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a b s t r a c t

Various decontamination technologies have been developed for removing contaminated areas in in-
dustries. Although it is important to consider parameters such as safety, cost, and time when selecting
the decontamination technology, till date their comparative study is missing. Furthermore, different
decontamination technologies influence the decontamination effects in different ways. Therefore, this
study compares different decontamination techniques for the steam generator using a multicriteria
decision-making method. A steam generator is a large device comprising both low- and very low-level
waste (LLW, VLLW) and reflects the difference in weights of the standards according to the classifica-
tion of the waste. For LLW and VLLW decontaminations, chemical oxidizing reduction decontamination
(CORD) and decontamination grit blasting were used as the preferred techniques, respectively, consid-
ering the purpose of decontamination differs based on the initial state of waste. An expert survey
revealed that safety in LLW and waste minimization in VLLW exhibited high preference. This evaluation
method can be applied not only to the comparison between each process, but also to the creation of
process scenarios. Therefore, determining the decontamination approach using logical decision-making
methods may improve the safety and economic feasibility of each step in the decommissioning process
and ensure a public acceptance.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The safe and environment friendly decommissioning of nuclear
facilities is necessary to sustain nuclear energy. Furthermore,
optimization of decontamination methods for radioactively
contaminated metal components can provide great benefits, such
as less waste, lower costs, faster completion, and lower radiological
risk. However, this could lead to an unexpected delay of projects
owing to the radiation dose of workers or the generation of sec-
ondary radioactive waste, which significantly increases total costs.
Consideringwaste treatment accounts for approximately 50% of the
by Elsevier Korea LLC. This is an
total costs, the costs of projects may vary over tenfold depending on
the decontamination techniques used [1]. In addition, it is neces-
sary to develop a reasonable and systematic approach for the se-
lection of decontamination techniques to engage stakeholders,
including the public.

Multicriteria decision-making (MCDM) has been widely used in
diverse energy sectors and other industries [2], [3], [4]. Some of
them combine MCDM with large-scale data processing [5]. MCDM
methods have been used in several different nuclear energy pro-
jects, such as assessing nuclear safety culture [6], selecting nuclear
facility locations [7], and comparing different nuclear fuel cycle
options [8]. Until now, MCDM methods have not been considered
for selecting an optimized decontamination technique. Previous
studies followed a systematic approach for the selection process by
comparing decontamination techniques based on expert surveys
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[9], unit cost [1], logistic approach [10], decision-making technique
[11], or risk assessment [12]. The selection of decontamination
techniques is a complicated task and should consider parameters
such as type, scale, the geometry of contaminated surfaces, primary
and secondary waste management, technology effectiveness, and
costs [9]. More importantly, the complexity also comes from the
necessity to consider the classification of radioactive waste due to
different regulatory guidelines and public perceptions. More
informed decisions can be made by explicitly considering complex
problems with multiple criteria.

In this study, we apply MCDM methods to compare decon-
tamination techniques for steam generators (SGs). SGs cover a
surface area of approximately 70% in the primary circuit system of a
pressurized water reactor (PWR). Based on expert surveys, we
evaluated several criteria such as safety, efficiency, cost-
effectiveness, and waste minimization to determine their weight
factors. Particularly, the different classifications of radioactive
waste are considered. We combined the technique for order of
preference by similarity to ideal solution (TOPSIS) and preference
ranking organization method for enrichment evaluation (PROM-
ETHEE) with the analytic hierarchy process (AHP) for the system-
atic evaluation of decontamination options. In addition, we
compared decontamination scenarios using the evaluation results
by reflecting the decommissioning sites of nuclear power plants,
which is usually composed of multiple stages.

This allows a quantitative comparison between decontamina-
tion techniques. For decontamination techniques, standardized
evaluation data are not available. Usually project managers have
relied on empirical data or consider only one factor, such as cost or
efficiency to identify the most proper option. However, due to the
uniqueness of each decommissioning project, relying on experi-
ence may not result in desired performance. As new decontami-
nation techniques are continuously developed, a methodology that
can compare these techniques according to each situation is
important.

2. Methods

TOPSIS and PROMETHEE were used to derive priorities among
the final evaluation subjects based on the weights calculated by the
AHP. Although AHP is simple to apply, it is frequently combined
with other approaches because the decision-maker’s subjective
intervention is significant [13]. Furthermore, TOPSIS provides a
mathematical basis for ranking while simultaneously considering
both the optimal and worst options. PROMETHEE is conceptual and
easy to maintain even when there are multiple evaluation items.

