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ABSTRACT 

 
Performance indicators have found a wide use in the conventional and nuclear industries. For the conventional 

industry, the goal is to optimize production, reducing loss of time with accidents, human error and equipment 

downtimes. In the nuclear industry, nuclear safety is an additional goal. This paper presents a general 

methodology to the establishment, selection and use of safety indicators for a two loop PWR plant, as Angra 1. 

The use of performance indicators is not new. The NRC has its own methodology and the IAEA presents 

methodology suggestions, but there is no detailed documentation about indicators selection, criteria and bases 

used. Additionally, only the NRC methodology performs a limited integrated evaluation. The study performed 

identifies areas considered critical for the plant operational safety. For each of these areas, strategic sub-areas 

are defined. For each strategic sub-area, specific safety indicators are defined. These proposed Safety Indicators 

are based on the contribution to risk considering a quantitative risk analysis. For each safety indicator, a goal, a 

bounded interval and proper bases are developed, to allow for a clear and comprehensive individual behavior 

evaluation. On the establishment of the intervals and boundaries, a probabilistic safety study, operational 

experience, international and national standards and technical specifications were used. Additionally, an 

integrated evaluation of the indicators, using expert systems, was done to obtain an overview of the plant 

general safety. This evaluation uses well-defined and clear rules and weights for each indicator to be considered.  

These rules were implemented by means of a computational language, on a friendly interface, so that it is 

possible to obtain a quick response about operational safety.  This methodology can be used to identify 

situations where the plant safety is challenged, by giving a general overview of the plant operational condition. 

Additionally, this study can also identify eventual room for improvements by generating suggestions and 

recommendations, as a complement for regulatory actions and inspections, focusing resources in eventual 

existing weaknesses, in order to increase or maintain a high pattern of operational safety. 

 

 

1 - INTRODUCTION 

 

The industry in general uses performance indicators to evaluate their performance in order to 

obtain an efficient management and an optimized production. The result of this monitoring 

can appear on competitive advantages and increase on safety. Critical safety indicators should 

give information to the utilities and regulatory management for the assurance of the plant 

operational safety. The operational safety is the result of the adequate conduct of the several 

areas related to electric power generation. The monitoring of the critical safety indicators in 
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these areas can contribute to obtain a high degree of safety during nuclear power plants NPP) 

operation. The risk involved in a nuclear power plant operation is the release of fission 

products to the environment as consequence of human error, equipment failure or deficiency 

in design and others.  

 

The operational safety has been supported by three main points: Human factors engineering, 

e operational experience and critical safety indicators [8]. The regulatory actions have costs 

and resources limited. It is important that these resources should be used in an appropriated 

manner. The use of critical safety indicator serves to focus and to orientate the regulatory 

efforts on the areas where weakness are identified. These regulatory actions could be increase 

of regulatory inspections, performing audits or even required NPP shutdown. The 

circumstances of go far or from of the design basis of all systems involved on the operational 

safety assurance and on the public and workers health can be monitored beyond the critical 

safety indicators. 

 

There are no critical safety indicators and technical basis, intervals, threshold and associated 

regulatory actions established in Brazil nowadays. Several regulatory inspections and audits 

are performed periodically being recorded in reports and technical documents with non 

conformities and associated regulatory actions on the several areas related to NPP operation.  

 

This study presents a methodology to establish and monitor safety indicators using 

simulations from a Probabilistic Safety Analysis and gives basis for recommendations for 

associated regulatory actions. 

   

 

2. A MODEL FOR SAFETY CRITICAL INDICATORS 

 

 

2.1. Safety Indicators 

 

Safety indicators should provide a signal or warning that an undesirable situation is occurring 

and that causes or may cause an impact on operational safety. An indicator should have a 

range considered normal for values and thresholds or limits, beyond which a warning should 

be provided or an action performed. For the establishment of these bases and thresholds 

should be considered the applicable regulatory documents such as technical standards, 

foundations of design and technical specifications [3]. Risk assessments should also be used, 

where applicable. 

