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It is a common recognition in Japan that nuclear power generation is one of the most important energy sources
that is friendly to the environment without emission of carbon dioxide, but still the wind is strongly against it,
especially after the JCO criticality accident in 1999 A great difficulty has been met to acquire new sites for the
construction of nuclear power plant. Based on the experience of the accident, the Japanese regulatory systems
have recently been consolidated for nuclear safety. One example is the establishment of Agency for Nuclear
and Industrial Safety (ANIS) within Ministry of Economy, Trade and Industry (METI) in January of 2001. On the
other hand, Japanese utilities are now involved in the global competition caused by the de-regulation of the
Japanese government applied to the electric power industry.

At present 28 BWRs including 2 ABWRs and 23 PWRs are in operation in Japan and generated 36.81 of
total electric power in 1998. Totally 4 BWRs, of which two are ABWRs, are now under construction, and one
BWR together with one ABWR is in the stage of planning. One gas-cooled reactor (Tokai-1) was shut down
permanently in 1998 and last year entered into decommissioning stage. According to the Japanese 2001 plan of
electric power supply, 13 nuclear power plants newly constructed are to start operation in the next 1 0 years.
In this paper the recent status of water chemistry technology in Japanese nuclear power plants is briefly

summarized together with a touch upon the activities in the fundamental research.

Water Chemistry Technology

1) Operational performance of Japanese LWRs.
Recently the Japanese nuclear power plants have been operated in a rather good condition, maintaining the

high capacity factors of operation, higher than 80 per cent. In Fig. is shown the chronological variation of the
average annual occupational radiation exposures per reactor in Japan. In 2000 the average value of person[]Sv
per reactor was 196 for BWR that was a little lower, than that in 1999, but the tendency of the slow increase in
the annual exposures is evident after the minimum value (1.50) in 1995. On the other hand, the value was 103
for PWR in 2000 and the relatively low levels have been maintained with PWR for the past several years.

In Fig. 2 is indicated the average annual numbers of waste drums generated per reactor in Japan. This figure
clearly shows the slightly increasing tendency of th6 numbers for BWR after the minimum in 1996, while the
numbers for PWR have stayed for the past several years at a little higher level compared to the minimum
attained in 1989. These recent situations in both the'occupational radiation exposures and the waste generation
are considered to arise mainly from the increasing number of the "aging" plants where repair and refurbishment
works are unavoidable. In Fig. 3 are shown the peration years of Japanese WRs. Totally 9 plants have
already operated for more than 25 years, two of which for more than 30 years. Thus, "plant aging" has been one
of the most important and urgent problems to respo 1d to in Japan so far. The relevant refurbishment works have
already been performed with some of the aged pla'nts. For instance, steam generator replacement (SGR) was
carried out with 9 PWRs and started last year with the last plant that is in use of MA 600 alloy as SG tubes,
while shroud and core internals were replaced as a measure against IASCC and/or IGSCC with 6 BWRs in
Japan. All these actions have been taken as measures against the aging problems from the material side.

2) BWR
It is a matter of course that water chemistry technology is able to make important contribution to the solution of

the aging problem as preventive measures. One of the most important relevant technologies is hydrogen water
chemistry (HWC) for BWR. It is well known that HWC is a powerful measure against IASCC and/or IGSCC to
mitigate the corrosive environment in reactor, but Japanese BWRs have not adopted HWC for a long time
because of the concern about its adverse effects, though long term HWC has been experienced in Fugen
reactor owned by JNC. Now many Japanese BWR plants, especially the older plants, however, are carrying out
the continuous application of HWC after the mini-test in each plant. The injection amount of hydrogen is
generally limited to relatively low levels, around 0.5ppm in feedwater, not to increase the skyshine doses from
the turbines. In some plants water chemistry data have been accumulated after the adoption of the continuous
HWC, and they showed no adverse effects concerned so far.



