pumping systems, i.e., the High Pressure Drain Pump system (HPDP) and the Low Pressure
Drain Pump system (LPDP), are used to achieve better thermal efficiency.

Integrated digital control and instrumentation system architecture was adopted for the first time.
Control and instrumentation signals are converted into digital signals, and they are conveyed through
series of fiber optic multiplex data links. The main control room panel is totally redesigned from a
human factors viewpoint. Plant operations can be achieved at the main control console by touch
operation on Cathode Ray Tubes (CRT) or flat-panel displays. Major plant parameters are shown on
the wide display panel so that all the operators in the control room can share the most important
information at the same time. All the annunciators are displayed by different colors according to its
importance.

Out of these key ABWR technology developments, the RIP, RCCV, and Instrumentation and
Control are described in further detail in this paper.

2. REACTOR INTERNAL PUMP

2.1 Development Objective

A conventional BWR uses two (2) external pumps and ten (10) sets of jet pumps for the reactor
cooling water recirculation purpose called the Primary Loop Recirculation (PLR) system. However
this PLR system required a large primary containment volume to house those external pumps and
piping. Also, that external loop piping can be the source of high occupational radiation exposure for
the maintenance crew. In consideration of these points, direct mounting of the recirculation pumps to
the RPV bottom head was considered.

2.2 Joint Studies

The RIP technology was developed in Europe, and has been used in the European BWRs for
years. However, due to the differences in regulations and/or industrial practice in Japan, it was
necessary to test the RIPs to study their applicability in Japanese BWRs. Two sets of RIP were
purchased from a European vendor and they were tested in Japanese test stands as part of a series of
utility-supplier joint study program. Included within those programs were: conceptual design of RIP
system, pump verification tests, seismic evaluations, handling equipment development, and core flow
related studies. At the same time, the core transient and accident operations with RIP were tested and
analyzed. The test results were incorporated into the core transient simulation computer program.
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2.3 Government Tests

The government of Japan, Ministry of International Trade and Industry (MITI), has conducted
the Improvement and Standardization Program (ISP) for the improvement of the Light Water Reactor
(LWR) based on the construction and operation experience in Japan. The third phase of that ISP
focused on the development of the advanced BWR and PWR.

As a part of the third ISP, RIP verification testing was conducted at the Nuclear Power
Engineering Corporation (NUPEC) in Japan. Two imported RIPs were tested at the NUPEC test loop
as a performance Verification Test. The test loop had a full scale 60 degree sector of the ABWR
vessel with full size lower plenum reactor internal equipment mocked-up. [An overview of the RIP
arrangement at the bottom of the RPV is shown in figure 3.] Through that series of tests, the
applicability of the RIP system to the ABWR was confirmed by the government agency. The test
results were issued as a public document.

During the Verification Tests, Japanese suppliers Hitachi and Toshiba started the development
of the RIP applying their own technology. When these Japanese RIP developments were completed,
they were used for the NUPEC Proving Test. This Proving Test was conducted to confirm the
integrity of the welds that join the RIP casing and the RPV to withstand the effects of pump induced
vibrations; the integrity of the RPV nozzle to which the RIP casing is welded to withstand the effects
of thermal and mechanical stress associated with the increased flow; and the integrity of the welds
that join the Reactor Internals and the RPV to the effects of Flow Induced Vibration (FFV) under
anticipated increased core flow operating condition.

2.4 Japanese Supplier Development

Japanese suppliers Hitachi and Toshiba developed their own RIP designs based upon extensive
component testing. Many types of thrust and axial bearing designs were tested, and the bearings
which had the best stability characteristics were selected. To achieve high efficiency and optimal
head/flow characteristics, many hydraulic models of the Impeller and Diffuser were developed. To
minimize the leakage potential from the RPV, the entire RIP (including motor) are enclosed within the
RPV primary pressure boundary. Motor winding integrity in the high temperature and high pressure
water condition was confirmed through tests. An anti rotation device was developed to avoid RIP
reverse rotation when one pump stops while other pumps continue operation.

When all component design was complete, a full size prototype RIP was assembled and tested
at the supplies' in-house test stand. A series of tests under both normal operating conditions and
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abnormal plant conditions were conducted which, confirmed that the RIP that had been developed had
adequate performance and characteristics suitable for the actual plant application. After these in-
house tests, these RIPs were used for the Proving Test conducted at NUPEC.

