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A decontamination technology for radioactive liquid wastes was newly developed and hypothetically applied to the liquid waste man-
agement system (LWMS) of the nuclear power plant (NPP) to evaluate its decontamination efficacy for the purpose of the fundamental
reduction of spent resins. The basic principle of the developed technology is to convert major radionuclide ions in the liquid wastes into
inorganic crystal minerals via chemical or biological techniques. In a laboratory batch experiment, the biological method selectively re-
moved more than 80% of cesium within 24 hours, and the chemical method removed more than 95% of cesium. Other major nuclides (Co,
Ni, Fe, Cr, Mn, Eu), which are commonly present in nuclear radioactive liquid wastes, were effectively scavenged by more than 99%. We
have designed a module including the new technology that could be hypothetically installed between the reverse osmosis (R/O) package
and the organic ion-exchange resin in the LWMS of the APR 1400 reactor. From a technical evaluation for the virtual installation, we found
that more than 90% of major radionuclides in the radioactive liquid wastes were selectively removed, resulting in a large volume reduc-
tion of spent resins. This means that if the new technology is commercialized in the future, it could possibly provide drastic cost reduction
and significant extension of the life of resins in the management of spent resins, consequently leading to delay the saturation time of the

Wolsong repository.
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1. Introduction

The liquid waste management system (LWMS) is in-
stalled and operated in most domestic nuclear power plants
(NPPs) including Shin Kori 5&6 that are under construction.
Although there are a few different types of LWMS in op-
eration, the LWMS in the APR1400 reactor usually collects,
stores, controls, processes, observes and disposes the liquid
wastes generated during the normal operation of the NPP in-
cluding anticipated operational occurrences (AOOs). In the
case of APR1400, the LWMS consists of four subsystems
including the floor drain subsystem, equipment waste sub-
system, chemical waste subsystem, and detergent waste sub-
system [1]. Liquid wastes treated by the LWMS are properly
managed and discharged obeying the nuclear safety and se-
curity commission (NSSC) Notice No. 2017-36 “Radiation
protection standards” [2]. Reverse osmosis (R/O) and ion-
exchange processes are the main treatment methods used to
meet the above discharge criteria for the type and concen-
tration of radionuclides. The ion-exchanger filled with ion-
exchange resin is usually positioned after the R/O package
to remove the residual radionuclides of liquid waste prior to
their final discharge into the sea. In the NPP, there are also

some other ion-exchange systems, such as chemical volume
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control system (CVCS), spent fuel pool system (SFP), and
steam generator blow down system (SGBDS).

In general, the ion-exchange process is reversible and
exchanges ions that exist on the insoluble solid surface of
resins with other ions dissolved in water. It involves cation
exchange and anion exchange depending on the charge of
the ions to be exchanged. It is utilized in the industry as a
means to purify water or to separate complex ions [3]. lon-
exchange technology is also used extensively in the nuclear
power applications to process the raw water and to remove
the radionuclides remaining in radioactive liquid wastes.

When the radioactive liquid wastes are treated by the
ion-exchange process, the byproduct, which is a spent ion-
exchange resin, can be classified as intermediate or low
level waste [4]. Unlike spent ion-exchange resins used in
non-nuclear industries, those used in the NPPs must be per-
manently disposed without regeneration. The annual pro-
duction amounts of spent resins based on the final safety
analysis reports (FSAR) for four domestic NPPs are shown
in Table 1. The data show that the ion-exchange resins are
being heavily used for the decontamination of radioactive
liquid wastes.

In Korean NPPs, the ion-exchange resins are com-

monly used to remove radioactive nuclides, and there are
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Table 1. Annual production of spent resins based on the Final Safety
Analysis Report (FSAR)

Nuclear Power Plants Volume (L-yr)

Shin Kori 3&4 [5] 71,360
Shin Wolsong 1&2 [6] 44,500
Yonggwang 5&6 [7] 55,640
Ulchin 5&6 [8] 55,640

currently no other substances (adsorbents) to replace them.
From the wide use of the resins in Korea, however, there
are some problems to resolve urgently. First, most resins
are imported from foreign countries [9, 10], and the costs
are high. Second, due to the wide use of resin in NPPs, sec-
ondary radioactive wastes are annually produced in large
volume. Therefore, some efforts have been made to develop
techniques to reduce the waste volumes of spent resins [9-
12]. Third, the cost for the radioactive waste disposal in
Korea is very high. The overall disposal cost for intermedi-
ate and low level radioactive wastes including spent resin
is approximately ¥15 million per 200 L drum (including
management cost and commission fee) and it continues to
increase [13]. In addition, the Wolsong low and interme-
diate level radioactive wastes disposal center (WLDC) in
Gyeong-Ju, the only radioactive waste repository in Korea,
has a limited storage capacity.

