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  In the construction of a new nuclear power plant, the first requirement is to improve safety 

and reliability than existing plants. In addition, new operational needs have arisen, including the 
capability to flexibly adjust output power according to fluctuations in the generation of energy from 
renewable power sources, and enhanced ability to contribute to the nuclear fuel cycle and energy 
security. Given these conditions, Mitsubishi Heavy Industries, Ltd. is seeking to achieve more 
flexible output power adjustment for the new light-water reactor model SRZ-1200 currently under 
development compared to previous models and is developing technologies that can increase the use 
of plutonium. While safety is the non-negotiable first priority, development of a nuclear power plant 
with enhanced operability is another way that contributes to increased public acceptance of the 
construction of a new plant and the continued use of nuclear energy. 

  

  
|1. Introduction 

In the development of the advanced light-water reactor SRZ-1200, Mitsubishi Heavy 
Industries, Ltd. (hereinafter referred to as MHI) is considering whether to adopt two technologies to
improve operability. The first technology under consideration is to improve performance of flexible 
power operations (hereinafter referred to as FPO). Nuclear power plants are used as base-load power 
sources that can stably supply electricity day or night, regardless of the season. However, as the ratio
of the generation of energy from renewable power sources (hereinafter referred to as “renewable
power generation”) is expected to further increase, maintaining balance in electricity supply and
demand will become even more difficult in the future. Improving FPO performance of a nuclear 
power plant to stabilize the power grid is one method that has gained attention. The second
technology under consideration is to increase the amount of plutonium used in the “Plu-thermal” 
project, in which MOX fuel is used in a light-water reactor. Under Japan’s national policy of not
possessing plutonium without specific purposes, plutonium supply and demand should be balanced.
Consequently, increasing the MOX fuel loading in the reactor core is needed. 

Efforts to improve the FPO performance and increase the amount of plutonium used are each
introduced as follows. 

|2. Flexible power operation (FPO) of nuclear power plant 
Currently nuclear power plant is used as a base-load power source in Japan, whereas thermal

power generation is mainly used to balance supply and demand. However, with the recent increase
in renewable power generation, inadequacy of Japan’s current system to balance the power grid has
become apparent, despite the need to further reduce the use of fossil fuels as the adjustment power 
source in order to achieve carbon neutrality. Regarding existing nuclear power plants, past
demonstration tests using actual units have confirmed FPO capability under conditions with a
variable output range of ±50% and a output change rate of ±0.28 %/min. If a nuclear power plant is 
to proactively balance electricity supply and demand, enhancing the capability to adjust output power
is essential. Since the power source of nuclear power generation is not dependent on fossil fuels,
ways to improve FPO performance have gained attention. One challenge with SRZ-1200 therefore 
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lies in enhancing output power adjustment capability to achieve advanced FPO. The following
section describes the technological developments to improve FPO performance. 
2.1 Output power control mechanism for Pressurized water reactors 

In Pressurized Water Reactor (PWR), output power is adjusted by the rate of steam flowing
into the turbine. The primary system of the PWR is separated from the secondary system by the steam
generator (SG), mitigating the effects on the primary system due to changes in steam flow rate caused
by changes in the turbine load. Taking advantage of this characteristic, a control mechanism for
“reactor output following the turbine load” has been adopted on PWRs. When change in the steam 
flow rate causes the temperature of the primary system to reach a level requiring the control system
to be activated, control rods are automatically inserted or withdrawn to adjust the average
temperature of the primary system coolant, and reactor output follows the turbine load. PWRs in
Japan are designed to operate continuously as long as change in turbine load remains within the
following ranges and does not activate the reactor trip (Figure 1): 

- ±10% step load change  
- ±5 %/min ramp load change  
- Significant step load drop (e.g., by 50% or 95%) 

PWRs in Japan have the capability to respond to the above-mentioned load changes. Therefore,
stability of the power grid while continuing operation can be maintained, even if a grid disturbance
leads to a change in turbine load. Moreover, as in the case of daily load-following, which is described 
later, output power can also be adjusted during operation in order to balance supply and demand. 

