
XA0201893 Annex 5

Cost reduction and safety design features of ABWR-II

F. Koh
Toshiba Corporation,
Yokohama, Japan

K. Moriya
Hitachi Limited,
Hitachi, Japan

T. Anegawa
Tokyo Electric Power Company,
Tokyo,Japan

Abstract. The ABWR-II, which is aimed to be the next generation reactor following the latest BWR:
Advanced Boiling Reactor (ABWR), is now under development jointly by the Japanese BWR
utilities, General Electric Company, Hitachi Limited, and Toshiba Corporation. The key objectives of
ABWR-II development include improvement in economics and further sophistication in safety for
commercialization in the late 2010's and after. This paper summarizes the current status of ABWR-II
development focusing on economics and safety. Plant power rating, fuel size, CRD rationalization
and outage period are discussed from a cost reduction perspective. In terms of safety, the features
such as diversification in emergency power sources and passive system application against severe
accidents are being introduced.

1. INTRODUCTION

1.1. Background

The original Advanced Boiling Water Reactor (ABWR) was realized in the
Kashiwazaki-Kariwa unit 6 & 7 after 20 years of development efforts since 1970. Ten
more ABWRs are now under construction or planned in Japan [1]. In 1991, as soon as
the first ABWR started its construction in Kashiwazaki-Kariwa in Japan, a new
development programme for "ABWR-II" aiming to further improve and evolve
ABWR was commenced. This early commencement was decided with considerations
of long development period required for new generation reactors and on maintaining
momentum and skill of technological development in the nuclear industry. The six
Japanese BWR utilities led by Tokyo Electric Power Company and three BWR plant
makers, namely General Electric Company, Hitachi Ltd. and Toshiba Corporation,
have been jointly implementing the programme. This cooperative organization is
basically the same as in ABWR development. The programme so far consists of three
phases as shown in FIG. 1.

In Phase I (1991-92), future technologies were discussed and several plant concepts
were studied. In Phase II (1993-95), in order to establish a reference reactor concept,
key design features were selected. In Phase III (1996-2000), based on the reference
reactor concept, modifications and improvements are being made to satisfy the
design goals of ABWR-II, which are described later.
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FIG. 1. ABWR-II development programme phases.

The commercial introduction of ABWR-II is now set for the late 2010's when
replacements of old nuclear power plants are expected to start. Efforts are being made
to render ABWR-II competitive in cost and to obtain public confidence on safety.

1.2. Design goals

The design goals for ABWR-II have been discussed since the beginning of this
programme considering social and economic environmental changes along the way.
For example, we encountered referenda and political decisions against nuclear power
stations and deregulation in power generation industries.

The design goals are summarized as follows [2]:

(1) Enhancement in reliability and safety
(2) Reduction in human burden on operation and maintenance

-Simplified design
-Friendly-to-human man-machine interface
-Better working environment

(3) Economic competitiveness against alternative forms of generation
-Power generation cost reduction by increased availability
-Capital cost reduction

(4) Flexibility for fuel cycle uncertainty

1.3. Design features

The current reference design concept shown in FIG. 2 includes the following design
features:

• Large electric power rating of 1700 Mwe,
• Large fuel bundle of 1.5 times current BWR fuel bundle size,
• Rationalized CR/CRD by function,
• Large capacity SRV,
• Low pressure drop MSIV,
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Rationalized four division RHR,
Diversified emergency power supply,
RCIC with a generator,
Passive heat removal systems.

These features will be explained in the following chapters in conjunction with their
economics and safety.

Large fuel bundle & CR
/Passive systems

.Large SRV

J

Advanced
MSIV

FIG. 2. ABWR-II design features.

2. ECONOMICS

2.1. Cost reduction target

In planning of future reactor, it is indispensable to set a cost target of power
generation. It has become tougher and tougher for nuclear power plants to keep cost
competitiveness over other forms of power.

For ABWR-II as a future plant of the late 2010's, the challenging target of 30 %
reduction in power generation cost from that of a standardized ABWR was set.
Nuclear power plants have relatively high construction cost and low running cost to
fossil power plants. Therefore, capital cost reduction by design has been carefully
looked into in addition to operation and maintenance (O&M) cost reduction.

