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ABSTRACT 

The operator of a nuclear power plant (NPP) has to demonstrate that for any credible 
accident the plant safety systems provide sufficient protection for its workers and for the 
public. The NPP safety demonstration in principle follows similar rules worldwide, while 
details may differ for each plant design. The deterministic safety analyses usually take a 
conservative approach to ensure that the calculated scenarios envelope most expected plant 
responses with sufficient safety margins to deal with uncertainties. One of the main questions 
that has to be answered when the method for the safety demonstration is laid out is “how 
conservative is conservative enough”. The present paper contributes to the answer for this 
question regarding the boundary conditions to be chosen for Instrumentation and Control 
(I&C) systems, particularly considering distinct approaches for an unique design. 

The reference NPP for the analysis is Atucha 2, a Siemens-KWU designed pressurized 
heavy water reactor with a three-tier I&C system (control, limitation and protection system), 
as it is typical for German designed reactors. The control system, in contrary to the protection 
system, is not safety grade. It is important to emphasize for these plant designs a third tier of 
controls, the limitation system, has been introduced. The limitation system is highly reliable, 
but does not qualify fully as safety system. Also modern plant designs (as the EPR) adopt 
such an approach. A reference case has been selected among the typical Safety Analysis 
Report set of initiating events for accident analysis (the scenario of an inadvertent closure of a 
main steam isolation valve) has been analysed three times, each of them with a different 
approach to select the boundary conditions for the I&C systems. At first it has been assumed 
that all I&C systems respond as intended (best estimate case). The second case follows a 
systematic  approach  to  postulate  failures  in  I&C  systems  (but  assumes  that  the  control 
systems are working). The third case follows international common practice (control systems 
are disregarded, unless one specific control system makes the response of the event more 
severe). The boundary conditions as assumed in the last case can also be found in US EPR 
final safety analysis report. 

Unexpected outcomes from the analyses showed that the second case has the largest 
amount of conservatism (the lowest DNBR margin of all cases). The explanation for that 
brought emphasis to the compatibility of the method for selecting boundary conditions for 
I&C and the specific plant design under consideration. The present analysis shows that not 
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always seemingly conservative decisions on the boundary conditions lead to conservative 
results. 

1 INTRODUCTION 

To obtain a license for operation of a NPP the utility (among other things) has to 
demonstrate that the general public is protected against adverse effects for all reasonably 
conceivable events (the so called postulated initiating events PIE) . This demonstration is 
typically documented in a dedicated chapter of the safety analysis report (SAR) of the NPP. 
The methods for Safety Analysis for NPP have changed in the past years, and continue to 
change. In early times only few PIE have been analyzed, disregarding a large part of the I&C 
systems, assuming conservative boundary conditions and biasing set-points, models and or 
correlations in a conservative direction. It has been assumed that the results of this very 
conservative analysis envelopes all reasonably foreseeable plant conditions. Later on one 
moved to a larger number of cases, more realistic modelling and boundary and initial 
conditions closer to the most likely operational conditions. The reasons for this development 
are  on  the  one  hand  that  physical  models,  the  computing  power  and  calculation  tools, 
improved considerably in the past years, and more realistic simulations became affordable; on 
the other hand, the accident of three mile island [1] showed that due to the complexity of the 
system cases which may not seem severe (e.g. small break loss of coolant accidents) can turn 
out to have worse effects than seemingly more severe cases (e.g. large break loss of coolant 
accidents). Tab. 1 summarizes the developments up to now [2,3]. 

