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1 Introduction 

Safety and reliability of power plants are becoming increasingly important factors since many plants are 
aging and have obtained license renewal for continued power operation but also, for new reactors using 
different technologies that are or will be in design, construction, commissioning, or start-up stage. 
Therefore, sharing plant operating experiences, sharing lessons learned, and sharing new industry 
research are all crucial in order to maintain the nuclear power plant fleet in a healthy condition as well 
as for new reactors using different technologies to use this knowledge for achieving the highest levels of 
safety and reliability. 

For the present edition of the Key Emerging Issues and Recent Progress, ANT has collected the most 
relevant experiences and advanced research exposed at the Nuclear Plant Chemistry Conference NPC- 
2025 that took place in Busan, Korea, the 22nd to 25th September 2025. The objective of this report is 
not only to summarize the conference contributions but to extract key technical trends and identify 
emerging directions relevant for utilities and regulators. 

The NPC conference is the key point meeting for the nuclear chemistry and radiochemistry international 
community and provides a forum for utility personnel, engineers, scientists, university researchers, 
research institutes, and service organizations to interact and address the challenges faced by the nuclear 
power industry. The current report in two volumes, summarizes the communications from the NPC 
2025 conference and is expected to be a comprehensive summary document incorporating the latest 
information on nuclear plants water chemistry related topics that would benefit the nuclear operators 
and regulators, and those who have not been able to attend the NPC 2025 Conference in Busan, Korea. 

The 23rd International Conference on Water Chemistry in Nuclear Reactors Systems was organized by 
the Korean Nuclear Society (KNS). This series of conferences started in Bournemouth in 1977 and since 
1992 takes place every other year, either in Europe or in Asia or in America. The previous one was hold 
in Antibes, Juan Les Pins (France) in 2023, so the Busan conference recovers the two-year series after 
the interruption caused by COVID-19. 

At Busan NPC 2025 conference, a total of 252 persons from 21 countries attended the conference. Korea, 
with 108 attendees was the most represented country, followed by France with 28, United Kingdom 
with 21, Japan with 19, China with 13, USA with 12 and Sweden and Canada with 11 and 10, respectively 
(Figure 1-1). There were 85 oral presentations and 61 posters. The main countries presenting papers 
and posters were Korea with 43, France with 28, USA and Japan with 17 each, UK with 16, Sweden with 
12 and China with 10. Some countries with active nuclear programs, like Russia, Ukraine or Emirates 
have not participated in this conference. Other significant fact is the almost absence of communication 
from countries with VVER reactors, both in operating experience and research.  

The present report is organized in two volumes, the first one is dedicated to subjects on PWR/VVER 
Primary and Secondary Systems Water Chemistry, whereas the second volume covers the subjects on 
BWR Chemistry and Radiochemistry, Auxiliary and Waste Treatment Chemistry, Flexible Operation, 
Chemistry Programs Optimization and Compliance, Advance Reactors and Lifetime Management. 
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Figure 1-1:  Participants in the 2025 Nuclear Plant Chemistry Conference in Busan by country. 



K E Y  E M E R G I N G  I S S U E S  A N D  R E C E N T  P R O G R E S S  I N  P W R / V V E R ,  B W R  A N D  N E W  R E A C T O R S  ( V O L  I )  

 

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2026.  

2-1 (2-96) 

2 PWR/VVER Primary Water Chemistry & Fuel 
Performance 

A total of 5 specific sessions and some more scientific studies on PWR primary system were hold in the 
NPC-2025 conference covering from the fuel experience to coolant chemistry and the main issues of 
recent times, like KOH alternative, Zn addition, source term control and presenting recent scientific 
studies in all of them.  

As usual in every NPC conference, EPRI presented an overview of the trends in the main relevant 
parameters for chemistry control from its Chemistry Monitoring and Assessment (CMA) database, that 
contains data from more than 2000 cycles from 200 nuclear power plants of different technologies 
worldwide [Barber T.et al. 2025]. This is a resource that supports EPRI research and development 
projects and members assessment and benchmarking, and in the development of technical bases for the 
EPRI Water Chemistry Guidelines. 

Regarding PWR Primary System, EPRI presented the updated to end of 2023 trends for the main 
parameters in its Chemistry Guidelines [EPRI, 2014] for the USA fleet. Following its suggestion that 
impurity concentrations in the primary coolant system should be kept to a practical and achievable 
minimum in order to reach optimal conditions to enhance material integrity or fuel integrity, Figure 2-1 
shows the CMA database values for primary water impurities: chloride, fluoride and dissolved oxygen. 
Chloride and fluoride continue its decreasing trend, whereas oxygen shows the fact that it is only 

reported when hydrogen level is below 15cc/kg1. 

 

Figure 2-1:   Annual Industry Primary Coolant Impurity Concentrations, modified figure according to [Barber T. et al. 2025] 

Data for dissolved hydrogen in Figure 2-2 show the industry trend of operating in the upper part of the 
25 to 50 cc/kg dissolved hydrogen range, as it is expected to be slightly more beneficial for the 
mitigation of primary water stress corrosion cracking and to minimize crud transport and deposition in 
the core, as stated in the EPRI Guidelines. Since 2001, the primary coolant hydrogen medians at PWRs 
have increased by about 7%. 

 

1 1 cc/kg ≈ 0.09 mg/kg at 25°C, 1 bar 
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Figure 2-2:   Annual Industry Primary Coolant Hydrogen Concentrations, modified figure according to [Barber T. et al, 2025] 

With respect to primary coolant pHT Control Strategy, EPRI defines a Modified Chemistry Control as “a 

coolant pHT control strategy in which the lithium concentration is maintained at a constant value for any 

portion of the cycle, thereby allowing the pHT to increase as the boron concentration decreases”. On the 
other hand, a constant chemistry control strategy coordinates lithium with boron to maintain a constant 
pHT throughout the entire cycle. EPRI Guidelines require that plants to maintain reactor coolant pHT 
≥7.0 while at full-power xenon-equilibrium conditions. The term “elevated” does not independently 

describe a pHT control strategy. Therefore, it must be used in combination with a modified or constant 

chemistry control strategy. A constant elevated control strategy maintains a constant pHT > 7.2 for the 

entire length of the cycle [EPRI, 2014]. A modified elevated control strategy also has a pHT > 7.2 for the 

entire length of the cycle, but the pHT is not maintained at a constant value for the entire cycle. 

