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Abstract: In this study, a technical index system for nuclear accident emergency response measures
was established and comprehensively evaluated by studying the impact of time, ventilation speed,
and leakage speed on the radiation consequences after a loss of coolant accident (LOCA) in a marine
reactor. The weight of each index was calculated by the analytic hierarchy process (AHP), and
the weight of the radiation protection measure in the second-level index emergency measure was
0.625, accounting for the maximum proportion. The weights of improving radionuclide detection
technology in chambers, improving detection capability, and improving the diagnosis efficiency of
radiation damage in the three-level indicator emergency measures were 0.4442, 0.4384, and 0.4521,
respectively, accounting for the maximum proportions. The fuzzy comprehensive evaluation method
was used to quantify and comprehensively evaluate the index system of emergency measures. The
quantitative evaluation result was 82.8 points, indicating that the evaluation result was adequate.
Therefore, the nuclear emergency response measure based on the radiation consequences of a marine
reactor LOCA is reasonable and feasible. It provides valuable measures and practical guidance for
the emergency response of a marine reactor LOCA, and dramatically reduces the harm of radiation
to staff and the environment.

Keywords: emergency response measures; radiation consequences; analytic hierarchy process; fuzzy
comprehensive evaluation

1. Introduction
1.1. Literature Review

Domestic and foreign scholars have actively conducted studies on the safety technol-
ogy of advanced energy [1], particularly for marine nuclear energy and nuclear accidents.
Safety technology guarantees the application and development of nuclear power devices.
Reactor cores can melt under severe accident conditions, releasing large amounts of ra-
dioactive materials that can further spread into the cabin and the environment. Marine
nuclear reactors lose power, contaminating the cabin and surrounding environment and
affecting the safety of operators, the public, and the environment. Therefore, the marine
reactor’s nuclear emergency response measure is an essential component of marine reactor
safety. Reasonable and practical nuclear emergency response measures can guarantee
workers’ safety. Implementing emergency response measures can reduce the release of ra-
dioactive substances, harmful effects on workers, and the economic loss of instruments and
equipment [2]. According to statistics, there have been more than 300 severe global marine
reactor accidents, with the proportion of loss of coolant accident (LOCA) being the highest,
accounting for approximately one-third of all accidents [3]. It is particularly important to
study emergency response measures in the event of a LOCA in a marine reactor.

Complex accident environments have higher requirements for emergency technol-
ogy [4]. The marine reactor used in this study was a pressurized water reactor (PWR)
with 330 MW of thermal power. The marine reactor was located in an offshore, mobile
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nuclear power platform with an organic combination of a small nuclear reactor and marine
engineering. The water make-up system of the marine nuclear reactor comprised a deaer-
ator, control valve, make-up water pump, heat exchanger, upper distillation tank, filter,
ion exchanger, and upper charging pump. The marine reactor was divided into various
sections: nuclear reactor area, control room, steam turbine power generation area, nuclear
fuel storage area, residential area, and helicopter area.