A recent publication [4] gave emphasis one the importance to use a realistic 
representation of the control system in safety analysis. The present paper focuses on the 
assumptions regarding availability of I&C systems (termed broadly boundary conditions for 
I&C systems in this context). A reference plant has been chosen (Atucha 2 NPP), which is 
shortly described in the next section. As part of the introduction a summary on various 
approaches currently used for determining the availability of I&C systems is given. Section 
two of the paper investigates how the differenlt approaches compare in case of inadvertent 
closure of one main steam isolation valve MSIV. The paper finishes with conclusions.  
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Table 1: Different approaches for safety analysis in licensing following [2,3] 

Selection 
of 

initiating 
events 

Computer 
codes 

Initial and 
boundary 
conditions 

Plant 
systems 

availability 

Evaluation of 
compliance 

with 
acceptance 

criteria 

Very few 
bounding 

cases 
(maximum 

credible 
accident) 

Pessimistic  
models and 

codes 

Pessimistic 
edges of 

parameters, 
set-points, 

system 
performances 

Pessimistic: 
LOOP, control 
systems only if 
aggravating, 

single failure in 
safety systems, 
stuck control rod 

Some of 
calculated 
parameters 

compared to a set 
of limiting values 

Broader 
spectrum of 

events, 
categorized 

into 
transients 

and design 
basis 

accidents 

Pessimistic 
(evaluation) 
models and 

codes 

Pessimistic 
edges of all: 
parameters, 
set-points, 

system 
performances 

Pessimistic: 
LOOP, control 
systems only if 
aggravating, 

single failure in 
safety systems, 
stuck control rod 

Some of 
calculated 
parameters 

compared to a set 
of limiting values: 

graded criteria 
according 

frequency of 
initiating events 

Spectrum of 
DBAs and 

BDBAs ( incl. 
severe 

accidents) of 
transients 

and 
accidents 

derived from 
their 

frequency 

Best 
estimate 

models and 
codes 

Pessimistic 
edges of all: 
parameters, 
set-points, 

system 
performances 

Pessimistic: 
LOOP, control 
systems only if 
aggravating, 

single failure in 
safety systems, 

stuck control 
rod; some 

relaxation based 
on probabilities 
(LOOP, control 

systems, ATWS, 
BDBAs) 

Some of 
calculated 
parameters 

compared to a set 
of limiting values: 

graded criteria 
according 

frequency of 
initiating events; 

for BDBAs, 
probabilistic 

criteria typically 
used 

Spectrum of 
transients, 
DBAs and 

BDBAs ( incl. 
severe 

accidents) 
derived from 

their 
frequency 

BE codes 
with 

uncertainties 

Realistic data 
with 

consideration 
of 

uncertainties 

Pessimistic: 
LOOP, control 
systems only if 
aggravating, 

single failure in 
safety systems, 

stuck control 
rod; some 

relaxation based 
on probabilities 
(LOOP, control 

systems, ATWS, 
BDBAs) 

Some of 
calculated 

parameters with 
their uncertainty 
bands compared 
to a set of limiting 

values: graded 
criteria according 

frequency of 
initiating events; 

for BDBAs, 
probabilistic 

criteria typically 
used 
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1.1 Atucha2 

The following short description of the reference reactor Atucha2 can be found e.g. in [5] 

and is provided here. Atucha 2 is a two loop channel type Siemens-KWU pressurized heavy 

water moderated, heavy water cooled reactor, which features online refuelling. The channels 

vertically oriented, which makes this design unique. Since both coolant and the moderator are 

of heavy water, natural uranium can be used as fuel. The primary and moderator system are 

connected by equalization holes at the top of the moderator tank, and are therefore are at the 

same pressure. Among other functions the moderator system serves also to provide shutdown 

margin after scram, as reservoir of water for safety injection in case of LOCA, and as residual 

heat removal system. Athucha2 NPP (CNA2) has two different shut down system, one using 

absorber rods, and a fast boron injection system. This last system is important during large 

LOCA accidents since, as for CANDU reactors, the coolant void reactivity coefficient is 

positive. Please refer to Tab. 2 for main parameters of CNA2 NPP. 

As typical for German type reactors Atucha2 safety systems are designed in four 

independent separate trains, where two of them are sufficient to ensure the safety function of 

the system. Aim of this design is to increase the availability factor. This means that even with 

one safety system out of operation due to maintenance, the plant is still protected against 

single failure. The safety analysis has to reflect the design by assuming that the two most 

critical safety systems for the case are unavailable (single failure and repair case, instead of 

just single failure criterion). 