The current techniques developed for the volume reduc-
tion of spent resins are as follows: acid/desorption stripping
[9, 11], wet oxidation [10], ultrasonic [12], incineration
[14], and vitrification [15]. Recently, a blending method
has been suggested to reduce high radioactive waste by
simply mixing it with low radioactive waste [16, 17]. How-
ever, no technology has been proposed to remove the major
radionuclides remaining in the liquid waste, a method that
would improve the ion-exchange resin method without a
secondary waste volume increase.

We currently developed a new technology that uses
some underground bacteria to remove cesium as a compact

mineral, pautovite (CsFe,S;) [18]. The biotechnology was
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basically derived from a previous technique that controls
dissolved uranium by using microorganisms [19]. Through
this biological technique, we have effectively removed
some radioactive nuclides such as uranium, iodine, and
strontium as crystalline solids [19-21]. For the mineraliza-
tion of radionuclides, an abiotic technique has been also
currently studied for application to the liquid wastes togeth-
er with the biotic technology.

In this study, we applied the new technology to the NPP
system and checked its merits and potential. The full scale
adoption study was performed by hypothetically installing
the technology in the current LWMS of APR1400. From a
virtual simulation, a simple and assumptive economic eval-
uation was also carried out for the new LWMS operation

based on our small scale experiments.

2. Experiments

2.1 Biological Method

Sulfate reducing bacteria (SRB) were used to biologi-
cally remove cesium in our system. The SRB were cul-
tured prior to interacting with radionuclides. The culture
medium was produced as follows: 1 L of solution was pre-
pared with 2.5 g of sodium bicarbonate (NaHCO;), 1.0 g of
ammonium chloride (NH,C1), 0.5 g of potassium hydrogen
phosphate (K,HPO,), 2.0 g of magnesium sulfate (MgSO,),
1.0 g of calcium sulfate (CaS0O,), 5.0 g of sodium citrate
(Na;C¢Hs0,), 3.5 g of sodium lactate (C;H;NaOs;), and 1.0
g of yeast extract [20]. The culture medium solution was
distributed into 100 mL serum bottles. Then, the medium
was purged with N, gas for 40 min, sealed with butyl rub-
ber septa, capped and crimped with aluminum seals, and
pressurized with ultra-pure N,. After the serum bottle was
autoclaved, 2 mL of 5% ferrous ammonium sulfate was
aseptically added by syringe and needle into the medium
and then the SRB were added and cultured for 24 hours
at 30C.
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The cesium removal experiment was performed in a
batch type. 125 mL serum bottles were filled with 2 mM
of iron(II) chloride, 6 mM of sodium lactate as an electron
donor, and 1 mL of cultured SRB. 3 mM of NaHCO; and 3
mM of Na,SO, as an electron acceptor were added to reach
100 mL total solution. Prior to the addition of cesium, a ce-
sium stock solution (1,000 ppm) was prepared by dissolv-
ing a known amount of inactive CsCl (Aldrich) in a distilled
water. From the cesium stock solution, 0.01~10 mg L' of
cesium chloride was aseptically added to the serum bottles
containing the previously injected reactants. Finally, cells
were injected into the serum bottles to provide ca. 1 mg-L"!
cell protein. The cell suspensions were incubated at 30C
in the dark unless otherwise noted. Solution samples of 5
mL were regularly collected and filtered through 0.2 um
filter, and cesium concentration was analyzed by inductive-
ly coupled plasma mass spectrometry (ICP-MS). A solid
sample (1 ml) suspended in the serum bottle was frequently
removed by syringe and needle, and then it was trapped
by 0.2 um filter and dried at room temperature for several
hours. The solid sample trapped on the filter was investi-
gated by scanning electron microscope (SEM).