Figure 2-3 shows the distribution of PWRs operating in the specified pHT regimes. It is clear the 
prevalence of elevated strategies both, constant or modified. 

 

Figure 2-3:  Number of Plants Operating in Specified pH Regimes, modified figure according to [Barber T. et al, 2025] 

A last trending plot presented was Zinc Injection, as shown in Figure 2-4. There has been a considerable 
increase since year 2000 as a result of the demonstrated benefits on dose rate reductions and PWSCC 
initiation delay, depending on the applied concentration. 
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Figure 2-4:  Number of Plants reporting Zinc Injection, modified figure according to [Barber T. et al, 2025] 

2.1 Fuel Experience  

Several communications were presented for this topic, one was the actions at a Korean plant to reduce 
the impact of fission products releases during the plant shutdown with a fuel failure, that later was 
adopted by the Korean operator KHNP, for the fleet; other paper describe a French code to estimate the 
number of failed fuel rods based of fission products analysis and other is an exercise to estimate the 
fission product releases due to recoil from intact fuel which results were confirmed by operating plant 
data. A new application of the last generation of CZT detectors for gamma spectrometry, allows for the 
online detection of fission gases, Xe-133, Xe-135 during plant operation and assessing the fuel condition 
in real time, and last, is a comparison of the Westinghouse fuel experience at the Loviisa VVER reactors 
with the Western PWRs. 

a) Successful Shutdown Chemistry in Preparation for Fuel Defects in Hanul unit 5 
[Lee, G., Park S., & Lee G.] 

Hanul-5 is a 1000 MWe reactor of Korean design, OPR-1000, operated by Korean Hydro & Nuclear 
Power (KPNH), that in its 14th cycle, during the initial operation, experienced a fuel failure. Based on the 
negative experience of shutdown in a similar situation in the previous cycle, KHNP proposed an 
optimized shutdown chemical process. 

Due to a fuel failure, fission products, such as Xe-133 and I-131, accumulate in the reactor coolant 
system and are released when opening the systems and may diffuse into the reactor building. The 
consequences are elevated airborne radioactivity levels within the reactor building, worsened working 
conditions requiring the use of respiratory protection equipment, increased turbidity in the spent fuel 
pool requiring additional purification operations, and ultimately, delays in processes and increased 
radiation exposure for personnel. 

The standard shutdown treatment applied in KHNP plants is aimed at controlling the release of 
corrosion products, (CRUD) and reducing the dose rate increases in components and preventing the 
increase in turbidity of the spent fuel water. The process consists of three stages, shown in Table 2-1 : 

• During power operation and the power reduction phase, an alkaline-reducing environment is 
created to suppress corrosion and minimize CRUD release and deposition. 

• Once in shutdown, lithium is removed and boric acid is injected to create an acidic reducing 
environment, to reduce and dissolve CRUD as oxides and metal particles 

• In the cooling phase, hydrogen is removed and hydrogen peroxide is injected to oxidize the 
leached metal particles to ionic forms, which are removed by filters and demineralizers.  
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Table 2-1:  Main stages of the normal KPNH shutdown process, modified table according to [Lee G.et al, 2025] 

Plant Status Treatment Environment Main Purpose of Treatment 

Normal + Power Derating LiOH, H₂ Alkaline-reducing Restrain corrosion, minimize 
CRUD deposit 

Shutdown + Cooldown H₃BO₃, H₂ 
Process sequence: 
• Li removal 
• B injection 

Acid-reducing CRUD reducing and 
decomposing (Leaching of 
particles such as Nickel, Iron) 

Cooldown to 82°C H₃BO₃, H₂O₂ 
Process sequence: 
• H₂ removal 
• H₂O₂ injection 

Acid-oxidizing Removal of ionized CRUD 
through resin 

© ANT International, 2026 

KHNP has a large fleet of 26 reactors and, on average, 2 or 3 reactors experience a fuel failure every 
year, and it was recognized a lack of a standardized optimization of the shutdown procedures for fuel 
failure condition. Therefore, a corporate task force was created to propose a standard optimized process 
for this situation defining the optimal timing for each phase, the optimal concentrations of each chemical 
and the ideal duration for each chemical phase. These company-wide improvements were applied for 
the first time in Hanul-5 shutdown. The fission products evolution for cycle 14th at Hanul-5 is shown on 
Figure 2-5 and the stablished comprehensive plan for shutdown is in Table 2-1. 

 

Figure 2-5:   Trend of I-131/Xe-133 during the 14th cycle of Hanul-5 plant, modified figure according to [Lee G.et al, 2025] 

Prior to the outage, two months earlier, purification of the spent fuel pool was started and two days 
after shutdown to remove radioactive gases accumulated in the pressurizer, the venting path was 
connected to the GRS (Gaseous Radwaste System), and a gradual degassing was initiated achieving a 
69% reduction. One day before the shutdown, instead of removing lithium (Li), additional Li was 
injected, with the aim of retaining iodine, by forming LiI that is less volatile and is efficiently removed by 
resins. The optimal concentration was established at least 1 ppm additional during the step.  

The acidic-reduction step was maintained for 60 hours to ensure complete removal of metal ions and 
radioactive gases, as degassing via the gas stripper was continuously performed for this step. However, 
this also stripped hydrogen, therefore, it was necessary to establish an accurate concentration standard 
for dissolved hydrogen to preserve the reducing environment. Xe-133 in coolant after this step was 88% 
reduced, while hydrogen was maintained at 8.7 cc/kg. Under reducing environment, Iodine remains as 
iodide with low volatility and high removal by demineralizers. 
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At the end of the acidic reducing step, pressurizer reached full level. Then, hydrogen was removed and 
hydrogen peroxide was injected to transit to the acidic-oxidizing step, and a new CVCS exchanger was 
put in service to improve retention. A slightly higher than normal peroxide concentration is maintained 
to convert iodine species into iodate, that has low volatility and is retained by the demineralizers. 