A second special characteristic of CNA2 is its tree tier control logic (as EPR): level of 

control, limitation and protection. An explanation of the three levels can be found e.g. in [2] - 

the level of control maintains process variables within the limits of the initial conditions 

assumed in the SA of the plant. The level of limitation aims to reduce the frequency of PIEs 

by imposing limitations on the control system in special situations (e.g. blocking the control 

rod withdrawal or cutting back the reactor power). The level of protection is the highest level 

of the control logic, and provides the protection functions for the plant. Signals of the reactor 

protection system typically include the reactor trip. Such a control logic is very complex and 

the behaviour of various systems are strongly interconnected. 

 

Table 2: Main parameters of Atucha 2 NPP 

Parameter Unit Value 

PRZ pressure MPa 11.5 

SG pressure (Top) MPa 5.6 

Thermal power MW 2160 

Net electrical power MW 692 

Loops # 2 

Loop flow rate kg/s 5350 

Core inlet temperature °C 280 

Core outlet temperature °C 315 

Moderator tank inlet temperature °C 148 

Moderator tank outlet temperature °C 225 

Sub cooling margin UP °C 6 

Core channels (one FA per channel) # 451 

Fuel rods per fuel assembly # 37 
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1.2 I & C systems availability in licensing 

While the approach regarding to tools and models changed in the past, the assumptions 

regarding availability of I&C systems did not change to the same extend (see Tab. 1). There is 

no clear unique strategy on how to consider availability of I&C in current FSAR. A common 

approach is to neglect all (or large parts) of the control systems in safety analysis, and take 

credit only of the protection system (postulating additional failures). 

Guidance documents from IAEA [2,6] advise to disregard controls systems in the 

analysis, unless it is expected that they have an adverse influence on the plant: 

“In most cases, control systems serve to mitigate the consequences of an event. Thus, it 

is often conservative to assume that the automatic features of the control system do not 

function. However, in certain situations, the control systems may aggravate the transient or 

delay actuation of the protection features. The analyst needs to investigate these situations 

(not necessarily performing detailed calculations), starting with the assumption of full 

operability of control systems.” [2] 

US NRC adopts a similar approach [7], which is kept in the more recent guidance 

documents [8]: 

“The applicant should discuss the following considerations for each initiating event” … 

“extent to which normally operating plant instrumentation and controls are assumed to 

function” … “Only safety-related systems or components should be used to mitigate transient 

or accident” 

A more strict indication is given [8] on how to consider the availability of the protection 

system: 

“he applicant should list the settings of all protection system functions that are used in 

the safety evaluation.” … “In evaluating AOOs and postulated accidents, the performance of 

each credited protection system is required to include the effects of the most limiting single 

active failures.” 

In practice [9] one can see that the safety analyst uses different amount of conservatism 

also inside a single SAR. 

Recently the Atucha2 NPP finalized its safety analysis [10] following a best estimate 

plus uncertainty (BEPU) approach. A structured approach for assumptions on I&C system 

availability has been proposed [11], [12] and accepted by the Argentine regulatory authority 

ARN. 

Basically, for each event to be analyzed two complementary scenarios have been 

investigated:  

A. Realistic Case – in a first step, the realistic sequence of events is calculated under 

normal (best estimate) conditions for which all systems which did not fail as a 

consequence of the postulated initiating event are assumed to be available. Additional 

failure assumptions in case of normal conditions are not postulated. 

B. Conservative Case - additional failures have been postulated according to regulations; 

apart from assumptions regarding I&C system availability, which will be explained in 

greater detail below, the most effective safety system has been assumed to fail (single 

failure), and the second most effective safety system has been assumed to be 

unavailable because of maintenance (repair case). In certain cases the most effective 
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control rod has been assumed to be stuck, under certain conditions loss of off-site 

power has been postulated (non exhaustive list). 

The evaluation of these conservative case shall demonstrate that measures of reactor 

protection system and safety grade systems are capable (n+2 prove) to control the transient 

and for the successful performance of the correspondent subsidiary safety functions. 