Interest in noble metal chemical addition (NMCA) has gradually been increasing as a booster to promote the
effect of HWC. Recently, a couple of Japanese BWRs have performed NMCA experimentally, and some others
are planning to do so. Electrochemical corrosion potential (ECP) is an important index in relation to HWC, and
ECP measurements of stainless steel specimens were carried out in bottom drain line, in-core and the other
locations of several BWRs during the mini-tests of HWC, but the results were rather scattered and seemed to be
inconclusive. This promoted research on the analysis and evaluation of ECP by calculation, which will be
described in a little more detail in the later part of this paper.

Historically water chemistry technology of Japanese BWR started in 1970s as the countermeasures against
the very high levels of the occupational radiation exposures experienced in most BWRs in those days as shown
in Fig. 1. The reduction of iron input into reactor core was realized to be the most important to reduce the
radiation fields and has been achieved through the control of feedwater dissolved oxygen, the improvement of
condensate deminelarizers together with the modification of structural materials. The suppression of the iron
input into reactor core through these measures was significantly effective for the reduction of radiation fields, but
accompanied the relative increase of nickel ion in reactor water, which caused the increase of 58CO
concentration therein. This was followed by the invention of Ni/Fe ratio control that was expected to bring about
the precipitation of the Ni ion in reactor water on the surface of fuel cladding and to stabilize it as nickel ferrite.
This new development made a large contribution to reduce the level of 58CO in the reactor water of some plants,
but was realized not to be so effective in others which had introduced new fuel assemblies with the modified
pre-treatment of the fuel cladding. Thus, the ultra-low crud and high nickel control was introduced in some
plants with dual condensate purification systems using hollow fiber filter (HFF), where the high nickel ion
concentration in the reactor water is considered to suppress the cobalt pick up on the surface of piping through
the competitive reaction even with the relatively high concentration of cobalt in reactor water. This new technical
option has achieved the very low levels of the radiation exposures in those plants (ref.1).

As described previously, the plant aging problem is anticipated to bring about the increase in the occupational
radiation exposures as well as the radioactive waste generation: plant inspection and refurbishment works
accompany the additional occupational radiation exposures as well as the waste generation, and HWC is
reported to have the adverse effect of increasing the concentration of radioactive Co in reactor water. Thus, it is
important to prepare technical options of water chemistry for the further reduction of radiation fields.

Zinc injection is now widely applied to BWRs in U.S. but not to Japanese ones so far. One of the reasons for it
comes from the fact that there have been the other technical options already adopted for the reduction of
radiation fields in Japanese BWRs such as Ni/Fe ratio control and ultra-low crud control as already mentioned.
Thus, Japanese operators have been very careful� about the compatibility of zinc injection with the other
technical options. In 1995 a verification test on c injection started for both BWR and PWR under the
sponsorship of MITI and finished this year. The detai of this program is described later, but the BWR part of the
program aimed at looking for the optimization of zi injection in harmony with the other technical options of
water chemistry in Japan (ref.2). Recently zinc injection tests were carried out under the various condition of
water chemistry in several Japanese plants, being independent of the verification test program.

Decontamination is recognized to be very effective in reducing directly the occupational radiation exposures
accompanied with the refurbishment works. Chemical system decontamination was successfully applied to
some of the Japanese BWRs prior to the replacement of recirculation piping and the replacement of shroud and
core internals (ref 3. In a series of plants CORD process was applied, while in others HOP (Hydrazine, Oxalic
acid and Potassium permanganate) method newly developed was employed. In all the cases the
decontamination contributed to the significant saving of the occupational radiation exposures and is considered
to b indispensable to such works.