2.1. AHP

When using AHP to model a problem, a hierarchic or network
structure is required to represent the problem and conduct pair-
wise comparisons to establish relations within the structure [14].
The idea of comparative judgment is used to create pairwise
comparisons of relative importance, which can result in the type of
matrix A. The ith row and jth column aij of Anxn are the relative
scores of the ith and jth elements for the n criteria, respectively.

A¼

2
664
1 / s1=sn
s2=s1 1 s2=sn
« 1 «
sn=s1 / 1

3
775

Furthermore, it uses the eigenvector method, which considers
the eigenvector elements essential for themaximum eigenvalue. By
multiplying matrix A with the importance vector w ¼
53
ðw1;w2; /;wnÞ; we obtained the following:

Aw¼ lw

wi ¼
1
n

Xn
j¼1

aijPn
k¼1akj

where l is the eigenvalue andw the eigenvector corresponding to l.
The consistency ratio (C.R.), an index that checks whether

pairwise comparisons are consistent, was obtained by comparing
the consistency index (CI) with the appropriate set of numbers,
each of which is an average random consistency index (RI) as
shown in Table 1.

C:I:¼ lmax � n
n� 1

; lmax � n;

C:R:¼C:I:
R:I:

;

where n is the size of the pairwise comparison matrix. If the results
are perfectly consistent, CI will be zero considering the eigenvalue
is equal to n. According to Saaty, the C.R. of 0.1 or less be considered
consistent and it should be definitely below 0.2 [14].
2.2. TOPSIS

TOPSIS is based on the concept that the best alternative solution
has the shortest and longest distances from the positive and
negative ideal solutions, respectively [15].

TOPSIS creates an evaluation matrix ðxijÞmxn comprising m al-
ternatives and n criteria. The matrix ðxijÞmxn is normalized to form a
matrix as:

rij ¼
xijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPm
i¼1x

2
ij

q ;

where m is the number of evaluation targets and xij is the perfor-
mance score for the jth evaluation item of the ith target. The
weighted normalized decision matrix is expressed as:

tij ¼ rij$wj;

where, rij is the weight of the jth evaluation item.
We determined the negative (Aw) and positive (Ab) ideal solu-

tions as:

AW ¼ ��
max

�
tij ¼1;2;…;m

���j2 J
�
;
�
min

�
tij ¼1;2…m

���j2 Jþ
�

�	≡�twj
��j¼1;2…n

	
;

Ab ¼
��
min

�
tij ¼1;2;…;m

���j2 J
�
;
�
max

�
tij ¼1;2…m

���j2 Jþ
�

�	≡ntbj���j¼1;2…n
o
;

where Jþ ¼ fj¼ 1;2;…njjg and J� ¼ fj¼ 1;2;…njjg are associated
with the criteria having positive and negative impacts, respectively.

Then, we calculated the distance between the target alternative
as:
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diw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
j¼1

�
tij � twj

�2vuut

dib ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
j¼1

�
tij � twj

�2vuut
Next, we calculated the similarity (s) to the worst condition and

rank the alternatives according to s, given as:

s¼ dib
diw þ dib

TOPSIS allowed for trade-offs between criteria, where a poor
result in one criterion might be offset by a good result in the other.
2.3. PROMETHEE

PROMETHEE is a representative outranking method, where
outranking means that if an alternative A is judged to be less
inferior to alternative B, A can be selected depending on the sub-
jective preference of the decision maker, even if there is no math-
ematical dominance between A and B [16]. The outranking method
is capable of dealing with the trade-off problem between evalua-
tion criteria of different scales by replacing the performance dif-
ferences of alternatives with preference and can be used to resolve
the theoretical limitations of the AHP [17].

Furthermore, PROMETHEE utilizes the concepts of leaving flow
(fþ) and entering flow (f�). PROMETHEE I determines the priority
of alternatives using leaving and entering flows, whereas PROM-
ETHEE II determines the ranking using the net flow.

The preference index for calculating the leaving flow and
entering flow preferences is calculated as:

pða; bÞ¼
Xk
j¼1

pjða; bÞwj

where pj is a preference function value of the jth criterion and wj is
the weight of the jth criterion. To calculate the preference index, it
was necessary to determine the preference function.

Brans and Vincke suggested six types of preference functions, as
summarized in Table 2 [18]. The decision maker selects a function
suitable among these preference functions, calculates the value of
the preference function for pair comparison, and multiples the
preference function by the weight.

