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INTRODUCTION  

 
The U.S. Nuclear Regulatory Commission’s 

(USNRC) Standardized Plant Analysis Risk (SPAR) 
models for U.S. commercial nuclear power plants 
currently have very limited instrumentation and control 
(I&C) modeling.  Most of the I&C components in the 
SPAR models are related to the reactor protection system. 
This sparseness of I&C modeling was identified as a 
finding during an industry peer review of the SPAR 
models. Recently expanded I&C modeling of the 
Emergency Safeguard Features (ESF) actuation and 
control system was incorporated into a typical boiling 
water reactor (BWR) SPAR model in an effort to identify 
a cost-effective approach to capturing the risk 
contribution from I&C components. This paper applies to 
analog I&C system only; digital I&C system modeling is 
beyond the current scope. 

 
DESCRIPTION OF THE ACTUAL WORK  

 
I&C Systems in Nuclear Power Plants 

 
The I&C system plays a very important role in the 

operation of a nuclear power plant. It is the nervous 
system of the plant, it affects every aspect of plant 
operation with its monitoring, control, and protection 
functions. It measures plant variables such as neutron 
flux, temperature, pressure, and level from sensors; 
processes the acquired data; provides indications and 
alarms to the operators; and sends signals to controllers, 
logic circuitries, or actuation systems for actions to keep 
the plant in a safe condition. The I&C system can initiate 
a reactor scram and actuate systems necessary for 
emergency core cooling, RCS coolant inventory control, 
containment isolation and cooling, radioactive release 
monitoring and control, emergency power, and 
component cooling. Some examples of important I&C 
systems in a typical nuclear power plant are the: 

• reactor protection system (RPS), 
• emergency safeguard features actuation and 

control system (ESFAS),  
• emergency diesel generator (EDG) control 

system,  
• containment isolation control system, 
• containment atmosphere control system, 
• neutron monitoring system, 
• seismic monitoring system, 
• feedwater control system, 

• pressure regulator and turbine-generator control, 
• process computer system. 
From the Level 1, internal events PRA modeling 

perspective, there are two I&C sub-systems that are often 
included in industry risk models as standalone systems: 
RPS and ESFAS. The function of the RPS is to initiate an 
automatic reactor shutdown signal when the monitored 
parameter(s) exceed the associated setpoint(s). The 
function of the ESFAS is to automatically actuate various 
safety systems, based on the detection of abnormal 
conditions in the nuclear power plant, to mitigate 
accidents and prevent core damage. Other I&C sub-
systems and functions that are of interest in a Level 1, 
internal events PRA model are usually included in the 
associated support system logic. For example, the failure 
of load sequencers for the emergency diesel generators is 
included in the EDG fault tree. Given that SPAR models 
currently include RPS modeling, the I&C modeling issue 
at hand is to develop ESFAS logic for the SPAR models 
at a level of detail than can be supported by available 
failure rate data, and that captures the risk significant 
component contributions, without spending excessive 
modeling resources on insignificant I&C components. 

 
PRA Standard Requirements on I&C Modeling 

 
As covered above, the I&C system is an important 

support system in a nuclear power plant. It provides 
various indications and alarms to the operators for plant 
conditions, trips the reactor and/or actuates standby 
cooling systems when abnormal events occur, and 
provides permissive and lockout functions to prevent 
important equipment from being damaged. It may 
adversely impact multiple mitigating systems due to 
common instrument and control equipment or operator 
action failure. The ASME/ANS PRA Standard [1] has 
specific supporting requirements (SR) in the System 
Analysis (SY) Element to collect and review plant 
instrumentation and control information (SRs SY-A2, 
SY-A3), consider the failure modes from the I&C (SR 
SY-A14), and identify and model the systems that are 
required for initiation and actuation of a system including 
actuation logic, permissive and lockout signals (SRs SY-
A18, SY-B9, SY-B10).  

From these PRA Standard requirements, I&C 
modeling is desirable for a PRA model to reflect the as-
built and as-operated plant. The failure modes that may be 
considered in the modeling include automatic actuation 
signals, permissive and lockout signals, spurious signals, 



and pre-initiator human failure events such as 
miscalibrations. On the other hand, exclusion of the 
modeling may be justified by showing that it does not 
impact the results as stated in SRs SY-A14 and SY-A18. 
SR SY-A14 refers to SY-A15 for two criteria that may 
exclude some system unavailability and unreliability 
contributors (i.e., components and specific failure modes) 
from the model if the exclusion has very small impact on 
the modeling results. 