 

Figure 1  Example of load changes which can be handled 
by PWRs in Japan 

 
2.2 FPO performance of current PWRs 

Output power of PWRs is adjusted by either using a control rod drive mechanism or changing
the boron concentration in the primary cooling water. Turbine load is adjusted according to change
in power demand. The control rods are then inserted or withdrawn according to change in turbine
load. As a result, reactor output is automatically controlled. However, this method to adjust output
power affects neutron flux levels in both the upper and lower parts of the core, and as a result the
axial power distribution deviation (ΔI), which is the difference between the upper and lower core
neutron flux levels, changes. The ΔI value must remain within a predetermined range during 
operation for safety reasons. Therefore, it is necessary to adjust the position of the control rods before
ΔI falls outside the target range. Fluctuations in power demand during the day and night, as well as
fluctuations due to renewable power generation, require changing the power generation load
accordingly. Power plants adjust generator output to balance supply and demand (daily load-
following operation). However, as described later, when the conventional control rod drive
mechanism is employed in an existing plant, there are limitations on the variable output range and
the output change rate due to the need to maintain the ΔI value within the predetermined range. Thus,
daily load-following remains operable under conditions with a variable output range of ±50% and an 
output change rate of ±0.28 %/min. 
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2.3 Enhancement of FPO performance 
The ratio of renewable power generation is expected to further increase by the time SRZ-1200 

starts operation. Technical development to realize advanced FPO in connection with SRZ-1200 has 
progressed. Here, the performance of daily load following operation is explained on various aspects
of FPO. SRZ-1200 aims to achieve a variable output range of ±70% and an output change rate of
±3 %/min, which is an increase from ±50% and ±0.28 %/min, respectively, of current plants. The
improved control rod drive system, which is one technology adopted for enhanced FPO performance,
is summarized below. 

As described in Section 2.2, reactor output must be controlled so the ΔI value remains within 
the target range during daily load-following operation. For existing plants in Japan, as mentioned in
Section 2.1, average temperature of the primary system coolant is adjusted to control reactor output
according to changes in turbine load. In the conventional control rod drive mechanism, the position
of the control rods is controlled according to a fixed sequence, where “the control rod banks are
moved in a predetermined order” and “each control bank is moved to maintain the distance from the 
control rods that have already been moved.” With this mechanism, when the tips of control rods are
in the lower or upper parts of the core, changing ΔI to the target value is difficult as further
insertion/withdrawal of these control rods in the same direction can affect neutron flux levels in both
the upper and lower parts (Figure 2). Therefore, in order to ensure that the ΔI value does not exceed
the target range, ΔI is controlled by changing the boron concentration so the temperature of the
primary system reaches a level to activate the control rod control system and change the position of
the control rods. However, as boron concentration is regulated by the chemical volume control
system, there is a time delay before core reactivity is affected. In cases of load change patterns with
a large change in variable output range and output change rate, this time lag may result in failure to
maintain ΔI within the predetermined range. 

 

Figure 2  Control rod drive system in existing plants 
 

Consequently, the control rod drive system of SRZ-1200 has been improved, and a control rod
drive system that can control reactor output so the control rods can maintain ΔI within the
predetermined range is under development. The control method of this improved control rod drive 
system is shown in Figure 3. Unlike conventional mechanisms with a fixed sequence, this new
control rod drive system can flexibly select which control rod is moved based on its position and
change in ΔI value. Each control rod moves independently regardless of whether its tip is located in
the upper or lower section of the core. In this new control method, average temperature of the primary
system coolant is controlled by the direction in which the control rod is moved (i.e., insertion or 
withdrawal); the control rod that can minimize the change in the ΔI value is selected. 

The effect of this improved method was confirmed by analysis. Analysis results are shown in
Figures 4 and 5. As shown by the turbine load on the left y axis in Figure 4, the assumed load-
following operation in this analysis follows the 18/6 pattern (dividing one day (24 hours) into two
parts: 18 hours for rated output, and 6 hours for partial output), where the output can change from
100% to 30% in the improved control rod drive system. Effect of this improved method is shown for
a period of partial output maintained for 6-hours. In the conventional method, D and C banks were
moved simultaneously, but in the improved method, C bank is independently driven. In the
conventional method, maintaining ΔI within the target range is difficult and as a result, responding
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to the FPO for this load change pattern is also difficult. On the other hand, in the developed improved
method, capacity of the control rods is maximized during output power adjustment so ΔI value can
be maintained within the targeted upper and lower limits. Advanced FPO has thus been made
possible. 

 

Figure 3  The improved control rod drive system for SRZ-1200 
 

 

Figure 4  FPO assessment results for the improved control rod drive system 
 

 

Figure 5  FPO assessment results for the improved control rod drive system 
 

|3. Increased plutonium consumption 
In order to secure future energy supply, Japan seeks to achieve a “nuclear fuel cycle” where

uranium and plutonium extracted from spent fuel are reused as fuel. Under Japan’s national policy
of “not possessing plutonium without specific purposes,” the Plu-thermal project to use MOX fuel 
in light-water reactors is underway. At present, the ratio of MOX fuel loaded in a PWR core is
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assumed to be approximately 1/4 to 1/3. To contribute to this project, MHI has been developing
technologies to increase plutonium consumption capability. 