At the same time, 1/5 scale model tests were conducted. Tests were done with one (1) pump to
confirm single pump performance characteristics, and ten (10) pump tests were conducted to demon-
strate the in vessel flow dynamics and expected stress levels due to Flow Induced Vibration. Also,
interactive effects, such as pump re-start under reverse flow conditions was confirmed.

Prior to shipment of the actual production units, all RIPs were tested at the in-house test stand.
They were tested with a power supply system exactly like that which is used in the actual plant
installation. Each RIP is connected to one Adjustable Speed Drive (ASD), and three (3) ASDs are
connected to one Motor-Generator (M-G) set. RIP characteristics, such as head/flow curve or pump
efficiency, were confirmed. Since the in-house test stand can test only one pump at a time, RIP tests
that address the interactive affects between pumps in operation can only be done after the site
installation. Partial pump operation condition and simulated accident conditions were tested before
the fuel loading. After the fuel loading, reactor power was raised progressively to 20%, 50%, 75%,
and 100% power condition. At each power condition, tests at anticipated plant transient conditions
were conducted, and the test results were compared with the analysis results or the model tests that
had been previously conducted.

Through the completion of these tests, it was confirmed that the newly developed RIPs can
achieve expected performance before the start of the commercial operation.

3. REINFORCED CONCRETE CONTAINMENT VESSEL

3.1 Development Objective

Conventional BWRs use 38mm thick steel plates to construct the Primary Containment Vessel
(PCV). The PCV is designed to prevent the release of non-condensable gases and steam postulated to
occur under the conditions of a design basis Loss of Coolant Accident (LOCA). As a steel contain-
ment, there are some restrictions on how such a vessel can be configured. Also, during the construc-
tion, building concrete can only be poured after the leak test of the steel PCV has been confirmed. To
improve these condition, the adoption of the RCCV was considered. The RCCV has been previously
applied in some BWR-6 plants outside of Japan.

With the application of the RCCV, the accident condition pressure is sustained by two 2-meter
thick reinforced concrete, while gas leakage is controlled by a 6.4 mm thick steel liner plate.

3.2 Joint Studies

The series of Joint Study titled "Evaluation on RCCV Configuration and Confirmatory Test to
Establish Code" was conducted among the BWR utilities and plant suppliers, with civil contractors
providing technical support. Extensive tests were conducted on the each elements of the RCCV
including full sector modeling. Test items are listed below.

• Structural integrity tests

* Shear stress test on reinforced concrete
* Test on the RCCV openings
* Test on the RCCV top slab
* Test on the RCCV brackets and its anchor
* Test on the structural characteristics on RPV pedestal
* Test on the rebar joints
* Full sector 1/6 scale model
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• Liner and Penetration tests

* Shear stress test on liner anchor
* Thermal impact test on liner and liner anchor
* Thermal load test on high temperature piping penetration
* Stress test on penetration anchor

With the results of these tests, the design base for the RCCV were established and the basic
data, to be used for the establishment of regulatory licensing guidelines by the Japanese government,
was developed.

3.3 Site Installation and Testing

The RCCV steel liner plate is pre-assembled in the shop in sections as large as possible, within
the size of transportation restrictions. The sections were pre-assembled into twenty nine (29) meter
diameter cylindrical units at a location immediately adjacent to the reactor building and directly
carried into the building using a 925 ton capacity large mobile crane. The concrete is poured around
the RCCV liner plate after the rebar is installed. The reinforced concrete of the RCCV is integrally
interconnected with the concrete floors and walls of the Reactor Building. Therefore, the construction
of the RCCV can be done simultaneously with the building construction.

The Structural Integrity Test (SIT) is a test to confirm the extent of swelling expected when the
RCCV is pressurized and also to confirm that crack propagation under such condition is within
acceptable limits. The SIT was not required for the conventional PCV because of the configuration
difference. Full scope of SIT measurement was done only for the first unit (K-6). For subsequent unit
(K-7), SIT without strain measurement was applied. The measurements at K-6 showed that the actual
swelling of the inner diameter was not as predicted due to conservatism in those calculations.