Table 2-2:  Modified stages of the normal KPNH shutdown process, modified table according to [Lee G.et al, 2025] 

Status Purpose Contents 

Prior to Rx shutdown Purifying refueling water 
Prepare shutdown chemistry 

(D-60) Operation of RWT water purification 
(D-2) Early operation of gas stripper 
(D-1) Li not removal, Li addition (improved) 

After Rx shutdown 
Acid-reducing condition 

CRUD reduction & dissolution, 
ionization 

(D+1) Boron injection (RCS B ≥ 3,000 ppm) 
(D+1) Keep acid-reducing condition (60h) (improved) 
(D+2) Change VCT cover gas (N₂ → H₂) (improved) 

Acid-oxidizing Accelerate CRUD dissolution 
and removal 

(D+4) Change CVCS ion exchanger (IE02 → IE03) 
(D+4) H₂O₂ injection (72 kg), concentration ↑ (5–8 
ppm) (improved) 

RCS drain and primary system open for 
outage 

Confirm satisfying condition of 
RCS drain & primary system 
open 

- Confirm RCS drain condition (Co-58 < 37,000 
Bq/g) 

- Purification using SCS when RCP stopped 
- Drain RCS to RWT through CVCS line (improved) 

Fill up Rx cavity Loading new fuel Increase removal efficiency of radio-iodine (LiOH 9 kg, 
H₂O₂ 11.4 kg) 

© ANT International, 2026 

These three modified steps allowed a significant reduction of volatile fission products as well as 
corrosion products as Co-58, meeting sufficiently the reactor coolant drains. Additionally, hydrogen 
peroxide and lithium were injected before coolant drainage to suppress and remove iodine radioactivity 
during subsequent reflooding for fuel reloading. 

The results of the modified process were very positive, as I-131 concentration decreased from a 
maximum of 519.73 Bq/g to 69.3 Bq/g at the end of the degassing phase (end of reducing environment), 
then further declined to 23.4 Bq/g at the end of the oxidizing environment (RCS drainage), and finally to 
16.2 Bq/g. Xe-133 concentration decreased from a peak of 1243 Bq/g to 462.8 Bq/g, and further to 380 
Bq/g at the time of RCS drainage. This caused a reduction to one tenth the airborne activity of iodine in 
the reactor building after the opening of the reactor head compared with similar cases at other plants 
with fuel failures. This allowed the removal of respiratory protective equipment upon entry into the 
reactor building, thereby improving worker convenience and reducing radiation exposure  

Finally, regarding corrosion products, such as cobalt and nickel, they were eluted as particles during the 
acidic reducing step and then oxidized to ions in the oxidizing step, increased to a peak and removed by 
the demineralizer. The total amount of radioactivity removed was 7.8E+03 GBq, approximately 5.3% 
less than the previous (13th) refueling outage, as shown in Table 2-3.  
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Table 2-3:  Activated Corrosion Products removed in the Hanul-5 plant 14th outage, modified table according to [Lee 
G.et al, 2025]   

Removal of Radioactivity : 7.8E + 03 GBq 

Outage Removal Co-58 
(GBq) 

Total Removal 
Radioactivity 
(GBq) 

Max Conc. Co-
58 (Bq/g) 

Co-58 Ratio 
(%) of Total 
Radioactivity 

Unit 5 

10th 5.98E+03 6.32E+03 5.29E+03 94.5 

11th 1.15E+04 1.26E+04 2.71E+04 93.7 

12th 1.64E+04 1.73E+04 3.06E+04 94.8 

13th 7.35E+03 8.31E+03 1.49E+04 88.5 

14th 5.50E+03 7.87E+03 2.69E+04 69.9 

 

Nuclide Ratio of Removed Radioactivity 

Nuclide Cr-51 Mn-54 Fe-59 Co-58 Co-60 Sb-122 Sb-124 Etc. Total 

Removal 
Amount 
(GBq) 

1.47E+1 5.56E+1 1.40E+0 5.50E+3 6.12E+1 6.95E+1 5.68E+1 2.11E+3 1.92E+4 

Ratio (%) 0.18 0.70 0.018 69.9 0.77 0.88 0.72 26.7 100 

Total Removal Amount decreased to 5.3 %(8.31E +03 → 5.87E + 03 GBq) compared with 13 th Outage 

© ANT International, 2026 
 

As a summary of the experienced process, the authors propose the following Table 2-4 with the different 
steps and the effect of each action. 

Table 2-4:  Key points of the steps for the improved shutdown chemistry process for fuel defect 

Main Contents of the Improved Plan Effect 

Early operation of gas stripper (D–2 day) Early initiate removal of radio-gases (iodine, xenon, etc.) 

Postpone Li removal, additional Li injection (D–1 day) → 
maintain above RCS 1 ppm 

Keep iodine as I⁻ to reduce volatility and increase binding with IX 
→ increase removal efficiency 

Maintain high DH concentration in acid-reducing condition (60 hr) 
→ RCS 8 cc/kg 

To be non-volatile form (I⁻) → continuous removal in IX to 
maximum 

Maintain high H₂O₂ concentration in acid-oxidizing condition (24 
hr) → RCS 5–8 ppm 

Convert iodine to IO₃⁻ (low volatile form) → continuous removal 
in IX 

Additional injection H₂O₂ (11.4 kg) and LiOH (9 kg) before Rx 
cavity for fuel load 

Maintain low volatile forms (I⁻, IO₃⁻) as long as possible → 
prevent volatility and maximize removal in IX 

© ANT International, 2026 
 

b) Diagnosing the number of PWR fuel failures with the DIADEME software 

The French research organizations, CEA and Framatome, together with EdF have developed a software 
to support the plants by diagnosing the number of defective fuel failures. The model is implemented in 
the OSCAR-PWR code and is validated against the EdF database. 
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Fission products are released from defective fuel by two successive mechanisms: 

1. Pellet-to-gap release: Xenon, krypton, iodine, and cesium diffuse within the fuel pellets and are 
released into the free volumes of the rod, including the plenums and the fuel-cladding gap,  

2. Gap-to-coolant release: This involves transit along the fuel-cladding gap to the cladding defect 
and then release through this defect. The noble gases xenon and krypton have no 
physicochemical interaction within the free volumes, while iodine and cesium are mainly 
trapped on pellet and cladding surfaces during nominal operation of the reactor. 

The first mechanism is modeled in the MARGARET module (advanced mechanistic model of fission gas 
behavior) of the ALCYONE code (CEA PWR fuel thermomechanics code), coupled with the OSCAR-FP 
contamination transfer code and has been validated with some 16 campaigns of plants with one 
defective failure. From the modelling, it has been demonstrated that if the grain size and the thickness of 
the ejection layer in the fuel pellet are fixed, the slope of the released fractions represented on a log-log 
graph versus lambda increases with the diffusion coefficient, i.e., with the temperature of the fuel grain. 