The following are design considerations to improve ABWR-II economics.
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2.2. Plant power output rating

When the Phase I programme started, the ABWR-II plant power output was set at
1350 MWe, the same as ABWR. During Phase II, when the need for cost reduction
increased, the reference output was increased to 1500 MWe to obtain larger merit by
economies of scale. In Phase III, it became apparent the target of 30 % power
generation cost reduction was so challenging that further output increase should be
required. The output was again increased to 1700 MWe as a reference.

This 1700 MWe output was decided considering compatibility with Japanese grid
capacity and manufacturability for components such as reactor pressure vessels and
generators. The larger output would be suitable also for future replacement of old
plants because of better efficiency in using limited site area and common facilities.

2.3. Core design improvements

Fuel bundle size increase of 1.5 times the current ABWR has been decided for the
ABWR-II reference core design. The purposes of fuel bundle size increase are:

To increase the space for fuel rods by reducing water gap area
To reduce the number of fuel bundles.

The merits of having larger fuel bundles are:

Higher core power density resulting in smaller RPV for cost improvement
Increased flexibility to future fuel cycles including higher burn-up, MOX and
higher conversion for optimized fuel cycle cost

In increasing the size of fuel bundles, shutdown margin was a key parameter. If the
fuel bundle and control rod (CR) blade sizes are simply increased proportionally in
the same arrangement, the shutdown margin will decrease. The current ABWR core is
arranged in such a way that one cruciform CR is located in the center of every four
fuel bundles, which is called a C-Iattice arrangement. In order to avoid shutdown
margin deterioration with a larger fuel bundle, it was decided to increase CR
intensity, that is the number of CRs per fuel bundle, by having a K-lattice core
arrangement. In the K-lattice core arrangement CRs are arranged at two diagonal
corners of each fuel bundle to have CRs inserted on all four sides of each fuel bundle,
which increases CR intensity to twice from that of the C-lattice as shown in FIG. 3.

*—̂  \ \ ater gap area

FIG. 3. C-lattice and K-lattice core arrangements comparison [2].

96



E
c

o

o
o 1.2 1.4 1.6 1.8

Lattice size
2.0

FIG. 4. Shutdown margin vs. bundle size in C and K lattice arrangement.

The shutdown margin in terms of fuel bundle size for C-lattice and K-lattice core
arrangements is shown in Fig. 4. This figure shows that the current C-lattice
shutdown margin can be maintained with a 1.5 times larger fuel bundle in a K-lattice
arrangement.

The reference core design of the 1700 MWe ABWR-II is shown in TABLE I in
comparison with the 1350 MWe ABWR and a conceptually extended 1700 MWe
ABWR. The extended 1700 MWe ABWR core design is a simple proportional
extension of the 1350 MWe ABWR core.

TABLE I. COMPARISON OF CORE DESIGNS FOR ABWR AND ABWR-II

Core power density (kW//)
Fuel bundle pitch (mm)
Number of fuel bundles
Core diameter (m)
Number of CRs

1350 MWe
ABWR

50.6
155
872
5.35
205

1700 MWe
Extended
ABWR

50.6
155
1100
6.09
269

1700 MWe
ABWR-II

58.1
233
424
5.67
197

The ABWR-II core has 15 % larger power density than the ABWR core. Therefore,
the 1700 MWe ABWR-II core circumferential diameter is 0.4 m smaller than the
extended ABWR's. This reduces RPV cost and facilitates compact arrangement of
PCV.

In terms of the number of fuel bundles, the ABWR-II design has 424 bundles, which
is approximately 60 % less than the extended ABWR. Therefore, a 60 % reduction in
refueling time can be expected for ABWR-II.
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As to the number of CRs, the ABWR-II core has 197 while extended ABWR with
1700 MWe output would need more than 30 % additional CRs. This will contribute
cost reduction for the control rod drive (CRD) system in addition to the functional
rationalization of CRDs that is described in 2.4.1.

From the above, the large (1.5 times) K-lattice core arrangement is expected to
enhance the merit of scales of economy. As to operating cycle, an 18-months
operation is selected as a reference based on a current optimization study result.
Furthermore, the idea of spectrum shift rod (SSR) fuel bundle is now studied as an
option to achieve efficient use of plutonium by water level control of SSR and rated
power operation with all CRs withdrawn during most of the operating cycles. In this
case, it is expected that fuel cycle cost will be reduced and that CRs need not be
replaced periodically, which will contribute to additional refueling time reduction.

