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Certification (DC) in the 2005 timeframe. Paragraph 52.47 (v) of Part 52 of Title 10 of the Code 
of Federal Regulations [2] requires that a PRA be submitted as part of the application for design 
certification. As part of this effort, an IRIS PRA is being generated to address two key areas. 
First, the IRIS PRA is supporting the evaluation of IRIS design by providing PRA insights as 
well as a solid basis for the pre- licensing evaluation of the IRIS design. Second, the current PRA 
task is the starting point for the preparation of the more complete PRA analyses and 
documentation eventually required for Design Certification. One of the key risk-related goals for 
IRIS is to reduce the Emergency Planning Zone (EPZ) to within the exclusion area by 
demonstrating that the off-site doses are consistent with the US Protective Action Guidelines 
(PAGs) for initiation of emergency response. The preliminary design of the main IRIS safety 
systems is basically complete, so development of the models was straightforward. However, there 
is limited design information for the support systems. For the fluid support systems such as 
cooling water, the PRA analysts developed simplified system design diagrams based on system 
descriptions in the Safety Analysis report and the system P&IDs from the equivalent AP1000 
systems. 
 
 

2. EMERGENCY HEAT REMOVAL SYSTEM 
 
 
2.1. System Function 
 
The EHRS is designed to perform the following major functions: 
 
Emergency Heat Removal System - Transfers core decay and sensible heat from the reactor 
coolant to the environment during transient, accidents, or whenever the normal heat removal 
paths are lost. 
 
Emergency Reactor Coolant System Water Inventory Control – The EHRS condenses steam 
within the reactor vessel, following events that result in reduced Reactor Coolant System (RCS) 
water inventory.  
 
Emergency Containment Pressure Reduction – The EHRS reduces the containment pressure 
following loss of coolant accidents by condensing steam in the reactor vessel thus minimizing 
(and for a period of time, actually reversing) the mass and energy release from the reactor vessel 
into the containment during blowdown and long term cooling following a LOCA [3]. 
 
 
2.2. System Description 
 
The EHRS consists of four subsystems each having an EHRS heat exchanger, a steam generator 
water addition tank, and associated valves, piping and instrumentation. Each subsystem is 
connected to one of the four steam generator steam and feed water lines in the penetration area 
outside the containment, and the heat exchangers are submerged within the Refueling Water 
Storage Tank (RWST), which is located within the auxiliary building. 
 
A simplified sketch of one train of EHRS is shown in Figure 1. 
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Figure 1. Emergency heat removal system diagram (train A) 
 
2.2.1. Support systems  
 
The RWST cools the heat exchangers of the EHRS (the RWST is maintained full of water during 
normal operation by the Chemical and Volume Control System (CVCS)). During abnormal 
operation (LOCA) the RWST can be cooled by the Normal Residual Heat Removal System 
(NRHRS). If AC electrical power is available, the NRHRS can be aligned to cool the RWST 
water, which will prevent boiling and extended the time before replenishment is required. If no 
AC electrical power is available, the RWST water inventory is sufficient for seven days of 
operation. 
 
The motor operated valve EHRS-MV-01 is normally open. It requires power supply to open if it 
was closed due to operator action or a spurious signal. 
 
Air operated va lves are EHRS-AV-01 and EHRS-AV-02 are normally closed. They require both 
an air supply (compressed air system) and 125 VDC class 1E control power to remain closed. 
Loss of air supply or loss of 125 VDC control power will result in valves opening. The protection 
and monitoring system (PMS) and the diverse actuation system (DAS) provide actuation signals. 
 
2.2.2. Instrumentation and control 
 
Operation of EHRS is automatically initiated upon receipt of any of the following signals: 
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EHRS full actuation signal (all 4 subsystems): HI-2 Containment Pressure and, Low-2 
Pressurizer Pressure. 
 
EHRS partial actuation signal (2 out of 4 Hxs): EBT actuation, Low-2 Feed/Steam Flow, Low-1 
Feed/Steam Flow, HI-3 pressurizer water level, Manual, (for HXs 3 and 4). 
 