The gap to coolant release is obtained in operation and transient situations with the following 
principles:  

− Noble gases migrate rapidly as long as the fuel-cladding gap is open, i.e., for a burnup below 
approximately 30 GWd/t. A small defect can still limit the release of gases to the shortest half-
life such as Xe-138.  

− Above approximately 30 GWd/t, gases can be retained inside the rod by mechanical blocking 
(closure of the gap).  

− Iodine and cesium remain mainly trapped in the free volumes and are weakly released during 
nominal operation.  

− During a deep power transient (down to less than 20% of nominal power), water enters the 
defective rod and flushes the interior of the free volumes, carrying iodine and cesium trapped 
out of the rod, and resulting in activity peaks of iodine and cesium isotopes in the primary 
water, of variable appearance.  

With these principles, the DIADEME code is able to estimate the number of failed fuel rods by 3 different 
methods:  

1) based on the slope of gas release fractions,  

2) on the Xe-133 gap-to coolant release or, more precisely,  

3) with transient fission products, Xe-131 and I-131 data.  

The diagnostic methods have been tested on 46 reactor campaigns from the EDF fleet. For each case, the 
most appropriate method has to be selected. Transient diagnosis is the most accurate and is applicable 
regardless of the burnup of the defective rods; however, it may require, in case of smooth operation, 
waiting until the end of the cycle to monitor a deep power transient. In the absence of a transient, the 
diagnosis based on the slope of gas released fractions is applicable, as long as the gaseous FPs are not 
trapped in a partially closed fuel-cladding gap and also provides an accurate diagnosis.  

Figure 2-6 shows the comparison of actual and diagnosed number of defective rods based either on the 
pellet-to gap release or on Xe-133 gap to coolant release methods.  
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3 PWR/VVER Secondary Water Chemistry 

Main issues on secondary system chemistry continue being, apart from the OPEX from new EPR plants, 
pH control optimization, amine applications for FAC control and, in general, feed water and blowdown 
quality improvements. Steam Generators Corrosion and Chemical Cleaning are areas of interest. An 
important issue for the industry is the research of Hydrazine Alternatives, with new findings and new 
research actors, such as Japan. Interesting investigation on Film Forming Products continues and it 
seems that the online addition of Dispersants is not attracting new plants, although the EPRI research 
effort to extend the knowledge of this area continues.  

3.1 Feedwater Quality Improvements and Blowdown 
Management 

Apart from the classical EPRI review of the industry trends on secondary system chemistry and its 
research on different secondary system topics, it was presented the experience of the new operating 
EPR reactors on secondary system chemistry and a Chinese study on pH optimization with a revision of 
the amines used at their plants for secondary system chemical control. An information on hide out 
return and condensate polishing optimization are returning issues from some actors. Secondary system 
preservation and secondary chemistry simulations and even digital twins as well as some new 
techniques for ionic species concentration are other promising areas that were presented in the 
conference. 

a) PWR Secondary Chemistry: A view of operating Experience and Current/Future 
Trends 

As we mentioned in chapter 2, EPRI has presented an update of the fleet chemistry performance from its 
broad Chemistry Monitoring and Assessment (CMA) database that collects the fleet results for 
secondary system relevant parameters [Barber, 2025] that includes data from more than 2000 cycles 
from more than 200 nuclear power plants worldwide. Additionally, an overview of the operating 
experience and current and future trends on secondary systems chemistry was presented [Fruzzetti & 
Duncanson, 2025] within the context of the PWR Secondary Water Chemistry Guidelines revision 8 
[EPRI, 2017]. 

Regarding the control parameters for secondary system, in Table 3-1, EPRI presented the control 
parameters in its guidelines for Condensate, Feedwater and SG blowdown median values and the action 
level 1 (AL1) for the years 2014, 2023 and currently for the USA fleet to show the industry efforts on 
controlling the different degradation phenomena that affect the secondary system. 

As shown, the median value of each parameter typically has a significant margin from the AL1 value. The 
efforts for improving the quality of secondary chemistry can be observed in the trends of the relevant 
impurities. In Figure 3-1 can be seen the median values for the recirculating SG impurities: Cl-, Na+, SO4= 
and silica, a diagnostic parameter that are keeping in very low values. 
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Table 3-1:  U.S. Median Values for PWR Secondary Chemistry from EPRI’s CMA Database 

   Range*  

Location Parameter Current U.S. 
Median (2023, 

2014 value) 

Current Min (2023, 
2014 value) 

Current Max (2023, 
2014 value) 

AL1 

Condensate O₂, ppb 5.73 (5.73, 4.84) 1.0 (0.7, 0.7) 11.3 (44.0, 20.2) > 100 ** 

Feedwater N₂H₄, ppb 105 (105, 99.8) 22.4 (22.4, 29.4) 218 (195, 221) < 8×Feed 
Source*** [O₂] 
or ≤20 ppb, 
whichever is 
larger 

Feedwater O₂, ppb 0.13 (0.14, 0.20) <0.01 (0.015, 0.02) 1.0 (1.7, 1.9) > 5 

Feedwater Fe, ppb 0.78 (0.75, 1.26) 0.19 (0.15, 0.47) 3.34 (3.34, 2.43) > 5 

Feedwater Cu, ppb 0.005 (0.005, 0.01) 0.0003 (0.0015, 0.001) 0.03 (0.11, 0.11) > 1 

Feedwater Pb, ppb 0.003 (0.002, 0.009) 0.001 (0.0003, 0.001) 0.015 (0.015, 0.019) NA 

SGBD Na, ppb 0.15 (0.14, 0.18) 0.04 (0.04, 0.05) 0.53 (0.43, 0.44) > 5 

SGBD Cl, ppb 0.30 (0.30, 0.38) 0.08 (0.05, 0.05) 1.77 (1.71, 1.7) > 10 

SGBD SO₄, ppb 0.47 (0.41, 0.40) <0.01 (0.11, 0.10) 1.80 (2.54, 1.41) > 10 

*  The range of cycle median values for each PWR considered 

 ** This AL1 value was increased in revision 8 of Chemistry Guidelines from 10 ppb to 100 ppb if an appropriate feedwater oxygen monitoring 
approach is in use and if there is no copper tubed condenser and no copper alloy feedwater heaters 

 *** Feed Source is a new term introduced in rev. 8 of the Chemistry Guidelines. It is defined as the effluent from the first component upstream of 

the steam generators with a significant holdup volume. 