3) PWR
Japanese PWRs have experienced many corrosion troubles of SG tubing mainly in the secondary side like

PWRs in other countries. This experience has led to the introduction of condensate polisher and very careful
control of impurities in coolant in consideration of crevices chemistry as well as bulk. Eventually replacement of
SG was performed in the aged plants as already described. Thus, the situations have greatly been improved for
the SG corrosion problems in those plants for the moment. Now the major concern is the reduction of corrosion
product transport into the secondary side of SG as a preventive measure to maintain its long-term integrity. The
corrosion products, mostly iron, are generated mainly owing to flow assisted corrosion of carbon steel and, after
being brought into SG, give unfavorable effects on SG such as sludge formation on support plates and fouling
on SG tubing. A couple of Japanese PWRs recently have adopted injection of ethanol ammine (ETA) for the
control of iron level in feedwater (ref 4. The plant data showed that the addition of 2 ppm ETA reduced the iron
level to approximately 50 per cent in the feedwater, and with this concentration level applied, ETA treatment
system needs to be installed for the disposal of the wastewater to meet the environmental regulation for its
release.

A detailed test was carried out with another plant to check the effectiveness of the lower level addition of ETA
that is applicable to plants using copper materials without the treatment system of wastewater containing ETA
(ref. 5). The result shows that the injection of a small amount 0.250 038 ppm) ETA was effective to reduce iron
concentration by 20030 per cent in the secondary feed water. This measure started in one of Japanese PWRs.
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Interest is gradually increasing for chemical cleaning of SG in Japanese PWR A material integrity test has
already been carried out in Japan. In this test two methods developed by KWU and EPRI, respectively, were
examined using a simulated model boiler of a small scale together with laboratory tests to confirm that they give
no adverse effects on the integrity of not only SG tubing materials but also other materials such as carbon and
low alloy steels (ref 6 The tests verified that neither of the methods gives any deleterious effects on these
materials not only during the cleaning process but also in the plant operation after it. Based on the test results,
the adoption of this technical option will shortly start with some of the Japanese PWRs.

With primary water chemistry the reduction of radiation fields has been a major concern in Japan, though the
occupational radiation exposures in PWRs have stayed at rather low levels for the past decades. Extensive
efforts have been made towards the further reduction of radiation fields. The pH control of primary coolant was
considered to be of primary importance for the radiation control. A verification test was carried out from 1989 to
1996 by Nuclear Power Engineering Corporation (NUPEC) under the sponsorship of MITI to look for the
optimized pH regime with Japanese PWR (ref 7 On the basis of the test results a new pH scheme was
recommended for Japanese PWR as shown in Fig.4. This scheme is almost the same as the modified pH
control recommended in EPRI guideline.

Zinc injection is considered to be another technical option for the reduction of radiation field in PWRs, drawing
more attention recently in Japan. As already mentioned the verification test for PWR has just been finished, but
at this moment there is no PWR plant planning to take this option in Japan.

4) Future prospect
The plant aging is now one of the biggest problems to overcome for maintaining the high safety and reliability

of Japanese WR. Water chemistry technology can provide the useful tools to solve this problem through the
selection of the technical options. In this process the optimization needs to be taken in consideration of the total
life of plants. Some measures in water chemistry are necessary for aged plants but may not for younger plants.
Thus the choice of technical options is to be made optimized depending on each stage of the total plant life.
More plant data and basic understanding are required to establish guiding principles for the "plant life water
chemistry"technology.
As described previously, the regulatory systems have been consolidated for nuclear safety since the JCO

accident, but, apart from it, the de-regulation has been applied to the Japanese electric power industry. This is
stimulating Japanese utilities into vigorous competition not only domestically but also globally. This situation will
give a strong impact also to water chemistry technology in Japan. It is inferred that each plant will try to take
technical options that are the best optimized and the most specific to itself with the more emphasis on the cost
performance of the technical option. As a result of it the technology will become more diversified and
heterogeneous on more competitive basis in the future.

