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ABSTRACT 

After the Fukushima nuclear accident nuclear regulatory bodies and nuclear industry in 

different countries are developing programs in order to strengthen the capability of their 

nuclear power plants to deal with extreme external events. Recently some of these programs 

have been discussed and some mitigation strategies have been proposed. In this paper few 

systems for water injection during severe events are proposed and analysed. Portable and/or 

fixed equipment is considered as a part of each system. The initial assumption for each system 

is that the installed equipment is capable to survive extreme external events. Each system is 

modelled using the fault tree technique. Probabilistic safety assessment is performed. 

Comparison is made between the systems. The obtained results are analysed and discussed. 

1 INTRODUCTION 

Nuclear power plant (NPP) safety depends on the actions taken to prevent nuclear and 

radiation accidents or to limit their consequences. The probabilistic safety assessment (PSA) 

results show that the station blackout (SBO) event, implicated by complete loss of alternate 

current (AC) power in the NPP, is important for NPP safety [1]. When SBO occurs one of the 

main challenges is to maintain effective decay heat removal. Another important safety event 

is the loss of the ultimate heat sink. The ultimate heat sink is the safety-relevant heat sink to 

which the heat loss during normal operation and the decay heat of the reactor after shutdown 

and incidents is ultimately distributed. The loss of the ultimate heat sink may occur due to 

extreme external events such as flooding and earthquakes. 

A connection between NPP and different types of hydro power plant is proposed for 

NPP safety improvements [2,3]. The hydro power plants are used as alternative AC power 

sources. The main objective of such source is the SBO event mitigation, i.e. provide cooling 

of the reactor core using electrical energy from alternative power supply. The results show 

significant decrease of the station blackout core damage frequency and significant decrease in 

total core damage frequency. For the performed analyses [2,3] the standard PSA methodology 

was used on systems which are non-safety classified and not located at the NPP site. 

After the Fukushima nuclear accident nuclear regulatory bodies and nuclear industry in 

different countries are developing programs in order to strengthen the capability of their 

nuclear power plants to deal with extreme events. In this study five different systems for 

water injection on the secondary side, i.e. steam generators are proposed. Some of the systems 
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are composed of fixed, some of portable equipment and some are combination of both. Each 

system is modelled using the fault tree technique with a top event system fails to deliver the 

required water flow. The obtained results are analysed and discussed. The systems are 

compared not only from aspect of the top event probability but also from the aspect of service 

that each of the systems can provide. 

2 REVIEW OF MITIGATION STRATEGIES 

Different countries have developed different mitigation strategies to strengthen the 

coping capabilities of their NPPs during severe external hazards. Here few of this strategies a 

briefly presented.  

2.1 U.S. approach 

The US Nuclear Regulatory Commission (NRC) issued order EA-12-049 [4] requiring 

nuclear power plants to develop mitigation strategies for beyond-design-basis external events, 

shortly known as FLEX. The nuclear industry in US, through the Nuclear Energy Institute 

(NEI), developed a generic framework for response to this order that is documented in the 

NEI FLEX Implementation Guide (NEI 12-06) [5]. The FLEX represents an approach to 

develop flexible and diverse strategies for increased defence-in-depth by providing multiple, 

diverse methods to supply power and water to support key safety functions. 

The objective of FLEX is to establish an indefinite coping capability to prevent damage 

to the fuel in the reactor core and spent fuel pools and to maintain the containment function 

by using installed equipment, on-site portable equipment, and pre-staged off-site resources 

[5]. The FLEX should address both, the loss of the emergency diesel generators including the 

loss of any alternate current source and the loss of the ultimate heat sink. The strategies for 

coping with these conditions involve a three-phase approach: 

 Initially cope by relying on installed plant equipment. 

 Transition from installed plant equipment to on-site FLEX equipment. 

 Obtain additional capability and redundancy from off-site equipment until power, 

water, and coolant injection systems are restored or commissioned. 

Plant-specific analyses should be performed to determine the duration of each phase. 

