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ABSTRACT 

In September 2013 a company (PGE) was 
established in order to construct the first 
nuclear power plant in Poland. The three 
designs being considered are the Hitachi GE 
Advanced Boiling Water Reactor (ABWR), the 
Westinghouse Advanced Passive (AP) 1000 
and the Areva European Pressurized Reactor 
(EPR).  

The present report provides for each of the 
designs a suite of source terms, taken from 
open literature. In a second step two specific 
source terms have been selected for 
calculations: (1) a source term for a severe 
accident in which containment integrity is 
maintained and the containment leaks at the 
design leakage rate; and (2) a source term in 
which the containment is assumed to fail, or to 
assumed to be bypassed. 

The selected source terms for the ABWR were 
the severe accident with intact containment 
(Case 0) and the Case 13, an accident with loss 
of all core cooling with vessel failure and 
passive flooder system operating. The source 
terms were derived from the Lungmen Unit 
1&2 Preliminary Safety Analysis Report.  

For the AP1000 one accident was a severe 
accident with containment intact (IC). The 
second selected accident was a containment 
bypass scenario (BP). The source terms were 
taken out of the Combined License Application 
Documents for Levy County, Units 1 and 2.  

The EPR source terms were accidents with 
intact containment and deposition in annulus 
and building (RC101), and a small interfacing 
system LOCA, unscrubbed with deposition in 
building (RC802a). The source terms were 
extacted from the Hinkley Point C Pre 
Construction Safety Report.  

The release fractions for the Iodine and Cesium 
group in all the selected “intact containment” 
cases are well below 0.01%. In contrast, the 
release fractions for selected severe accidents 
with containment failure are dramatically high, 
in particular for noble gases, Iodine and the 
Cesium group. 

The results show that “containment failure” 
sequences can lead to very large releases for 
each of the reactor designs. Their releases are 
several orders of magnitude above the releases 
of the “intact containment” sequences. 
However, also the calculated frequencies for 
containment failure sequences are in 1 to 2 
orders of magnitude below their “intact 
containment” counterparts. 

Although the cases that are presented here 
have been analyzed by the respective designer 
of the various reactor types, one should read 
the results with caution. Looking just at two 
accident sequences can provide only an 
indication what could happen with a certain 
probability. For an exhaustive evaluation of the 
risk of a reactor design it is necessary to refer 
to the full probabilistic and deterministic safety 
analysis reports.  

But even if those sequences seem unlikely, they 
are (and should be) considered in the safety 
case of a nuclear reactor. In general these type 
of calculation results as well as frequencies are 
subject to huge uncertainties (example: seismic 
uncertainties). Just looking at accident 
sequences which are considered as likely 
(according to current standards) could leave 
critical weaknesses unattended (as a side note, 
a multiunit station blackout for more than 12 
hour was considered to be almost impossible, 
before the Fukushima accident happened). 
Whether the very small accident frequencies 
published by the reactor designers can 
withstand a thorough analysis remains to be 
seen and is beyond the scope of the present 
study. 

Due to its nature the present study does not 
give any information whether a certain design 
is better than another. The comparison of 
safety features was not within the scope of the 
project. The limitations demonstrate that the 
accidents and the releases of the selected 
accidents cannot be compared one to another.  



6 

INTRODUCTION 

Poland announced in 2005 the intention to 
build nuclear power plants in the country, in 
order to diversify their energy supply portfolio, 
and to be less dependent from the import of 
fossil fuels. The majority of the polish energy 
production relies on old coal power plants 
(1,2)  

Therefore Poland is interested in building 
nuclear power plants. Three concepts of 
reactors designs are officially under discussion. 
(see Scope of Work).  

The most recent plans schedule the completion 
of the tender process by the end of 2016. The 
licensing shall be completed two years later, so 
the power plant should be operational in 2024, 
after 6 years of construction. (3) 

SCOPE OF WORK 

Greenpeace Germany requested the Institute of 
Safety and Risk Sciences (ISR) to identify 
severe accident source terms for three 
advanced reactor designs under consideration 
for construction by the Polish utility Polska 
Grupe Energetyczna S.A. (PGE).  The three 
designs being considered are: 

• The Hitachi-GE Advanced Boiling Water
Reactor (ABWR);

• The Westinghouse Advanced Passive
1000 (AP1000) two-loop pressurized
water reactor (PWR); and

• The Areva European Pressurized
Reactor (EPR) in cooperation with the
French utility Electricité de France,
EdF).

The ABWR is a Generation III reactor, while the 
AP1000 and EPR are Generation III+ designs. 
All three of these designs have a projected 60-
year plant lifetime without replacement of the 
reactor vessel. 