 

For the first category, "green", it is considered that the transaction occurs within the 

foundations laid. The objectives and functions are fully met and there is no significant 

deviation from the expected performance. For the second category, "white", There is the need 

for increased regulatory response. The objectives are achieved with a minimum reduction in 

safety margin. The performance is expected out of bounds, but with many small effects on 

risk of accidents. In the third category, "yellow", it is necessary to further regulatory 

response. The objectives are achieved, but there is a significant reduction in safety margin. 

The performance is expected out of bounds, but with little effect on risk of accidents. In the 

fourth category, "red", it is considered that the continued operation is unacceptable. The plant 
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should be placed in the way off immediately. In this case, the performance of the plant is out 

of the bases of the project significantly. There is a loss of confidence in the ability to provide 

guarantees of safety and health for the public and there is a significant reduction in margins 

of safety. In principle, the indicators are classified in each of these bands of color, depending 

on the evaluation for the frequency of core damage (CDF), as shown in table 2.1. 

 

TABLE 2.1 – Threshold Definition for Indicators Classification 

Color Value Meaning 

Green 3,108 E-05  CDF  5,0E-05 Low risk significance 

White 5,0E-05 < CDF  7,0E-05 Moderate risk 

Yellow 7,0E-05 < CDF  1,0E-04 Medium risk 

Red CDF > 1,0E-04 High risk 

 

2.2. Evaluation of existing methodologies for monitoring of operational safety with the 

use of safety indicators 

 

There are several institutions that develop and use performance indicators and / or safety 

indicators for industries in general and plants. Most of them keep the information confidential 

and processes in nature, providing information and technical support only by association with 

the input of resources. 

 

The World Association of Nuclear Operators (WANO) is an association of owners of nuclear 

power plants and has members in several countries, representing a total of 247 nuclear plants 

(position relative to 2002), various projects. The WANO established a monitoring program of 

10 performance indicators. The work done by the International Atomic Energy Agency 

(IAEA) are not mandatory or regulatory character, but are suggested as good practice and 

provide a guide for the development of programs related to operational safety. In 2000, issued 

the document TECDOC 1141 [4]. The program includes a total of 3 security attributes, 8 

general indicators, 21 indicators and 70 strategic indicators. ARAUJO presents a detailed 

structure of these indicators. The US Nuclear Regulatory Commission (USNRC) monitors the 

operational safety at U.S. plants. The program for monitoring indicators of the USNRC [6] 

[7] [8]. To meet the program of monitoring indicators, the U.S. plants follow the guidelines 

established by the Nuclear Engineering Institute [5]. There are a total of 7 key areas with 18 

indicators tracked by the NRC. 

 

2.3. Safety Critical Indicators Monitoring Program Structure 

 

The line of research base for the development of this work was the program developed by the 

NRC, although some positive aspects of the program of the IAEA [4] have been observed. 

This line was chosen to be the closest to an assessment focusing on the regulatory aspect. The 

study points to a developed structure of the program, covering the following steps: (a) 

Identification of areas considered critical for the safety of the plant, (b) Identification of 

strategic areas linked to each of the critical areas, (c) Identification of specific indicators for 

each of these strategic areas identified (d) A clear and objective of the proposed indicators, 

(e) Definition of values and intervals of time for acquisition and calculation, and the bases 

attached to each of the defined indicators, (f) Defining a rationale for integrated assessment 

of indicators, by level and general in order to obtain a clear and objective of the state of the 

operational safety of the plant, and (g) Proposal for regulatory actions associated with the 

outcome of the integrated assessment of indicators. 
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2.4.  Selection of Critical Areas for Operational Safety 

 

The selection of areas critical to the safety factors were considered as events which could 

initiate events that could present developments, culminating with the release of fission 

products into the environment, mitigating actions to address these events, aspects of radiation 

protection for workers from plant and the general public on actions to ensure the physical 

integrity of the site where the nuclear plants are located (physical protection against sabotage) 

and human factors.  