 
I&C Modeling in a Typical BWR SPAR Model 

 
In a recent effort, an ESFAS model was developed 

and incorporated into a typical BWR SPAR model. The 
task involved performing the ESFAS system analysis, 
developing the ESFAS fault trees, and revising the 
support system fault trees to include the actuation and 
control failure modes in the logics.  

For the plant studied,  ESFAS provides actuation or 
permissive signals to the following cooling systems:  

� High Pressure Coolant Injection System 
(HPCI) 

� Reactor Core Isolation Cooling System 
(RCIC) 

� Automatic Depressurization System (ADS) 
� Low Pressure Coolant Injection System 

(LPCI) 
� Core Spray System (LPCS) 
� Containment Spray System (CSS) 
� Shutdown Cooling System (SDC) 
� Suppression Pool Cooling System (SPC)  

The modeled actuation and permissive signals 
include: 

• High Drywell Pressure Signal (HDP) 
• Low Reactor Pressure Signal (LRP) 
• Low Reactor Water Level Signal (LWL) 
• Low-Low Reactor Water Level Signal (LLWL) 
• High Reactor Water Level Signal (HWL) 
• 2/3 Core Height (Low Shroud) Water Level 

Signal (SWL) 
 

I&C Modeling Approaches for Other SPAR Models 
 
Depending upon the resources available, three 

different modeling approaches were identified to address 
the I&C modeling issue in the current generation of 
SPAR models.  

 
Approach A: Detailed I&C Modeling 

 
This approach develops a plant-specific ESFAS  

model and integrates it into the corresponding SPAR 
model for those SPAR models that have no detailed I&C 
modeling, as was done for the typical BWR SPAR Model. 
Figure 1 displays an example of an ESFAS fault tree for 

failure of LPCI actuation in the new typical BWR SPAR 
model. The fault tree includes the failure of various 
actuation signals to LPCI, the operator backup manual 
actuation, and the dependency on DC power. Figure 2 
shows the incorporation of the I&C modeling into the 
LPCI fault tree. Gate LCI-A-6, Failure of LPCI Actuation 
or Low Reactor Pressure Permissive, is added to the LPCI 
Loop A failure logic under Gate LCI-A-2. The new gate 
will transfer to the external ESF fault trees ESF-LCI and 
ESF-LCI-LRP, for failure of LPCI actuation and failure to 
generate a low reactor pressure signals to LPCI, 
correspondingly. 

 

 
 
Fig. 1. Failure of LPCI Actuation Fault Tree 
 

 
 
Fig. 2. LPCI Loop A Injection Lines Failure Logic 

with I&C Modeling Incorporated 
 
It is expected that I&C modeling at this level of detail 

will completely resolve the I&C issue in the current 
generation of SPAR models. The new SPAR models 
would better represent the as-designed, as-operated plants. 



This option allows all dependencies between the I&C 
system and other systems to be explicitly modeled and 
accounted for. However, it also requires extensive 
resources and a longer timeline for completion for all 
SPAR models. Also, the level of detail for I&C 
components may be too high to be consistent with the 
philosophy and detail in other parts of the SPAR model.  

 
Approach B: Minimal I&C Modeling 

 
This approach would keep the current minimal I&C 

modeling.  RPS usually represents the most risk 
significant I&C system and it is already modeled in all 
SPAR models. ESFAS components often provide only a 
small contribution to core damage risk and may be 
excluded when this can be demonstrated.  

One potential enhancement in keeping with the 
current minimal I&C modeling approach is to add the 
verification/justification and documentation in the 
associated system analyses that the actuation and control 
component failure modes represent an insignificant 
contributor to the component or system reliability, and 
thus may be excluded from the system model (refer to 
ASME/ANS PRA Standard SR SY-A15 [1]). 

For example, Figure 2 represents the logic of Low 
Pressure Core Injection (LPCI) Loop A injection line 
failure in the typical BWR SPAR model after 
incorporating the ESF actuation system model. The 
highest failure probability that would fail LCI-A-2 (LPCI 
Injection Lines Fail) is 1.00E-3, due to injection valve 10-
25A failing to open (LCI-MOV-CC-F025A). The 
probability for failure to generate a LPCI actuation signal 
is 7.66E-8 after solving the external transfer fault tree 
ESF-LCI, which was developed with plant-specific I&C 
design feature and the unreliability data in NUREG/CR-
6928 [2]. It is four orders of magnitude lower than the 
highest failure probability of the other components in the 
same system train that results in the same effect on system 
operation, and thus can be excluded from the system 
model without impact on the system model. 