In terms of the accident-related consequences of marine nuclear reactors, Xue Feng et al. [5]
studied the release process of hydrogen in a marine nuclear reactor LOCA, and simulated
its two-dimensional flow field and diffusion distribution in the reactor cabin. Given the
risk of a hydrogen explosion after a LOCA, they proposed a hydrogen control system
that eliminates hydrogen in the cabin and improves the safety performance of the marine
reactor. Ouyang et al. [6] established a particle tracking model for the atmospheric diffusion
of radionuclides over the sea, and analyzed the effects of seawater absorption at different
heights. A reasonable seawater absorption height reduces the diffusion of radionuclides in
the atmosphere. Our previous study established an accident analysis model for a LOCA
caused by a small break in a marine reactor [7]. We also studied the release regularity of
gaseous radionuclides based on severe accident analysis programs [8]. In addition, the
radionuclide release rules under loss of coolant accidents (LOCAs) with large, medium, and
small breaks were compared and analyzed, and a sensitivity analysis was carried out [9]. A
research method for coupling hydrodynamics models in severe accident analysis programs
was proposed to analyze and discuss the diffusion regularity of radioactive substances in
closed cabins after a marine reactor LOCA [10]. A dynamic fault tree model of a marine
reactor LOCA was established to analyze the system reliability and understand the weak
links of the mechanical system [11]. In this paper, we analyze the radiation consequences of
a marine reactor LOCA, and provide data support and theoretical reference for emergency
measures. Pronob et al. calculated and analyzed a LOCA caused by the arbitrary rupture
of a cold leg section in a III+ VVER-1200 reactor. The influence of an emergency core
cooling system (ECCS) with or without a LOCA was compared and analyzed [12]. Zubair
et al. used Flowex software to study the behavior of a core emergency cooling system
after the LOCA of a PWR [13]. They conducted uncertainty and sensitivity analyses
on the safety injection system at different break sizes and compared and analyzed the
mitigation strategies for LOCA. Relevant parameters for safe injection systems play an
essential role in alleviating water loss accidents. Regarding emergency response measure
research, it is necessary to establish emergency indicators and determine their weights.
Three commonly used weighting methods are participatory weighting with public or
expert opinions, equal weighting, and statistical weighting [14,15]. Learning from the
impact of the Fukushima Daiichi nuclear power plant accident is important in establishing
a reasonable nuclear accident emergency management strategy for the operation of nuclear
facilities [16]. In the context of accident management evaluation research, the South Korea
Nuclear Power Station proposed accident emergency strategies for extended station black-
out (SBO) accidents and evaluated their effectiveness. The established emergency strategies
have been effective for extended SBO [17]. The fuzzy comprehensive evaluation method
has significant advantages associated with the comprehensive evaluation of measures.
Recently, scholars have used the analytic hierarchy process (AHP)/fuzzy comprehensive
evaluation method combined with other analytical methods to analyze decision-making
schemes [18]. Risk assessment and management technology through fuzzy comprehensive
evaluation methods have been applied in various fields [19]. The hazards of radionuclides
after a severe accident in a marine reactor are emphasized in the aforementioned literature,
reflecting the importance and necessity of research on the consequences of radiation. Some
scholars have designed specific measures to improve the safety performance of marine
reactors from the management perspective for specific nuclear accidents or have formulated
accident emergency strategies in advance to reduce accident hazards. In this paper, based on
the conclusions of the radiation consequences of accidents, emergency response measures
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for nuclear accidents are established to provide valuable strategies and practical guidance
for the emergency response of a marine reactor LOCA.

In our previous studies, we applied MELCOR, a severe accident analysis program, to
study the release behavior of radionuclides in a marine reactor LOCA. We investigated the
diffusion of radionuclides in a closed cabin using fluid dynamics. This study applied the
same structural model but with a different structural division and used the same research
means but different data results. Therefore, this study focused on various emergency
response measures based on the radiation consequences of marine reactor LOCA. Based on
our previous study, we further investigated the effects of radiation dose rates in different
compartments on workers and the consequences of different ventilation speeds. We de-
veloped emergency decision making targeted at marine reactor LOCA and evaluated the
rationality and applicability of these emergency response measures.

Based on a marine reactor’s established accident consequence analysis model, this
study determined the influence of time, ventilation speed, and leakage speed on radiation
consequences after LOCA. An index system for the emergency response measure of a
marine reactor LOCA was established according to the radiation consequences. The analytic
hierarchy process was used to determine the weight of each index of emergency response
measures. The fuzzy comprehensive evaluation method was used to evaluate emergency
response measures because it provides valuable strategies and practical guidance for the
emergency response of the marine reactor LOCA, and dramatically reduces the harm of
radiation to workers and the environment.

1.2. Research Significance

Marine reactor LOCAs release many radionuclides, which cause radiation damage to
staff and severe pollution to the environment. The radionuclides” dose level in the marine
reactor cabin exceeded the maximum dose limit, and the radiation consequences were
severe. Therefore, the radiation consequences of the marine reactor LOCA were studied
according to the numerical simulation method, and the targeted emergency response
measures were designed based on their impact. Research on the consequence assessment
of severe accidents in marine reactors can help predict and evaluate nuclear accidents,
improve technical support for emergency responses, and reduce hazards.

2. Methods
2.1. Consequence Analysis Model for a Marine Reactor LOCA

It is necessary to consider radionuclide generation, release, diffusion, and radiation
consequences caused by LOCAs in marine reactors. Therefore, the consequence analysis
model for a marine reactor LOCA mainly consists of three parts: the structural model
for the marine reactor compartment, the source term release model of the LOCA, and the
radiation dose calculation model. The simplified structural model of the marine nuclear
compartment [20] mainly contains the chamber adjacent to the reactor, equipment chamber,
and staff chamber, as shown in Figure 1.

