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ABSTRACT 

Today, probabilistic risk assessments (PRAs) at multi-unit nuclear power plants consider risk 
from each unit separately and consider dependencies and interactions between the units informally 
and on an ad hoc basis. The accident at the Fukushima nuclear power station underlined the 
importance and possibility of multi-unit accidents. Additionally, some small modular reactors are 
designed to have many shared systems are preparing for licensing, forcing the nuclear industry to 
address this issue. The Nuclear Regulatory Commission (NRC) does not have an official policy on 
multi-unit risk nor a method for addressing multi-unit PRA. The NRC has, however, been 
discussing multi-unit risk for many years. In order to determine the feasibility of a multi-unit PRA, 
a method has been proposed to account for these risks in a multi-unit PRA. Six main dependence 
classifications were identified: initiating events, shared connections, identical components, 
proximity dependencies, human dependencies, and organizational dependencies. This presentation 
will discuss the NRC’s history with multi-unit risk, these six classifications, and the nature of their 
resulting dependence between multiple units. As a validation of the classification, this presentation 
will also discuss multi-unit events that have occurred in operating nuclear power plants in the 
United States. 
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1  BACKGROUND 

Currently multi-unit site risk is neither formally nor adequately considered in either the 
regulatory or the commercial nuclear environment (Duke Energy, Letter to U.S. Nuclear 
Regulatory Commission, 2011; U.S. Nuclear Regulatory Commission, 2003; Fleming, 2005), 
despite the fact that the question of multi-unit accidents is not one of possibility, but of 
probability (Fleming, 2005). These types of accidents have been shown to be significant 
(Fleming, 2005). Fleming, Arndt, Omoto, and Jung, et al. have recommended ideas to deal with 
different facets of a multi-unit probabilistic risk assessment (PRA) (Fleming, 2005; Arndt, PhD 
Thesis, 2010; Omoto, 1996; Jung, Yang, & Ha, 2003); however, there are still no well-
established, comprehensive methods for considering multi-unit site dependencies when 
performing PRAs (Sandberg, Thuma, & Georgescu, 2009). The events at Fukushima Daiichi in 
2011 underlined the significance and importance of accident events involving multiple units. 
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The U.S. Nuclear Regulatory Commission (NRC) has been discussing how to address the 
issue of multi-unit nuclear power plant PRAs for many years. After the Chernobyl accident, the 
1981 lessons learned report included four recommendations that address multi-unit accidents. 
Many of these recommendations came about because noble gas and airborne volatiles were 
found to have been transported to the other three units onsite through a shared ventilation system 
during the accident. It was recommended that control room habitability, contamination outside of 
the control room, smoke control, and shared shutdown systems be looked at more fully (U.S. 
Nuclear Regulatory Commission, 1981). While three of these issues were not pursued further, as 
they had been identified as licensing issues rather than safety issues, control room habitability 
was looked at in greater detail. The NRC issued a generic letter in 2003, and requested additional 
information from licensee’s that did not successfully demonstrate compliance with the 
regulations regarding control room habitability (U.S. Nuclear Regulatory Commission, 2011).   
In 1995, the Commission committed to expand the uses of PRA (U.S. Nuclear Regulatory 
Commission, 1995). For several years, the conversation did not focus on multi-unit PRA; 
however, it began again in 2002 and 2003 and resulted in a 2005 NRC staff recommendation to 
the Commission to endorse an integrated risk analysis (U.S. Nuclear Regulatory Commission, 
2002; U.S. Nuclear Regulatory Commission, 2003). The NRC staff presented the Commission 
with three options to deal with this so-called integrated risk: take no action, quantify the 
integrated risk at the site for new reactors that were being built, or quantify the risk for all 
reactors at a site. The staff recommended that the Commission choose Option 3, which would 
require nuclear power plants to quantify the risk of all units on a reactor site (U.S. Nuclear 
Regulatory Commission, 2005). The Advisory Committee on Reactor Safeguards (ACRS) 
suggested, however, that quantifying the integrated risk from all new reactors onsite would be a 
better option. In the Staff Requirements Memorandum, the Commission directed the staff to 
create an Advanced Notice of Proposed Rulemaking (ANPR) and to consider the ACRS’s 
recommendations (U.S. Nuclear Regulatory Commission, 2005). Also in 2005, the staff 
recommended that any modular reactor designs should account for the integrated risk posed at 
multi-unit sites. In 2006, the NRC staff returned with the ANPR and noted that they would be 
discussing the issue of integrated risk with external stakeholders (U.S. Nuclear Regulatory 
Commission, 2006). The result of all this was NUREG-1860, which presented an approach to 
integrated risk that only necessitated that the risk from new reactors be “limited” and did not 
provide prescriptive guidelines (U.S. Nuclear Regulatory Commission, 2007). In 2008, the NRC 
also indicated that it would be creating loss of offsite power (LOOP) models for its Standardized 
Plant Analysis Risk (SPAR) program that would address multi-unit effects (Idaho National 
Laboratory, 2008). Currently, the NRC is in the early stages of an effort to create an integrated 
Level 3 PRA that includes the effects of multiple units, as well as the risk from all radiation 
sources onsite, such as the spent fuel pool (U.S. Nuclear Regulatory Commission, 2011) that will 
potentially extract new risk insights to enhance regulatory decision making, enhance NRC PRA 
staff capability, and obtain insights in to the technical feasibility and cost of developing a Level 3 
PRA (U.S. Nuclear Regulatory Commission, 2012). More details and prospective uses of this 
topic can be found in Schroer & Modarres (2013). 