Leaving flow and entering flow can be expressed as:

fþðaÞ¼ 1
n� 1

X
b2A

pða; bÞ

f�ðaÞ¼ 1
n� 1

X
b2A

pðb; aÞ

For alternative A, the leaving flow refers to the average of the
preference indices of alternative A and the remaining pair of al-
ternatives, whereas the entering flow refers to the average of the
Table 1
Random index according to the number of evaluation items.

n 1 2 3 4 5 6 7 8 9

R.I. 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45
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preference indices of the pair of alternatives, where alternative A is
compared to other alternatives. In PROMETHEE I, priority is judged
by the leaving and entering flows, that is, the larger the leaving flow
and smaller the entering flow, the better is the alternative. If they
contradict each other, the comparison is said to be impossible.
PROMETHEE II judges the superiority relationship based on the net
flow, that is, the larger the net flow, the higher the priority.

2.4. Decontamination techniques

The trend in nuclear decontamination technologies has shifted
from decontamination during maintenance to decontamination
during decommissioning. Currently, there is very little data on each
technology. Although the partial radioactive level after decontam-
ination is usually reduced to the clearance level, it is necessary to
develop a decontamination technique that satisfies the perfect
condition [19]. Table 3 summarizes the techniques used for general
SG treatment by reviewing the literature on cases of decom-
missioning power plants or replacing SG.

SGs constitute a discrete waste stream of huge, complex items
that can be handled, treated, recycled, and disposed of different
ways. In most cases, SG has very low levels of contamination, with
the exception of water chambers and tubes. Themain purpose of SG
treatment is to minimize the collective dose and disposal volume of
waste.

2.4.1. Grit blasting
Abrasive blasting is a technology used to remove of fix surface

contaminants by spraying abrasive materials such as silicon, sand,
or grit using a spray nozzle. Abrasive blasting systems are
commercially available in various configurations and sizes [27].
Steel grit is known to be highly effective in removing thin layers of
concrete. Grit velocity and treatment time can be used to vary the
depth of the attack. Although the amount of secondary waste
produced strongly depends on the lifetime of the abrasive, the
potential for injury increases as the abrasive hardness increases
[28].

2.4.2. Electropolishing
Electropolishing is a polishing technique that uses an electro-

chemical reaction to smooth the metal surface. The material to be
decontaminated and the electrode of the tank are considered the
anode and cathode, respectively. Electropolishing has a high
corrosion rate and is suitable for the decontamination of large
areas; however, it is less suitable for industrial decontamination of
complex geometries owing to inadequate treatment of the inner
parts of the tubes or hidden elements. Secondary liquid waste is
produced in the same manner as in chemical processes [29].

2.4.3. CORD
The chemical oxidizing reduction decontamination (CORD)

process is commonly used for full-system decontamination (FSD)
based on permanganic acid. Some CORD family processes such as
HP CORD, CORD D UV, and CORD CS UV are slightly modified
depending on the material and type [24]. The HP/CORD UV process
is most commonly applied to PWR stainless steels as a multi-cycle
process depending on the decontamination targets. The HP/CORD
UV process is as follows [30]:

1 Pre-oxidation for dissolution of oxides containing Cr by
oxidizing Cr3þ to Cr6þ using permanganic acid (HMnO4)

2 Reduction of permanganic acid (manganese is reduced from
Mn7þ to Mn2þ) using oxalic acid

3 Decontamination using oxalic acid
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Table 3
Steam generator treatment method for each decommissioning
case [11], [20], [21], [22], [23], [24], [25], [26].

Case Main process

KKS Grit blasting
Ringhals Grit blasting
Stade CORD/Grit blasting
Chooz-A CORD
Trino CORD
BR-3 CORD/MEDOC
Jose Cabrera DFD
KRB A Electropolishing
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4 Decomposition of decontamination chemicals to water and CO2
using ultraviolet light and H2O2
Although HP/CORD UV exhibits a high decontamination factor
(DF) and high material compatibility, local corrosion was
observed in some materials and there was a risk of oxalate
formation during the decontamination step.
2.4.4. MEDOC
Metal decontamination by oxidation with cerium (MEDOC) is a

single-step process that uses cerium IV as a strong oxidant in sul-
furic acid, with regeneration using ozone. Unlike CORD and DFD,
which are closed systems, MEDOC is an open system. The concept
of the MEDOC process is as follows [29]:

1 Decontamination of the contaminated metal using Ce4þ

2 Regeneration of Ce4þ solution using oxidation reduction
potential

The steam generator in a BR-3 power plant in Belgium was
decontaminated using the MEDOC process after performing FSD
using CORD. MEDOC has a high efficiency and can reduce secondary
waste generation by adding sulfuric acid. However, disadvantages
such as the durability problems of electrolysis modules and
hydrogen persist [31].