 

2.4.1. Structure of Critical Safety Indicators 

 

The basis for the indicators were defined using the Probabilistic Risk Analysis (PRA) to the 

Angra 1 plant, considering automatic trip the reactor, in a scenario of total loss of external 

power. Table 2.1 shows the behavior of the Core Frequency Damage in (CFD), used to define 

the tracks.  The figure 2.1 shows the general structure of the critical indicators of safety. 

 

 
Figure 2.1 – General Structure for Safety Critical Indicators 
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Figure 2.2 – Specific Safety Critical Indicators 

 

2.4.2. Specific safety critical indicators 

 

Specific safety-critical indicators are used to monitor and quantify the margin of operational 

safety in each of the fields selected. The following items present indicators, classification and 

ranges associated bases. ARAUJO [1] presents important rules that should be followed in 

order to make a standardization of the data gained for regulatory purposes. 

 

2.4.2.1. Reactor Safety 

 

a) Initiating Events 

 

The objective of this area is to limit the frequency of initiating events that may cause 

transients in the operation of the plant and challenge critical safety functions during the 

modes of operation of the plant.  

 

b) Reactor Trips not planed each 7.000 hours with critical reactor (SI-10) 

 

The purpose of this indicator is to monitor the number of automatic reactor trip not planned. 

Measures the rate of reactor trip per year and provides an indication of the frequency of 

initiating events. Table 2.2 presents the basis for determining the thresholds for classification 

of the indicator ranges.  

 

quarterlasttheonreactorcriticalwithhoursoftotal
SI

_________

7000*quarter)last  on the  planednon   tripsof (total
10     (2.1) 
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TABLE  2.2 – Basis for S-10 Indicator 
COLOR INTERVAL BASIS 

Green - White  SI ≤ 6 SI Values related to an increase of 3.108E-5 and 5.038E-

05 on the CFD 

Yellow 6 < SI ≤25 SI Values related to an increase of 7.815E-05 on the 

CFD 

Red  SI >25 SI Values related to an increase of 7.815E-5, going to 1E-

04 on the CFD 

 

c)  Reactor trips with loss of normal heat sink   (SI-11) 

 

The purpose of this indicator is to monitor reactor trip, automatic or manual, that are 

complicated by the loss of the normal heat sink to remove heat from reactor.  

 

_sink_heat  normal  without_months, _12_last   the_on_ _planed_non  ipreactor_tr N11 oSI

 (2.2) 
 

TABLE 2.3 – Basis for the indicator SI-11 
COLOR INTERVAL BASIS 

Green - White      SI ≤ 4 SI Values related to an increase of 3.108E-5 and 5.316E-

05 on the CFD 

White - Yellow    5 < SI ≤ 10 SI Values related to an increase of  5.316E-5 and 7.070E-

05 on the CFD 

Yellow - Red    SI > 20 SI Values related to an increase of 7.070E-5 and 1.010E-

04 on the CFD 

 

The purpose of this indicator is to monitor the number of variations of power, which could 

occur in any mode of operation and that could cause challenges the safety systems. The 

indicator is calculated by the formula: 

 

quarterlast  on the hours criticalreactor  of 

7000*quarter)last  on the 20%over  changespower  of(Number 
12

total
SI                                                                                                                     

(2.3) 

 

TABLE 2.4– Basis for the indicator SI-12 

COLOR  BASIS 

Green - White SI < 8 Value used based on US NPPs experience 

White - Yellow  NA  Not defined values because there is no risk connection 

Yellow - red NA  Not defined values because there is no risk connection 

 

There are no bases for classes white, yellow and red. The base class for the green industry is a 

statistic. 

 

2.4.2.2. Mitigation Systems 

 

a)  Safety System unavailability 

 

The purpose of this indicator is to monitor the readiness of safety systems in achieving their 

security duties, in response to abnormal events and operating conditions of an accident. The 

indicator of unavailability is calculated for each of the following systems: Safety Injection 
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System (SIS), Residual Heat Removal System (RHR), Auxiliar Feedwater System (AFW), 

Emergency Diesel Generators (EDG).   
 