A stepped actuation signal is still under evaluation.  
 
2.2.3. Test and maintenance 
 
Testing and surveillance of the components in the EHRS are conduced quarterly whereas testing 
and flow tests every four years (or during refueling shutdowns). Air operated valves EHRS-AV-
01 and EHRS-AV-02 are cycled quarterly, during power operation; by simply opening the AOVs 
(closing motor operated valve EHRS-MV-01 is not required). For maintenance, motor operated 
valve EHRS-MV-01 is closed. After maintenance, the system valves are realigned and valve 
EHRS-MV-01 is opened. Check valves EHRS-CV-02 and EHRS-CV-03 are verified to perform 
their check function quarterly, when testing air operated valves EHRS-AV-01 and EHRS-AV-02. 
EHRS-MV-01 need not to be tested since its function to close is only required during 
maintenance [4]. 
 
 

3. SYSTEM OPERATION 
 
During normal operation, the four EHRS heat exchangers and their associated discharge piping 
and steam generator makeup tanks are maintained full of cold water at the secondary side steam 
pressure. The EHRS heat exchanger discharge lines connected to the feed water line to the steam 
generators are isolated by two normal closed, fail open, parallel isolation valves. The EHRS heat 
exchangers are submerged in the RWST water, which acts to condense steam to keep both the 
heat exchangers and their discharge flow paths full. The EHRS heat exchanger inlet lines 
connected to their corresponding main steam lines are normally open and filled with steam. 
 
 

4. PERFORMANCE DURING ACCIDENT CONDITIONS 
 
 
4.1. Shutdown Operation 
 
Following a plant shutdown or trip, EHRS actuation will not occur as long as the normal RCS 
heat removal method is maintained. If heat removal from all four pairs of steam generators is lost, 
due to loss of main feed and startup feed water capability or loss of all AC power, or failure to 
actuate the steam dump system, or due to the unavailability of the condenser; the EHRS heat 
removal function is automatically actuated by the initiation of two of the four EHRS subsystems 
which can cooldown the reactor to safe shutdown conditions. The operator can sequentially start 
the remaining EHRS subsystems to further cool down the RCS. 
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4.2. LOCA Mitigation 
 
Following a LOCA event, all four EHRS subsystems receive an actuation signal. The EHRS 
actuation includes closing the feed water isolation valves, followed by the closing of the main 
steam isolation valves, followed by opening of the EHRS isolation valves; for each of the four 
independent EHRS subsystems. The steam generator makeup tanks add water to their associated 
steam generators, as needed, until the tank water level and the effective water level in the steam 
generator are equal. The large heat transfer surface area of the steam generators is then available 
to remove heat from primary coolant. As the reactor vessel level decreases, more of the steam 
generator surface is available to condense steam in the reactor vessel, and the EHRS acts to 
reduce the vessel pressure while retaining the condensed steam for core cooling. 
 
The EHRS heat exchangers transfer heat to the RWST water and the steam condensed in the heat 
exchanger tubes flows by gravity back to the steam generators via the associated feed water line. 
The RWST water is heated by the EHRS heat removal function and increases in temperature until 
it boils after approximately 5 hours operation. The RWST then steams to the environment and its 
inventory slowly decreases. If AC electrical power is available, the NRHRS can be aligned to 
cool the RWST water, which will reduce and then terminate boiling of the RWST water and 
extend the time before replenishment is required. Alternatively, water can be added to the tank to 
replenish the water inventory using the normally available plant water systems. If no AC 
electrical power is available, the RWST water inventory is sufficient for seven days of operation, 
after which the water inventory will need to be replenished. Piping connections to facilitate water 
replenishment from off-site are provided. 
 
A range of breaks sizes and locations are analyzed to verify the adequacy of the EHRS design. 
The two limiting LOCA cases for IRIS are: 
 
The rupture of the largest vessel connection (4- in., Sch 160) near the steam generator steam 
discharge nozzle (high on the reactor vessel). 
 