The Air Pressure Test and Leak Rate Test are conducted to confirm the vessel integrity and leak
rate under pressurized condition. These tests have been done in the past on conventional BWRs but
the test timing is much earlier for the RCCV. Actual test results demonstrated that the leak rate was
well within the specification limit.

4. INTEGRATED DIGITAL INSTRUMENTATION AND CONTROL

4.1 Development Objective

To meets strong needs for higher reliability and cost-performance, the advanced control and
monitoring system has been developed by rationalizing the conventional technology in the field. The
rationalization was done through the utilization of reliable digital technology and optical information
transmission technology, and others, which are now commonly used in computer applications. The
goal of the development work is to ensure safe, stable operation of the plant and to secure harmony
between man and machine.

The latest electronic devices are employed to create an advanced human interface to alleviate
the burdens of the operators, and digital technology has been applied to the safety related systems
based upon sufficient operational experience of non-safety digital systems in order to further enhance
reliability and maintainability of the plant.

4.2 Joint Study

Several joint studies between Japanese BWR utilities and Japanese suppliers were conducted.
These studies focused on operational improvement using man-machine interface technology, control
and information system configuration, application of digital technology into the safety related
systems.

At the same time, plant operator work load was analyzed to determine the best main control
room configuration. Series of interviews to the operators and motion analysis were conducted. The
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FIG. 4 K-7 main control room panels

results of these studies were combined into the partial mock up test panels, with which more detailed
analysis was conducted. Finally full size wooden mock up test panel was made for the operability
confirmation by the operator.

4.3 Human Interface

The design philosophy has two main points: 1) to further facilitate and ensure monitoring and
operation, and 2) to make plant operation more efficient. To attain these goals, the control board
configuration consists of a main control console and a wide display panel (cf. figure 4). The display
panel presents, simultaneously, important information on the plant to all of the operators involved,
while the compact main control console provides integrated information for normal monitoring and
operation.

These consoles and panels have flat-panel displays as well as CRT displays with touch opera-
tional support to realize compact human interface. The alarm system is another feature. Conven-
tionally, there are about 1600 windows provided, whereas on the display panel about 70 essential
alarm windows and about 140 system alarm windows selected from among many that are arranged to
furnish collective information of the plant. When a particular hardware window begins to blink, the
CRT and flat-panel displays present detailed information in a hierarchy. In order to facilitate the
operators' understanding of the plant status, each alarm window is designed to display in three colors
the degree of various effects on the operation.

With the adoption of these new features, it was very important to train plant operators before
the ABWR plant went into the pre-operational stage. The full size plant simulator with various
condition simulation function was installed in BWR Operator Training Center Corporation which is
jointly owned by the Japanese BWR electric utilities and the BWR suppliers. TEPCO operating crew
have been well trained in the facility before the actual plant operation.

4.4 Verification and Validation

From the Quality Assurance / Quality Control view point, it is very important to confirm the
adequacy of the software. For this purpose, Verification and Validation (V&V) is conducted for the
safety-related systems. V&V is defined in Japan in technical standard JEAG-4609 (Application
Criteria for Programmable Digital Computer System in Safety-Related Systems of Nuclear Power
Plants) of the Japan Electric Association. Besides utilization of POL(Problem Oriented Language)
and simple software structure have made it easy to understand the function and review its quality.
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V&V is conducted step by step as shown below :

Verification of System Design Specification
Verification of Software Design Requirement Specification
Verification of software design and implementation
Verification of integrated hardware and software
Validation tests

5. OTHER FIRST OF A KIND TECHNOLOGY

As mentioned in Article 1.3, Key Technology, there are several other technologies that have
been applied for the first time in Japan with the ABWR. A brief explanation of other key technologies
is provided below.

5.1 Fine Motion Control Rod Drive

BWR plants apply bottom entry Control Rods (CR). Conventional BWRs utilize hydraulically
operated Locking Piston Control Rod Drive (LPCRD) and these LPCRDs position the CR within
152.4 mm increments.

To reduce the thermal impact on the fuel associated with the insertion and the withdrawal of the
CR, a finer CR positioning was desired. The FMCRD applies a ball nut and screw which is driven by
a stepping motor, and has the ability to position the CR at increments of 18.3 mm. Normal CR
withdrawal and insertion is done by the stepping motor rotation while emergency CR insertion, or
scram, is accomplished by separate hydraulic power.

