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ABSTRACT 

A stable power supply is important for safe and reliable operation of nuclear power 
plants (NPP). An important safety issue which draws great attention is the station blackout 
event. This event is caused by the loss of all offsite and onsite alternating current (AC) power 
supply. The station blackout event, as an initiating event, has a substantial share in the core 
damage frequency in most of the existing nuclear power plants. Therefore, the application of 
alternate AC power sources or additional standby emergency AC power sources is identified 
as necessary for mitigation of the station blackout event. 

For the purpose of the analysis conducted in this paper an independent electrical 
connection between the nearest hydro power plant (HPP) and the NPP of interest is 
considered. The HPP can be designed in such a manner that it can be brought on the line 
rapidly enough to be regarded as a reliable source of spinning reserve or to assure reserve 
capacity at all times. The objective of this paper is to analyze the changes in core damage 
frequency due to consideration of HPP as an independent power source. The probabilistic 
safety assessment of the NPP is considered as a conservative approach taking in account only 
the on-site safety systems. In this paper the presented approach extends the probabilistic 
safety assessment from its original use in order to consider other, off-site non-safety systems 
in addition. The fault tree/event tree model of the selected NPP is modified in this sense. The 
risk analyses are not considering the economic aspects. The obtained results show significant 
decrease of core damage frequency, which indicates improvement of safety if the HPP is 
introduced as off-site alternate AC power source. 

1 INTRODUCTION 

The NPP safety has attracted great attention recently. One of the target areas is the 
revision of the current safety concepts and adoption of new ideas. In that context, high level 
of safety can be achieved by the application of numerous safety standards and safety analyses 
[1]. Probabilistic safety assessment (PSA) is a risk method usually connected with risk 
assessment and risk reduction.  

The quest for new solutions and safety concepts regarding NPP safety is one among 
many target directions. An important safety issue is the station blackout (SBO) event, 
implicated by the complete loss of alternate AC (AAC) power to the essential and 
nonessential switchgear buses in a NPP. Consequently, the importance of the emergency AC 
(EAC) and AAC power sources is being especially emphasized. 
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It is important to note that the existing onsite emergency AC power sources and onsite 
alternate AC power sources from safety aspect of view are site-dependent, i.e. they can be 
easily jeopardized by internal and external events such as floods, fires and earthquakes. This 
implicates the need of an additional and independent and reliable power source. 

The objective in this paper is to present an extended application of the PSA 
methodology from its original NPP site-constrained use to consideration of beyond-site non-
safety class systems and equipment within the plant PSA modelling. Also, to demonstrate the 
possible impact of such systems equipment on the NPP core damage frequency. For the 
purpose of this study a virtual connection between HPP and NPP is considered. In that sense, 
a HPP is being assumed as an external, off-site AAC power source. The data used for the 
modelling of the HPP is not from any particular/existing plant. 

A PSA model of II generation NPP is used as a case study. The NPP core damage 
frequency is used as a risk measure. A fault tree model of the HPP is firstly constructed. It 
comprises the critical HPP components as well as independent electrical connection between 
the HPP and the NPP. The probability of failure to deliver electrical power to NPP safety 
buses is considered as the fault tree top event. The probability of occurrence of this top event 
is then considered as an additional functional event within the considered NPP SBO event 
tree. 

Analysis of NPP core damage frequency and the share of the SBO event are quantified. 
Common cause failures (CCF) of the HPP components are considered in the analysis. Further 
on, sensitivity analyses are conducted as well. The effects of HPP components ageing as well 
as insufficient water capacities were investigated. The results implicate the fact that the 
inclusion of the HPP in NPP PSA model as an AAC source might have a significant impact to 
the total NPP core damage frequency. 

2 METHOD – PROBABILISTIC SAFETY ASSESSMENT 

PSA is one of the standardized ways of assessing safety in NPPs [2]. It is relaying on 
two main techniques: fault tree analysis and event tree analysis, both of which have a wide 
range of applications. Fault tree is a tool to identify and assess all combinations of undesired 
events in the context of system operation and its environment that can lead to the undesired 
state of a system [3]. Undesired state of the system is represented by a top event. Logical 
gates connect the basic events to the top event. Basic events are the ultimate parts of the fault 
tree, which represent undesired events, such as component failures, missed actuation signals, 
human errors, contributions of testing and maintenance activities and common cause 
contributions [1]. Event tree is a tool to identify and assess possible scenarios, i.e. accident 
sequence of safety system functions responses (i.e. system successes or system faults, which 
are further analyzed with the fault trees) to the initiating event [2]. The initiating event is an 
event, which may lead to the accident consequences. Safety system functions are the means to 
prevent the accident or to mitigate its consequences. Plant damage states are the end states of 
the scenarios [1]. 