No.1 Chamber adjacent to reactor

No.2 Equipment chamber

No.3 Staff chamber

AYAN

AN
N

Figure 1. Simplified model diagram of the marine reactor’s chamber distribution.
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2.2. Calculation Model of Radionuclide Release

Mitigation measures were not implemented in time for a large break LOCA in the
marine reactor or the initial event, which led to a core melting accident. After the LOCA,
the reactor was shut down due to the containment rupture. Then, the core was completely
exposed, the core support plate failed, the lower head failed, and the containment pressure
vessel broke. Due to the core melting and slag migration, many radionuclides leaked
out, and the radioactive fission products in the reactor entered the containment from
the pressure vessel and adjacent area through the containment notch. The source term
release model for the marine reactor LOCA helped simulate the radioactive fission products
released during the accident. In this study, we used the severe accident analysis program
MELCOR to calculate the release of radionuclides. The release rate of radionuclides is
expressed exponentially in [7].

j.’ =Aexp(BT), T>T;

L]
where f stands for the release rate, and the unit is quota/min. A and B represent empirical
parameters. T represents the reactor core temperature, where the unit is K. T; is the
minimum temperature at which release begins, and the value is T; = 1173 K, which is the
threshold temperature of radionuclide core release.

2.3. Accident Assumption and Process Analysis

A large break LOCA occurred in the marine reactor due to a double-end fracture in
the cold pipe section, which failed the pressure boundary of the reactor coolant system.
The coolant flowed out of the reactor coolant system without control. The water level in
the reactor coolant system decreased, and the pressure of the pressurizer and water level
decreased. The decreased coolant flow through the core led to partial vaporization, which
reduced the core heat transfer and caused core burnout. The radionuclides that leaked
from the core migrated into the reactor pressure vessel. Of course, a safety injection system
is present to overcome the LOCA. After an accident, the safety injection system injects
emergency water into the reactor coolant system to maintain its water inventory or ensure
that the core is flooded to prevent a core meltdown.

The release fraction of radionuclides and temperature change with time obtained
using the source term release model of a marine reactor LOCA are the initial conditions
for studying and analyzing radionuclide diffusion in closed environments. The number
of radionuclides diffused at various times after a severe accident was calculated by estab-
lishing the diffusion and migration model in the source term of the LOCA. We considered
the radiation consequences on the staff in the cabin due to radionuclide diffusion. We
considered three major exposure pathways caused by the radioactive release for dose
estimation: external exposure to smoke cloud immersion, internal exposure to inhalation,
and external exposure to ground deposition. The external and internal exposures to four
main radionuclides 131, 137Cs, #Kr, and 133Xe released from the marine reactor LOCA
were obtained by calculating the dose conversion factor.

3. Impact Analysis of Radiation Consequences

According to the International Commission on Radiological Protection (publication
60), the effective dose for emergency personnel should not exceed approximately 500 mSy,
except for life-saving operations. Assuming that emergency personnel respond within
30 min of the accident, the maximum allowable dose rate for staff is 1000 mSv/h. Four
representative radionuclides, 1317 137Cg, 85Ky, and 133Xe, were selected for this study, and
their total radiation dose rates were calculated considering the radiation effects at the total
radiation dose rates. Figure 2 shows the radiation dose rates over time in each cabin under
various ventilation speeds, which were calculated using the consequence analysis model
of a marine reactor LOCA [10]. As shown in Figure 2, in the first 60 s after the LOCA, the
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radiation dose rate in each compartment increased slightly, and then rapidly over time. It
exceeded the maximum allowable dose rate workers could tolerate for a short time.
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Figure 2. Variation curve of radiation dose rate with radionuclide accumulation under different
ventilation speeds. (A) 3 m/s; (B) 5m/s; (C) 9m/s; (D) 11 m/s.