2 INTRODUCTION 

There are two basic ways to create a multi-unit PRA. One method is to develop an entirely 
new multi-unit PRA, and the other is to integrate existing single-unit PRAs. The prohibitive cost 
of technical impediments (e.g., lack of sufficiently robust shared-system modeling tools) makes 
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the latter method more feasible both practically and economically because of the ability to utilize 
existing data and models.  

Since there are approximately 100 systems in a nuclear power plant, there are many ways 
in which two or more units can be connected (Muhlheim & Wood, 2007). In order to truly 
address a multi-unit PRA, one first must be able to understand all of the avenues in which units 
could be connected, which could be attempted through classification. This classification will 
allow multiple independent single unit PRAs to be integrated into a single multi-unit PRA.  

The first step in the proposed process is to sort the accident sequences into the 
classifications. There are six main dependence classifications were identified: initiating events, 
shared connections, identical components, proximity dependencies, human dependencies, and 
organizational dependencies. Additionally, there will be a seventh classification of events that 
are completely independent. Once the sequences have been sorted, each classification can then 
be considered. This allows the data set to be reduced from 100 systems to just six classifications 
that need to be analyzed. An introduction to this classification schema is provided in the next 
section. 

 
 

 
Figure 1: Classification of Events 

 
 

3 CLASSIFICATIONS 

The first class, initiating events, represents those single events that have the capacity to 
affect multiple units of a nuclear power plant site. Not all initiating events that are incorporated 
into a typical nuclear power plant PRA will affect more than one unit at a site, although several 
have that capability. These initiating events can be divided into two subclasses, events that will 
always affect multiple units, referred to as “definite” events, and events that will only affect 
multiple units under certain circumstances, referred to as “conditional” events (Pickard Lowe 
and Garrick, Inc., Prepared for Public Service Company of New Hampshire, PLG-0300, 1983).   

The second class, shared connections, refers to links (piping, cables, power divisions, etc.) 
between components that materially connect multiple units. These connections may be in three 
different sub-classes (Institute of Electrical and Electronics Engineers, 1988; Muhlheim & 
Wood, 2007). The first is a single structure, system, or component (SSC). This occurs when 
multiple units rely on a single SSC for simultaneous support. Two examples are using the same 
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plant exhaust stack or having a common header for safety injection. The second subclass is time 
sequential sharing or cross-connected SSCs. This is when an SSC is able to fully support any 
single unit; however, it is not capable of simultaneously supporting multiple units. This often 
occurs between electrical power supplies at nuclear power plants. The third subclass is standby 
sharing (e.g., crossties). Standby sharing occurs when multiple units share a standby or spare 
SSC that can only be used to support a single unit. This approach is commonly seen for safety 
systems such as emergency diesel generators and fire protection systems. 

The third class, identical components, represents components that have the same design 
and operating environment for multiple units. This means that the components are designed, 
installed, and maintained identically and are operated in the same manner making them 
susceptible to traditional common-cause failures that are considered for single units. This not 
only includes conventional components, but also digital instrumentation and control systems and 
software. 

The fourth class, proximity dependencies, can be manifested in several different ways. 
Proximity dependencies occur when a single environment has the potential to affect multiple 
units. This common environment could be either intentionally or unintentionally created. The 
proximity could be within a room, positions between or within systems, or occur because of the 
site layout. Additionally, conduits and doors may connect otherwise independent areas. If, for 
example, the chemical and volume control system for multiple units were in the same room, a 
fire or other event could affect multiple units. Likewise, if there was an explosion onsite and two 
units were located very close together, the same explosion could affect both units 

The fifth class, human dependencies, can also be manifested in a variety of ways. Human 
dependencies occur when a person’s interaction with a machine affects multiple units. This could 
be an operator, a maintenance team member, a member of an installation crew, or the like. 
Human dependencies are split into two subclasses, pre-event and post-event actions. Human 
actions that occur before an event typically create latent conditions. For instance, in currently 
operating plants, the same maintenance team could perform the same task and create the same 
failure environment on multiple units. Human actions that occur after an event typically have 
immediate consequences. One example would be in small modular reactors where one operator 
would control multiple modules or units at the same time. If the operator is responding to a 
situation on one unit, the operator may not notice or be able to control an evolving situation on 
another unit.  