The rupture of a direct vessel injection line (a 2- in., Sch 160 pipe of the Long Term Makeup 
System (LGMS) described below, located 2 meters above the top of the active fuel (closest to the 
core region). 
 
 

5. INITIATING EVENTS REVIEW 
 
 
5.1. Initiating Events Impacting the EHRS 
 
The EHRS is a safety-related system than can perform its function without relying on support 
system. Air operated valves on the parallel outlet lines fail open upon loss of instrument air or 
loss of control power. The open motor operated valve on the inlet line fails “as is” upon loss of 
control or motive power. 
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5.2. Initiating Events Caused by the EHRS Malfunction 
 
The inadvertent actuation of the EHRS during full power operation can occur due to a failure of 
the PMS which results in an EHRS actuation signal; or one or more EHRS heat exchangers can 
be actuated by the loss of control power, or loss of instrument air to the fail-open AOV discharge 
isolation valves. A system wide inadvertent actuation will result in the isolation of the main 
steam and main feedwater lines, followed by a turbine trip and reactor trip, followed by the 
cooldown of the reactor system, and boration by the EBS. Within 2 hours after this inadvertent 
actuation, the plant will be stable in a safe shutdown condition. Standard plant procedures are 
then used to either return to power operations, or to cool down the plant using non-safety related 
auxiliary systems. Therefore, this event must be analyzed and seen, if it is considered in the PRA 
analysis. 
 
For the case(s) involving the spurious actuation (opening) of one or more discharge isolation 
valves, the check valves in the EHRS return line(s) remain closed and there is no EHRS 
operation or impact on the plant operation. The operator will be alerted that the isolation valve(s) 
has opened and actions to correct the fault and return the valve to its normally closed position can 
be made [5]. 
 
5.2.1. Emergency heat removal system loss of makeup tank 
 
Makeup tank pipe ruptures or line breaks, or failures of the tank, result in a streamline break to 
the containment and the affected EHRS subsystem is unavailable, and the operator should isolate 
this subsystem. The standard plant procedures will instruct the operators to correct this fault or 
the plant will be shutdown. 
 
5.2.2. Emergency heat removal system loss of RWST 
 
In the unexpected case of excessive leakage or rupture of the RWST, the plant is expected to be 
shutdown before an initiating event develops. This scenario could make the entire EHRS 
unavailable. Plant shutdown is required if EHRS is unavailable. 
 
 

6. SYSTEM LOGIC MODEL 
 
This section presents the logic models used for quantification of system performance under 
various conditions. Each model depicts the system, given an initiating event. The top event logic 
for each model is defined by the success criteria, which are directly related to the initiator. 
 
 
6.1. Assumptions and Boundary Conditions  
 
The following basic assumptions and boundary condition are used in the development of the fault 
trees for the EHRS: 
 
Level alarms exist in the RWST to alert the operator of low RWST water levels. These alarms 
help prevent the EHRS heat exchanger from becoming uncovered. 
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Temperature alarms are provided to alert the operator of EHRS heat input into the RWST. Also, 
the RWST has a high level alarm to alert the operator of mass input into the RWST.  
 
The motor operated isolation valve EHRS-MV-01 on the EHRS inlet line is a normally open 
valve that also receives a confirmatory signal to open. Valve misposition is not considered. The 
valve fails “as is“ and is not modeled. 
 
The success criteria for EHRS requires the EHRS heat exchanger to operate, at least one out of 
two parallel air operated valves on the EHRS heat exchanger outlet line to open. 
 
Air operated valves EHRS-AV-01 and EHRS-AV-02 fail open upon loss of control power or loss 
of instrument air. Therefore they do not require I&C actuation signal if any of these initiating 
events should occur. 
 