A 10 L container with radioactive liquid waste of 1,000
Bq-L! of ¥7Cs was used as a small trial reaction tank, which
was set up in our laboratory. The experimental reaction was
performed for 7 days. After the reaction, the supernatant was
collected with syringe. We determined the removal quantity
of ¥7Cs from the liquid waste by measuring the remaining

37Cs radioactivity by using the y-ray analyzer (Canberra).

2.2 Chemical Method

2.2.1 Removal of Cesium

Another batch test was also performed by using a chem-
ical method without microorganisms to effectively remove
cesium from solution. The chemical method was funda-
mentally based on the biological mechanisms observed in
the microbial Cs removal experiment. The basic mechanism

in their methods is to convert cesium ions into the cesium
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mineral (pautovite), which is a stable and precipitable solid,
via a biological or chemical reaction process that sulfate is
reduced to sulfide in the presence of iron component.

We designed a new chemical method by initially pre-
paring a mixture of anaerobic carbonate and sulfate solu-
tion (5 mM of sodium bicarbonate and 3 mM of iron(Il)
sulfate) with 100 ml in a 125 ml serum bottle, which was
autoclaved and used as a basic solution in our experiment.
The medium in the serum bottle was sealed with butyl rub-
ber septa, capped and crimped with aluminum seals. A con-
centrated anaerobic stock solution of iron(Il) chloride (10
mM) was also prepared by purging it with N, gas for 40 min
and then was added as 2 mM to the serum bottle. Another
stock solution of sodium sulfide (10 mM) was anaerobi-
cally prepared and injected as 2 mM by using syringe and
needle. Finally, 0.1~1.0 mg-L"' of cesium chloride from an
anaerobic cesium stock solution (1,000 ppm) was added to
the serum bottles containing the previously injected reac-
tants. The serum bottles were shaken with 100 rpm at 30C
for 7 days. The liquid samples were frequently collected
and passed through 0.2 pm filter by using syringe and nee-
dle and analyzed by ICP-MS. The solid sample that was
suspended in the serum bottle was frequently collected by
syringe and needle and trapped by 0.2 um filter and inves-
tigated by using SEM.

2.2.2 Removal of Major Nuclides

We conducted a study to determine if it is possible with-
out using ion exchange resins, to remove the principal ra-
dionuclides such as cobalt (Co), nickel (Ni), iron (Fe), man-
ganese (Mn), chromium (Cr), and europium (Eu) found in
the radioactive liquid wastes of NPPs. The experimental
conditions were the same as the method for Cs removal in
this study. To reflect the typical radioactive liquid wastes in
the NPP, 0~1,000 ppm of boric acid was added to the ex-
perimental solution. The initial concentrations of principal
radionuclides (Co, Ni, Fe, Mn, Cr, Eu) were set to be 1.0
ppm. Generally, the radioactivity of principal radionuclides

in the domestic liquid wastes of NPP has been known to be

JINFCWT Vol.17 No.1 pp.59-73, March 2019
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Table 2. The stepwise decreases of dissolved cesium from its initial concentrations during the biological reaction process in liquid wastes

Initial Cesium

Concentrations (ppm) 1st Day 2nd Day 4th Day 7th Day
0.01 0.002 (£0.001) N.D. N.D. N.D.
0.1 0.055 (+0.004) 0.010 (+0.001) 0.005 0.005
1.0 0.806 (£0.017) 0.579 (£0.002) 0.539 (£0.003) 0.530 (£0.004)
10 9.085 (£0.142) 8.693 (£0.057) 8.524 (£0.077) 8.358 (£0.012)
"N.D.: not detected to the detection limit of 0.001 ppm
< 0.01~0.1 ppm concentration. All prepared serum bottles 1007
were shaken, and 5 mL samples were regularly collected 80_;
with a syringe, filtered through 0.2 pm filter, and analyzed T
by ICP-MS to measure the concentration of nuclides. °_‘§ 60—;
2.3 Analytical Method 5
20
Solid samples containing nuclides that were precipi- o ]
tated from solution were examined with a Field Emission 0 ' 1' ' ; ' ; ' ‘I‘ ' ; I é ' ; ' 8

Scanning Electron Microscope (FE-SEM) S-4700 (Hita-
chi). The samples were prepared by centrifuging them at
10,000 rpm for 10 minutes and washing them with anaero-
bic distilled water multiple times. The samples were dried
in a glove box filled with N, gas. After drying, the samples
were evenly smeared onto carbon tape attached to a holder
and osmium tetroxide (OsO,) was sprayed over the sample
to coat it to about 10 nm thickness under vacuum condi-
tion. The size and shape of the samples were investigated
and an Energy Dispersive Spectrometer (EDS) was used to

analyze its chemical composition.