The realistic case calculations are performed to demonstrate that anticipated operational 

occurrences will not escalate into accident conditions and that, as a rule, there is no need for 

safety-grade system to operate. Reactor trip is possible, and even necessary, in some cases. 

 

Assumptions Regarding I&C for Anticipated Operational Occurrences (AOO) 

Generally, AOO are controlled by operational systems, control and limitations systems 

without necessity for demand of safety grade systems. A demand on reactor scram is however 

possible and even necessary in a few cases. This means that the design provisions of Level 2 

of defense in depth are enough to deal with the disturbances. 

If under realistic conditions, limitation systems and reactor trip are not actuated, then 

the transient is controlled only by means of operational controls in this case. So, for the 

conservative case, the failure of an effective beneficially influencing control will be assumed. 

If under realistic conditions, controls are not sufficient but reactor trip is not actuated, 

the transient can be limited only by means of limitation systems. So, for the conservative case, 

the failure of an effective beneficially influencing control and the failure of effective 

beneficially influencing limitation system acting on the control rods will be assumed. If due to 

this assumption, as a result, reactor trip occurs, then an additional failure of the first reactor 

trip signal is not to be postulated. 

If under realistic conditions, a reactor trip cannot be avoided by control and limitation 

systems, then the failure of an effective beneficially control and the failure of the first reactor 

trip signal will be assumed in the conservative case. 

The assumption “failure of an effective control with favourable influence on the 

transient” serves to demonstrate that controlling an operational transient is also possible 

without the most beneficially acting control and that limitation system and reactor trip at a 

higher level of defence in depth are available and sufficient. 

 

Assumptions Regarding I&C for Design Basis Accidents (DBA) 

For the realistic case (that means the calculation without additional failure assumptions 

like single failure or repair case), the calculation serves to demonstrate the realistic course of 

the event. 

For the conservative case, the controls having a favourable influence are not considered. 

All limitation systems are assumed to be available and a failure of the first trip signal is 

postulated. 
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2 SAFETY CASES 

The present section compares the approach adopted for Atucha2 NPP Accident Analysis 

[10] with other approaches as described in section two, and that can be found in published 

safety analysis reports [9]. 

The initiating event that has been postulated for the present analysis is the inadvertent 

closure of one single main steam isolation valves. This case is part of the list of PIEs in [RG 

8] and therefore also included in [10]. So basically all cases are divided in three groups. The 

“reference cases”, which give a baseline to compare to – failures of the I&C system are not 

assumed. The “structured approach” case, which follows the structured approach for deriving 

conditions for the I&C system that was introduced in Section 1.2, and the “traditional cases”, 

which interpret guidance documents to assume failures in their I&C system. 

Reference cases 

 The section reference cases should provide a baseline to have a result to compare to. 

The first case in the section reference cases describes the automated response of 

Atucha2 NPP following the initiating event without any further assumptions on 

additional failures. All safety systems of the plant are assumed to be operational. 

 The second reference case assumes, in addition to the first reference case, failure of 

one main steam relief valve, and assumes further that the other main steam relief valve 

is not available due to maintenance. No failures in the I&C systems are assumed. 

Structured approach case 

 The case follows the structured approach as proposed in Section 1.2, i.e. assumptions 

on failure/availability of control, limitation and protection system follows a strict 

scheme. 

“Traditional” cases 

 Two “traditional” cases are presented. They are based on the second reference case, 

but assume in addition the failure of all control- and limitation systems (only the 

protection system is assumed to be available). This is a reasonable assumption, 

because without in-depth analysis one would not assume that control- or limitation 

systems have an unfavourable influence in the present case. In addition it has been 

assumed that the maximum worth control rod remains stuck on scram. Case one 

assumes that the first scram signal generated triggers the reactor scram. The second 

case neglects the first scram signal, and assumes that the second scram signal triggers 

the reactor scram. 