© ANT International, 2026 

 

Figure 3-1: Annual median of recirculating SG secondary coolant main impurities concentration, modified figure according to 
[Barber, 2025] 

Regarding metal impurities, it is clear the decreasing trend in iron along the years and the very low 
values for copper and lead concentration (Figure 3-2). 

Based on data from EPRI’s CMA database, there are very few plants using molar ratio control or 
injecting boric acid. No plants are using titanium. Based on the last reported cycle of information in CMA 
for each plant, there are six units employing molar ratio control, one unit using online boric acid, and no 
units using titanium. The most common way of operation is controlling pH and use of additives to 

maximize the local pHT in susceptible locations with the aim of minimizing the FAC and optimizing the 
use of ion exchange systems performance. Different additives are used to control pH, the most common 
in USA plants are ethanolamine (ETA), methoxypropylamine (MPA), morpholine, and dimethylamine 
(DMA), as well as ammonia, being ETA the predominant agent injected, either alone or in combination 
with other amines, as shown in Figure 3-3.  
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Figure 3-2: Annual median of secondary coolant metal concentrations, modified figure according to [Barber, 2025] 

 

Figure 3-3: Amines and Ammonia injection in USA secondary systems for pH control, based on CMA Database, modified figure 
according to [Fruzzetti. 2025] 

Other aspect of chemical treatment applied to the secondary system is the Dispersant Application. EPRI 
in its update has provided the trend graph of PWR applying dispersants (Figure 3-4). At 2025 there were 
33 PWR applying dispersants online but no online applications are known to have begun since 2021.  
However, there are many other plants that have done “offline” dispersant applications known to have 
occurred either at the end of a cycle during the last days of operation into power/temperature 
reduction, during SG wet layup, during SG sludge lancing, or during long-path recirculation cleanup. 
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Figure 3-4: Global (known) Online Dispersant Application (as of May 2023) Steam Generator Corrosion and Fouling, modified 
figure according to [Fruzzetti. 2025] 

b) Olkiluoto-3 Secondary System Results for the First operating Cycle 

Additional to the information on primary system in subchapter  2.2b), an update was provided on the 
secondary chemistry performance of the Olkilouto-3 plant in Finland, the first EPR reactor operating 
commercially in Europe [Drexler & Vaittinen. 2025]. The water chemistry operation mode of the water-
steam cycle (WSC) is based on the Siemens-designed PWRs and specified by the VGB:  High-AVT 
chemistry using ammonia and hydrazine as the only conditioning chemical with a target pH(25°C) value 
in feedwater above 9.9. This chemistry offers the advantage of requiring practically one reactant, 

hydrazine N2H4, for reducing conditions, as it reacts with oxygen in the condenser, and for pH control as 
it decomposes thermally into ammonia, that normally ensures the goal pH, so rarely it is necessary to 
add this reagent. The pH control along the first operating cycle is shown in Figure 3-5. 

 

Figure 3-5: Control parameters of feedwater of the first cycle in Olkiluoto-3, modified figure according to [Drexler, 2025] 
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Regarding iron transport to the SG, a mass balance was performed with the accumulated Fe amount 
from the measured insoluble iron (>0.45µm) in feedwater and the integral feedwater flow, that gave an 
unexpectedly high value of grams per day. There is a correlation between pH and iron transport 
(Figure 3-6) and it can be observed that the daily average Fe ingress rate increases significantly when the 
pH value decreases below 9.95. The occasional values of low pH are due to ammonia losses. 
Countermeasures have been implemented to minimize or compensate these ammonia losses. 

 

Figure 3-6: Correlation of pH value in feedwater and the calculated total iron inventory, modified figure according to [Drexler, 2025]  

OL-3 applies the concept of integrated exposure, that is used to quantify impurity accumulation in SG 
crevices following impurity intrusions. This is introduced due to the fact that, even small, long-term 
inputs of ionic impurities, such as sulphate or chloride, can accumulate and may create localized 
corrosive conditions on SG tube. VGB guidelines [VGB energy, 2020] define action areas for integral 
parameters as complementary action to the instantaneous control parameters. Figure 3-7 shows an 
example of this control for sulphate in FW. During normal operation, the sulphate concentration 
typically remains below the baseline value of 4 μg/kg. However, the data shows that after approx. 160 
and 275 days of operation, there was a significant increase in sulphate introduced into the SGs. By 
implementing appropriate corrective measures, the current sulphate concentration was successfully 
reduced, allowing the system to return to its initial rate of increase observed at the start of the cycle. 
Both increases in the integral sulphate concentration did not cause a departure from the normal 
operating range. This approach enables the detection of even minor deviations in sulphate 
concentration levels during plant operation 

 

Figure 3-7: Integral sulphate concentration in accordance with VGB Standard during the first operating cycle of NPP Olkiluoto 3, 
modified figure according to [Drexler, 2025] 
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Regarding SG management in the outage, Framatome was contracted to perform a mechanical tube 
sheet cleaning, since the mass inventory for the commissioning and operation periods was high. The 
total amount of deposits removed was approximately 180 kg that compared with Siemens plants with 
H-AVT chemistry was rather high. A characterization of deposits was performed. The removed deposits 
consist of over 96% iron with chromium, manganese, and nickel as the next most prevalent elements. 
Zinc accounts for about 0.2 - 0.3% of the deposits, and silicate is less than 0.2%. The risk of corrosion 
due to corrosive metals like copper or lead is very unlikely. The XRD and Mossbauer spectroscopy 
showed that magnetite is the dominant species with more than 94% magnetite, values within the 
international experience. Finally, the visual inspection following mechanical cleaning was normal for the 
remaining deposits in the tube sheet, but some loose corrosion products were found in the bundle 
wrapper roof that were removed by vacuum. Its origin is under investigation. 

Finally, the VGB Water Chemistry Index (WCI) was applied to the first cycle data, indicating that the 
reactor coolant system operated safely and reliably, while some secondary systems need improvement. 
This new index was validated using data from the first operating cycle. 

c) Flamanville-3 Secondary System during Start-up and Power Scalation 

Secondary system behaviour was part of EdF’s presentation on commissioning tests for 1st criticality 
and power scalation at FA-3 reactor [Tigeras, 2025].  