3. Results
3.1 Characteristics of Cesium Removal
Characteristic dissolved cesium decreases by the bio-

logical method for solutions with various cesium concen-

trations are presented in Table 2. The data interestingly

INFCWT Vol.17 No.1 pp.59-73, March 2019

Fig. 1. The selective cesium removal from a liquid waste with
0.01 ppm Cs concentration by a biological method.

show that as initial Cs concentrations are lower, Cs removal
efficiencies are higher in the system. In general, however,
the removal efficiency of a solute by using adsorbents de-
creases if its dissolved concentration is initially lower, due
to the relative increase of other competitive ions that coex-
ist in solution.

Interestingly, our biological method selectively re-
moved around 80% cesium from the solution with 0.01
ppm Cs at the first day, and then most of remaining cesium
ions were scavenged over time (Fig. 1). It has been known
that the actual radioactivity of cesium in the domestic liquid
waste of NPP is measured to be less than ppb (1/1,000 ppm)
as converted to ionic concentration. In our experiment, ce-
sium ions in low concentration of 0.01 ppm were easily
removed by being precipitated as mineral particle forms

without using any adsorbents such as the ion exchange
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Fig. 2. (a) A characteristic dark and solid precipitate from the treated liquid waste by the biological method, (b) SEM image, elemental mapping, and
EDS analysis of the solid sample that shows Cs element present in the crystalline form.

resin (Fig. 1). Fig. 2(a) shows an image of cesium minerals,
which is a cluster form of dark and inorganic crystals. The
amount of the precipitated mineral sludge was just 0.02 g per
100 mL. The solid sample was analyzed by SEM (Fig. 2(b)).
The solid sample was found to be a sulfide mineral with
> 1 um sizes. The elemental mapping showed that it was
mainly composed of iron (Fe) and sulfide (S) with cesium
that was fixed in the mineral structure. As shown in EDS
spectrum, the removal of cesium was very selective even in
the lower concentration of Cs than the other dissolved ions
in the liquid waste.

The selective removal of cesium was practically tested
on a radioactive liquid waste containing highly radioactive
137Cs (Fig. 3). A small trial reaction tank of 10 L with 1,000
Bq-L" of *’Cs was set up. The experimental result showed
that ¥’Cs was selectively removed from the liquid waste,
finally exhibiting about 97% removal of '*’Cs. The removal
efficiency for 1*’Cs was as good as the one for the inactive
cesium that was used previously.

A chemical method was also applied to remove cesium in-
stead of the biological method. With the chemical method, the
removal of cesium ions was remarkable with high efficiency
as presented in Table 3. The experimental result shows that
> 99% of cesium ions were removed from the liquid waste
(initially 0.1 ppm Cs) following 95% cesium removal within

24 hours (Fig. 4). Furthermore, the final solid sludge produced
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Fig. 3. Practical performance for the selective removal of radioactive
B7Cs from a radioactive liquid waste containing '*’Cs.

was as small as 0.015 g per 100 mL liquid waste. As a result,
it seems that the chemical method is more effective than the
biological method to remove cesium, exhibiting its higher Cs

selectivity and lower waste production.

3.2 Characteristics of Major Nuclides Removal
There are several kinds of radionuclides including ce-

sium in radioactive liquid wastes, so we conducted another

experiment to remove them with the same chemical meth-

od previously adopted to cesium removal. The nuclides

JINFCWT Vol.17 No.1 pp.59-73, March 2019
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Table 3. The stepwise decreases of dissolved cesium from its initial concentrations during the chemical reaction process in liquid wastes

Initial Cesium

Concentrations (ppm) Ist Day 2nd Day 4th Day 7th Day
0.1 0.005 (£0.004) N.D. N.D. N.D.
1.0 0.494 0.485 0.480 0.476
"N.D.: not detected to the detection limit of 0.001 ppm
100 F--—— —
80
T
& 60
= ]
é ]
g 40
J ]
20
0 ¥ T I T I T I T I T I I I T
0 1 2 3 4 5 6 7 8
Days —

Fig. 4. The selective cesium removal from a liquid waste with 0.1 ppm Cs concentration by a chemical method.