 

2.1 Reference case(s) 

First the two reference cases are presented. Reference case 1 imposes the postulated 

initiating event without additional assumptions on failures, and assumes that all systems are 

operable. The case shows the automated response of the plant. 

Reference case 1: 

The transient starts at 1s with the inadvertent closure of the main steam isolation valve 

in SG 1 by the spurious actuation of valve closure mechanism. 
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Closure of the MSIV leads to the rapid SG pressure rise and actuation of the reactor 

Scram signal “high pressure in main steam lines 1”. The signal successfully leads to shutdown 

of the reactor by control rods. In addition the relief valves of the affected line open. Due to the 

slow opening time of the relief valves the pressure continues to increase and MS safety valves 

have to intervene as well. After the reactor scram becomes effective, the SG pressure is set to 

cool down the system with a rate of 100K/h. The affected SG pressure is controlled by the 

relief valves, the unaffected SG pressure by the turbine bypass station. 

In the first phase of the transient the primary pressure increases, because the secondary 

pressure increase leads to a higher saturation temperature, which, in turn, leads to an increase 

in temperature of the coolant at the SG outlet (primary side) and a expansion of the primary 

system coolant. 

The pressure increase lasts only for a very short time and the PRZ spray valves do not 

have to intervene. After the reactor scram, the primary side pressure drops down leading to 

the PRZ heaters activation to retain the primary pressure.  

Primary side hot and cold leg coolant temperatures initially increase for a short period 

of time until the reactor Scram activation and then continually decrease throughout the course 

of the transient. After the reactor Scram the Temperature increase across the core diminishes, 

hot- and cold leg temperatures are very close to each other, and decrease, following the 

controlled secondary side depressurization of the intact SG.  

MCP trip is not activated and the primary mass flow rate is kept at nominal values 

taking into account the density increase due to the changes of the primary coolant 

temperature. 

The core cooling conditions during this event are not challenged, as pressure and 

temperature increases are insignificant and the prompt response of rod actuation to reduce the 

power provides a DNBR behaviour which is far from the limit. 

Due to the rapid course of the event and fast initiation of the reactor Scram, no 

significant challenge of the plant safety occurs. The core cooling is assured by the forced 

primary coolant flow and controlled depressurization of the secondary side. Primary and 

secondary over pressurization is limited by the actuation of the PRZ sprays and MS safety and 

SRV opening. 

The results of the calculation for reference case 1 are shown in Figures 1 and 2. The 

main result of the calculation for the purpose of the present paper, the DNBR evolution, is 

presented in Figure 3, “Ref 1” (together with the results of the other calculations). 

 

Reference case 2 

Reference case 2 repeats the calculation of reference case one, with the exception that 

single failure and repair case have been assumed: 

Single failure: failure to open of the 1
st
 relief valve of the affected SG 

Repair case: non-availability of the 2
nd

 relief valve of the affected SG 

Without postulating further failures of the I&C system. The difference between the 

present case and the reference case 1 for short term calculations is barely noticeable (the 

pressure in the affected SG arrives a little bit faster at the set-point of the safety valves. 

However, Scram is triggered at the same moment, and long term heat removal is governed by 

the cool-down of the intact SG. 
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One can see in Figure 3 that the impact on the parameter of merit for the present 

analysis, the DNBR evolution, is minimal. 

 

2.2 Structured approach case 

As described in Section 1.2 Reference case 1 (Case A) constitutes the bases to derive 

the boundary conditions for “Case B”, [11, 10] (this analysis is term “Bordihn” further in 

paper). Analysis shows that the most critical safety systems for the present case are the main 

steam line relief valves. So the two relief valves of the affected SG are assumed to be 

unavailable due to single failure and repair case. Applying the structured approach as 

described in Section 1.2 to derive the availability of the I&C systems, one can argue: 

The present case is an AOO, so the related paragraph applies. In the best estimate case 

(case A) Scram is triggered. Neither controls, nor controls and limitation system are sufficient 

to control the transient. For this case, the most beneficial control system and the first reactor 

signal have to be disregarded (all other control systems, as well as limitation systems have to 

be considered!). For the present case, the controls have no influence due to the fast accident 

course. So only failure of the first reactor scram signal has been imposed. 