Fundamental Research

Fundamental research has extensively been carried out in the various fields of water chemistry technology for
the past decades in Japan, but this paper concentrates only on two recent topics, Zn injection and hydrogen
addition, in relation to IASCC and/or IGSCC, the latter being mainly relevant to BWR with NIVICA but also to
PWR owing to the interest in the optimization of hydrogen addition level in primary coolant.
DThe zinc injection program of NUPEC comprises PWR and BWR parts as described previously, not only the
verification for the effectiveness of zinc injection for the activity reduction under PWR condition with an in-pile
loop of a research. reactor but also with rather fundamental approaches using out-of-pile loops and laboratory
experiments under PWR as well as BWR conditions in order to elucidate the roles played by zinc in the
formation of oxide precipitates and films (ref. 8). 60CO

In the irradiation test with the simulated PWR loop, the addition of 10 ppb Zn clearly reduced
accumulation on the inconel surface. The oxide layers on the inconel surface were separated into three layers,
the loose, the outer and the inner layers using ultrasonic, cathodic and anodic electrochemical procedures,
respectively. It was found that the reduction of the Co accumulation by the Zn addition arose mainly from the
decrease of Co in the inner layer, while the Co contents in the outer layer inversely increased with the addition
of zinc as shown in Fig. .

This was in a rather good agreement with the previous results obtained for stainless steel specimens under
pure water condition in the out-of-pile loop tests (ref 9 The surface analysis of corroded specimens with glow
discharge spectroscopy (GIDS) showed that the surface oxide of stainless steel coupons corroded in pure or
hydrogenated water has the double layer structure comprising Cr enriched inner layer and Fe-rich outer layer
with Co accumulated mainly in the inner layer, and that the addition of 10 ppb Zn reduced Co contents in the
inner layer and increased it in the outer layer, relatively.

The above results suggest that the affinity of Zn is relatively higher with Cr but lower with Fe in comparison
with that of Co. It is also supposed that Co has the relatively higher affinity with Cr than Ni has and,
consequently, Co is picked up preferentially into the Cr-rich inner oxide layer in the absence of Zn, while, in the
presence of Zn, the inner layer picks up more Zn than Co, but vice versa with the Fe-rich outer oxide layer. This
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explanation was supported by a thermodynamic analysis (ref. 1 0).
IASCC of in-core materials is one of the largest problems in relation with the plant aging of BWR. It is well-

known that IGSCC takes place when three factors, that is, materials, stress and environment, overlap among
themselves. In the case of IASCC the effect of radiation in reactor core needs to be taken into account, which
affects not only the material factor but also the environmental one.

In many of IASCC investigation programs the post-irradiation SCC tests were carried out under out-of-pile
conditions without radiation where synergestic effect of radiation, if any, on the SCC factors is missing and not
able to be studied. Recently there started a 6 year research program among some of Japanese BWR utilities
and JAERI to make clear the synergestic effect of radiation in IASCC (ref. 11). In this program 304 type stainless
steel specimens are irradiated to various neutron fluences in a high temperature water loop of JMTR (Japan
Materials Testing Reactor) and then their post-irradiation SCC tests are performed under both in-pile and out-of-
pile conditions to compare. In-core monitoring techniques are essential in the in-pile SCC tests and are to be
developed in the first phase of this program.

As previously described, HWC is an important technical option to mitigate the corrosive environment the
environmental factor in relation to IGSCC and/or IASCC in BWR, but in Japan the addition of hydrogen is
limited to relatively low levels because of the concern on the increase in turbine radiation field as already
described. In such a condition oxidizing species like H202 and 02 of relatively low concentration are present in
reactor water even with HWC.

It is widely recognized that hydrogen peroxide is a key species to control SCC in this condition, but there are
some uncertainties on its effect. Extensive efforts have been made to make clear the effect of the concentration
of H202 on IGSCC of stainless steel under high flow rate condition (ref. 12). The flow rate in the measurement
systems was found to give a large effect on the ECP values especially in the region of low H202 concentrations,
and that the calculated ECP values are generally larger than the measured one in the presence of H202, while a
fairly good agreement is obtained between them in the presence of only dissolved oxygen (ref 3 The better
agreement was obtained when the following anodic reaction of H202 is taken into account.

H202 02 2H* + 2e (1)
It is an important problem to evaluate how far the added hydrogen is effective to reduce ECP in reactor and,

thus, to evaluate ECP of stainless steel under the in-core condition by calculation. Vigorous discussion has been
raised on the methodology and the reliability of the calculation of radiolysis and ECP (ref 4. In this regard the
effect of radiation on ECP is still not understood well.