As shown in Figure 2, when the ventilation speed was 3 m/s, the radiation dose rates
in the chamber adjacent to the reactor, equipment chamber, and staff chamber exceeded the
dose rate limit after 197, 103, and 220 s, respectively. When the ventilation speed was 5 m/s,
the radiation dose rates in these three chambers exceeded the dose rate limit after 132, 83,
and 165 s, respectively. When the ventilation speed was 9 m/s, the radiation dose rates in
these three chambers exceeded the dose rate limit after 228, 93, and 116 s, respectively. The
radiation dose rate variation in the chamber adjacent to the reactor with the radionuclide
accumulation was substantially different from those in the equipment and staff chambers
due to the increase in ventilation speed, which led to different radionuclide diffusion paths
in the chamber adjacent to the reactor. Thus, it took a long time for the radiation dose rate
to exceed the dose rate limit. When the ventilation speed was 11 m/s, the radionuclide
diffusion path changed further with the continuous increase in ventilation speed. The time
it took to exceed the dose rate limit in the chamber adjacent to the reactor was shorter
than at 9 m/s ventilation speed. At this ventilation speed, the radiation dose rates in the
chamber adjacent to the reactor, equipment chamber, and staff chamber exceeded the dose
rate limit after 74, 135, and 159 s, respectively.

Under different ventilation speeds, the distribution of radionuclides accumulating
radiation dose rates exceeding the limit value in different areas is not a linear trend.
When the ventilation speeds were 5 and 11 m/s, the safe evacuation times for the chamber
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adjacent to the reactor were 132 and 74 s, respectively, shorter than those at other ventilation
speeds because the chamber adjacent to the reactor was closest to the containment. When
the ventilation speed was low, the radionuclides were mainly diffused through gravity
sedimentation. When the ventilation speed was increased, the radionuclides encountered
the wall with acute airflow diffusion in the chamber adjacent to the reactor, thereby forming
vortices. The longer they stayed in the chamber adjacent to the reactor, the shorter the
evacuation time.

Figure 3 shows the evacuation times in the chamber adjacent to the reactor, equipment
chamber, and staff chamber under different ventilation speeds. When the ventilation speed
was low, the more time the radiation dose rate accumulated in different areas and exceeded
the dose rate limit. The longest evacuation time in the chamber adjacent to the reactor was
228 s at a ventilation speed of 9 m/s, whereas the shortest evacuation time was 74 s at a
ventilation speed of 11 m/s. Therefore, if staff are in the chamber adjacent to the reactor
when a marine reactor LOCA occurs, the best emergency response measure would be
to set the ventilation speed within the range of 7 to 9 m/s to provide sufficient time for
safe evacuation. The longest evacuation time in the equipment chamber was 135 s at a
ventilation speed of 11 m/s, whereas the shortest evacuation time was 80 s at a ventilation
speed of 7 m/s. Hence, if personnel are in the equipment chamber when a marine reactor
LOCA occurs, a ventilation speed of 11 m/s would be the best emergency response measure.
The longest evacuation time in the staff chamber was 220 s at a ventilation speed of 3 m/s,
whereas the shortest evacuation time was 84 s at a ventilation speed of 7 m/s. Therefore, if
workers are in the staff chamber when the marine reactor LOCA occurs, the best emergency
response measure would be to set the ventilation speed in the range of 3 to 5 m/s to provide
sufficient time to evacuate safely.

600
[ staff chamber
[ ]Equipment chamber

500+ ] Chamber adjacent to reactor

400 220s
- 116
%
N
2 300 165 84.0s
§ o8 93s 159 s
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= 80s

2004
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Ventilation speed

Figure 3. Evacuation time at different ventilation speeds.

4. Nuclear Accident Emergency Measure for a Marine Reactor
4.1. Selection and Determination of Emergency Measure Indexes

Other nuclear accident emergency measures are based on expert judgment and quan-
titative results, whereas the emergency measures specified in this study were based on
experimental results. Based on the radiation dose consequences caused by the diffusion of
radionuclides in closed cabins, special targeted emergency measures for severe accidents in
marine reactors were formulated considering the injury to workers. These emergency mea-
sures provide reference data for expert judgment and analysis. Based on the consequence
analysis model for the marine reactor LOCA, it is necessary to conduct safety evaluation
research on the marine reactor LOCA from three aspects: the release of the source term,
diffusion of radionuclides in closed environments, and radiation dose. Thus, indices for
emergency response measures are mainly determined by monitoring the source term re-



Sustainability 2022, 14, 13873

7 of 14

lease, monitoring the diffusion of radionuclides in closed environments, and radiation
protection measures.

In a previous study, many radionuclides were released from the core after a LOCA
occurred in the primary circuit of the marine reactor. Most of the radionuclides were
concentrated in the cabin area. Thus, monitoring of the source term [21] released was
regarded as a secondary index of emergency response measures for the marine reactor
LOCA. The variation trend in the amounts of alkaline earth released in the primary circuit
during the accident is shown in Figure 4. The radiation dose rate increased rapidly due
to the accumulation of radionuclides in different areas, thereby increasing the radiation
hazard to workers.