In this chapter, regarding technologies to increase the amount of plutonium used in the Plu-
thermal project, design of an improved MOX fuel assembly is discussed in Section 3.1 and a
technical consideration of a “full MOX core” (where only MOX fuel assembly is loaded into the
reactor core) is presented in Section 3.2. 
3.1 Improved MOX fuel assembly 

The MOX fuel assembly applied to current PWRs is comprised only of MOX fuel rods with
three different levels of plutonium and no uranium fuel rods (Figure 6). When compared to uranium,
plutonium tends to absorb more thermal neutrons, and the number of thermal neutrons in a MOX
fuel-loaded core is less than that of a uranium core. As a result, the control rods reactivity worth
(indicating the effectiveness of the control rods when inserted) tends to be smaller. In current PWR
operations, the ratio of MOX fuel assemblies loaded in the core remains at approximately 1/4 to 1/3,
with the remaining filled with uranium fuel assemblies. The plutonium content in the outermost layer 
of the MOX fuel assembly is lower in order to prevent power peaking by thermal neutrons supplied
by the adjacent uranium fuel assemblies. 

On the other hand, this improved MOX fuel assembly contains uranium fuel rods (Figure 7), 
which is easy to secure the control rods reactivity worth when inserted. Thus, the ratio limit of MOX
fuel assemblies loaded into the core, which has been set to ensure shutdown capability, is no longer
needed. Moreover, when fully loaded with MOX fuel assemblies, the precautionary measure to
partially reduce plutonium content in the outermost layer mentioned above is not needed, and as a
result, it is possible to increase the total amount of plutonium used.  

 

Figure 6  Conventional MOX fuel assembly for PWRs 
 

 

 

Figure 7  A configuration example of the improved MOX fuel assembly 
  

3.2 Full MOX core 
The MHI neutronics design code system Galaxy/Cosmo-S(1) was used to assess the nuclear

parameters of the core when fully loaded with the aforementioned improved MOX fuel assemblies
based on the configuration of SRZ-1200 (193 fuel assemblies and 57 control rod clusters). In this
assessment, the Advanced RCCA (Rod Cluster Control Assembly)(2) in which a part of neutron 
absorber consists of B4C is used. 
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The fuel loading pattern used in the core analysis is shown in Figure 8. As described in Section 
3.1, a major challenge in loading MOX fuel is to decrease the reactivity worth of the control rods and
to increase the local power peaking. Assessment results are described as follows. 

 

Figure 8  A loading pattern example of full MOX core 
 

(1) Reactor shutdown margin (indicates the degree of margin taken in order to achieve
“subcriticality”) 

The value obtained in this assessment was 3.3 %Δk/k, which satisfies the design target of
1.6 %Δk/k. In other words, a full MOX core with the improved MOX fuel assemblies has 
sufficient shutdown capability. 

(2) Radial power peaking factor (FΔH
N) 

The radial power peaking factor (FΔH
N) change in accordance with the cycle burnup is

shown in Figure 9. As can be seen here, a core design without excess power peaking is possible 
by fully loading the core with the improved MOX fuel assemblies. 

 

Figure 9  Example of assessment of radial power 
peaking factor 

 
3.3 Amount of fissile plutonium used 

In the full MOX core shown in Figure 8 the annual consumption of fissile plutonium (Pu-f) is 
approximately 0.38 t/GW/year. Compared to a case with 1/4 loading of conventional MOX fuel
assemblies (annual consumption of Pu-f is about 0.13 t/GW/year), this is approximately three times
the amount. 

|4. Conclusion 
In this report, efforts in the technical development of SRZ-1200 by MHI to improve operability

were described. Enhancing FPO performance by improving the control rod control system,
specifically increasing the variable output range from ±50% to ±70% and the output change rate from 
±0.28 %/min to ±3 %/min, is planned. Moreover, the Pu consumption can be increased to almost 3
times the current amount by employing the improved MOX fuel assemblies. In line with the
government's efforts toward carbon neutrality, MHI will continue to contribute to the effective use
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of nuclear power generation against the backdrop of a diversified power supply mix, and seek to
develop technologies that promote stable power supply in Japan. 

 
SRZ® is a registered trademark of Mitsubishi Heavy Industries, Ltd. in Japan. 

 

References 
(1) H. Matsumoto et al., Advanced Safety Analysis Methodology - Development of New Core and Safety

Analysis Codes-, Mitsubishi Heavy Industries Technical Review Vol.57 No.4 (2020) 
(2) T. Naito et al., Development of PWR advanced-RCCA(2), Atomic Energy Society of Japan Annual Meeting

(2001) (in Japanese) 
  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