2.4.5. DFD
The DFD process involves circulating dilute fluoroboric acid and

potassium permanganate through a system or component that
requires decontamination to achieve conditions wherein the base
metals slowly and uniformly dissolve while the dissolved radioac-
tivity and metal are eliminated from the ion-exchange resin [32].
The DFD process is as follows:

1. Oxidation process between HBF4, KMNO4, and the metal surface
2. Reduction process between C2H2O4 and the dissolved metal ion.
3. Purification process with ion exchange resin
55
The DFD process is effective in dissolving Cr-based oxides. In
addition, because the final waste form was an ion-exchange resin,
only a small amount of secondary waste was generated. However, a
highly toxic solvent is necessary for a higher DF [31].

3. Results and discussion

3.1. Evaluation criteria

When selecting decommissioning strategies for nuclear facil-
ities, parameters such as collective dose, radiological hazard, con-
ventional safety, public acceptability, cost, efficiency, and waste
generation should be addressed. Among these, four of the generally
considered criteria were selected for evaluation. Fig. 1 summarizes
the technology evaluation cases that were assessed and grouped
into four categories: safety, efficiency, cost, and wasteminimization
[1]. [10] [33] [34] [35] [36].

Safety not only considers radiological risk but also conventional
safety, such as chemical risk owing to external and internal expo-
sure. Although chemical risks are caused by the toxicity of the
decontamination solution, the solution is not highly toxic. In
addition, considering most planned chemical decontamination
works use liquid circulators, the chemical risk is low as workers do
not directly handle chemicals [37]. However, explosive gases may
be generated in the process of using highly corrosive solutions, and
you may be exposed to physical hazards due to the blasting ma-
terial. In the case of radiological risk, the collective dose of workers
was considered. The lower the worker's exposure dose in the
process of work, the more radiologically safe the process will be.

The efficiency of a decontamination technique can be evaluated
based on its effectiveness in removing radioactive contamination
from a target. Efficiency is also affected by the experience of
workers with the technology. In this study, the efficiency was
calculated using the decontamination factor (DF), which represents
the degree of contamination removal. It also reflects whether the
process can be applied according to the shape and material of the
object, and whether it can be applied to the actual field by being
sufficiently applied to various cases.

The cost included worker wages, process costs, and equipment
costs. Uncertainty is very high in the case of decommissioning cost
estimations. For similar types of nuclear power plants, the esti-
mated costs are sometimes reported differently considering the
database related to the decommissioning of nuclear facilities is
highly uncertain, and the methods used for cost estimation,
established economic and technical assumptions, and regulatory
standards are different [38]. The purpose of this study is not to
estimate the exact cost, but to obtain a relative value for selecting
an alternative.

Waste minimization means that the technique should not pro-
duce large quantities of secondary waste, the treatment and disposal



Fig. 1. Hierarchical structures of the evaluation criteria.
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of which would result in excessive requirements. It should also be
checked that, after the end of the process, no further treatment is
required for the dismantled object as a result of the process.

3.1.1. Weighting factors derived by AHP
In order to see the difference according to the radioactive waste

initial state, the case where the waste level was LLW and VLLW
were divided. Pairwise comparisons were performed respectively.
When conducting the survey, it was explained that the purpose of
decontamination was to reduce the level of radioactivity for safe
work and minimize radioactive waste through clearance, consid-
ering the target was SG.

The expert group consisted of 23 experts from academia, in-
dustry and regulatory bodies with previous work experience in the
decommissioning of nuclear utility facilities. 18 experts from this
group responded to our survey. They answered that they had
experience in measuring radioactivity, cutting, decontamination,
waste treatment, site restoration, safety assessment, cost assess-
ment, and planning for the decommissioning of nuclear facilities.
According to Saaty, the C.R. of 0.1 or less be considered consistent
and it should be definitely below 0.2 [14]. In this study, it was
decided to use only responses with a C.R. less than 0.1, and 13 re-
sponses passed this criteria. A summary of the respondents is given
in Table 4. These respondents were 4 from regulators, 4 from
academia and 5 from industry. Therewere 3 people with more than
10 years of experience, 6 people with more than 5 years and less
than 10 years, and 4 people with less than 5 years of experience.
The C.R. was 0.039 in the LLW case and 0.042 in the VLLW case.
Table 4
Experts profile summary.