Table 4. The stepwise decreases of dissolved metal nuclides from their initial 1.0 ppm concentration during the chemical reaction process in liquid
wastes with boric acids

Metal Nuclides Ist Day 2nd Day 4th Day 7th Day
Co 0.018 (+0.004) 0.004 (+0.001) N.D.” N.D.
Fe 0.015 (+0.003) 0.007 (+0.002) 0.007 (+0.002) 0.006 (+0.001)
Ni 0.010 (+0.002) 0.004 (+0.002) N.D. N.D.
Cr 0.005 (+0.001) 0.003 (+0.001) 0.003 (+0.001) 0.003 (+0.001)
Eu 0.004 (+0.001) 0.003 (£0.001) 0.003 (£0.001) 0.003 (+0.001)
Mn"™ 0.044 (£0.014) 0.025 (+0.009) 0.023 (£0.009) 0.020 (£0.008)
Mn™ 0.471 (£0.005) 0.460 (+0.005) 0.457 (£0.006) 0.455 (£0.005)
Mn™" 0.581 (+0.018) 0.562 (+0.014) 0.558 (+0.010) 0.554 (+0.010)

"N.D.: not detected to the detection limit of 0.001 ppm
"Boric acid 10 ppm included

"“Boric acid 100 ppm included

"*Boric acid 1,000 ppm included

selected for the experiment were Co, Fe, Ni, Cr, Mn, Eu
which are commonly found in the radioactive liquid wastes
of NPPs [17]. With the chemical method, the removal of

INFCWT Vol.17 No.1 pp.59-73, March 2019

metal nuclides was remarkable with high efficiency as pre-
sented in Table 4. The experimental result shows that all of

those inactive nuclides were removed by 99% except Mn as
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Fig. 5. The effective removal of principal nuclides that are usually found
in the liquid waste of NPP by the chemical method.
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Fig. 6. SEM image and EDS spectrum of the crystalline sample with principal nuclides precipitated from liquid waste by the chemical method.

shown in Fig. 5. The removal efficiency was very high even
though the experiment was performed with the same condi-
tions used for cesium removal. For manganese, the boric
acid in the liquid waste significantly affected Mn removal
rate, just removing 50% of Mn in the presence of 1,000
ppm of boric acid. However, the removal amount of Mn
increased to 95% as the boric acid concentration dropped to
10 ppm. Except Mn, the removal of other nuclides was not
significantly affected by the boric acid.

Fig. 6 shows SEM image of a solid sample precipitated
from the liquid waste containing various cationic nuclides.
The sample was found as aggregated particles to have more
than pm sizes, which mostly formed with inorganic crystals.

When the sample was analyzed by EDS, it was identified as
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a sulfide mineral, in which most nuclides were incorporated
and fixed stably.

4. Discussion

4.1 Removal Efficiency of Cesium and Major
Nuclides

In this study, we adopted the chemical or biological
(chem or bio) decontamination process module to the cur-
rent LWMS of NPPs, where most radionuclides in the ra-
dioactive liquid wastes are currently removed by R/O pack-
age and organic ion-exchange resin bed. The new module

proposed here may improve some difficult issues and make

INFCWT Vol.17 No.1 pp.59-73, March 2019
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Fig. 7. Schematics of the modified LWMS of Shin Kori 3&4 (APR1400) [24].

the LWMS system more effective. For example, if we add
the new module that can selectively remove principal ra-
dionuclides to the LWMS, it may reduce a large volume of
ion-exchange resins by enhancing the efficiency of LWMS.