As requested by Greenpeace Germany, suites of 
source terms were to be provided for these 

reactor types, and then two specific source 
terms were designated for calculations,  

1. a source term for a severe accident in
which containment integrity is
maintained and the containment leaks
at the design leakage rate; and

2. a source term assuming containment
failure or containment bypass.

METHOD 

The study is a literature research work. Only 
publically available data are used for the scope 
of the study.  

The literature research was carried out via 
internet research. The adequacy of the data 
and their properness were evaluated by expert 
judgment by the author team. 

In case that enough data were available, 
calculations were performed in order to check 
the quality of the data.  

The uncertainties of the approach and of the 
available data were discussed in a separated 
chapter of the report. Further the source terms 
and the frequencies of the selected accidents 
were compared, in order to demonstrate 
fuzzies in the approach.  

BACKGROUND 

In September 2013, PGE and three other 
companies (Tauron Polska Energia, KGHM 
Polska Mietz, and ENEA Capital Group) formed 
a company (PGE, a limited liability company) to 
construct the first nuclear power plant in 
Poland.  PGE retained a 70% stake in the 
project company, with the other three 
companies each having a 10% share of the 
project.  PGE has contracted with 
WorleyParsons to conduct the site evaluation, 
licensing, and permitting services for the 
proposed nuclear power plant project. (4)(5) 

The nuclear regulatory authority in Poland is 
the National Atomic Energy Agency 
(Państwowa Agencja Atomistyki, PAA). It is 
anticipated that PAA would apply European 
Union nuclear safety standards in accordance 
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with the EU Nuclear Safety Directive 
96/29/EURATOM and related detailed 
directives, and would generally apply WENRA 
and IAEA safety requirements.  In this context, 
it should be noted that Poland is a contracting 
party to the Convention on Nuclear Safety 
(CNS) and the Joint Convention on the Safety of 
Spent Fuel Management and on the Safety of 
Radioactive Waste Management. (6) 

The Ministry of Economy (Ministertwo 
Gospardoki) is promoting the nuclear power 
plant program. The ministry issued a project 
report on the nuclear power program in 
January 2011. 

At Poland’s request, the International Atomic 
Energy Agency (IAEA) performed an Integrated 
Nuclear Infrastructure Review (INIR) mission 
in Poland from 18-22 March 2013.  The report 
of the mission has been publicly released. (7) 
The Polish government has undertaken to 
prepare a Strategic Environmental Assessment 
Report for the Polish Nuclear Power Program, 
upon which Greenpeace has submitted 
comments.  

SITE 

One possible site for a nuclear power plant in 
Poland identified by the utility PGE is on the 
shore of Lake Żarnowiec, near the Baltic Sea 
about fifty kilometers 
northwest of Gdańsk . The 
northern most extent of 
Lake Żarnowiec is less than 
four kilometers from the 
Baltic Sea coast.(4) 

A second site identified by 
PGE is Lubiatowo in the 
municipality of  Choczewo, 
also near the Baltic Sea coast 
about 64 kilometers 
northwest of Gdańsk(4). The 
selected site for the scope of 
the project was the 
Lubiatowo site.  

Figure 1 shows the site of 

Lubiatowo. Greenpeace Germany selected 
this site to be evaluated.  

REACTORS DESIGNS 

The three advanced nuclear power plant 
designs under consideration by PGE for 
construction in Poland are: 

• The GE-Hitachi ABWR;
• The Westinghouse AP1000 two-loop

pressurized water reactor; and
• The Areva EPR, also a pressurized

water reactor but with four loops.

All three designs have been certified for 
compliance with the European Utility 
Requirements. (8) The GE-Hitachi ABWR and 
the Westinghouse AP1000 have been evaluated 
for compliance with the Electric Power 
Research Institute (EPRI) Utility Requirements 
Document. (9)  

The U.S. Nuclear Regulatory Commission (NRC) 
has a formal process for review and 
certification of generic advanced reactor 
designs.  The ABWR and the AP1000 designs 
have been certified by the NRC.  The U.S. 
version of the EPR (designated US-EPR) has 
been under review by the NRC for design 
certification since 2007.  (10) 

The United Kingdom Office for Nuclear 

FIGURE 1: SITE OF THE NPP (10) 
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Regulation (ONR) also has a formal process for 
advanced reactor design review referred to as 
Generic Design Assessment (GDA), guidance 
which is publicly available. ONR granted 
Generic Design Approval to the EPR in March 
2013. (11) 

The AP1000 GDA review was stopped at Step 3 
by Westinghouse pending an application by a 
utility to construct such a plant in the United 
Kingdom.  ONR’s Step 3 Assessment Reports on 
AP1000 are available at (12). 

The Pre-Construction Safety Report for the 
AP1000 GDR review is available at [9], and the 
AP1000 Environmental Report for GDR Review 
is available at (12, 13). 