Affiliation

Academia 30.8%
Industry 38.4%
Regulatory 30.8%

Experience in decommissioning.
~5 years 30.8%
5 ~ 10 years 46.1%
Over 10 years 23.1%
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The survey results were processed anonymously in accordance
with Article 33 (Protection of Confidentiality) of the Korea Statistics
Act. Therefore, through the results of the study, the characteristics
to which a specific individual did not respond were not exposed.
Also it was not used for any purpose other than the research pur-
pose in accordance with Article 31 (Usage of Statistical Data) of the
Statistics Act.

The results are summarized in Table 5. It was confirmed that the
weight considered by the decision-maker differed depending on
the initial state of the waste.

As shown in Fig. 2, safety is the most important factor in LLW,
whereas waste minimization is the most important factor in VLLW.
Once the survey was completed, we received feedback from the
experts on the results, which appeared to have been influenced by
Korea’s radioactive waste management policies. Korea has only one
LILW disposal facility, an underground silo with a capacity of
100,000 drums, and an under-construction surface disposal facility
with a capacity of 125,000 drums [39]. Currently, the amount
already stored in the silo is approximately 24,000 drums, and this
capacity should be used with caution owing to the planned
decommissioning of nuclear facilities and the difficulty of selecting
a disposal site. Therefore, in case of LLW, the preference for disposal
at surface facilities through the highest possible efficiency while
securing worker safety is reflected. In Korea, waste management
costs are high. The cost of disposal of radioactive waste in 200 L
drums is approximately $13,000, and there is no difference in the
cost of disposal between VLLW and LLW [40]. Therefore, the pref-
erence for waste minimization is higher than that for performance,
as VLLW can reach clearance levels evenwith low DF considering it
is economical to reduce the overall waste management costs by
reducing the amount of secondary waste generated.
3.2. Performance indicators of decontamination techniques for
evaluation criteria

The quantitative and qualitative evaluation results are summa-
rized in Table 7. Results that are difficult to quantify were compared
qualitatively through expert advice.



Table 5
Determined final weights.

Criteria Weights Subcriteria Subweights Final Weights

LLW Safety 0.45 Occupational Dose 0.5 0.225
Conventional Safety 0.5 0.225

Efficiency 0.14 Decontamination Factor 0.333 0.04662
Decontamination Object 0.333 0.04662
Experience 0.333 0.04662

Cost 0.13 Process Cost 0.5 0.065
Equipment 0.5 0.065

Waste minimization 0.28 Secondary waste 0.5 0.14
Conditioning Needs 0.5 0.14

VLLW Safety 0.19 Occupational Dose 0.5 0.095
Conventional Safety 0.5 0.095

Efficiency 0.23 Decontamination Factor 0.333 0.07659
Decontamination Object 0.333 0.07659
Experience 0.333 0.07659

Cost 0.2 Process Cost 0.5 0.025
Equipment 0.5 0.025

Waste minimization 0.37 Secondary waste 0.5 0.185
Conditioning Needs 0.5 0.185

Fig. 2. Comparison of weights for the evaluation factor.
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3.2.1. Safety
The safety was evaluated considering the fact that the applica-

tion of decontamination techniques should not increase radiolog-
ical and non-radiological risks. In case of radiological risk, we
considered the collective dose of workers during decontamination.
In the case of abrasive blasting, the occupational dose is low
because remote operation is possible. Even in the experience of
applying the grit blasting of Ringhals NPP, the collective dose of
workers was about 70man-mSv, which was quite low [41]. How-
ever, there may be a physical risk from the abrasive material [42]. In
the case of electropolishing, it is reported that the occupational
dose is significantly higher, ranging from 100 to 1000 man-mSv
compared to other processes [43]. Handling of components may
lead to additional exposure to workers. Furthermore, electro-
polishing requires additional component handling owing to batch
57
size limitations, resulting in additional exposure of workers. In the
case of full-system decontamination such as CORD, workers are not
exposed during decontamination process, so the collective dose is
relatively low. In processes such as CORD, most exposures occur in
the installation and dismantlement of equipment. MEDOC uses a
relatively strong acid compared to CORD, while DFD can generate
explosive gases using a high corrosive solution in the contaminated
removal process. Therefore, the non-radiological risk is considered
to be high [44]. Table 6 summarizes the usual occupational dose for
each decontamination process and the occupational dose reported
in actual cases.