The traditional application of PSA for NPP safety evaluation does not take into account 
systems which are classified as non-safety neither systems which are not located at the NPP 
site. This defines the conservative nature of the PSA for NPP. In this paper an extension of 
the traditional PSA for NPPs is proposed with the only difference that the method takes into 
consideration systems that are classified as non-safety related and located at a certain distance 
from the NPP. This modification is allowing the PSA to evaluate the impact to core damage 
frequency of the NPP from systems that can be used in emergency scenarios such as SBO. 
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3 HYDRO POWER PLANTS 

Hydroelectricity is the most widely used form of renewable energy. Hydro power plants 
are producing electrical energy using the gravitational force of falling or flowing water. 
Depend on how the force of the water is transformed in to electrical energy the following 
hydro power plant designs exist: conventional (dams), pumped-storage, run-of-the-river, tide 
and underground. The conventional HPPs in which dams are used to store large amounts of 
water are the most widely used HPPs. They are converting the potential energy of the 
dammed water in to electrical energy using water turbine and generator.  Pumped storage 
hydro electricity is a way of storing and producing electricity to supply high peak demands by 
moving water between reservoirs at different elevations [4]. The pumped storage hydro plants 
(PSHP) are the largest and most mature form of energy storage currently available [5]. Run-
of-the-river HPPs are those with small or no reservoirs, so that the water coming from 
upstream must be used for generation at that moment, or must be allowed to bypass the 
turbine-generator system. 

Among the numerous advantages, the HPPs (e.g. pumped storage hydro plants) are 
characterized as a reliable source of spinning or assured reserve capacity at all times. They are 
quite flexible given their ability to accept or reject load almost instantaneously as well as 
following the sharp peak-load fluctuations characteristic for large power systems. In addition, 
the HPPs can be designed in such a manner that it can be brought on the line rapidly enough 
to be classed as a reliable source of spinning or assured reserve capacity at all times. Further, 
its ability to accept or reject load almost instantaneously makes it much more flexible than 
other types of generation, peaking or base load. It can follow the sharp peak-load fluctuations 
that occur on a minute-to-minute basis on any large system. This same ability to follow the 
peaks of the system load permits more uniform and efficient loading on the fossil-fuelled and 
NPPs that are operating as base-load units in conjunction with the HPPs [6].  

3.1 Hydro Power Plants as External AAC 

The installation of relatively small HPP as a means of meeting the system peaks permits 
an overall reduction in the installed reserve required on the system. This reduction is possible 
because of the superior reliability of the HPP as related to alternative types of peaking 
generation [6]. Nevertheless, the HPPs can be used as an external AAC, connected with the 
NPPs using separate power lines if the distance allows that. More or less all types of power 
plants especially hydro power plants located in the vicinity of an NPP can be used as standby 
AAC sources if an independent electrical connection is made. The idea in this paper is based 
on consideration of external power sources (e.g. HPPs) as an AAC in case of SBO event in 
the NPP of interest. This is supported by NUREG 0800 [7] which states the following: The 
AAC source may be a combustion turbine generator, a diesel generator, or other diverse 
power source. By definition, AAC source represents an AC power source that is available to 
and located at or nearby a nuclear power plant and meets the following requirements: 

• Is connectable to but not normally connected to the offsite or onsite emergency AC 
power systems; 

• Has minimum potential for common mode failure with offsite power or the onsite 
emergency AC power sources and available in a timely manner after the onset of station 
blackout; and 

• Has sufficient capacity and reliability for operation of all systems required for coping 
with station blackout. 
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The term station blackout refers to the complete loss of alternating current electric 
power to the essential and nonessential switchgear buses in a NPP. SBO does not include the 
loss of available AC power to buses fed by station batteries through inverters or by AAC 
sources specifically provided for SBO mitigation [7]. 

Figure 1 shows approximated sketch of the electrical/physical connection between the 
HPP and the NPP safety buses.  
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Figure 1. Schematic of the HPP-NPP connection 

4 PROBABILISTIC SAFETY ASSESSMENT MODELS  

PSA is a standard method for assessing, maintaining, assuring and improving the 
nuclear power plant safety [8-9]. It is generally used to find the weak points of a plant and to 
make recommendations for possible changes in design [11-13]. 