With the application of the electrical motor, simultaneous CR withdrawal/insertion became
possible. This new features enables a significant reduction of the plant start-up time. The capability to
insert the CR with the electric motor provides a redundant means for the assuring CR insertion.

5.2 Three Division Emergency Core Cooling System

Conventional BWRs typically have one (1) High Pressure Core Spray system, one (1) Low
Pressure Core Spray system, and three (3) Low Pressure Core Injection system for the Emergency
Core Cooling System (ECCS). To enhance the high pressure core injection capability and its redun-
dancy, three (3) fully separated high and low pressure core injection systems were incorporated in the
ABWR. Two (2) High Pressure Core Flooder systems, and one (1) Reactor Core Isolation Cooling
system are used for high pressure core injection. Three (3) divisions of Low Pressure Flooder system
as well as for residual heat removal at plant shutdown.

Each ECCS division is connected independently to a safety-grade emergency diesel generator,
in addition to the normal electric power bus. Each ECCS, of its own, has 100% capacity of the core
injection. Thus, emergency core injection for high- and low-pressure condition is highly assured.

5.3 High Efficiency Turbine System

The 1,100 MW class turbine generator was the maximum capacity utilized in nuclear power
plants in Japan. To improve the thermal efficiency, the large 1,350 MW class turbine-generator,
which has fifty-two (52) inch long last stage low pressure turbine blades, was first introduced. This
fifty-two (52) inch blade was the largest blade of this kind and so, basic tests on high/low speed
dynamic balance test and vibration tests were conducted.

The Moisture Separator Reheater (MSR) was adopted instead of the conventional Moisture
Separators (MS). Two (2) stage heating by High Pressure (HP) turbine extract steam and Main Steam
extract steam heats up the Main Steam before entering the Low Pressure (LP) turbine. Full scale
mock-up testing was conducted as a utility-supplier joint study. Thermal and mechanical characte-
ristics data were acquired through these tests.
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Condensed water is heated up by four stages of low pressure feed water heaters and two stages
of high pressure feed water heaters. Turbine extraction steam or Main Steam extraction steam is used
to warm the condensed water. Condensed heating steam is drained to the heater drain pump system.
The High Pressure Drain Pump system forwards the condensed water into the suction side of the
Reactor Feed water Pump. The Low Pressure Drain Pump up system forwards the condensed water
into the suction side of the Condensate Demineralizer.

6. QUALITY ASSURANCE

It is well known that a new design may be vulnerable to unforeseen problems. Since the ABWR
adopted totally new systems and technologies in many areas, a careful and systematic development
and verification program was applied to preclude such problems.

6.1 Test Before Use

Throughout the ABWR development, the attitude of "Test Before Use" was the key word for
all the new technology. Imported technology, even though it may have had significant enough
operation experience outside of Japan, went through series of tests by the ABWR suppliers. Through
these tests, important knowledge and experience was accumulated by the ABWR suppliers.

6.2 Design Review

In addition to each plant supplier's internal design review, TEPCO supervised design reviews
(called "Juuten Sekkei Review") were conducted. About thirty (30) systems and major pieces of
equipment were selected for the Juuten Sekkei Review. During these reviews, all the pointed failures
or malfunctions were identified, systematically recorded and then re-confirmed either by analysis,
shop unit test, shop combination test, pre-operational test, or startup test. During the plant pre-
operational or startup testing, the completion of these Juuten Sekkei Review derived activities was
one of the check points that must be cleared before going onto the next phase of the test program.

7. CONCLUSION

The ABWR was developed based on the BWR technology that has evolved in many countries.
However the success of the development depended significantly on the long years of confirmation and
verification tests conducted jointly by the Japanese government, Japanese utilities, and BWR
suppliers.

The world's first two ABWRs have started commercial operation, they have completed their
first full fuel cycle of operation without any unexpected plant shut downs, and the first refueling
outages were successfully completed. The ABWR development goals have been achieved by these
first units. With these demonstrated superior plant characteristics, two more ABWRs are now under
licensing review in Japan, and many more ABWRs are planned.

Outside Japan, the ABWR was awarded the design certificate from the U.S. Nuclear Regulatory
Commission, and the construction of two ABWRs plants has begun in Taiwan, China. The ABWR
has opened the door for the future of nuclear power generation, and the new wind will circulate all
over the world.
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