TABLE 2.5 – Unavailability Threshold of Safety Systems ( % ) 

 green (%) White (%) Yelow (%) Red (%) 

EDG (SI-13) SI  3,8 3,8 < SI  5,0 5,0 < SI  10,0 SI > 10,0 

SIS (SI-14) SI  2,0 2,0 < SI  5,0 5,0 < SI  10,0 SI > 10,0 

AAA (SI-15) SI  2,0 2,0 < SI  6,0 6,0 < SI  12,0 SI > 12,0 

RHR (SI-16) SI  2,0 2,0 < SI  5,0 5,0 < SI  10,0 SI > 10,0 

 

 

)4.2(
100*s12_quarter_the_last_perable_on_must_be_o_the_trainHours_that

d_failure)on_reveleaHours_of_n  ) aned_of_non_pl (Hours  ) planed of_ (Hours_
][TremPI  

system in the  trainsofNúmber 

each train ofA  non  individual of Sum
][FinalPI                            (2.5) 

 

b) Functional Failures of Safety Systems (SI-17) 

 

The purpose of this indicator is to monitor events or conditions that could prevent the 

realization of a safety function necessary to: Shutdown the reactor and keep it off in a 

condition to safely, remove the heat, controlling the release of radioactive material and 

mitigate the consequences of an accident. Table 2.6 presents values of this indicator for a 

hypothetical plant similar to Angra 1 NPP.  

 

SI-17 = Number of Functional Failures during the last quarter.                        (2.6) 

 
TABLE 2.6 – Basis for the indicator SI-17 

Green - White SI < 5 Value determined by the average of the US NPPs 

White - Yellow  NA Not defined values because there is no risk connection 

Yellow - Red NA Not defined values because there is no risk connection 

 

2.4.2.3. Barriers protecting against releases of fission products to the environment 

 

a) Specific activity of the reactor coolant system  (SI-18) 

 

The purpose of this indicator is to monitor the integrity of the lining of the fuel rods, the first 

of the three main barriers against release of fission products. The indicator is calculated as the 

rate Ci / g of I-131, expressed in%.  
 

100*
__

___
18

LimitionSpecificatTechnical

ActivityvaluemonthlyMaximum
SI                                     (2.7) 

 

The limits for this indicator are based on Technical Specifications (TS). Table 2.7 presents 

the classification of tracks for this indicator. 
 

TABLE 2.7 – Values for classification of Reactor Coolant System Activity 

 White Yelow Red 

RCS Activity 50%  Limit of TS 75%  Limit of TS 100% Limite of TS 
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b) Reactor Coolant System Leakage  (SI-19) 

 

The limits for this indicator are based on Technical Specifications. The regulatory basis is - 

indirectly related to the risk. The values of 50% and 100% of the limits of Technical 

Specifications were determined in panels with experts. Table 2.8 presents the classification of 

tracks for this indicator. 
 

TABLE 2.8 – Values for classification of Reactor Coolant System Leakage 

 White Yellow Red 

RCS Leakage 50%  Limit of TS 75%  Limit of TS 100%  Limit of TS 

 

100*
___

___
19

ionTécnicaSpecificatTechnicalofLimit

didentifiyemonthlyLeakMaximum
SI                                       (2.8) 

 

2.4.2.4 Emergency Preparedness 

 

The purpose of monitoring this area is to ensure that the operating organization is able to 

implement appropriate measures to protect the health and safety of the public during a 

radiological emergency.  

 

a) Local Emergency Plan Exercise Performance Indicator  (SI-20) 

 

The purpose of this indicator is to monitor the timeliness and accuracy of the organization 

operating in the tasks and exercises, during situations of actual demand and exercises in 

emergency classification, notification and development of recommended protective actions.  

