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Abstract 

A loss-of-coolant accident (LOCA) can cause a loss-of-offsite 
power (LOOP) wherein the LOOP is usually delayed by few 
seconds or longer. Such an accident is called LOCA with 
consequential LOOP, or LOCA with delayed LOOP (here, 
abbreviated as LOCA/LOOP). This paper analyzes the unique 
conditions that are associated with a LOCALOOP, presents a 
model, and quantifies its contribution to core damage frequency 
(CDF). The results show that the CDF contribution can be a 
dominant contributor to risk for certain plant designs, although 
boiling water reactors (l3WRs) are less vulnerable than pressurized 
water reactors (PWRs). 

1 Introduction 
In a loss-of-coolant accident (LOCA), the loss of a large amount of electric-power 
generation, as might be precipitated by tripping the unit with the LOCA, can cause 
instability in the transmission system grid, resulting in a loss-of-offsite power (LOOP). 
Also, the loss of generation from the LOCA-affected unit can degrade voltage at the 
unit switchyard, thereby actuating degaded voltage protection and the subsequent 
LOOP. In such situations, there usually is a delay between the two events. Such a 
case is called a LOCA with consequential LOOP, or LOCA with delayed LOOP; here, 
we refer to it as LOCALOOP. %le Nuclear Power Plants (NPPs) are designed to 
properly respond to a simultaneous occurrence of a LOCA and a LOOP, several 
incidents that have occurred during NPP operations and also anomalies noted while 
testing a plant’s response to LOCA and LOOP have raised questions about the ability 
of a NPP to respond to a LOCALOOP. These specific issues and concerns are 
documented as part of the United States Nuclear Regulatory Commission’s (USNRC) 
Generic Safety Issue (GSI) 17 1, Engineered Safety Features (ESF) Failure from a Loss 
of Offsite Power Subsequent to Loss of Coolant Accident (NRC, Feb. 1995). 
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Probabilistic risk assessment (PRA) models for NPPs address LOCA and LOOP 
events, which, in many cases, are the dominant contributors to the plant's risk 
measured in terms of core-damage frequency (CDF), but they are treated as separate 
events. To analyze the LOCA/LOOP accident, we developed PRA-type model for tlus 
accident in pressurized- and boiling-water reactors (PWRs and BWRs) and quantified 
the associated contributions to the CDF. 

2 Brief Description of a LOCALOOP Accident 
When a LOCA occurs at a PWR, the emergency safety features actuation system 
(ESFAS) is actuated, typically causing the following system responses: 1) Reactor 
trip initiated, 2) Safety Injection Sequence initiated, i.e., Emergency Core-Cooling 
System (ECCS) pumps are started and aligned for cooling the core, 3) Phase "A" 
containment isolation, 4) Auxiliary feedwater initiated, 5 )  Main feedwater isolated, 
6 )  Emergency Diesel Generator (EDG) Startup, 7) Auxiliary Cooling System Line-up 
(pumps are started in the essential service water and Component Cooling Water 
systems), and 8) Control Room and Containment Ventilation Isolation. The EDGs at 
most plants probably cannot handle the simultaneous starting of all the pumps and 
motors actuated by the ESFAS, and thus, it is necessary to sequence the startup of all 
ESFAS-actuated systems to prevent overloading the EDGs. There are similar system 
responses for LOCAs at BWRs. 

The EDGs might be damaged with no immediate possibility of recovey during this 
scenario if they attempt to re-energize the entire portion of the previously sequenced 
load without resequencing. Two utilities identified another failure mechanism in 
whch circuit-breaker protective devices lock-out the circuit breaker to protect it from 
potential damage resulting ftom repeated opening and closing (referred to as 
"pumping"). The operators' actions required to reset the circuit breakers may be quite 
complicated and could result in a high probability of failure to recover. A third failure 
mechanism involves the lockup of timers in the accident load-sequencing logic which 
could cause the loss of all automatic accident-loading capability. 

In addition to concerns about the electrical-power system and control system, the 
coolant systems also may be vulnerable to damage from plant transients during ESF 
sequencing. Restarting a pump which has open outlet valves can require much more 
power than the pump motor was designed to draw during startup, so exacerbating 
problems with the electrical power system. Water hammer that can damage pipes and 
pipe support is also a concern, but was not considered in the models presented here. 