Common cause failure of the air operated valves to open is conservatively considered and 
modeled as event ERVPXA8, ERVPXA2A/B/C/D, and theirs relays as ERIRXR8, 
ERIRXR2A/B/C/D to account for failure due to possible similarities among like components. 
Also the check valves failure to open is considered with common cause failure modeled as event 
ERVCXA8, ERVCXA2A/B/C/D, and ERCVXC01ABCD fail to close. 
 
Common cause failure (plugs) of the orifices EHRS-OR-02A/B/C/D is considered and modeled 
as event ERORXT4 to account for failure due to possible similarities among like components. 
Also the heat exchangers EHRS-HX-01A/B/C/D are considered with common cause failure 
(plug) modeled as event ERHXXT4. 
 
The motor operated isolation valve EHRS-MV-01 and air-operated valves EHRS-AV-01 and 
EHRS-AV-02 position are indicated and alarmed in the main control room.  
 
If one or both two air operated valves EHRS-AV-01, EHRS-AV-02 fails to open during test, it is 
repaired and put back into operation within 72 hours. If both valves fail to open, the plant has 
unavailable the respective subsystem. 
 
Two three-way solenoid valves control each of the air-operated valves EHRS-AV-01 & 02. The 
PMS controls these solenoid valves. The failure of each solenoid valve is modeled within the 
failure of each air-operated valve. 
 
A DAS controlled, three-way solenoid valve regulates the air supply to the air-operated valves 
EHRS-AV-01 and EHRS-AV-02. The failure of this is unlikely and is not modeled in the PRA. 
 
 
6.2. Models and Development of System Fault Trees 
 
Standard modeling techniques were used to develop the fault tree models for the IRIS safety 
systems. The models include pumps, valves, heat exchangers, motive and control power, and 
actuation signals. Modeled failure modes include demand failures, run failures, standby failures 
and common cause failures, as appropriate. The preliminary design of the main IRIS safety 
systems is basically complete, so development of the models was straightforward. However, there 
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is limited design information for the support systems. For the fluid support systems such as 
cooling water, the PRA analysts developed simplified system design diagrams based on system 
descriptions in the Safety Analysis report and the system P&IDs from the equivalent AP1000 
systems. These PRA designs were reviewed by the system designers to ensure that they were 
consistent with the designers’ understanding of the intended design and operation of the system. 
The PRA designs were then used to develop the needed fault tree models. 
 
At the current time, the turbine/steam/feedwater power system design and control and protection 
system design are in a very preliminary state and could not be used to develop detailed models. 
The PRA analysts modeled the protection/actuation system inputs as black boxes. The PRA 
analysts also assigned equipment control and motive power to the various buses based on train 
separation considerations. A power system model was developed based on the AP1000 power 
system design with the allocation of loads as described above. 
 
All of the assumptions made with respect to support system design and operation were 
documented in an IRIS PRA Assumptions Database. As the design progresses, the system 
designers will revisit these assumptions to determine if they need to be factored into the detailed 
design or if the models need to be modified to reflect the final support system design. 
 
The fault trees for the EHRS are ERG00BL, ERG00BT, ERH00BL, ERI00BL, MSA00BX and, 
MSA09BC. Part of ERG00BL fault trees is shown in Figure-2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Part of ERG00BL fault tree 
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The fault tree models to isolate the Main steam line is MSA00BX and to isolate the SG affected 
for Steam Generator Tube Rupture (SGTR) or Steam Line Break (SLB) Upstream MSIV’s is 
MSA09BC. 
 
The fault tree models to assure the RCS cool down through EHRS following a LOCA event are 
ERG00BL, ERH00BL and ERI00BL. 
 
The fault tree model to assure the RCS cool down through EHRS following a transient event is 
ERG00BT. 
 
Table I summarizes the main fault trees modeling the EHRS failures. 
 
The success criteria for the EHRS for each of the fault tree cases are based primarily on the initial 
safety analyses supplemented by discussions with the safety analysts. Table II present the key 
system success criteria for the major initiator classes. As discussed in the section on 
quantification, several system design features were modified to improve their success criteria 
because of the high-risk contribution of various accident sequences. 
 