 

N1 – Number of opportunities used for classification, real or not made on last 8 quarters 

N2 – Total of opportunities occurred on the last 8 quarters 
 

100*
2

1
20

N

N
SI                                                                                                               (2.9) 

 

TABLE 2.9 -  Local Emergency Plan Exercice Performance Indicator   
 Green White Yellow Red 

Real or Simulations demands tested  

SI > 90% 

 

90% > SI ≥ 70 

 

70%>SI ≥ 50% 

 

SI < 50% 

 

b) Emergency Exercise Participation (SI-21) 

 

The objective of this indicator is to trace the involvement of components of the group's 

emergency response organization during activation of a Local Emergency Plan. 
 

100*
4

3
21

N

N
SI                                                                                                                 (2.10) 

 

N3 – number of members of the emergency group that has been participated in the actual 

performance or exercise of the Emergeny Local Plan in the last 8 quarters 

N4 – Total number of members of the emergency group. 
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TABLE 2.10  – Emergency Exercise Participation Indicators SI-21 

 Green White Yellow Red 

Participation on Emergency 

situation by Exercise or real 

demands 

    

   SI > 90% 

 

90% > SI ≥ 70 

 

70 > SI ≥ 50% 

 

Si < 50% 

 

c) Reliability of Public Notification System  (SI-22) 

 

The purpose of this indicator is to monitor the reliability of the system of external notification 

to the public, the need for protective actions.  
 

100*
6

5
22

N

N
SI                                                                                                              (2.11) 

 

N5 – Total number of sirens tested successfully in the previous 4 quarters 

N6 – Total number of sirens tested in the previous 4 quarters. 

 
TABLE 2.11 – Reliability of Public Notification System 

 Green White Yellow 

Rate between the number of sirens 

with success and the total number 

of sirens 

 

 SI > 94% 

  

90 < SI  94% 

 

SI   90% 

 

 

2.4.2.5 Radiation Safety 

 

a) Occupational exposure control effectiveness  (SI-30) 

 

The purpose of this indicator is to monitor access and activities to work within the controlled 

area of the plant and events involving degradation or failure of the barriers against release 

doses that result in unintentional and quickly identifiable. The events considered are: 

 

• Number of areas of high radiation, according to the requirements of technical specification 

(R1, 1 mSv / hour)  

• Number of areas of high radiation (R2, 10 mSv / h)  

• Number of occurrences of unintentional exposure during the preceding quarter (R3) 

  
TABLE 2.12 – Ocupational Exposure Control Effectiveness Indicator 

 Green White ellow 

Ocupational Exposure Control 

Effectiveness 
     SI  2 2 < SI  5      NA 

 

SI-30 = R1 + R2 + R3                                                                                                 (2.12) 

 

b)  Radiological Effluent Release (SI-31) 

 

The purpose of monitoring this area is to evaluate the program to control release of waste 

(liquid and gaseous) of the plant. There is an indicator in this area, which includes two 

parameters: liquid effluent and air emissions 
 



INAC 2009, Rio de Janeiro, RJ, Brazil. 

 

TABLE 2.13 – Gaseous and Liquid Effluent Release Indicator 

 Green White Yellow 

Gaseous and Liquid Effluent 

Release 

      SI ≤ 1 1 < SI  ≤ 3     SI  > 3 

 

The indicator is calculated considering the sum of the release of radiological effluents (liquid 

and gas) that exceed the limits of the standard dose of CNEN NN 3.01, in the four previous 

quarters. 

 

2.4.2.6 - Security 

 

a) Equipment performance of protected area (SI-40)  

 

The indicator is calculated using the arithmetic mean of the number of hours round of 

security experts in the quarter to conpensate the sensors for detecting intrusion degraded (A1) 

and the number of hours in the quarter round of security experts to compensate for the video 

cameras loop degraded (A2). 