The chemical and biological experiments conducted
in this study demonstrated that the advanced technique
can remove more than 80~95% of cesium ions in solu-
tion within 24 hours. In particular, the chemical technique
was more effective than the biological one for removing
cesium (Fig. 4) and other nuclides (Co, Fe, Ni, Cr, Mn,
Eu) (Fig. 5). In addition, the sludge produced from the
chemical technique is wholly inorganic minerals, which
are more favorable to be disposed in the repository. While
the organic ion-exchange resins that are widely used in the
NPP are weak and unstable in radiation and heat and dif-
ficult to manage, the final sludge produced by our tech-
nique is very stable and does not produce any gas due to
the intrinsic nature of inorganic components. Furthermore,
while the resin just weakly adsorbs radionuclides onto
its outer surface, the mineral sludge can fix them into its
crystal structure to prevent their possible desorption and
evaporation during the long-term period of disposal. Due

to such merits of the waste form, it is desirable that the new

INFCWT Vol.17 No.1 pp.59-73, March 2019

technology developed here could be used in the LWMS
as well as in the decontamination and decommissioning
(D&D) projects. Fortunately, most radionuclides of inter-
est in D&D projects [22, 23] are almost the same ones that

were tested in our study.

4.2 Applicability to Liquid Waste Management
System (LWMS)

In the current LWMS of APR1400, radioactive liquid
wastes are sequentially passed through a charcoal bed, filter,
R/O package and ion-exchanger as shown in Fig. 7. This
system step by step removes floating matter and radioac-
tive ions remaining in the radioactive liquid wastes. The
radioactivity of radionuclides is usually monitored at the
end of the system. At a monitoring tank, the liquid wastes
satisfying the discharge criteria can be released into the
sea, but those that exceed the criteria must be recirculated
through the R/O package. Recirculation is frequently re-
quired because of the excess presence of ¥Co, '**Cs, and
37Cs radionuclides that are incompletely removed by the
current ion-exchanger. Therefore, if the chem or bio de-

contamination process is available in the current LWMS,
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Fig. 8. Operational concept for the chem or bio decontamination process.

Table 5. Annual radioactivity of principal radionuclides dissolved in the liquid waste of Shin Kori 3&4

No. Radionuclide L(Vg’(l;[;[g] After(g(/] Oylr)?;:k age Tar(gjflteﬁu:r.hg?; o
Decontamination
1 *Fe 1.66x10° 1.66x10°
2 %Co 7.36%10° 7.36x10* (0]
3 Ni 0 0 (0]
4 “Sr 1.67x10* 1.67x10° X
5 B1Cs 7.14x107 7.14x10° (0)
Total 6.81x10° 7.38x106

“Decontamination Factor of R/O package: 10 [5]

recirculation may not be necessary. By adopting the new
process, we could also reduce manpower and operation
time. The new process that we propose here could be ret-
rofitted to the LWMS without a significant modification to
its original design and equipment (Fig. 7). The new decon-
tamination module is adequate to be placed between the
R/O package and the ion-exchanger.

The virtual operational concept of the chem or bio de-
contamination process is shown in Fig. 8. The new pro-
cess mainly consists of two storage tanks (including level
sensors, temperature control, pH control), one columnar
chem or bio reaction mixer (including reagent & reagent
injectors), dehydration equipment, and other pumps and
piping lines. The detail specifications for the equipment
type, quality, and quantity in the new process would be
established through further investigation and study. If the
chem or bio decontamination process is be very effective
to remove radionuclides, no recirculation of liquid waste
in the LWMS would be required. In addition, it is expect-

ed that the spent resin generation rate would be greatly
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reduced by a significant extension of replacement cycle.

4.3 Feasibility Study on Full Scale Waste
Reduction

For the APR1400 model, 7 NPPs (BNPP123&4 in
United Arab Emirates (UAE), Shin Hanul 1&2, and Shin
Kori 4) are currently under construction. Since Shin Kori
3 only started the commercial operation in December 2016,
it is impossible to collect long term reliable data on the an-
nual resin consumption in LWMS. As a result, based on
the amount of spent resins being reported from the FSAR
document of Shin Kori 3&4 [5], we tried to evaluate the
validity and feasibility of the new technology in an assumed
and modified process of LWMS.