One problem with this approach is that the exclusion 
criteria in SR SY-A15 are not always met for I&C 
modeling. While the actuation signal failure probability is 
often very low due to the redundant instrumentation 
channels and logic, the trip signal or permissive signal 
failure probability might be too high to be excluded. Still 
using the above typical BWR SPAR model and Figure 2 
as the example, the failure to generate low reactor 
pressure permissive signals to LPCI has a probability of 
5.18E-5 by solving the external transfer fault tree ESF-
LCI-LRP. It does not meet the “two orders of magnitude 
lower” criterion and thus cannot be excluded from the 
system model.  Application of this approach could then 
lead to a situation where there is a haphazard degree of 
modeling detail;  minimal in places and detailed in other 
places, leading to non-standard modeling practices. 

 
Approach C: Expanded I&C Modeling 

 
Approach C expands I&C modeling by incorporating 

the automatic actuation and control signals into the 
current SPAR models as undeveloped basic events. The 
probabilities of these I&C basic events are estimated 
based on a representative SPAR model that developed and 
incorporated plant-specific I&C system models. This 
approach involves developing a few detailed ESF 
actuation system models that will represent different types 
of nuclear plants, for example, pressurized water reactor 
(PWR) vs. boiling water reactor (BWR). The 
representative model is then evaluated. The relevant 
measures of the ESF actuation system, such as failure to 
generate a signal to actuate low pressure coolant injection, 
can be obtained and modeled as basic events in 
corresponding fault trees. The unreliability from the 
representative ESF system model is used as the 
probability of failure of the I&C event in the SPAR 
model. With the example of Figure 2, the External 
Transfers of ESF-LCI-LRP and ESF-LCI in the typical 
BWR SPAR model are now replaced with basic events 
ESF-LCI-CC-LRPPermis and ESF-LCI-CC-Actuation, 
respectively, for other SPAR models. The failure 
probabilities for the new I&C basic events use the 
rounded values from the representative system models, 
i.e., 5.5E-5 from ESF-LCI-LRP for ESF-LCI-CC-
LRPPERMIS, and 1E-7 from ESF-LCI for ESF-LCI-CC-
ACTUATION. Figure 3 displays the new LPCI Loop A 
injection lines failure logic with the expanded I&C 
modeling approach. Note that the previous external 
transfers ESF-LCI-LRP and ESF-LCI are now replaced 
with ESF-LCI-CC-LRPPERMIS and ESF-LCI-CC-
ACTUATION basic events. Also the inter-system 
dependencies associated with the ESF actuation system 
need to be properly accounted for in this approach. 

 

 
Fig. 3. LPCI Loop A Injection Lines Failure Logic 

with I&C Basic Events. 
 



Approach C is the most cost-effective way to address 
the I&C modeling issue in the SPAR models. It would 
better enable the SPAR models to meet the ASME/ANS 
PRA standard specific requirements and represent the as-
designed, as-operated plants better with minimum 
resource allocation. The limitations of Approach C 
include the missing of plant specific I&C design features 
and potential insights on the I&C components. 

Since the recently developed ESFAS for the typical 
BWR can be used as the representative I&C system 
model for the BWR plants, the next step would be to find 
and develop a representative ESFAS model for PWR 
plants. 
 
RESULTS  

 
The Standardized Plant Analysis Risk (SPAR) 

models for the U.S. commercial nuclear power plants 
currently have very limited instrumentation and control 
(I&C) modeling.  Most of the I&C components in the 
operating plant SPAR models are related to the RPS. This 
paper reviews the ASME/ANS PRA Standard 
requirements on I&C modeling and the recent effort to 
develop and incorporate the ESF actuation and control 
system model into a typical BWR SPAR model. Three 
different approaches, Detailed I&C Modeling, Minimum 
I&C Modeling, and Expanded I&C Modeling, to address 
the I&C modeling issue in SPAR models are presented. 
Although there are a few limitations, Approach C, 
Expanded I&C Modeling, is considered the most cost-
effective approach to address the I&C modeling issue in 
the SPAR models. This approach would enable the SPAR 
models to meet the ASME/ANS PRA standard 
requirements and better represent the as-designed, as-
operated plants with minimum resource allocation.  
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