2.2 French approach 

In 2011 EDF performed stress tests for the French NPPs which were required by the 

European Commission as post-Fukushima measure [6]. After the tests were reviewed, France 

have decided to increase the protection of the NPPs against extreme natural hazards by 

reinforcing some parts of the installations and implementing complementary equipment in 

order to limit the releases in case of beyond design hazards. In particular the objective is 

similar as in the US case where the strategy should address the station blackout and the loss of 

the ultimate heat sink or a severe accident induced by these extreme hazards. This set of 

equipment was named the post-Fukushima “Hardened Safety Core” (HSC) [7]. The 

preliminary report proposes the following principles as satisfactory [7]: 

 HSC should consist of fixed Systems Structures and Components (SSCs). HSC 

should have a sufficient autonomy to maintain the safety functions at least until off-

site provisions are set in place (during 72 hours). Off-site resources should be then be 

deployed to back up on-site equipment and to manage accidental situations in the 

long-term (e.g. human resources, mobile electrical supplies, pumps, fuel oil…).  



505.3 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 8  ̶  11, 2014 

 HSC should consist of a limited number of SSCs resistant against the postulated 

extreme hazards and covering all reactor states. 

There a few requirements for the HSC that should be considered: 

 The existing SSCs in interface with the HSC should meet strong requirements in 

terms of resistance to extreme hazards and their induced effects [7]. 

 Main SSCs of the HSC and their support should be as far as possible independent 

from the existing SSCs. 

 Diversified from the existing SSCs to limit the risks of common cause failures, 

notwithstanding the objective of sufficient reliability of new equipment. 

 In addition, the implementation of the HSC functions should require limited local 

actions by the staff. 

As part of the HSC, France plan to add an ultimate backup diesel generator (known as 

“UDG”). The objective of UDG and its associate electrical equipment is to improve the 

mitigation capability of the NPPs during station blackout events. 

2.3 Swedish approach 

The Swedish Radiation Safety Authority has proposed an Independent core cooling for 

the Swedish NPPs. The primary object of Independent core cooling is to prevent the reactor 

core from melting down during extreme conditions. The minimum length of time to be used 

for the design is 72 hours. The Independent core cooling must build such as to be functionally 

and physically separated via systems and components that are used at the other levels of the 

defence in depth. Also as to be separated against existing systems and components of the 

defence in depth level that is to be reinforced as far as concerns water reservoir, power 

supply, I&C as well as isolation valves [8]. 

The Independent core cooling is based on fix equipment that should be protected to 

withstand extreme conditions. It should be possible to start and monitor the system locally 

and from the main control room. Also it should also be possible to have optional manual 

initiation located directly on components, i.e. required local manoeuvrability on pumps, 

isolation valves, etc. [8]. Mobile equipment is also predicted. This equipment may be used no 

earlier than after 8 hours if it can be demonstrated as being available and functional in 

connection with extreme conditions [8]. 

2.4 General overview 

Generally all of these possible concepts are meant to survive severe external events. 

Some are based mostly on fixed equipment, some are based mostly on portable equipment 

and some on combination of bot or even in some cases two separate systems are envisioned. 

Even though in some concepts (e.g., Swedish) the injection of water is predicted through the 

primary loop, generally all concepts predict cooling through the secondary side, i.e. injection 

of water in the steam generators. For injection of water portable or fixed pumps are predicted. 

3 PROPOSED SYSTEMS AND FAULT TREE MODELS 

In this study few systems for water injection on the secondary side are proposed. These 

systems are based on the concepts discussed above. Initial assumption for the analyses of all 

of the proposed systems is that the installed equipment had survived extreme external hazards. 

The proposed systems are meant to be used in case of loss of all AC power (including 

batteries) and steam power as well as for loss of normal access to the ultimate heat sink. In 
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order to take in the consideration the following systems as mitigation equipment during 

extreme external events one the following assumptions must be made: 

 One brunch of I&C class 1E survived. 

 Alternative I&C for severe accidents is provided. 

 Power source can be connected directly to the local evacuation panel. 

The objective of all of the proposed systems is to inject the necessary amount of water 

in to the steam generators. The water is injected in to the steam generators (SGs) using the 

same connection used by the auxiliary feedwater (AFW) system. 