2.4. System and component optimization

2.4.1. CR/CRD system rationalization

With the ABWR-II 1.5 times K-lattice core, calculations show that insertion of half of
the CRs is sufficient to achieve sub-criticality of the core when coolant temperature is
close to the rated (hot shutdown). This means that the other half of CRs only have to
be inserted by the time coolant reaches a cold state. So, rationalization of CR/CRD
system in which only half of CRDs have scram function was considered. It will result
in capital and maintenance cost reduction by eliminating hydraulic scram units for
half of the CRDs. Therefore, the reference CRD design includes two kinds of
functions and structures (See Fig. 5).

• Reactivity control CRD: Used for power control without scram function;
• Shutdown CRD: Used for hot shutdown with scram function.

Purge Water
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' Indication Probe
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FIG. 5. ABWR-II CRDs by function [2].
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In addition, an improvement in the connection between the CRD motor and the CRD
shaft was made. The improved mechanism is called a magnetic coupling. The
magnetic coupling can transmit torque between the CRD motor and the CRD shaft
through the pressure boundary without a penetration instead of having a seal around a
penetrating shaft. This improvement eliminates the sealing parts where inspection and
maintenance are most necessary, and also the seal detection system that requires
monitoring during operation, thus making CRDs maintenance free, contributory to
maintenance cost reduction.

2.4.2. RHR system optimization

The ABWR-II ECCS configuration is shown in Fig. 6.
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FIG. 6. ABWR-II ECCS configuration.

Optimization was made in RHR system together with reactor building closed cooling
water (RCW) system and reactor building seawater (RSW) system. Taking into
consideration that the passive heat removal systems of ABWR-II can be counted as a
backup, the basic system configuration of RCW is two division instead of the three in
ABWR. This two-division configuration is expected to reduce equipment cost for
RCW that has relatively large amount of materials especially for piping. For RHR,
RSW and active components in RCW in total make up four-division configuration
that facilitates on-line maintenance and increases reliability and safety.

As to emergency power sources for active components in RHR/RCW/RSW systems, a
four-division configuration consisting of two diesel generators and two gas turbine
generators is applied to increase diversity and to facilitate maintenance. On-line
maintenance will be applied to the diesel generators. The gas turbine generators are
expected to be maintenance free.
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Therefore, increased reliability and a reduced maintenance outage period will be
achieved by this optimized division combination of two and four.

2.4.3. Main steam system component improvements

In dealing with the increased steam generation rate due to a larger thermal power,
improvements from ABWR are made on two components: main steam isolation valves
(MSIVs) and safety relief valves (SRVs). The independent development test
programmes for these two components are proceeding with valve manufactures.

The bore diameter of the MSIV is increased and the center of gravity of its driving
mechanism is lowered. (See Fig 7). This bore diameter increase is not simply an
enlargement from ABWR but is optimized in such a way that the pressure loss will be
decreased from ABWR to increase plant efficiency. The lowered center of gravity of
the driving mechanism by relocating springs and an oil damper will contribute to
improvement on seismic capability.

FIG. 7. ABWR (left) and ABWR-II (right) MSIVs comparison [2J.

For the SRV, an increase of discharge capacity and simplification of valve structure
were considered. (See Fig. 8). In order to minimize the number of SRVs, the
discharge capacity per SRV is increased by 70 % to 680 t/h from ABWR's 395 t/h
with an increased throat diameter and increased coil spring diameter. At the same
time, the structure of the SRV is simplified by integrating an air cylinder into the
SRV's main body. These improvements can reduce the number of SRVs for the
ABWR-II from 23 to 14 and reduce the required number of SRV component parts,
resulting in reducing capital cost and maintenance cost as well as facilitating layout
of SRVs and their discharge system equipment.
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FIG. 8. ABWR (left) and ABWR-II (right) SRVs comparison.

2.5. Layout and BOP

Various PCV configuration and reactor building layout designs are being studied. The
ABWR-II target is to provide a design that will minimize the cost increase from the
1350 MWe ABWR while accommodating a power increase and application of new
passive systems.