3.2.2. Efficiency
The total radiation of the steam generator is approximately 5

and 95% in the water chamber and tubes, respectively. Therefore, it



I. Hahm, D. Kim, H. Ryu et al. Nuclear Engineering and Technology 55 (2023) 52e62
is important to decontaminate these two parts [20]. There are also
processes in which it is difficult to remove contamination with
complex shapes, and in this case, it is not effective in reducing
radioactive contamination because the contamination inside the
tube cannot be removed. Therefore, in evaluating Efficiency, not
only DF, but also whether it is applicable to specific materials and
shapes, and whether it is a level of technology that can be applied
to the actual field is reviewed. Grit blasting exhibits high perfor-
mance considering it is suitable for the decontamination of fine
tubes. For the decontamination of Ringhals NPP steam generator
tubes, results showed that over 85% of the activity from the tube
bundle was eliminated [22]. Considering chemical decontamina-
tion shows high performance in the decontamination of steam
generators, a high score was given in terms of efficiency. In
particular, MEDOC is a single-step process using a relatively strong
acid and shows high performance with hundreds of DFs in BR3
steam generator tubes [46]. In BR3, CORD was used for system
decontamination in the initial stage, and the DF for the SG was 16
[47]. Additionally, while DFD can effectively dissolve oxides, is not
PWR rich in Cr. Electropolishing is useful for decontamination of
flats, corners, concave structures and many other places. However,
due to the limitation of the size of the electrolytic cell, it is difficult
to decontaminate largematerials, and the contaminated area inside
parts of tubes or hidden parts cannot be decontaminated
completely.
3.2.3. Cost
Although the cost of the decontamination process depends on

the type of abrasive material, the unit cost of abrasive blasting is
known to be approximately twice the cost of chemical decontam-
ination [36]. In chemical decontamination, there may be differ-
ences in cost depending on the type of acid, the number of
repetitions, and recycling; however, the same score was given to
the cost considering there was no significant difference. . In actual
situations, decontamination cycles are determined according to the
degree of contamination of the target, and the required time may
vary accordingly. Differences in time required lead to differences in
cost. For example, in BR3, 2 h of decontamination and 4 h of
regeneration of cerium Ⅳ were repeated 30 times in total, which
took 1700 man-hours. More than half of this was spent preparing.
Considering electropolishing is widely used in the general industry,
it is commercially available and inexpensive [48]. The cost of the
main equipment is low, and the volume of solution used for
decontamination is relatively small.
3.2.4. Waste minimization
In grit blasting, blasting material and oxides are generated

considered secondary waste, and the amount is less compared to
general chemical decontamination. In the case of Ringhals NPP,
3 m3 of secondary waste was generated due to the blasting material
and oxides used in the blasting process at a throughput of 400m3
[41]. Although electropolishing generates secondary liquid waste-
Table 6
Occupational dose estimates for decontamination of a steam generator (man-mSv) [22]

Technique Occupational Dose

Abrasive Blasting 50e200
70

CORD 50
Electropolishing 100e1000
Water Chemistry Modification 100e600
Spray Application of Agent 200e500
Water Jet 50e200
Steam Jet 100e300
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like other chemical processes, the generation volume is relatively
small. Secondary liquid waste generated from chemical decon-
tamination requires treatment processes such as ion exchange,
precipitation, filtration, and evaporation, and additional waste is
generated in this process. CORD shows less secondary waste gen-
eration among chemical decontamination with lower concentra-
tions with no Kþ or additives. CORD applied to the four steam
generators, pressurizer, and loop piping of Chooz A NPP together
generated 27 m3 of the oxide layer and secondary waste [45].

3.3. Multi-criteria evaluation

3.3.1. Technique for order of preference by similarity to an ideal
solution

As shown in Table 8, the first stage in TOPSIS is creating a
weighted decision matrix. Based on this matrix, positive and
negative ideal solutions are defined. Furthermore, as shown in
Table 9, we calculated the Euclidean distance, which represents the
relative closeness to the ideal solutions for each alternative.

According to Table 10, in the case of LLWand VLLWas the target,
CORD and grit blasting, respectively, were found to be the most
optimal option in terms of relative closeness to the ideal solution.
Fig. 3 shows the relative closeness between the positive ideal so-
lution of the 1st option and the 5th option.

3.3.2. Preference ranking organization method for enrichment
evaluation

This type of preference function is defined as the first step in
PROMETHEEE. In this study, there was no particular reason to
consider the discontinuity of preference, and a linear function was
assumed to minimize the assumption of the shape of the prefer-
ence function.

Table 10 summarizes the leaving flow, which indicates how
much an alternative dominates the others, and the negative pref-
erence entering flow, which indicates how much an alternative is
dominated by the others.