 

SI-40= (A1 + A2 ) / 2                                                                                (2.13) 

 

hours 8760

quarterslast  4 on the hours Numberof
1A                                                               (2.14) 

 

hours 8760

quarters 4last on  hours ofNumber 
2A                                                                    (2.15) 

                               

TABLE 2.14 – Equipment performance of protected area  Indicator 
 Green White Yellow 

Equipment performance of 

protected area  Indicator 

 SI ≤ 0,08  NA  NA 

 

2.4.2.7 Organizational Factors 

 

a)  Number of Regulatory actions required  (SI-50) 

 

The purpose of monitoring this area is to verify that the organization maintains the operating 

bases of operation within the design of the plant, and to execute corrective actions to 

eliminate deficiencies. The indicator is determined by considering the number of demands 

considered open or missed in the previous quarter.  

 
TABLE 2.15 – Regulatory Non-comformity Open 

Green SI ≤ 50 

White  SI  > 50 

Yellow NA 

Red NA 

 

b) Operational Reports  (SI-51) 

 

The purpose of monitoring this indicator is to verify that the organization operates to identify 

situations that cause an impact on the operational safety of the plant or that have meaning for 
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the security and keep them within a small universe. The indicator is calculated considering 

the number of occurrences of mandatory reporting generated in the previous quarter.  

 
TABLE 2.16– Classification for number of Reports (OROs) 

Green SI ≤ 15 

White  SI  > 15 

Yellow NA 

Red NA 

 

c) Operational Report Recommendation not implemented in the specified time (SI-52) 

 

 The purpose of monitoring this indicator is to verify that the organization operates to 

identify resolve or correct the deficiencies found. The indicator is calculated considering the 

number of recommendations generated and not answered within the time specified in the 

previous quarter.  

 

TABLE 2.17– Operational Report (OROs)  Recomendation  

not implemented in the specified time 

Green SI ≤ 10 

White  SI  > 10 

Yellow NA 

Red NA 

 

d) Limiting Condition for Operation Rate due corrective by preventive maintenance (SI-53) 

 

This indicator aims to monitor the rate of Limiting Conditions of Operation due to 

completion of corrective maintenance activities on the Limiting Conditions for Operation due 

to preventive maintenance.  
 

TABLE 2.18 - Limiting Condition for Operation Rate due  

corrective by preventive maintenance 

Green SI ≤ 1,2 

White  SI  > 1,2 

Yellow NA 

Red NA 

 

ARAUJO [1] presents case study of implementation of Critical Safety Indicators for Angra 1 and a 

typical PWR nuclear power plant.  
 

 

3.  CONCLUSIONS 

 

 

The performance indicators has been widely used by nuclear plants worldwide. However, 

most plants use performance indicators, focusing on optimizing their processes and for 

potential comparison to other similar plants (if the plants are associated with WANO, 

although this assertion is not formal). This Association specifies a limited set of performance 

indicators and provides specific values for these indicators, based on results obtained from 

the mean and median of all the plants and associated values of a group of plants to better 
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performance. The Angra 1 plant is part of this Association. Often, these values are best used 

as targets for the other plants. However, these indicators do not necessarily translate into a 

snapshot of the degree of safety of the plant, and also do not provide a view of the trend of 

variation of security. We also do not provide an integrated assessment, considering all 

parameters. In order summarized the main conclusions of this research were: 

- The regulatory body does not use indicators critical national security decision-making 

regarding the implementation of regulatory actions. Currently these actions are taken 

in the light of a standard program of periodic regulatory inspections (specific audits) 

and routine inspections of Resident Inspectors.  

- The use of an PSA to identify the tracks of classification of indicators was an 

effective tool for defining and validating the classification of tracks for safety-critical 

indicators. In other situations, where the results of the PSA does not influence the 

decision, the experience was deemed appropriate.  

- The use of critical indicators of safety, defined through the concept of areas, allows 

the identification of adverse trends, rather than a limit or range is reached, providing 

opportunity for regulatory decision making, to prevent degradation of safety margins. 

- The structure of the indicators presented in this study is consistent and can identify 

situations where regulatory actions are necessary to ensure the safety of the public and 

employees of the plant, allowing economy of resources. These resources can then be 

focused on areas where deficiencies are identified.  
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