The result of the analysis changes the course of the accident considerably, since there is 

no immediate second scram signal following the first scram signal. After the first seconds 

(which are comparable) the plant continues operation with one SG, while the steam produced 

by the second SG is dumped to the atmosphere through the safety valves. The balance line 

routes more feedwater to the intact SG, but nevertheless the amount of produced steam 

outweighs the feedwater and the SG level decreases. The next scram signal, which shuts down 

the reactor, is low level of steam generator. 

After a short period of time the control and limitation system are reducing the reactor 

power to match the reduced power of the turbine – which, in the long run, increases the DNB 

ratio. However, in the first minute the cycling of the affected SG at MSSV pressure (leading 

to an increased core inlet temperature) without significant reduction of power leads to a 

reduced DNBR – see Figure 2 for primary system pressure, affected SG pressure and power, 

and see Figure 3, “Bordihn”, for the DBNR evolution of this case. 

 

2.3 “Traditional” I&C approach 

Single failure and repair case are postulated as in previous sections. 

As described in Section 1.2 the guidance documents leave a certain degree of freedom 

to the analyst in choosing the availability for I&C systems. However, one common 

recommendation is to disregard all control systems, unless they have an unfavourable 

influence on the course of the accident. For the present case, unless a in-depth analysis has 

been conducted, one may come to just this conclusion (and, in fact, [9] uses for the analysis of 

an inadvertent MSIV closure this assumption). Common practice is to regard the most 

effective control rod stuck on scram, and eventually postulate failure of the first scram signal. 

The here presented analyses follows this approach (i.e. all control and limitation 

systems are not considered, and in addition the most effective control rod is considered to be 

stuck). Two cases are analysed – one considering the first scram signal, another disregarding 

it. 
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Traditional case S1 

Control and limitation systems play a minor role in the first seconds of the transient, as 

can be seen from the description of reference case 2. For the first seconds the most important 

condition is the time at which reactor scram is actuated. If the scram is timely actuated, also 

the non-availability of the relief valves plays a minor role. So since no assumptions on 

failures of the reactor scram have been made, the traditional case S1 DNBR evolution is 

almost superimposed on the results of reference 1 and reference 2 (see Figure 3, “S1”). 

Traditional case S2 

Case two now assumes that the analyst disregarded also the first reactor scram signal. 

However, since the limitation systems and control systems are assumed to be unavailable, the 

reactor moves quickly from its conditions for normal operation, and the second scram signal 

is triggered fast (pressure drop comparison signal in the steam line of the unaffected SG). 

Please refer to Figure 3 for DNBR evolution of the case “S2”.  

 

  

Figure 1: Reference case 1 (Case A) 

 

  

Figure 2: Structured approach case (Case B) 



504.11 

 

 

 

 

Figure 3: DNBR evolution all cases 

 

3 CONCLUSIONS 

The present paper compared two different methods of deriving the boundary conditions 

for I&C availability in safety analysis. There are a couple of interesting conclusions to draw. 

First, the complexity of nuclear power plants and its interaction with I&C systems is 

such that it is very hard to predict which system has an favourable or unfavourable influence, 

without performing a detailed system thermal hydraulic analysis, coupled to a full model of 

the I&C system. As surprising result of the present case the controls and limitation systems 

had, in case the scram is disregarded, an unfavourable influence (compare traditional case S2 

with structured approach case). 

Second, the choices on availability or non-availability of I&C systems can influence 

strongly the trend of figures of merit (as in the present case the DNBR evolution). A 

structured approach takes the decision “how conservative is conservative enough” from the 

hands of the analyst, which may lead to more realistic, and nevertheless more conservative 

results. 
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It is therefore recommended to perform in-depth analysis for licensing applications, 

modelling both thermal hydraulic system and I&C system in detail, and following a structured 

approach. As demonstrated in the paper, by doing so one can come one step closer to the goal 

of being “conservative enough”. 
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