3.4. Comparison between TOPSIS and PROMETHEE

The decontamination processes were compared by combining
TOPSIS and PROMETHEE with the AHP. Table 11 summarizes the
evaluation results for each method. The preferred process for each
analysis for LLW and VLLW was CORD and grit blasting, respec-
tively. The LLW evaluation showed is a small difference between
the 4th and 5th positions owing to themathematical background of
each evaluation method. Despite the different evaluation methods,
the results obtained from the MCDM method were similar and
showed that the initial level of waste gave a different preference for
each process, considering the weights derived through expert
advice differed depending on the target waste. For LLW, safety and
efficiency were the preferred factors, whereas for VLLWs, cost and
waste minimization were the most important factors in
[43] [45].

Comments

Remote operation
Grit blasting in Ringhals NPP case
CORD in Chooz A NPP case

Mostly from installation of spray equipment in channel head
Remote operation
Remote operation



Table 7
Evaluation value of each criterion.

Grit blasting Electro polishing MEDOC DFD CORD

Safety. Worker exposure (man-mSv) 100 500 50 50 50
Conventional Safety Medium Low Medium Low High

Efficiency. DF 10e25 100 100e1000 5e150 20e100
Decontamination object High Low Low Medium Medium
Experience High Medium Medium Medium High

Cost. Process cost ($�m�2) 52 10 21 21 21
Equipment cost Medium Low Medium Medium Medium

Waste minimization. Secondary waste Low Low Medium High Medium
Conditioning needs Low Medium Medium High Medium

Table 8
Weights decision matrix.

Initial state Alternatives Grit blasting Electro polishing MEDOC DFD CORD

LLW Worker exposure 0.038 0.019 0.056 0.056 0.056
Conventional safety 0.050 0.025 0.050 0.025 0.075
DF 0.008 0.012 0.012 0.008 0.008
Decontamination object 0.014 0.005 0.005 0.009 0.009
Experience 0.012 0.008 0.008 0.008 0.012
Process cost 0.007 0.020 0.013 0.013 0.013
Equipment cost 0.012 0.018 0.012 0.012 0.012
Secondary waste 0.038 0.038 0.025 0.013 0.025
Conditioning needs 0.042 0.028 0.028 0.014 0.028

VLLW Worker exposure 0.016 0.008 0.024 0.024 0.024
Conventional safety 0.021 0.011 0.021 0.011 0.032
DF 0.013 0.019 0.019 0.013 0.013
Decontamination object 0.023 0.008 0.009 0.015 0.015
Experience 0.019 0.013 0.013 0.013 0.019
Process cost 0.003 0.008 0.005 0.005 0.005
Equipment cost 0.005 0.007 0.005 0.005 0.005
Secondary waste 0.050 0.050 0.034 0.017 0.034
Conditioning needs 0.056 0.037 0.037 0.019 0.037

Table 9
Rating of alternatives in terms of relative closeness to ideal solution.

Initial state Alternatives dib diw CCi Ranking

LLW Grit blasting 0.0346 0.0503 0.5927 2
Electropolishing 0.0650 0.0326 0.3340 5
MEDOC 0.0344 0.0495 0.5899 3
DFD 0.0638 0.0384 0.3759 4
CORD 0.0218 0.0659 0.7512 1

VLLW Grit blasting 0.0157 0.0548 0.7779 1
Electropolishing 0.0370 0.0393 0.5151 3
MEDOC 0.0328 0.0322 0.4948 4
DFD 0.0558 0.0181 0.2455 5
CORD 0.0274 0.0380 0.5810 2
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decontamination. The high preference for efficiency in LLW can be
attributed to the purpose of disposal in the surface facility by
lowering the classification level of the waste, given the limited
underground silo capacity and difficulty of selecting a disposal fa-
cility. VLLW can achieve clearance levels evenwith a low DF, which
Table 10
Leaving and entering flow of alternatives and PROMETHEE II ranking.

Initial state Alternatives fþ f- f Ranking

LLW Grit blasting 0.051 0.025 0.026 2
Electropolishing 0.030 0.066 -0.035 4
MEDOC 0.035 0.023 0.011 3
DFD 0.012 0.063 -0.052 5
CORD 0.063 0.014 0.063 1

VLLW Grit blasting 0.020 0.039 0.039 1
Electropolishing 0.036 0.043 0.007 3
MEDOC 0.027 0.023 -0.005 4
DFD 0.067 0.008 -0.060 5
CORD 0.021 0.060 0.038 2
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indicates that the demand for waste minimization is greater than
that for performance. This indicates that it is essential to consider
the characteristics of the components or structures when selecting
a decontamination process.
3.5. Decontamination scenario

The various decontamination techniques have their own ad-
vantages and disadvantages in many respects [49]. Therefore, it is
impossible to choose the best approach by merely comparing one
component. Even under the same conditions, a more suitable
process may exist depending on the situation. Also, combining two
or more techniques may yield better results than using one tech-
nique. To deal with this quantitatively, a scenario of decontami-
nation of a hypothetical SG was evaluated.