The main turbine system is the same as the ABWR, that is a six flow turbine with 52
inch final bucket. It was confirmed that this turbine can handle 1700 MWe power
generation. However, investigation of the turbine system was made looking for
technologies that can contribute to compact arrangement for improved economy. The
candidates for ABWR-II application are:

In-line moisture separator and re-heaters;
Feedwater pumps with high efficient fluid torque converter;
Vertical feedwater heaters.

It was also confirmed that 1700 MWe generators can be manufactured by current
technology.

2.6. Refueling outage period reduction

Refueling outage period reduction is a major factor in power generation cost
reduction because it improves plant availability. In the ABWR-II programme, outage
period reduction has been approached from two aspects:

Design for maintenance reduction or on-line maintenance
Expected future deregulation
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Examples of design for maintenance reduction or on-line maintenance are:

• Reduced number of fuel bundles;
• CRD boundary penetration shafts elimination;
• Reduced number and simplification of SRVs;
• Four-division RSW system configuration;
• Four-division emergency power sources.

As to deregulation, maintenance interval extension and rationalization of regulatory
audit schedule and test items was taken into consideration.

After having checked feasibility of a 30-day refueling outage period, the current
target is a further reduction to 20 days.
Considering an operation cycle of 18 months, the plant availability with a 20-day
refueling outage will be 96 %. Since this 20-day refueling period considers minimum
maintenance work, there will be some longer outages once in a while through the
plant lifetime. The average plant availability through the plant lifetime would be
expected to be more than 90 %.

2.7. Current economical estimation

Based on the current reference design concept, the plant capital cost for a 1700 MWe
ABWR-II is estimated to be 102 % of that of the 1350 MWe ABWR, as shown below:

• Nuclear Boiler: +0.5 % of ABWR plant capital cost
• ECCS & Safeguards: +0.5 % of ABWR plant capital cost
• Turbine equipment: +2.5 % of ABWR plant capital cost
• Electrical equipment: +0.6 % of ABWR plant capital cost
• Buildings & structures: - 0.4 % of ABWR plant capital cost
• Construction period reduction: - 1.7 % of ABWR plant capital cost

Therefore, an approximately 20 % of specific capital cost (yen/kWe) is estimated.

Using the above capital cost, the power generation cost for ABWR-II was estimated
with the following assumptions:

• Weighting factors: 65 % for capital; 20 % for O&M; and 15 % for fuel
cost

• Availability. 93 % (7 % increase from ABWR's)
• O&M cost: 90 % of ABWR's
• Fuel cost: 100 % of ABWR's

ABWR-II power generation cost is estimated to be 77 % of ABWR's based on the
above. More than a 20 % power generation cost reduction is expected by the current
ABWR-II design. Further economic improvements are pursued toward the target of 30
% cost reduction.
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3. SAFETY

3.1. Target on safety performance

The following safety related requirements have been established during early phases
of ABWR-II development.

• Good combination of active and passive systems;
• Provision of grace period both for transients and accidents;
• Consideration of severe accident from design stage;
• Refinement of PSA performance (equal to or higher than that of ABWR,

especially on containment capability).

Considering these requirements, ABWR-II design provides more emphasis on beyond-
DBA capability in order to achieve high level of safety such as the practical exclusion
of the probability of emergency evacuation/resettlement. Optimization of safety and
economic aspects is also to be strongly pursued. In order to accomplish these
objectives, the following design approach was taken:

• Systems important to safety, are incorporated in an integrated manner;
• Hardware increase is minimized for cost dominant portion;
• Additional benefits are introduced, as much as possible.

The safety related system configurations and their performance are described in the
subsequent sections.

3.2. Design basis event

Since large break LOCA has been eliminated by adopting the RIP, LOCA is not the
limiting event for ECCS capacity. Actually, high pressure injection system capacity is
determined from reactor water level set point requirements during transients such as
loss of feedwater, and low pressure injection system capacity is a result of optimum
balance of residual heat removal system design. Utilizing these injection systems as
ECCS, core covery throughout the entire LOCA spectrum is achieved. Figure 9 shows
an example of reactor water level transient during typical LOCA assuming not only
single failure but also on-line maintenance for one train of the low pressure injection
system.