We conducted an assumptive calculation on operating
costs for two options:

- Option 1: only LWMS

- Option 2: LWMS + chemical decontamination process

(except biological method)
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Table 6. Target rates and decontamination rates of the various liquid wastes
of Shin Kori 3&4 as the chemical decontamination process is applied

System Target Rates of ) Decontaminaiion
Chemical Process (%) Rates (%)

Primary Bleed Waste 100 95.00
Liquid Waste System 99.98 94.98
Sem G
Turbine Building Drains 99.91 94.92
Adjusted Total™ 99.90 94.91
Detergent Waste 99.97 94.97
Wastes Total ™ 99.94 94.94

"For 4 major radionuclides: '¥’Cs, ©Co, %Fe, ®Ni

“Decontamination Efficiency: 95%

"*Adjusted total is subtotal value that is adjusted to include 5.92x10°
Bq-yr! attributable to operational occurrences that result in unplanned
releases [26]

™" Adjusted total + Detergent waste

To compare Option 2 with Option 1, there are some as-
sumptions as follows:

» Based on the discussion in section 4.2, it is assumed
that the chemical decontamination process would be
installed between R/O package and ion-exchanger in
Shin Kori 3&4.

* The chemical decontamination process is assumed to
be applicable in full scale.

« It is assumed that the data and results from our small
scale experiments could be directly employable to a
full scale operation.

* It is assumed to be possible to commercialize Option
2 in full scale.

First, we selected some specific radionuclides from the
viewpoint of the waste acceptance criteria (WAC) of the nu-
clear waste disposal facility. Through the selection process,
13 identified radionuclides (°*H, '“C, %Fe, *Co, “Co, *Ni,
ONi, *Sr, *Nb, “Tc, %I, ¥7Cs, '“Ce) in the NSSC Notice
No. 2017-60 “Regulation in delivery of intermediate level
and low level radioactive waste” [25] are specified. Con-

sidering the temporary storage period of waste at the NPP

INFCWT Vol.17 No.1 pp.59-73, March 2019

site, only radionuclides with more than one year of half-life
were sorted separately. Second, we referred to the annual
liquid release source terms (Total 54 radionuclides includ-
ing all others [5]) of liquid radioactive materials from the
FSAR of Shin Kori 3&4. By narrowing the candidate radio-
nuclides, we finally selected five radionuclides (**Fe, Co,
8Ni, *°Sr, 1¥7Cs) as major ones. Among them, *Fe, “°Co,
Ni, and '¥’Cs will be target radionuclides of our chemical
decontamination process.

We have calculated the emission radioactivity for the
five chosen major radionuclides. Table 5 shows calcula-
tion values for radioactive emission at the end of the R/O
package based on the Annual Liquid Release Source Terms
of FSAR [5]. The decontamination rates for the chemical
decontamination process were calculated based on the data
from 0.1 ppm Cs in Table 3. A decontamination rate of 95%
was conservatively chosen from the 95~99% range of de-
contamination rates for the four target nuclides. This rate
was used in Eq. (1). As a result of calculation using Eq. (1),
the decontamination rate of the chemical decontamination
process in the modified LWMS was 94.98%.

(Sum of Activities from 4 Radionuclides (**Fe, °Co, ®Ni, '37Cs))
Total Activities of 5 Radionuclides

x 100 x 0.95 (1)

Table 6 shows the resulting target rates for the 4 major
radionuclides and decontamination rates in radioactive lig-
uid wastes. All types of radioactive liquid wastes evaluated
by the procedure show an average decontamination rate of
about 95%. Considering the conservative engineering mar-
gin, we reduced the chemical decontamination rate to 90%.

Next, the waste disposal costs were calculated. We con-
servatively added a 10% margin to the disposal cost based
on the MOTIE Notice No. 2017-195 “Regulation on cal-
culation criteria for radioactive waste management costs
and spent fuel management fees” [13] and set the disposal
cost per 200 L drums at ¥15,804,300. The disposal cost per
one domestic high-integrity container (HIC) was estimated
at W87,177,200 [27]. The annual waste amount generated
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Table 7. Estimated waste production from the chemical decontamination process in Shin Kori 3&4