3.1 System 1 & 2 

System 1 is meant to be simple end easy to implement. It comprises of portable diesel 

pump, isolation valves and flexible pipe. A source of water must be considered near or on-site 

of the NPP. The portable pump must have the design capability to inject water with pressure 

above 80 bars. The water enters the steam generator through and leaves as steam through the 

automatic safety relive vales. Human action is required for placing, starting and regulating of 

the water flow. Since no power is provided for the instrumentation and control (I&C) the 

amount of water in the SGs cannot be known. Therefore the amount of water and the time 

intervals in which the water is injected in the steam generators must be known. This flow-time 

schedule can be deterministically evaluated, thus a simple table can be derived. This table can 

be used by the system operators. 

This system is unexpansive and easy to implant. However additional training for 

personal must be provided. The equipment has to be protected from extreme external events. 

System 2 is basically identical on system 1 with all components portable. The only 

difference is that in this case a small portable diesel generator is provided to power the 

required I&C. However this capability is not analysed in this study. This system is analysed in 

two variations. In the first case the pump are controlled based on the indication of the water 

levels in the SG. In the second case the deterministic flow-time table is available as an 

alternative. 

3.2 System 3 & 4 

System 3 is fixed and has two independent branches. It comprises of electrical motor 

drive pumps, pipes, isolation valves, local control panel, main control room (MCR) control 

panel, and a reservoir. An underground reservoir build for the purpose of this system is 

considered. The reservoir is set on side and is assumed to have water for at least 72hours for 

both pumps. The system is charged by new fixed diesel generator installed on-site as well. 

The actuation of the system is possible from MCR and locally. This system can be compared 

to the auxiliary feedwater system (AFW). 

System 4 is identical to system 3 with only difference that instead of fixed DG a 

portable DG is used. This system should be cheaper variation of system 3. 

3.3 System 5 

This system is combination of fixed and portable equipment, i.e. combination of system 

2 and system 4. Portable diesel pumps are used instead of electrical motor-driven pumps. 

Portable DG is used for I&C as well. Two variations of this system are proposed. In the first 

case the pump are controlled based on the indication of the water levels in the SG. In the 

second case the deterministic flow-time schedule is available as an alternative. 
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4 PSA MODELS 

The fault tree method is used to model and calculate the top event probability of 

occurrence of each of the proposed mitigation systems. The top event for each system 

represents the unavailability of the system to deliver the required flow of water. For the 

systems with two parallel lines, the success of one of them is sufficient. Figure 1 represents 

system 2, while Figure 2 represents system 3. 

 
Figure 1. Fault tree of system 2 
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Figure 2. Fault tree of system 3 
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5 PSA RESULTS 

For the unavailability of the components of the proposed systems two failure modes 

were considered: failure to remain in position and failure to change position. For the failure to 

remain in position mode the repairable parametric reliability model was used. For the failure 

to change position mode the per-demand reliability model was used. The reliability 

parameters are given in Table 1. The parameters are taken from or are based on refs. [9-11]. 

Table 1. Reliability parameters used in the fault tree analysis 

Basic event Unavailability 

No actuation signal to electrical pump 6.00E-04 

Electrical pump in test and maintenance 6.00E-03 

Operator action 2.66E-02 

Electrical pump fails to start 6.30E-03 

Electrical pump fails to operate 1.80E-04 

No actuation signal to DG 6.00E-04 

DG fails to operate 2.00E-03 

DG fails to start 2.20E-02 

DG in test and maintenance 6.00E-03 

Portable diesel pump fails to operate 9.00E-04 

Portable diesel pump fails to start 4.82E-02 

Portable DG fails to operate 4.00E-03 

Portable DG fails to start 4.40E-02 

Flexible pipe fails 2.63E-04 

Pipe fails 2.63E-05 

Valve fails to open 1.00E-04 

Circuit breaker fails to close 3.00E-03 

 

The top event probability, i.e. system unavailability was calculated for each of the 

proposed systems. The obtained results are shown in Table 2. 