2.0

1.6

=
[N}
1

Mass (kg)

I
»
1

o
o
!

0.0 2.0x10* 4.0x10* 6.0x10* 8.0x10* 1.0x10°
Time ()

Figure 4. Release of the alkaline earths in primary circuit.

Emergency response measures such as sprinklers or sprays can reduce the diffusion of
radionuclides to the different chambers after a marine reactor LOCA. A spray device is a
device that causes liquid to atomize and eject atomized droplets. The release of radionu-
clides can be significantly reduced by opening a sprinkler or spray device. Therefore, an
emergency measure to strengthen or accurately implement a spray device is proposed.

To prevent the radionuclides’ concentration distribution from diffusing into different
environments in the cabin, an emergency response measure to reduce the possibility of
pressure vessel leakage was proposed based on tightness and safety performance analy-
sis results of the internal structure in the marine reactor. The final barrier to preventing
the radioactive material from spreading is the containment system, which includes the
containment and all measures for automatic isolation of the building in case of an acci-
dent. Therefore, reducing the leakage rate of the containment can effectively reduce the
accumulation of radionuclides and increase the radiation dose rate in the chamber.

If the adsorption capacity of radionuclides on the inner surface of the containment
can be improved, more radionuclides will be deposited into the containment and less into
other regional environments. Thus, improving the deposition performance of radionu-
clides on the inner surface of the containment is also an emergency measure for reducing
radionuclides’ release [22].

Due to the number of radionuclides released from the reactor and diffused rapidly
in closed cabins, it is difficult to accurately calculate the concentration distribution of ra-
dionuclides. Thus, it is necessary to conduct model calculations and real-time monitoring
using emergency monitoring devices. A reasonable arrangement of radiation detection
sites can help grasp the release and migration of radionuclides, essential for control and
emergency rescues during nuclear accidents. Considering the secondary indices for emer-
gency response measures, which involve monitoring the diffusion of radionuclides in
closed environments, we propose five specific evaluation indices for emergency response
measures in this study. The concentration distribution and diffusion range of radionuclides
must be accurately analyzed to minimize the potentially harmful effects of radionuclides on



Sustainability 2022, 14, 13873

8 of 14

workers. Therefore, an emergency response measure for improving the detection capability
was proposed by increasing the number of detectors and improving detection accuracy.

Based on the results shown in Figure 2, the effective dose to which personnel were
exposed exceeded the 500 mSv limit after 60 s of the LOCA. Therefore, emergency response
measures, such as keeping the chambers closed and preventing spreading to the cabin,
are proposed after the marine reactor LOCA. An emergency response measure that acti-
vates the emergency exhaust system of the reactor’s cabin is proposed to reduce the level
of radioactivity.

Figures 5 and 6 show the diffuse time for radionuclides in different chambers under
various ventilation speeds and radionuclide leakage speeds, respectively. As shown in
the figures, an appropriate reduction in the ventilation speed may help achieve effective
emergency evacuation of staff. Furthermore, a suitable decrease in the leakage rate of the
radionuclides may increase evacuation time in the chambers, thereby reducing radiation
damage to staff. Therefore, two indices for emergency response measures were established:
appropriate reductions in both ventilation speed and the radionuclide leakage rate.

1000
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Figure 5. Time variation of radionuclide diffusion to different chambers at different ventilation speeds.
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Figure 6. Time variation of radionuclide diffusion to different chambers at different leakage speeds.

Regarding radiation protection, five indicators of emergency response measures are
proposed: (1) improve the diagnostic efficiency for radiation damage, (2) control the dis-
tance from the radiation source, (3) reduce the exposure time of staff, (4) timely concealment,
and (5) take stable iodine tablets.
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4.2. Establishment of an Index System for Emergency Response Measures

Figure 7 shows the established index system for emergency response measures based
on radiation consequences. The index system for the emergency decision-making scheme
for a marine reactor LOCA had three target layers with 15 indices. The AHP was used to
conduct the indices” weight analysis for the emergency decision-making scheme owing to
the requirement for a comprehensive evaluation of multiple layers.