Unit: 1,000,000

Liquid waste production (L-day™)* 11,092.4
Unit production of solid waste from liquid waste (kg-L")™ 0.00015
Annual solid waste production (kg-yr)™ 605.90
Processing capacity per Unit HIC (L)™" 818
No. of HIC consumed per year 1
"Clean waste + Dirty Waste [5]
"Data derived from experiments
""Solid waste 1 kg = 1L
“*Data from domestic High-Integrity Container (PC HIC): 818 L [27]
Table 8. Estimated annual costs to dispose the spent resin wastes via two options in Shin Kori 3&4
Unit: ¥1,000,000
Option 1” Option 2
Spent Resin Waste High Activity Low Activity High Activity Low Activity Waste from
Streams Spent Resin Spent Resin Spent Resin Spent Resin Chemical Process
Volume from FSAR 17,060 54,300 1,706 5,430 .
(Leyr)
Projected Volume 2,075 6,600 2075 660 605.90
(Loyr)
Processing Capacity per
Unit HIC/Drum [27] 818 L 187L 818 L 187L 818 L
No. of Containers 3 36 | 4 |
/Drums
Disposal Cost per
Containers/Drums (%) 87.18 15.80 87.18 15.80 87.18
Disposal Cost (¥) 261.54 568.80 87.18 63.20 87.18
Total Disposal Cost (¥) 830.34 237.56

“Only LWMS [17]
"LWMS + chemical decontamination process

by the introduction of the new chemical process is about
605.90 L, which is disposable in one HIC (Table 7).

Table 8 shows the results of disposal cost for the two
options (Option 1: only LWMS [17], Option 2: LWMS +
Chemical decontamination process) evaluated based on the
above calculation. It presumes that the chemical decon-
tamination process achieves a decontamination rate of 90%

and thus reduces the burden of post-stage resin process by
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a factor of 10. Based on this result, it is calculated that the
resin life increases 10 times and the amount of spent resin
generated per year is reduced by a factor of 10. As a result
of comparing Option 1 with Option 2, the annual amount
of spent resins decreased from 3 to 2 for HICs and from 36
to 4 for 200 L drums. If the number of disposal containers
is converted to disposal costs, it is estimated that the annual

disposal cost would decrease from about 800 million to
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Table 9. Total costs to use resins or chemical technology and to polymerize and dispose their wastes that will be produced for 40 years operation of

Shin Kori 3&4

Unit: ¥1,000,000

Item Option 1” Option 2
Facility Purchase Cost - 1,000.00"
Operation Cost of lon-exchange Electric Cost B °
Resins/Chemical Process (¥) Manpower Cost B B
Material Cost 14,233.95"* 2,883.40™
Polymerization Cost (%)™ 11,534.40 1,281.60
Disposal Cost (¥) 33,213.60 9,502.40
Total Waste Management Cost (¥) 58,981.95 14,667.40

‘Only LWMS [17]
"LWMS + chemical decontamination process

whk

"**Cost of Resin (IRN-170): 4.45 $/L, Currency: 1,120.60 ¥/$
""Only applied to Low Activity Resin

¥200 million (about 71% reduction) per year.

In addition, if the chemical decontamination process is
operated for 40 years for Shin Kori 3&4, the total spent
resin management cost is estimated to be lower as follows:
—79.74% for material cost, —88.89% for polymerization
cost, —71.39% for disposal cost (Table 9). Finally, if the
LWMS is operated for 40 years by adopting the chemical
decontamination processes, the total cost saving in waste
management for spent resin would be 75.13% (about
¥W44.31 billion) for only two units, Shin Kori 3&4.

5. Conclusion

It is difficult and costly to manage the radioactive
wastes produced from domestic NPPs, where radioactive
liquid wastes are primarily treated by resins. We have at-
tempted to improve the current LWMS by adopting a new
technology that enhances the radionuclide removal effi-
ciency and reduces the spent resin volume. The biologi-
cal or chemical method proposed here is a new technology

that can effectively remove cesium by > 80~95% as well as
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Values derived from experiments (material cost = reactant cost + reduced spent resin cost)

major nuclides (Co, Ni, Fe) by > 99% without any addition
of adsorbents. It was estimated that such an effective ra-
dionuclide removal technology could significantly reduce
spent resins, if it is used in the LWMS.

Although we did not actually conduct the above test in
the full scale LWMS of NPP, it seems to be meaningful to
check if the new system would have some merits as joined
in the current one. Based on the results from our lab scale
experiment and full scale simulation, we have performed a
feasibility study on the possible application of the new sys-
tem. To evaluate its potential for commercialization, how-
ever, it should require further study and research on it from a
practical point of view. We thus are planning a full scale test
in the LWMS of NPP later, strictly evaluating its efficiency
and costs including logistics-relevant details such as instal-

lation space, maintenance, and worker radiation exposure.
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