In general, for this period, SG water has presented low values of anionic impurities and sodium. As 
anticipated, the release of impurities and increase in cationic conductivity was experienced when some 
portions of the system entered in contact with hot water or steam (Figure 3-8). A modification in the 
limits of impurities in the SGBD (sodium increase in normal range with additional controls of 
organic/inorganic impurities in feedwater systems) was done in the technical specifications with the 
definition of an intermediate Na limit (35ppb) and cationic conductivity (1.5µS/cm), enabling to operate 
28 days, instead of 7 days in this region, in the commissioning program to validate the defined hold 
points without risk for the SG integrity (Figure 3-9). By using high blowdown purification (47t/h for 
power 50-60%), the impurities were removed efficiently according to the theoretical calculations. Some 
problem in the sampling system due to particle accumulation have been reported, but apart from that, 
the control of SG water has always been performed according to the requirements of the chemistry 
procedures. 

 

Figure 3-8: Example of SG cationic conductivity increase during tests and SG blowdown maintenance, modified figure according 
to [Tigeras, 2025] 
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Figure 3-9: Modification in the Conductivity-Sodium diagram (>25% power) performed in the FA-3 Startup Technical Specification 
adding a new zone 3 with CC=1.5µS/cm and Na=35 ppb and time limit of 28 days, modified figure according to 

[Tigeras, 2025] 

d) Analysis and optimization on pH control of secondary system in CNNC Plants 
[Tian & Xu. 2025] 

China National Nuclear Power (CNNC) is one of the operators of nuclear plants in China. By 2025, CNNP 
operates 25 reactor units from 300 to 1000 MWe. Due to different designs, the secondary system of the 
plants has up to four different regimes: hydrazine-ammonia, hydrazine-ethanolamine (ETA), hydrazine-
ammonia-ETA, and hydrazine-ammonia-morpholine. The distribution of units employing each pH 
control mode is shown in Figure 3-10. After years of operation some issues have gradually emerged in the 
secondary system, such as FAC and high concentration of corrosion products in the feedwater. An 
analysis of the four control modes has been carried out combined with the latest advances in secondary 
water chemistry with the aim of an optimization.  

The adopted criteria for secondary chemistry control are those of [Roumiguiere, 2012]: 

− For general corrosion control, maintain the pHT in each location one pH unit higher than the 

pHT of pure water, that is ΔpHT > 1. 

− For FAC mitigation, pHT ≥ 6.6 for areas within the temperature range susceptible of FAC  

 

Figure 3-10: Distribution of CNNC units by secondary system control regime, modified figure according to [Tian & Xu. 2025]  



K E Y  E M E R G I N G  I S S U E S  A N D  R E C E N T  P R O G R E S S  I N  P W R / V V E R ,  B W R  A N D  N E W  R E A C T O R S  ( V O L  I )  

 

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2026.  

4-1 (4-2) 

4 Executive Summary 

This volume summarizes the principal technical findings and industry developments presented at the 

23rd International Conference on Water Chemistry in Nuclear Reactor Systems (NPC 2025) in Busan. 
The collective contributions reflect a mature and highly data-driven field, where chemistry management 
is increasingly integrated with long-term asset management, radiation protection strategy, fuel 
reliability, and digital modelling tools. The dominant theme emerging from the conference is a shift from 
incremental optimization toward predictive, system-level chemistry control across both operating fleets 
and new reactor designs. 

Primary system chemistry continues to demonstrate high technical stability, with zinc injection firmly 
established as a standard industry practice. Operational data from multiple plants, including the first 
operating cycle of Olkiluoto-3, confirm that early zinc implementation during commissioning can 
significantly reduce shutdown dose rates and stabilize radiation field development. Statistical analyses 
indicate that optimized zinc concentrations are now well understood, with diminishing returns 
observed beyond moderate injection levels. The industry focus has therefore shifted from validation to 
refinement and long-term trend optimization. 

Potassium hydroxide as an alternative to lithium hydroxide has progressed from research evaluation 
toward practical implementation. Extensive modelling, autoclave testing, stress corrosion cracking 
studies, and high heat flux loop experiments demonstrate no significant material incompatibility under 
normal operating conditions. Fuel thermal performance modelling and heated rod testing show no 
detrimental impact on cladding temperature margins or crud behaviour. Resin management strategies 
and potassium migration between units appear operationally manageable. The planned three-cycle 
monitored application at Sequoyah Unit 2, a moderate fuel duty plant, represents a significant milestone 
for Western PWR chemistry and marks the transition from theoretical validation to controlled plant 
demonstration. Remaining uncertainties are primarily regulatory and operational rather than technical. 

Shutdown chemistry has emerged as a critical lever for source term and dose management. Experience 
presented by EDF demonstrates that hydrogen management, oxygenation timing, and temperature 
control during cooldown significantly influence corrosion product redistribution and isotope behaviour, 
particularly for Co-58 and Ag-110m. Optimized shutdown strategies, including controlled oxygenation 
and targeted purification, are now recognized as key contributors to collective dose reduction. In 
parallel, ultrasonic cleaning technologies show promise for rapid removal of localized hot spots, offering 
additional operational flexibility. 

Fleet-wide source term analysis indicates that incremental chemistry improvements alone may not be 
sufficient to meet long-term occupational exposure reduction targets. Strategic interventions, including 
full system decontamination, shutdown optimization, improved silver management, and enhanced 
purification approaches, are likely required for certain reactor series. The integration of large radiation 
databases, gamma spectrometry, and predictive modelling tools is increasingly central to fleet-level 
decision-making, marking a transition toward predictive source term management rather than reactive 
mitigation. 

Advances in multiphysics modelling and thermodynamic databases continue to strengthen the scientific 
foundation of primary system chemistry. Updated boric acid models, revised water ionization constants, 
and improved solubility data for lithium and potassium borates enhance confidence in high-
temperature equilibrium calculations. CRUD growth models, such as SNUBIC, increasingly integrate 
thermal, chemical, and mass transport mechanisms and are being validated against experimental loop 
data. These tools are approaching the level of reliability required for operational decision support. 