On-line maintenance

Single failure
100 200 300 400 — " ' ' " " " " " ^ *~ ' ' " ' '

TIME (s«) Break

FIG. 9. The result of the DBA LOCA analysis by SAFER code [3].
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Containment design employs conventional pressure suppression as proven and cost-
effective technology. Flow capacity of vent pipes and SRV discharge lines are
increased from those of current ABWR reflecting increased power, and the large
capacity SRV quencher design resolves layout restriction in the suppression pool.
Suppression pool water inventory is determined considering heat sink capacity
requirements for all design basis events (LOCA blowdown and SRV discharge during
reactor isolation event).

3.3. Beyond design basis event

ABWR-II ECCS network has in-depth capability of redundant high pressure injection
similar to that of ABWR, with extended capability. The advanced reactor core
isolation cooling (ARCIC) system has capability of self-standing operation and power
supply under long-term station blackout (SBO) condition beyond battery capacity. In-
depth inventory makeup is performed by HPCF as a backup of ARCIC for loss of
feedwater event. In the event that emergency operating procedure is called, any single
ECCS pump can maintain fuel cladding temperature and oxidation below PSA
success criteria (1200 °C and 15 %) utilizing depressurization system as needed.

One of the new features of ABWR-II safety design is adoption of passive system. The
passive heat removal system (PHRS) consists of two dedicated systems, namely
passive reactor cooling system (PRCS) and passive containment cooling system
(PCCS), and common heat sink pool above the containment allowing one day grace
period (Fig. 10). These passive systems not only cover beyond DBA condition, but
also provide in-depth heat removal backup for RHR, and practically eliminate
necessity of containment venting before and after core damage as a means of
overpressure protection.

PRCS
PHRS PCCS

FIG. 10. Passive heat removal system.
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Flammable gas control in the containment is performed by the combination of
inerting and passive autocatalytic recombiner (PAR) which has advantages both of
safety (automatic startup and passive operation) and economy (low cost, flexible
layout and easy maintenance).

The containment design considers severe accident phenomena such as direct
containment heating (DCH), fuel coolant interaction (FCI), and molten core concrete
interaction (MCCI) on a safety margin basis. The Japanese industry, collaborating
with experts in research organizations, has recently established guidelines for
containment performance design/evaluation under severe accident, and detailed
quantitative examination from both phenomenological and probabilistic aspects is
underway.

3.4. Current evaluation of safety performance

Although the major design effort has been focused on external/shutdown events as
described in section 3.1, preliminary PSA evaluation shows that core damage
frequency (CDF) for internal events during power operation has been reduced about
one order (See Fig. 11) as a result of emergency power diversity and redundancy
enhancement, passive cooling system installation, and RHR train redundancy
enhancement.

Simplified PSA evaluation for design selection also provided the features of ABWR-
II safety system configuration that is robust even in seismic induced events or
shutdown events. Figure 12 shows a scoping result with simplified treatment of
seismic event. Due to emergency power enhancement and dedicated passive cooling
system, SBO sequence remains a small contributor even considering seismic induced
events.

IABWR IZIABWR-II

1 r r
[ H ABWR |_| ABWR-II

1 1
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FIG. 11. Results of level 1 PSA for the
ABWR-II and the ABWR [3]

FIG. 12. Results of simplified seismic
PSA for the ABWR-II and the ABWR [3]

When a shorter outage period is pursued to achieve higher plant availability, the core
damage risk during the shutdown period might become a potential issue since the
available number of RHR trains decreases almost throughout the outage period. The
RHR configuration described in section 2.4.2 also contributes to reduce this
shutdown risk.
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FIG. 13. Results of shutdown PSA for the ABWR-II and the ABWR [3].

As can be seen from Fig. 13 together with FIG. 11, shutdown risk is maintained to be
about one order smaller than CDF during power operation, since RHR availability is
kept even in the course of shortened annual outage periods by performing on-line
maintenance.

4. CONCLUSIONS

The ABWR-II is now under development for improvement of economy and further
sophistication on safety. The current reference concept is considered to have
attractiveness in terms of capital cost, power generation cost and safety performance.
However, efforts will be continued to render ABWR-II more attractive. In addition,
on the technologies newly applied to ABWR-II, various testing programmes are
performed or planned to consolidate their feasibilities and to find further room for
improvements.
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