4.1 Nuclear Power Plant PSA Model 

PSA model of a generation II NPP was used as a case study for the purpose of this 
paper. The model was made such that is considering only the internal initiating events, while 
the external hazards were not modelled.  

The objective of the AAC source is to be used in SBO event, i.e. when LOOP occurs 
and both standby emergency diesel generators (EDGs) are not available. Therefore, the SBO 
event tree was modified considering the external AAC as additional functional event as 
shown on Figure 2. 

Figure 2. The SBO event tree, comprising the HPP-AAC functional event 
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4.2 Hydro Power Plant PSA Model 

The HPP fault tree represents the failure of the HPP to deliver power to the NPP safety 
buses. The switchyard and switchgear shown on Figure 1 were modelled with separate fault 
trees. The electrical scheme of the switchyard is shown on Figure 3. The switchyard 
configuration shown on Figure 3 is known as double breaker-double bus. This configuration 
is providing high level of reliability achieved by the installation of two separate breakers 
available to each circuit. In addition the scheme comprises two separate buses. Thus, failure 
of a single bus will not interrupt the power flow through any circuit. Figure 3 does not show 
the connection to the power system, since is not from relevance for the analysis conducted in 
this paper. 
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Figure 3. Electrical scheme of the HPP switchyard 

5 ANALYSIS AND RESULTS 

In the process of fault tree analysis, each of the elements of the HPP was modelled with 
a repairable parametric reliability model. Additionally, the switchyard located at the HPP site 
and the switchgear located at the NPP side used for establishing connection between the HPP 
and the NPP safety buses were separately modelled with fault trees. The above mentioned 
switchyard and switchgear are comprised of circuit breakers (CBs), disconnect switches (DSs) 
and buses. The top event of the switchyard fault tree represents the failure probability of the 
switchyard to connect the HPP with the NPP side. The top event of the switchgear fault tree 
represents the failure probability of switching between the HPP and any of the NPP safety 
buses. The reliability parameters, [14] of the HPP components used in the fault tree analyses 
are presented in Table 1. For the rest of the HPP components included in the fault tree, 
pressure shafts, reservoir gates, turbine gates, probability failure of 1E-6 was chosen. 

Table 1: Reliability parameters of components used in the fault tree analysis 

Component 0λ [1/h] µ [1/h] 
meanQ [0 yr] α [1/h2] 

Generators 4.74E-4 3.33E-2 1,41E-2 3,80E-9 
Turbines 2.10E-4 3.33E-2 6.26E-3 3.80E-9 

Transformers 9.13E-6 4.00E-3 2.28E-3 3.88E-11 
CBs 2.28E-6 5.00E-2 4.56E-5 1.80E-12 
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where:  
 

0λ  – failure rate at time 0;     1 / MTTRµ =  – repair rate; 
MTTR – mean time to repair;     α – linear ageing rate; 

/ ( )meanQ λ λ µ= + – mean unavailability. 
 
The fault tree model of the HPP considering the connection between the HPP and the 

NPP was initially constructed considering the CCF of the majority of the components in the 
HPP.  The results from the analysis are shown in Table 2. The table also presents the values 
for the participation of the SBO in the CDF and the total CDF of the NPP when no external 
AAC source is considered. 

Table 2. NPP CDF quantification with and without external AAC 

  [/] CDF (SBO) [/yr] CDF (SBO) [%] CDF Total [/] 
Initial (No HPP) / 8.76E-06 25.21 % 3.47E-05 

HPP  1.01E-03 9.07E-09 0.03 % 2.60E-05 

From Table 2 it is observed that the CDF of the NPP PSA model used in the analysis is 
decreased for 25.17 [%]. The share of the SBO event frequency in the CDF is reduced from 
25.21 [%] to 0.03 [%] when CCF is considered in the analysis. In general when external AAC 
is considered in the PSA model of an NPP the SBO event frequency may be significantly 
reduced. This can be especially important for NPPs that have large share of the SBO event 
frequency in the total CDF. 

5.1 Sensitivity Analysis 

This subchapter addresses the sensitivity analyses conducted in direction of 
consideration of ageing of the HPP components and insufficient water capacity.  

5.1.1 Considering ageing of the HPP components 

For the purpose of this study, the method of stepwise constant failure rates was applied 
in order to consider ageing effects of HPP components on their failure probabilities. Stepwise 
constant failure rate method assumes constant failure probabilities of equipment in the 
determined time intervals {ti, ti+1}, and hence these failure probabilities are determined as 
their average through the time interval. The failure probabilities change through the selected 
time intervals according to the selected method for evaluation of the failure probabilities due 
to ageing. 