Target selected the Kori Unit 1 steam generator, which was
permanently shut down in 2017 and is in the preparatory stage for
decommissioning. The Kori Unit 1 steam generator is 21 m in
height, 4.5 m in diameter, and weighs about 326 tons, and consists



Fig. 3. Relative closeness to the positive ideal solution of each criterion.

Table 11
Results of TOPSIS and PROMETHEE.

Alternatives
LLW VLLW

TOPSIS ranking PROMETHEE Ranking TOPSIS ranking PROMETHEE Ranking

Grit blasting 2 2 1 1
Electropolishing 5 4 3 3
MEDOC 3 3 4 4
DFD 4 5 5 5
CORD 1 1 2 2

Fig. 4. Decontamination scenarios for evaluation.

Table 12
Initial inventory of SG after 9 years [40] [50].

Radionuclide Chamber(Bg�g�1) U-tube(Bg�g�1) Allowable concentration for clearance (Bg�g�1)

54Mn - 0.53 0.1
60Co 15.9 4309 0.1
65Zn - 0.04 0.1
106Ru 0.03 8.47 0.1
144Ce - 0.28 10
Total 15.93 4.32Eþ3
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Fig. 5. Score for each stage of the scenario.
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of 55 tons of water chamber and 45 tons of customs. The total
radioactivity of the steam generator is 3.33 TBq, about 5% in the
water chamber and 95% in the tubes. The completion of the waste
treatment facility in the turbine building is in 2026, nine years after
the permanent shutdown. Therefore, among the 16 nuclides, except
for 54Mn, 60Co, 65Zn, 106Ru, and 144Ce, which have long half-lives,
the effect of radioactivity is expected to be very insignificant [50].
The decontamination may also be affected by other work plans,
such as cutting and waste treatment, but this comparison is not
taken into account as it is intended to evaluate decontamination
scenarios. SG inventory calculated through previous studies and
allowable concentration of each nuclide are summarized in Table
12. In Korea, based on 100 times the clearance level, high concen-
trations are classified as LLW and low concentrations as VLLW. For
self-disposal of waste, the sum of fractions by nuclide must be less
than 1 [40].

At least 40,000 DF is required for clearance. The Scenario was
composed of CORD and Grit blasting, which had the highest score
in the previous evaluation. For comparison, electropolishing, which
had a relatively low score, was also added. This is summarized in
Fig. 4.
Fig. 6. Specific radioactivity changes in Scenario 2.
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Fig. 5 shows the results. Scenario 2 shows the highest score.
Scenarios 1 to 3 all started with the CORD, which had the highest
score in LLW. This is because it consisted of a process that had a
good rating in VLLW when LLW was lowered to VLLW through
subsequent decontamination. Fig. 6 shows the change in radioac-
tivity according to the steps.

4. Conclusion

In this study, we performed MCDM analysis on SG to improve
the selection of decontamination techniques and evaluated the
ranking of alternatives. Because evaluation using only one method
can lead to biased results, PROMETHEE and TOPSIS were combined
with AHP for the evaluation.

CORD and grit blasting were ranked first as the decontamination
methods for LLWand VLLW, respectively, owing to the difference in
the initial state of the waste. Furthermore, the expert survey
showed that safety and efficiency were important factors in LLW,
whereas cost and waste minimization were important factors in
VLLW. As the results show, different options can be derived
depending on the state of the radioactive waste.

Comparing a single technique is limited considering the evalu-
ation data may vary depending on the circumstances in which the
process was applied. It is necessary to evaluate decontamination
scenarios in future studies. For example, performing grit blasting
after CORD on an LLW target is considered a reasonable scenario.
Comparisons between scenarios can reflect the changing state of
the waste as the process is applied.

Additionally, one of the important parts of the evaluation
method using MCDM is securing appropriate data. Each decon-
tamination process can show very different performances, even for
the same process, depending on the contamination state of the
object, surface area, shape, and whether the contamination is fixed.
Therefore, a standardized data format is necessary as an alternative.

The integrated approach of this study can benefit decision-
makers and stakeholders. Furthermore, this approach can be
extended to adequately respond to the management of radioactive
waste during decommissioning when generating large volumes of
waste in a short period.
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