The sixth class, organizational dependencies, has a number of different facets. 
Organizational dependencies occur when an organization somehow connects multiple units 
(through programs such as operating and emergency procedures, reliability assurance, 
surveillance procedures, training simulators, etc.), typically by some sort of logic error that 
permeates the organization. Although human and organizational dependencies are closely 
related, there is delineation between the two, which lies in the root cause of the failure. Human 
dependencies are dependencies that are caused by the man-machine interaction, while 
organizational dependencies are often human actions caused by the culture of the organization. 
In this case, the organization could refer to a department at the plant, the plant itself, or the 
vendor that supplies components to the plant. These dependencies occur because the same logic 
or culture exists across an entire group, which affects multiple units and, at times, multiple sites. 

The seventh class, independent events, represents those events that do not create a 
dependency between multiple units. This class only includes events whose occurrence and effect 
are limited to a single unit. Any events or SSCs that do not fall into the previously discussed 
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categories would fall into this classification. For example, loss of coolant accidents would be an 
independent event. The majority of the SSCs for each unit would be in this category. 

4 ANALYSIS OF PAST EVENTS 

To confirm that the created classification includes all potential events that may link 
multiple units, Licensee Event Reports (LERs) that were submitted to the NRC from 2000 
through 2011 were evaluated. LERs are submitted to the NRC after plant abnormalities, in 
accordance with guidelines prescribed in 10 CFR 50.73. These LERs discuss the root causes of 
the events and actions that will be taken by the licensee. Three-hundred-ninety-two of 4207 total 
LERs affected multiple units on a site, which amounts to 9% of all LERs submitted between 
2000 and 2011. This represents a significant number of multi-unit issues that happen every year; 
however, 91% of the events belonged to event classification seven, independent events. Each 
multi-unit LER was reviewed individually to determine what caused the dependency between the 
units. It should be noted that the dependency was not always the root cause of the plant 
abnormality. One example that was found involved flooding, since flooding could occur in 
several rooms due to a valve malfunction. The dependency link may not have been the valve 
malfunction but rather the incorrect installation of the valves on multiple systems. The most 
common link between multiple units was organizational dependencies. These included 
everything from symmetrical procedures and technical specifications across units to vendor and 
departmental logic errors, which accounted for 44% of the 392 multi-unit LERs. Single shared 
SSCs were the next most common link and accounted for 27% of the multi-unit LERs. Table 1 
outlines further the breakdown of classifications. 

 
Table 1: Multi-Unit Licensee Event Report Classifications from 2000-2011 

Classification Percentage of Total 
Initiating Event 6.63% 
Definite 3.83% 
Conditional 2.81% 
Shared 
Connection 

32.40% 

Single 26.79% 
Time Sequential 1.28% 
Standby 4.34% 
Identical 
component 

8.16% 

Proximity 4.59% 
Human 3.83% 
Pre-event 3.57% 
Post-event 0.26% 
Organizational 44.39% 

 
 

Under the NRC’s Reactor Oversight Process, inspection findings are evaluated under the 
Significance Determination Process (SDP) (U.S. Nuclear Regulatory Commission, 2011) and 
assigned a color that indicates its safety significance. Findings with very low safety significance 
are labeled “green.” “White” findings have low to moderate safety significance, “yellow” 
findings have substantial safety significance, and “red” findings have high safety significance. 
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For violations that are not subject to the SDP, a severity level is assigned in accordance with the 
NRC Enforcement Policy (U.S. Nuclear Regulatory Commission, 2011). Violations with very 
low safety significance are “Severity Level IV.” “Severity Level III” violations have moderate 
safety significance, “Severity Level II” violations have significant safety significance, and 
“Severity Level I” have serious safety significance. Of the 392 LERs that affected multiple units, 
the NRC cited eight with official findings (two red, one yellow, two white, two green, and one 
Severity Level III violation). Four findings were linked to organizational factors, two to shared 
SSCs, one to identical equipment, and one to human action. This illustrates that not only do these 
events occur, but they can also have considerable safety significance. 

5 CONCLUSIONS  

Currently multi-unit nuclear power plant risk assessments consider the risk from each unit 
separately and do not consider combination events between the units. To gain an accurate view 
of the site’s risk profile, the CDF for the site rather than the unit, may need to be considered. 
This paper has presented a classification system that utilizes existing single unit PRAs and 
combines them into a multi-unit PRA. Six main commonality classes that can make multiple 
units dependent have been presented: initiating events, shared connections, same components, 
proximity dependencies, human dependencies, organizational dependencies, and a seventh class 
for independent events. 

 
This paper has also discussed multi-unit events that have occurred in U.S. nuclear power 

plants and the potential consequences of those events. It was found that nine percent of 
reportable events in the last eleven years affected multiple units. Furthermore, two percent of 
those that affected multiple units were safety significant. Additionally, it was found that multi-
site issues have occurred in the United States. 

 
The NRC is continuing to investigate the impacts of multi-unit and multi-module events to 

risk, as evidenced by the Level 3 PRA Project (U.S. Nuclear Regulatory Commission, 2012). 
Additionally, in draft Standard Review Plan section 19.0, the NRC has stated that it will review 
risk from accidents that could affect multiple modules (U.S. Nuclear Regulatory Commission, 
2012). The NRC also maintains involvement in the international arena through participation of 
IAEA working groups. 
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