ECP of stainless steel was measured at 2800 in the presence of 200 ppb oxygen at the dose rate of 300
mGy s and at the very low flow rate of about 2 cm min-'. The gamma irradiation increased the ECP of the
coupon by about 6mV. Computer simulation on the radiolysis of high temperature water showed that the
gamma irradiation produces the steady state concentrations of about 40 ppb H202, 1.5 ppb H2 and ppb
02 1-102) and reduces 02 to about 190 ppb. ECP calculation by mixed potential model based on the calculation
result of the radiolysis indicated that the ECP of the stainless steel coupon is determined at this very low flow
rate used mainly by the cathodic current of 190 ppb 02 with insignificant contribution of 40 ppb H202, and ppb
0211-102), and increases by approximately 20 mV under the gamma irradiation, while the calculation indicated
that the ECP value at the high flow rate of 59 cm.s-1 is controlled mainly by the cathodic current density of 40ppb
H202, not by 02, and increased by approximately OmV under the irradiation.

NMCA is recently drawing a large attention as a booster to HWC in Japan, but the chemical behavior of the
noble metals in reactor is hot necessarily understood well. Some laboratory experiments were carried out in
Japan to make clear the noble metal action.

In the practice of NMCA in actual plants Pt(FI) hydroxo complex Na2Pt(OH)6 i usually used as a component of
noble metals, and is inferred to deposit as particles of Pt metal on the surface of stainless steel in reactor. In
order to make clearer the chemical behavior of Pt compounds, a comparative study was carried out between the
Pt(O) hydroxo complex and Pt(Fl) ammine complex, Pt(NH3)4(OH)2 in a batch experiment (ref. 15). It was found
that both the complexes decompose in the temperature range of 120 - 50n to give precipitates in the bulk of
the solution, which were confirmed by XRD analysis to be metal Pt in the case of -Pt (NH3)4(OH)2 but not the
case with Na2Pt(OH), where Pt([]) precipitates probably as oxide or hydoxide because of the absence of
appropriate reducing reagent in the system.

The difference in the chemicalbehavior between Pt(NH3)4(OH)2 and Na2Pt(OH)6 was also observed for their
interaction with stainless steel in aqueous system. In the former case Pt is incorporated into only the surface
(outer layer) of the oxide films, while in the latter case Pt is distributed over the whole oxide films with the large
amount in the inner layer. This difference seems to give some effect on the reduction of ECP of stainless steel
coupons deposited with Pt the measurement of the ECP of stainless steel in HWC condition showed that the
latter is more effective in decreasing ECP than the former, especially with the specimens with the low level
deposition of Pt.

The ECP of stainless steel coupon treated with Pt(NH3)4(OH)2 solution was measured and compared with that
of the coupon without the treatment as shown in Fig. 6 It is very clear that the Pt treatment is very effective to
reduce the ECP, and a calculation showed that the calculated ECP value of the Pt treated coupon is in a fairly
good agreement with the measured one when the exchange current density of the following anodic reaction
increases by three orders of magnitude with the Pt treated coupon in comparison with the untreated one.
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H = 2H++ 2e- (2)
This suggests that the deposited Pt works as a micro-electrode to promote greatly the anodic reaction of
hydrogen and locally decreases pH near the electrode, leading to the dissolution of metal oxides, for instance,
nickel ferrite nearby.

NiFe2O4 + 6H . + H = Ni 2 + 2Fe 2+ + 4H20 (3)
It is to be noted that the ECP values of the Pt treated specimen are larger than those of the untreated one at

the very low to zero concentrations of hydrogen. This means that the Pt treatment promotes not only the anodic
reaction of hydrogen but also the cathodic reaction like eq. 4)

02 4H + 4e = 2H20 (4)
More data are needed to understand the action of noble metals in NMCA.
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