Table 3 shows the change of the failure probability of the HPP in six time points over a 
period of 50 years as function of the aging of the most influential components. Subsequently 
the SBO and the CDF was calculated. As shown in Table 3, only small increase in the SBO is 
evidential with no changes in the total CDF. For the purpose of this paper, the linear ageing 
model was accounted for. The increase of components failure rates with time due to linear 
ageing is considered with the following equation: 

0( )t tλ αλ = +           (1) 

DSs 1.14E-6 5.00E-1 2.28E-6 9.00E-13 
Buses 1.43E-9 1.00E-1 1.43E-8 6.00E-16 

Power Lines 1.71E-3 1.11E-1 1.52E-2/100km ≈ 0.00 
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Table 3. Total CDF and SBO share in total CDF in time considering ageing of the HPP 
components 

Time 0 [yr] 10 [yr] 20 [yr] 30 [yr] 40 [yr] 50 [yr] 
 [/] 1.042E-3 2.531E-3 4.640E-3 7.313E-3 1.050E-2 2.610E-2 

CDF (SBO) [/yr] 9.131E-9 2.218E-8 4.066E-8 6.409E-8 9.202E-8 1.239E-7 
CDF (SBO) [%] 0.03 % 0.08 % 0.16 % 0.24 % 0.35 % 0.47 % 
CDF Total [/yr] 3.598E-5 2.600E-5 2.602E-5 2.604E-5 2.607E-5 2.610E-5 

The “0 [yr]” in Table 3 denotes the initial position, i.e. the moment when the connection 
between the NPP and the HPP is established. An assumption is made that this connection 
exists since the start of their life cycle. 

5.1.2 Considering insufficient water capacity 

In the previous analysis an idealized scenario was considered where the water level is 
always sufficient. Therefore, an important event was not taken into account, the available 
water in the reservoir. It is known that the water level is reaching its minimum at end of the 
scheduled daily generation cycle of the HPP. In this case the natural water inflow may not be 
sufficient for enough energy production to supply the NPP. This can be the case with smaller 
HPP reservoirs build on rivers with low flows and with the pumped storage hydro plants. 
Thus if SBO event occurs at that time, the generation availability of the HPP will be 
significantly reduced. This scenario was modelled as an additional basic event, “water level 
below critical”, with generic probability of occurrence equal to 4.2E-2. The results of the 
analysis are shown in Table 4.  

Table 4. CDF quantification considering insufficient water capacity 
 
 
 
 

The comparison of the results presented in Table 2 and Table 4, in the cases when 
HPP source is included, shows no significant difference in the total CDF. However, the SBO 
frequency share in CDF is significantly increased, from 9.07E-09 to 3.77E-07. These results 
show that the CDF of the NPP is not significantly influenced by the consideration of the 
possibility of insufficient water level. 

6 CONCLUSIONS 

An idea based on the application of an external AAC source for mitigation of an SBO 
event in NPP has been presented. A HPP connected independently with the analysed NPP has 
been considered for demonstrative purposes. The HPP was used not only due to its relatively 
high reliability as a plant but also due to its significant economic potential. The CDF of the 
NPP was used as a risk measure as well as an indicator of the relevance and usefulness of 
such connection. The approach used in the study extends probabilistic safety assessment from 
its original use, from consideration of on-site safety systems to beyond plant, off-site systems. 

PSA model of a generation II NPP was used to highlight the method. The model was 
limited to the internal initiating events. A fault tree model of the HPP considering the 
connection with safety buses was made. Additionally, the SBO event tree in NPP PSA model 
was modified in order to consider the HPP connection.  

 [/] CDF (SBO) [/yr] CDF (SBO) [%] CDF Total 

4.30E-02 3.77E-07 1.41% 2.64E-05 
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The analysis has shown significant decrease in the SBO frequency within the total CDF. 
Sensitivity analyses were performed for demonstrative purposes. The ageing of the 
components of the HPP was taken in account. The results have shown no significant increase 
in the CDF. Overall, the conducted analyses herein direct the insight that the inclusion of the 
HPP in NPP PSA model as an AAC source might have a significant impact to the total NPP 
CDF. 

If the distance allows it a water line between the HPP reservoir and the NPP can be 
constructed. Therefore the analyses can be extended considering additional water source that 
is using the gravity as force to move the water. 
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