3 Modeling LOCA/LOOP Accident Sequences 
A LOCA/LOOP accident is modeled using event trees to define the progression of 
events and paths that lead to core damage, as typically done in P U S .  Our intent is 
a) to address various conditions that occur in a LOCALLOOP accident, considering 
their timing and the plant's design characteristics; this includes the issues raised in 
Section 2, b) to consider a large, medium, and small LOCA as is done in a typical 
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PRA, and c) to model both PWRs and BWRs, taking into account the characteristics 
of their safety systems and responses to such an accident. 

There are some similarities in plant designs related to the response to LOCA and 
LOOP events, but, at the same time, there are differences between a PWR and a BWR, 
and from plant to plant. Therefore, we proceeded to model in the following way: a) 
develop a general event tree for the occurrence of a LOCA, the EDG’s response, and 
the delayed Occurrence of LOOP, detailing issues and concerns about the safety- 
system’s performance, b) consider the specific features of PWR and BWR plants and 
modify the model accordmgly to obtain general ones for both, c) consider different 
sizes of LOCA and the plant’s response, and modify the event tree to quanm the 
CDF contribution for each size; the probabilities for the operator’s recovery actions 
differ for Merent LOCA sizes and are considered in the quantification, and, d) 
develop groupings of plants based on their design characteristics relating to load- 
energization and load-shedding features, and obtain the corresponding CDF 
contribution for each group. 

Several assumptions apply which are discussed in detail in Martinez-Guridi et al., 
(1 997). Figure 1 shows the event tree used for PWRs. 

4 Evaluations and Results 
Quantification of the event tree to obtain CDF contributions involved our assessing 
the probability of some parameters that are not quantified in PRAs, nor available 
elsewhere. As practical, in some cases (e.g., conditional probability of LOOP given 
LOCA, timing of LOOP given LOCA), the availabIe data were evaluated to obtain 
probability estimates, whereas in other cases, (e.g., EDG overloading, lockout 
energization of circuit breakers due to their anti-pump circuitS, pump overloading), the 
estimates were based on engineering judgments. These judgments were made from 
information gven in NRC h&ormation Notices, FSARs, and insights from reviewing 
Licensee Event Reports (LERs) about selected, relevant incidents that have occurred. 
A more detailed model was established of the electrical characteristics of EDGs and 
ECCS pumps to estimate their probability of damage due to an out-of-phase bus 
transfer (harm et al, 1996). In general, because of the unique situation and 
conditions that were modeled for which there are no operating experience data nor are 
they expected, the evaluation involved engineering analyses, judgments, and several 
assumptions. The evaluation was carried out for a PWR and a BWR plant based on 
their general characteristics, but using infomation from reference plants, Sequoyah 
and Peach Bottom, respectively. The details of the technical evaluation methods, the 
analyses, and the results are given in Martinez-Guridi, et al. (1997); the following 
summarizes the results. 

Frequency of LOCAnOOP Accident 

The probability of LOOP given a LOCA was estimated using automatic reactor scram 
and ECCS actuations as surrogate events for a LOCA. Operating experience data on 



reactor trips, ECCS actuations, and LOOP events over ten years (1984 to 1993) were 
reviewed to obtain the estimates for PWRs and B W ;  they are averages over the 
population of each type of reactor. The average estimates can be sipficantly 
merent  for a plant which has a specifc vulnerability to such an event. An example 
was the Palo Verde plant (Palo Verde Nuclear Power Plant, Dee. 1994) before an 
administrative control was implemented. Also, although ten years of data were 
evaluated, relatively few conditional LOOP events were observed which could be used 
to obtain the estimates. The point estimates for the probability of LOOP given LOCA 
for BWRs and PWRs are, respectively, 6 . 0 ~ 1 0 ~  and 1.4x102, while the comparable 
probability of random occurrence of a LOOP given a LOCA is of the order of lo4 or 
less which is lugher than a random occurrence probability by factors of approximately 
70 and 300, respectively. The range, however, is comparable to, or less than, some 
previous estimates used for prioritization in GSI- 17 1. 