Emergency
strategy

- stic
o the jagn® =
Ve 1l
‘“‘pr,‘::ncw of radi®
cfficienty

Figure 7. Index system of emergency response measures based on radiation consequences.

The pairwise discriminant matrix of the secondary indices for the emergency measures
was obtained based on the questionnaire results using the expert consultation method, as
shown in Table 1.

Table 1. Discriminant matrix of second-level indexes.

Secondary Index Detection of Radionuclide Detection of Radionuclide Radiation Protection
Yy Released Diffusion in Chambers Measures
Detection of radionuclide released 1 1/2 1/4
Det.ectlc?n of radionuclide 2 1 1/3
diffusion in chambers
Radiation protection measures 4 3 1

The maximum eigenvalue of the judgment matrix was Amax = 3.0183, and the calcula-
tion of consistency index CI in the consistency test can be expressed as
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Amax —n _ 3.0183 -3
n-1  3-1
The mean random consistency index was 0.58. The calculation process for the random
consistency ratio (CR) can be expressed as

Cl =

= 0.0091

CI  0.0091
CR = - 058 — 0.0158 < 0.10

Since CR was <0.1, the judgment matrix should be considered reasonable. Therefore,
the weight of the secondary index for the emergency response measures based on radiation
consequences was calculated, as shown in Figure 8.

I Detection of radionuclide release
7 Detection of radionuclide diffusion in chambers
Radiation protection measures

Figure 8. Weight of the secondary indicators.

As shown in Figure 9, the index of the radiation protection measures had the maximum
weight, followed by the monitoring of radionuclide diffusion in closed environments.
Figure 9 shows the weights of the third-level indices established under the corresponding
second-level indices.

0.2502 0.1486 Improving radionuclide detection technology in chambers
0.4384 / / 0.0% 1 6‘8 4 R Strengthen the accurate control of sprinkler or spray device
; ' S Reduce the leakage rate of containment
0.0623 B Reduce the possibility of pressure vessel leakage
0.108 1\ s il i mprove the nuclide adsorption on the inner surface of containment
) RIIREKEKL 0509 PSR

%5

0.1081— N

0.2774%

0.4442

%%
<)
e

F277 Improve detection capability
2" Quick start of emergency ventilation system

&= Keep sealed of chambers
E= Reduce radionuclide leakage rate
== Reduce the wind speed of ventilation system
[N Improve the diagnostic efficiency of radiation damage
0.2745 [N Control the distance from the radiation source

Il Reduce the exposure time of staff

Timely concealment
0.1069 g Take stable iodine tablets

Figure 9. Weight of the third indicators overall evaluation for emergency response measures.
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In our comprehensive evaluation of emergency response measures based on radiation
consequences, we used five grade evaluations for each indicator, namely V = [V1, V2, V3,
V4, V5] = [Excellent, Good, General, Poor, Bad], and the assigned value was V = [20, 40, 60,
80, 100]. Thirty people with professional and scientific research experience graded each
indicator in the indicator layer. Based on the indices’ fuzziness, the index’s membership
degree was obtained by integrating the scores of each person on the index, and a single-
factor fuzzy comprehensive evaluation matrix was established. The fuzzy membership
matrix of third-level and second-level indicators for emergency measures based on radiation
consequences is shown in Tables 2 and 3, respectively.

Table 2. Fuzzy membership matrix of third-level indicators for emergency measures based on

radiation consequences.

Excellent Good  General Poor Bed

Improving radionuclide detection technology in chambers 0.3000 0.3333 0.3333 0.0333 0
Strengthen the accurate control of sprinkler or spray device 0.4000 0.4000 0.2000 0 0

Reduce the leakage rate of containment 0.3333 0.4000 0.2000 0.0333 0.0333

Reduce the possibility of pressure vessel leakage 0.4000 0.4333 0.0667 0.0667 0.0333
Improve the nuclide adsorption on the inner surface of containment 0.5000 0.3333 0.1333 0.0333 0
Improve detection capability 0.5333 0.3333 0.1000 0.0333 0
Quick start of emergency ventilation system 0.4333 0.3667 0.1333 0.0667 0
Keep chambers sealed 0.4000 0.4000 0.2000 0 0

Reduce radionuclide leakage rate 0.3667 0.2667 0.2333 0.1000 0.0333

Reduce the wind speed of ventilation system 0.3667 0.4000 0.1000 0.0667 0.0667
Improve the diagnostic efficiency of radiation damage 0.4000 0.4000 0.2000 0 0
Control the distance from the radiation source 0.4000 0.4333 0.1000 0.0667 0
Reduce the exposure time of staff 0.4000 0.3333 0.2333 0.0333 0

Timely concealment 0.3667 0.2667 0.2667 0.0667 0.0333

Take stable iodine tablets 0.4000 0.4000 0.1333 0.0333 0.0333

Table 3. Fuzzy membership matrix of secondary indexes of emergency measures based on radia-

tion consequences.