Table 2. Unavailability quantification 

System Unavailability 

System 1 7,48E-2 

System 2-1 1,42E-1 

System 2-2 (with flow-time table) 5,20E-2 

System 3 3,36E-2 

System 4 7,34E-2 

System 5-1 7,83E-2 

System 5-2 (with flow-time table) 2,74E-3 

 

The results show that System 5-2, composed from fixed components and portable diesel 

pumps is the most reliable one. System 3 characterizes with high availability as well. The first 

ten basic events identified with largest Fussell–Vesely (FV) importance measure for system 3 

and system 5-2 are shown in Table 3 and Table 4 respectively. 
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Table 3. Basic events with largest FV in the system 3 fault tree 

No ID Description Nom.val FV 

1 FDGFS                DG fails to start 2.20E-02 6.55E-01 

2 FDGTIM               DG in test and maintenance  6.00E-03 1.79E-01 

3 FDGCB                Circuit breaker at DG fails 3.00E-03 8.93E-02 

4 FDGFO                DG fails to operate 2.00E-03 5.96E-02 

5 FDGACU               DG actuation signal fails 6.00E-04 1.79E-02 

6 EPFS1                Motor-driven pump 1 fails to start 6.30E-03 3.04E-03 

7 EPFS2                Motor-driven pump 2 fails to start 6.30E-03 3.04E-03 

8 EP2TIM               Motor-driven pump 1 in test and maintenance 6.00E-03 2.90E-03 

9 EP1TIM               Motor-driven pump 2 in test and maintenance 6.00E-03 2.90E-03 

10 EP1CB                Circuit breaker at pump 1 fails 3.00E-03 1.45E-03 

 

Table 3 shows that the most important basic event in system 3 fault tree is the fixed DG 

fails to start. This is expected since DG is needed for the operation of both motor-drive pumps 

and for the necessary I&C. 

Table 4. Basic events with largest FV in the system 3 fault tree 

No ID Description Nom.val FV 

1 PFTS1                Portable pump 1 fails to start 4.82E-02 6.24E-01 

2 PFTS2                Portable pump 2 fails to start  4.82E-02 6.24E-01 

3 PNP1                 Portable pump 1 not in position 2.66E-02 3.44E-01 

4 PNP2                 Portable pump 2 not in position 2.66E-02 3.44E-01 

5 POPERD1              Operator fails to operate pump 1 (flow-time table) 2.66E-02 4.20E-02 

6 POPERD2              Operator fails to operate pump 2 (flow-time table) 2.66E-02 4.20E-02 

7 PODGFS               Portable DG not in position 4.40E-02 3.45E-02 

8 PODGNP               Portable DG not in position 2.66E-02 2.09E-02 

9 POPER1               Operator fails to operate pump 1 (based on I&C) 2.66E-02 8.93E-03 

10 POPER2               Operator fails to operate pump 2 (based on I&C) 2.66E-02 8.93E-03 

Table 4 shows that the most important basic events in system 5-2 fault tree are the 

portable pumps fail to start. Table 4 also shows that most of the others basic events are events 

related to human action. 

6 DISCUSSION 

It is evident that system 1 is the simplest one and mostly depends on human action. The 

results show that system 1 is more reliable than system 2-1 where I&C are considered 

necessary. However, the existence of additional electrical power source can be of advantage 

since it can be used also for control of the SG operated pressure relive valves if enough air is 

provided. This way depressurization of the primary loop can be performed, which will reduce 

the risk for seal loss of coolant accident. Another advantage of system 2 is that electrical 

pump can be powered to inject water to the seals of the main coolant system pumps.  

From the comparison of system 3 and system 4 it is evident that first is more reliable. 

However, when system 5, were portable pumps are used with the possibility to control the 

pumps using pre-determined flow-time tables, is compared with the rest it is evident that its 
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availability is significantly higher. This advantage mainly comes from the possibility to inject 

water in to the SGs without having any AC power. The main disadvantage of this system is 

that is strongly depended on human action for placing, setting and controlling the system. In 

this case well trained personal is strongly required. 

7 CONCLUSIONS 

Five systems for nuclear power plant safety improvement have been proposed. The 

systems are composed of fixed and/or portable components such as: motor-driven pumps, 

portable pumps, diesel generators, portable diesel generators, pipes, valves and circuit 

breakers. For each of the systems a water source is required. For the solutions based only on 

portable equipment sources at or near the power plant are considered. For the solutions based 

on fixed equipment an underground reservoirs is considered. The equipment is assumed to be 

protected in order to withstand extreme external events. 

The proposed mitigation systems are modelled using the fault tree method. The top 

event for each system represents the unavailability of the system to deliver the required flow 

of water. For the systems with two parallel lines, the success of one of them is sufficient. 

Quantification of the availability of all systems is performed. The results show that 

some systems are significantly more reliable than the others. All of the systems have 

advantages and disadvantages worthy of discussion. 
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