 

Table I. List of EHRS system fault trees 
Top Event 

Name 
Description 

ERG00BL Failure of all EHRS subsystems to remove decay heat from reactor coolant 
system. 

At least 1 train of EHRS successfully removing decay heat after a LOCA 
ERH00BL Failure of 3 out of 4 EHRS subsystems to remove decay heat from reactor 

coolant system. 
At least 2 trains of EHRS successfully removing decay heat after a LOCA. 

ERI00BL Failure of 2 out of 4 EHRS subsystems to remove decay heat from reactor 
coolant system. 

At least 3 trains of EHRS successfully removing decay heat and 
depressurizing the reactor vessel after a LOCA 

ERG00BT Failure of EHRS to remove decay heat from reactor coolant system, 2 
trains automatically actuated and 2 trains manually actuated.   

At least 1 train of EHRS successfully removing decay heat after a transient. 
MSA00BX Failure of isolation of MS 
MSA09BC Failure of isolation of the SG affected by SGTR or SLB 
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Table II. Fault tree ERG00BL success criteria 

Event Description EHRS, automatically actuated, fails in the decay heat 
removing function in LOCA cases 

Success 
Configuration 

1 out of 4 automatic actuation OR 1 out of 4 manual actuation 

System Initial Status MFIVs and MSIVs open, EHRS air-operated valves closed 
Mission Time 24 hours 
Components 
Required to Change 
Status 

MFIVs and MSIVs to close, EHRS air-operated valves to open 

Initiating Signals Operation of EHRS is automatically initiated (full actuation 
signal, all 4 subsystems) upon receipt of any of the following 

signals: 
 

HI-2 Containment Pressure, 
Low-2 Pressurizer Pressure. 

Operator Actions Manual actuation from the main control room when automatic 
actuation fails 

 
 
6.3. Human Interactions, Data Analysis and Human Reliability Analysis 
 
The IRIS PRA used generic data for quantification of the models. The primary data sources used 
were the EPRI PRA Key Assumptions and Ground Rules (KAG) document [6], and the database 
used for the AP1000 PRA [7]. As needed, this information was supplemented by data from the 
NUCLARR database [8]. The Multiple Greek Letter (MGL) approach was used for modeling 
common cause failure with the appropriate factors extracted from the AP1000 PRA [7] or the 
KAG [6]. 
 
At the current time, there is no information available on normal operating procedures, abnormal 
operating procedures or emergency operating procedures for IRIS. The definition of the specific 
human actions for responding to challenges is also limited because the detailed design of the 
control and protection systems is not complete. In addition, there are limited best-estimate 
thermal hydraulic analyses available to establish timing for most core damage sequences. 
Therefore, a single scoping value of 0.01 was used for all post-initiator human actions. This is a 
significant assumption and will be re-evaluated as the design progresses. The final PRA will have 
a full scope HRA. 
 
The EHRS is automatically actuated to respond to a plant trip by the initiation of two of the four 
EHRS subsystems. The operator can sequentially start the remaining EHRS subsystems to cool 
down the RCS to safe shutdown conditions. Following a LOCA event, all four EHRS subsystems 
receive an actuation signal, if it fails the operator can start the system manually. The human 
errors, included as basic events in the EHRS fault trees, are reported in Table III.  
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The following human interactions are modeled in the EHRS system fault trees, failure of the 
operator to manually actuate the system EHRS, if automatic logic fails.  
 
 

Table III. EHRS operator action analysis summary 
Event Name Description Probability Section 

EHS-MAN-ACT 
Operator fails to manually actuate the EHRS 
after failure of the automatic actuation 
following a transient. 

1.0E-02 30.4.19 

EHS-MAN-REC 
Operator fails to manually actuate the EHRS 
(4/4) after failure of the automatic actuation 
following a LOCA. 