Excellent Good General Poor Bed
Detection of radionuclide released 0.3546 0.3699 0.2407 0.0277 0.0072
Detection of radionuclide diffusion in chambers 0.4614 0.3516 0.1341 0.0449 0.0081
Radiation protection measures 0.3964 0.3878 0.1793 0.0310 0.0056

The evaluation vectors of emergency measures for a marine reactor LOCA are as follows:

0.3546
B, = (0.1365,0.2385,0.6250)- | 0.4614
0.3964

0.3699
0.3516
0.3878

= (0.4062,0.3767,0.1769,0.03384, 0.006394 )

The global evaluation vector is as follows:

0.4144 0.3328
B = (0.1634,0.5396,0.2970)- | 0.4062 0.3767

0.4388 0.3544
= (0.4172,0.3629,0.1753,0.03263,0.0119)

0.2407 0.02769
0.1341 0.04486
0.1793 0.03098

0.1956
0.1769
0.1612

0.03735
0.03384
0.02784

0.019881
0.006394
0.01769

0.007207
0.00814
0.00555
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The overall score value is as follows:

0.4172
0.3629
F=V.BT = [100 80 60 40 20] - 0.1753 | = 82.8166
0.03263
0.01196

The overall score was 82.8166, indicating that the evaluation result was adequate.
This shows that the emergency measures for a marine reactor LOCA based on radiation
consequences are feasible and reasonable.

5. Conclusions

In this study, emergency response measures for a marine reactor LOCA were estab-
lished based on radiation consequences and analyzed comprehensively. The following
three conclusions were obtained:

(1) Accident consequences are important for designing emergency response measure
indices. Based on the consequence analysis model elements for a marine reactor LOCA,
indicators for emergency response measures were determined based on three aspects: the
monitoring of the source term released, the monitoring of radionuclide diffusion in closed
environments, and radiation protection measures. The weight of radiation protection
measures was 0.625, accounting for the maximum proportion. Therefore, protecting the
staff and the ecological environment after the marine reactor LOCA is the primary purpose
of these measures.

(2) The tertiary indicators for emergency response measures were formulated to reduce
the exposure dose to staff and prolong the principle emergency operation time. AHP was
used to determine the weights of all the indicators. In the emergency response measures for
the monitoring of the source term released, the weight of improving radionuclide detection
technology in the chambers was the highest, and the value was equal to 0.4442. By calcu-
lating the emergency response measures for the monitoring of radionuclide diffusion in a
closed environment, the weight of improving detection capability was 0.4382, accounting
for the maximum proportion. We calculated the emergency response measures in radiation
protection measures. The weight of improving the diagnosis efficiency of radiation damage
was 0.4524, accounting for the maximum proportion. Therefore, the three proposed strate-
gies are the most important among the tertiary emergency response measure indicators.
It is important to analyze and implement these three emergency measures to reduce the
radiation consequences of nuclear accidents.

(3) A fuzzy comprehensive evaluation method was used to evaluate the emergency
response measures for a marine reactor LOCA. The evaluation result for the nuclear
emergency measures was 82.8 points, which was a suitable evaluation result. Therefore,
the nuclear accident emergency response measures we established based on radiation
consequences are feasible and reasonable.

In this paper, nuclear emergency response measures are established based on the
radiation consequences of a marine reactor LOCA. In further research, different marine
reactor severe accident models should be established to analyze radiation consequences.
Sound and reasonable emergency strategies for severe marine reactor accidents will be
developed to guarantee the safe operation of offshore nuclear power.

Moreover, an effective warning and monitoring system should be designed through a
variety of intelligent algorithms or other advanced technologies to give full play to the role
of detecting radiation consequences after a severe accident in a nuclear reactor.
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LOCA Loss of coolant accident

PWR Pressurized water reactor

AHP  Analytic hierarchy process
SBO Station black-out

ECCS  Emergency core cooling system
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