Secondary system chemistry remains focused on pH optimization, flow accelerated corrosion mitigation, 
and steam generator deposit management. Mixed amine strategies provide improved pH distribution 
across temperature gradients, and operational data confirm the relationship between feedwater pH 
stability and iron transport. Steam generator chemical cleaning technologies have evolved to improve 
de-clogging efficiency while maintaining material integrity, and enhanced eddy current profiling 
techniques now allow more quantitative fouling assessment. Together, these developments support 
more predictive and economically optimized steam generator maintenance strategies. 
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List of Abbreviations 

AAS/HGA Heated Graphite Atomic Absorption Analysis 

AECL Atomic Energy of Canada Limited 

AL Action Level (for Guidelines) 

ALARA As Low As Reasonably Achievable 

ALARP As Low As Reasonable Practicable 

AOP Abnormal Operating Procedure 

ANO Arkansas Nuclear One (a PWR plant in the US) 

ANT Advance Nuclear Technology 

ANTI ANT International 

AOA Axial Offset Anomaly 

APR Advanced Pressurized Reactor (Advanced PWR, Korean design) 

AR As received (Sample before expose to an experiment) 

ARC Alternative Repair Criteria (for SG tube cracking) 

ASTM American Society for Testing and Materials 

ATF Accident Tolerant Fuel 

BAST Boric Acid Storage Tank 

BNFL British Nuclear Fuel Limited 

BOA Boron Offset Anomaly 

BOC Beginning of Cycle 

BOP Balance Of Plant (Systems out of the Nuclear Island) 

Cap-EDI  Capacitive Electrodeionization 

CAS Chinese Academy of Science 

CBB Crevice Bent Beam Test 

cc/kg Ncm3/kg or STPcm3/kg (referring to dissolved hydrogen in primary system) 

CD Cold Drawn (a fabrication method for SG tubes, among others) 

CERT Constant Extension Rate Test 

CGR Crack Growth Rate 

CIPS Crud Induced Power Shift 

CILC Crud Induced Localized Corrosion  

CMA Chemistry Monitoring and Assessment (EPRI database on plant chemistry parameters) 

CP Corrosion Products 

CPD Cumulated Percentage of Data 

CPS Condensate Polishing System 

CRDM Control Rod Drive Mechanism 

CRUD Deposits on fuel cladding. (Chalk River Unidentified Deposits) 

CS Carbon Steel 

CT Compact Tension Test 

CVCS Chemical and Volumetric Control System 
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CVS Condensate Vacuum System 

CZT Cadmium Zinc Telluride (Detector for Gamma Spectrometry) 

DB Deep Bed of resins, a type of demineralizer 

DBB Double Cantilever Beam Test 

DCPD Direct Current Potential Drop (Method for quantifying crack growth) 

DH Dissolved Hydrogen 

DNB Departure from Nucleate Boiling 

DO Dissolved Oxygen 

ECP Electrochemical Corrosion Potential 

ECT Eddy Current Test 

EDI Electrodeionization 

EDS Energy Dispersive X-Ray Spectroscopy 

EdF Electricité de France 

EDX Energy Dispersive X-Ray Spectroscopy 

EDY Effective Degradation Years 

EFPY Effective Full Power Years 

EIS Electrochemical Impedance Spectroscopy (Corrosion test method) 

EOC End of Cycle 

EPR European Pressurized Reactor (Advanced PWR designed by Framatome) 

EPRI Electric Power Research Institute 

ESSC Enhanced Spacer Shadow Corrosion 

DZA Depleted Zinc Acetate 

DZO Depleted Zinc Oxide 

F/D Filter Demineralizer or Powdex Filter, a type of demineralizer 

FA3 Flammanville-3 (EPR plant in France) 

FAC Flow Accelerated Corrosion 

FFA Film Forming Amine 

FFP Film Forming Products 

FIB Focused Ion Beam Electronic Microscopy 

FSAR Final Safety Analysis Report 

FSD Full System Decontamination 

FW Feed Water System 

GDOES Glow Discharge Optical Electronic Microscopy 

HAZ Heat Affected Zone 

HDCI High Duty Core Index 

HDFP High Duty Fuel Plants 

HFT Hot Functional Test 

HOR Hide Out Return 

HP High Pressure 



K E Y  E M E R G I N G  I S S U E S  A N D  R E C E N T  P R O G R E S S  I N  P W R / V V E R ,  B W R  A N D  N E W  R E A C T O R S  ( V O L  I )  

 

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2026.  

IAEA International Atomic Energy Agency 

IAPWS International Association for the Properties of Water and Steam 

ICP-OES Induced Coupled Plasma-Optical Atomic Emission 

ICP-MS Induced Coupled Plasma-Mass Spectrometry 

IGSCC Intergranular Stress Corrosion Cracking 

KAERI Korea Atomic Energy Research Institute 

KEPCO Korea Electric Power Corporation 

KHNP Korea Hydro & Nuclear Power Corporation 

LFEC Low Frequency Eddy Current 

LPR  Linear Polarization Resistance (method for corrosion rate monitoring) 

MA Mild Annealed 

MAI Material Aging Institute (French research institution) 

mdm mg/dm2·month (A unit of surface corrosion rate) 

MPH Morpholine 

MRP Materials Reliability Program (EPRI program) 

MULTEQ MULTicomponent Equilibrium (EPRI code for chemical equilibrium) 

NEA  Nuclear Energy Agency of the OCDE 

NDE Non-Destructive Examination 

NOP Normal Operating Pressure 

NOT Normal Operating Temperature 

NP Nuclear Power (typically in %) 

NPP Nuclear Power Plant 

NUPEC Nuclear Power Engineering Corporation of Japan 

OCP Open Circuit Potential (an electrochemical method for corrosion test) 

OL3 Olkiluoto-3 (EPR Plant in Finland) 

ORE Occupational Radiation Exposure (collective personnel dose) 

PIE Post-Irradiation Examination 

PO Pre-Oxidized (Sample exposed to a pre-oxidation treatment) 

PRIS Power Reactor and Information System, IAEA Data Base  

PSI Paul Scherrer Institute (Switzerland) 

PWR Pressurized Water Reactor 

PWROG PWR Owners Group 

PWSCC Primary Water Stress Corrosion Cracking 

PZ Pressurizer 

RFO Refueling Outage 

RC Reactor Coolant (normally used in PWR) 