1.0E-02 30.4.6 

SGISO-MAN 
Operator fails to manually actuate to isolate 
EHRS after failure of the automatic actuation 
following a SGTR. 

1.0E-02 30.4.20 

MSISO-MAN 
Operator fails to manually actuate to isolate 
EHRS after failure of the automatic actuation 
following a SLBD. 

1.0E-02 30.4.21 

 
 
6.4. Common Cause Failures 
 
The potential component common-cause failure events affecting the EHRS components are 
identified in Table IV. These common-cause failures are modeled in the EHRS fault trees. 
 
 

Table IV. Common cause failures summary 
Event Name Description 
ERHXXT4 Common cause of EHRS-HX-01 plug...(4/4) 
ERORXT4 Common cause of EHRS-OR-02 plug…(4/4) 
ERVCXA8 Common cause of EHRS-CV-02/03 fails to open…(8/8) 
ERVCXA2A/B/C/D Common cause of EHRS-CV-02/03 fails to open…(2/8) 
ERVPXA8 Common cause of EHRS-AV-01/02 fails to open…(8/8) 
ERVPXA2A/B/C/D Common cause of EHRS-AV-01/02 fails to open…(2/8) 
ERIRXR8 Common cause of relay of AOV EHRS-IR-01/02 fails to open…(8/8) 
ERIRXR2A/B/C/D Common cause of relay of AOV EHRS-IR-01/02 fails to open…(2/8) 
ERCVXC01ABCD Common cause failure of EHRS-CV-01…(4/4) 
MFVMXB8 Common cause failure of MF-MV-01/02 fails to close…(8/8) 
MFVMXB2A/B/C/D Common cause failure of MF-MV-01/02 fails to close…(8/8) 
MFIRXR8 Common cause of MF-IR-01/02 fails to actuate…(8/8) 
MFIRXR2A/B/C/D Common cause of MF-IR-01/02 fails to actuate…(2/8) 
MSVMXB8 Common cause of MS-MV-01/02 fails to close…(8/8) 
MSVMXB2A/B/C/D Common cause of MS-MV-01/02 fails to close…(2/8) 
MSIRXR8 Common cause of MS-IR-01/02 fails to actuate…(8/8) 
MSIRXR2A/B/C/D Common cause of MS-IR-01/02 fails to actuate…(2/8) 
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7. QUANTIFICATION AND INTERPRETATION OF RESULTS 

 
The EHRS models were quantified using the CAFTA computer code and the initial quantification 
run solved the model, the resulting cutsets were reviewed to determine their validity and to 
identify any logic or modeling errors. After correction of the modeling errors, were carried out 
several runs to evaluate the top event for different conditions of the EHRS system for example 
loss of feedwater transient with failure of the emergency heat removal system (EHRS) due to 
common cause failure of the main steam isolation valves (MSIVs) to close. 
 
 

8. CONCLUSIONS 
 
The evaluation of fault tree IRIS EHRS has been necessary to support the evaluation of IRIS 
design by providing design insights, as well as a solid risk basis for the pre- licensing evaluation 
of the IRIS design. The interaction between the design team and the PRA team resulted in the 
identification of several significant risk contributors that were reduced via operation/design 
changes. This demonstrates the benefits of the risk informed design process when implemented 
with close cooperation between the design team and the PRA team. The fault tree models include 
pumps, valves, heat exchangers, motive and control power, and actuation signals. Modeled 
failure modes include demand failures, run failures, standby failures and common cause failures, 
as appropriate. The preliminary design of the main IRIS safety systems is basically complete, so 
development of the models was straightforward. The results obtained for each fault tree top event 
of the EHRS were the next: ERG00BL = 2.28E-04, ERH00BL = 2.28E-04, ERI00BL = 2.36E-
04, ERG00BT = 2.28E-04, MSA00BX = 3.96E-03, MSA09BC = 1.09E-03. The results that we 
obtained show these are very similar to the AP1000 reactor for the EHRS, our values are minor, 
although we have to say that the designs are a little of different. 
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