LOCALOOP Accident at a PWR Plant 

The evaluation of PWR plants showed that the CDF contribution of a LOCALOOP 
accident can vary by two orders of magnitude (2.8x1O4/yr to l.lx104/yr), depending 
on the design characteristics relating to the load-sheddingAoad-energization features 
in such an accident (Table 1). The major conclusions relating to the PWR plants are 
summarized as follows: 

For some combinations of design characteristics, particularly in plants using 
block-loading to the offsite power and block-loading to the EDG following a 
LOOP without a load shed, the CDF contributions can be about 1.0x104/yr. 
Iden-g specific plants with these features was not w i b  the scope of this 
study. 
Plants where sequential loading to offsite power and the EDG is used along with 
load-sheddmg appear better equipped to handle this accident, their CDF 
contribution is about 3x1 Oa/yr. 
Sensitivity analyses show that the dominant contributors to risk from a 
LOCAnOOP accident are EDG overloading and lockout of circuit breakers due 
to their anti-pump circuits. Design features which avoid such failures will 
signtfcantly reduce the CDF contribution. Further exploration of these aspects 
might identlfy and eliminate the conservatism associated with their evaluation. 
Some plants may have specific vulnerabilities. Examples are plants operating 
with switchyard undervoltage that may increase the probability of a delayed 
LOOP and overloading of pumps, the specific design of load sequencers making 
lockup in such a scenario highly likely, and the setting in anti-pump circuits 
increasing the likelihood of lockout of circuit breakers of safety loads. Such 
vulnerabilities further increase the CDF contributions of LOCALOOP accidents. 

LOCALOOP Accident at a BWR Plant 

The evaluation of a BWR plant showed that, as with the PWR plant, the CDF 
contribution of a LOCNLOOP accident can vary by orders of magnitude and also 
depends on similar design characteristics, i.e., load shedding, and load energization 



features (Table 1). Our insights on differences and similarities can be summarized as 
follows: 
1) The CDF impact of a LOCALOOP accident for most BWR plants (4.5x10-’/’ 

to 3.l~lO-~/Yr) is about an order of magnitude lower than at PWR plants. 
2) Similar to PWR plants, BWRs that block-load to offsite power in response to a 

LOCA, and block-load to the EDG without load-shed in response to a LOOP are 
the most vulnerable; the relative impact of other design features is similar to that 
of PWRS. 

3) Similar to PWR plants, EDG overloading and lockout of circuit breakers due to 
their anti-pump circuits dominate the risk contributions; addressing these 
concerns will reduce risk further. 

4) Similar plant-specific vulnerabilities may exist for BWR plants, and 
correspondingly, their CDF contributions will be higher. 

5 Conclusion 
We presented an assessment of the core-damage-frequency contribution in PWRs and 
BWRs for the accident scenario of LOCA with consequential or delayed LOOP. This 
type of accident is not currently modeled in PRAs and involves unique plant 
conditions that have not been analyzed previously. Quan-g the CDF contributions 
for such an accident scenario based on the event-tree model developed involved 
engineering evaluation and judgments because limited data exist on such unique 
conditions. The evaluation was carried out for a PWR and a BWR plant based on their 
general characteristics, but using information from reference plants, Sequoyah and 
Peach Bottom, respectively. The CDF contribution can be large at plants where non- 
intentional block loading to EDG may take place because load-shedding is not 
implemented and may be a dominant contributor to the CDF from internal events. Our 
evaluation shows that BWRs are less vulnerable than PWRs because of the reactor 
core-isolation cooling (RCIC) and hgh pressure injection systems (IBIS) which do 
not depend on AC power, and thus are not susceptible to many of the problems 
involved in a LOCALOOP accident. 
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Table 1 CDF contribution for different PWR and BWR plant groups. 

Energization Load Time Mean CDF (/yr) 

Power PWR BWR 
Energization ’Iant tooffsite Shed Delay toEDG 

1 S 

2 S 
3 S 
4 S 

5 BL 

6 BL 
7 BL 
8 BL 

Yes 

Yes 
No 
No 

Yes 

Yes 
No 
No 

- 
Yes 
No 

- 

Yes 
No 

Inadequate 
sequence 

S 
BL 0 
BL (MI 

Inadequate 
sequence 

S 

BL 0 
BL w 

1 . ~  o - ~  
2 . 8 ~ 1 0 ~  
1.8x10” 
2 .5~1  0’ 

4.3~10” 

1 .4x1os 
9. lxlo-s 
1.1x104 

2 . 8 ~ 1  O4 

4.5~10’ 
3.7~1 O6 
6 . 2 ~ 1 0 ~  

9.9x106 

2.ox104 
2.0x1OS 
2 . ~  o 5  

S: Sequential 
BL: Block loadmg 
BL 0: Nonintentional block loading because load-shed is not 
implemented. 

Figure 1 Detailed modeling of a LOCA/LOOP accident 