RCLP Reactor Coolant Loop Piping 

RCP Reactor Coolant Pump 

RCS Reactor Coolant System or Primary System in a PWR 
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RFO Refueling Outage 

RHR Residual Heat Removal System 

RPC Rotating Pancake coil (Eddy current technique) 

RPV Reactor Pressure Vessel 

RSG Replacement Steam Generator 

RUB Reverse U-Bend Test 

RWT Refuelling Water Tank 

SCC Stress Corrosion Cracking 

SIF Stress Intensity Factor 

SIS Safety Injection System 

SG Steam Generator 

SGCH Steam Generator Channel Head 

SGMP Steam Generator Management Program (EPRI Program) 

SEM Scanning Electronic Microscopy 

SHE Standard Hydrogen Electrode 

SNB Sub-Nucleate Boiling 

SNUBIC  Seoul National University Boron Investigator with CRUD Growth, an equilibrium code 

SFP Spent Fuel Pool 

SRMG Standard Radiation Field Monitoring and Characterization 

SREM Scanning Transmission Microscopy 

TEM Transmission Electronic Microscopy 

TS Tube Sheet 

TSP Tube Support Plate 

TTS Top of Tube Sheet 

TT Thermal Treated 

ULP Underwater Laser Peening 

UT Ultrasonic Test 

VCT Volumetric Control Tank 

VGB Technische Vereinigung der Großkraftwerkbetreiber (The Technical Association of Large 
Power Plant Operators) 

VTT Technical Research Center of Finland Lttd 

VVER Водо-водяной энергетический реактор, Water -Water Energetic Reactor 

W Westinghouse Electric Company 

WCI Water Chemistry Index 

WDS Wavelength-Dispersive X-ray spectroscopy 

WOG Westinghouse Owners Group 

XPS X-ray Spectroscopy   

ZIRLO  ZIRconium Low Oxidation Alloy 

Zry Zircaloy 

ZWC Zinc Water Chemistry 
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Abbreviations and System Codes for FA3-EPR  

Acronym Meaning Acronym Meaning Acronym Meaning 

EPR European 
Pressurized Water 
Reactor 

NP Nuclear Power OPEX Operating 
Experience 

FA3 EPR Flamanville 3 NPP Nuclear Power 
Plant 

OTS Operating 
Technical 
Specifications 

HFT Hot Functional 
Tests 

NSD/SG Normal Shutdown 
with Steam 
Generators 

PWSCC Primary Water 
Stress-Corrosion 
Cracking 

HPC EPR-Hinkley Point 
C 

TSN1/2 EPR Taishan Unit 
1-Unit 2 

STP Standard 
Temperature and 
Pressure 

HTS Hazard Technical 
Specifications 

OL3 EPR Olkiluoto Unit 
3 

SZC EPR-Sizewell C 

 

FA3 Coding Systems English EPR Acronym System Name 

ADG  Feedwater Tank and Gas Stripper System 

AHP  
High and Medium Pressure Feedwater Plant 
and Heater System 

SG‑APG SGBS 
Steam Generator – Steam Generator Blowdown 
System 

ARE MFWS Main Feed Water System 

ASG EFWS Emergency Feed Water System 

ATD‑UTC  
Start‑up Condensate and Feedwater Purification 
System – Chemical Treatment Unit 

CDF (CRDF)  
Pseudo‑system Chemistry/Radiochemistry of 
Fluids 

CEX CES Condenser and Condenser Extraction System 

GST  Stator Cooling Water System 

HK/HR FB/RB Fuel Building/Reactor Building 

IRWST - In‑containment Refuelling Water Storage Tank 

KRT PRMS Plant Radiation monitoring System 

PTR FPCS/FPPS Fuel Pool Cooling (and Purification) System 

RBS EBS Extra Boration System 

RCP‑PZR RCS‑PZR Reactor Coolant System – Pressurizer 

RCP‑RDP RCS‑PRT 
Reactor Coolant System – Pressurizer Relief 
Tank 

RCV CVCS‑VCT 
Chemical and Volume Control System – Volume 
Control Tank 

REA RBWMS Reactor Boron and Water Make‑up System 

REN NSS Nuclear Sampling System 
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FA3 Coding Systems English EPR Acronym System Name 

RES - Steam Generator Secondary Sampling System 

RIS/RA SIS/RHRS Safety Injection System operating in Residual 
Heat Removal Mode 

RPE NVDS Nuclear Vent and Drain System 

RRI CCWS Component Cooling Water System 

SED  Demineralised Water Distribution System pH 7 

SER  Demineralised Water Distribution System pH 9 

SGH, SGN, SGO - 
H₂ Distribution System, N₂ Distribution System, 
O₂ Distribution System 

SIT  Chemical Monitoring system of SG feedwater 

TEG GWPS Gaseous Waste Processing System 

TEP1‑TEP6 CSTS Coolant Storage and Treatment System 

VVP MSSS Main Steam Supply System 

VPU - Steam Line Drain System 

© ANT International, 2026 
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Unit conversion 

 

TEMPERATURE  MASS 

°C + 273.15 = K             °C × 1.8 + 32 = °F  kg lbs 

T(K) T(°C) T(°F)  0.454 1 

273 0 32  1 2.20 

289 16 61    

298 25 77  DISTANCE 

373 100 212  x (µm) x (mils) 

473 200 392  0.6 0.02 

573 300 572  1 0.04 

633 360 680  5 0.20 

673 400 752  10 0.39 

773 500 932  20 0.79 

783 510 950  25 0.98 

793 520 968  25.4 1.00 

823 550 1022  100 3.94 

833 560 1040    

873 600 1112  PRESSURE 

878 605 1121  bar MPa psi 

893 620 1148  1 0.1 14 

923 650 1202  10 1 142 

973 700 1292  70 7 995 

1023 750 1382  70.4 7.04 1000 

1053 780 1436  100 10 1421 

1073 800 1472  130 13 1847 

1136 863 1585  155 15.5 2203 

1143 870 1598  704 70.4 10000 

1173 900 1652  1000 100 14211 

1273 1000 1832     

1343 1070 1958  STRESS INTENSITY FACTOR 

1478 1204 2200  MPa√m ksi√inch 

    0.91 1 

Radioactivity  1 1.10 

1 Sv 
1 Ci 

1 Bq 

= 100 Rem 
= 3.7 × 1010 Bq = 37 GBq 
= 1 s-1 

   

 