The GE-Hitachi ABWR design review began in 
April 2013, and on January 6, 2014, the review 
reached Stage 2.  Hitachi-GE documents related 
to the ABWR GDA review are available online 
at (15). 

The status of the three designs follows: 

ABWR 

• There are two ABWRs in Japan 
(Kashiwazaki-Kariwa Units 6 & 7) that 
have operated with interruptions 
occasioned by an earthquake near the 
site, regulatory issues, and the 
Fukushima accidents in March 2011.  
Unit 6 began commercial operation in 
November 1996, and Unit 7 followed in 
July 1997.  (16) 

• Hamaoka Unit 5 also started operation 
in 2005, but operation was interrupted 
by the 2011 Fukushima accidents.   

• Shika Unit 2 began operation in 2006.  
(16) 

• Two additional ABWRs have been 
under construction in Japan (Shimane 
Unit 3 and Ohma Unit 1). (16) 

• ABWRs have been proposed for 
Hamaoka Unit 4, Higashidori Units 1 & 
2, and Kaminoseki Units 1 & 2.  (16) 

• Two ABWRs have been under 
construction since 1999 in China Taipei 
(Taiwan) at the Lungmen site. (17) 

 

AP 1000 

• There are AP1000 units under 
construction in the People’s Republic of 
China (Haiyang Units 1 & 2 and Sanmen 
Units 1 & 2). 

• Two pairs of AP1000 units are under 
construction in the United States (Virgil 
Summer Units 2 & 3, and Vogtle Units 3 
& 4).(18) 

EPR 

• Single EPR units are under construction 
in Finland (Olkiluoto Unit 3) and France 
(Flamanville Unit 3) 

• Twin EPRs are under construction in 
the People’s Republic of China (Taishan 
Units 1 & 2).   

• EDF Energy has recently proposed to 
construct at two-unit EPR station at 
Hinkley Point C.(19) 
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GE- HITACHI ABWR 

The GE-Hitachi ABWR (with a net capacity of 
1350 MWe) is a Generation III boiling water 
reactor with which employs the pressure 
suppression containment and a more modest 
secondary confinement.  The ABWR spent fuel 
pool is located outside the primary 
containment but within the secondary 
confinement.  The design power level is 3926 
MWt and approximately 1350 MWe net.  (The 
net power rating can change depending on the 
design features related to the connection of the 
plant to the ultimate heat sink.)  Note that the 
primary containment is inerted with nitrogen 
so that the oxygen level is less than 3.5% 
during normal operation.  (20,21) 

The design pressure of the containment is 
0.412 MPa (containment leakage at the drywell 
head begins when the drywell temperature 
exceeds 260ºC).  The drywell free volume is 
7,350 m³; and the wetwell free volume us 
5,960 m³.  The drywell is the space around the 
reactor vessel, and the wetwell holds the 
suppression pool.  The suppression pool water 
volume is 3,580 m³.  (15,22,23) 

Primary containment leakage at the drywell 
head begins when the drywell temperature 
exceeds 260ºC.  The reactor building, which is 
often misleadingly referred to as a secondary 
containment, is a high leakage structure (50% 
volume per day) with a very low design 
pressure (0.17 MPa).  

The lower drywell floor has an area of 79 m², 
which is barely adequate for melt stabilization 
and avoidance of base mat melt-through 
without water cooling.  This is why the lower 
drywell flooder function is provided. 

ABWR has a 24 month refueling interval.  The 
containment is a reinforced concrete pressure 
suppression system with a design pressure of 
0.31 MPa and a design leak rate of 0.5 volume 
percent per day.  Note that this design leakage 
excludes the main steam isolation valves 
(MSIVs).(15,20) 

The following figures indicate various aspects 
of the ABWR design. FIGURE 2 shows the 
severe accident mitigation features. FIGURE 3 

shows a containment cross-section.  Note that 
about 40% of the total height of the reactor 
building is below grade (underground). 

 

FIGURE 2: ABWR PASSIVE SEVERE ACCIDENTS 
MITIGATION FEATURES (23) 

 

 

FIGURE 3: ABWR REACTOR BUILDING AND 
CONTAINMENT (23) 

 

The ABWR reactor model can be considered as 
rather old, as the development started in 1978. 
In the meantime the development of the 
successor model ESBWR (Generation III+ 
BWR) has been completed, but so far there are 
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no concrete construction plans for this type of 
reactor. 

The GE-Hitachi ESBWR has a lower estimated 
core damage frequency (CDF) for internal 
events than does the ABWR design (CDF of 
1.7×10-8/a for ESBWR compared with a CDF of 
1.6×10-7/a for the ABWR).  Also the large 
release frequency (LRF) for internal events is 
about a factor of ten higher for the ABWR.   
(20,22,24) 

However, it has to be noted that when all core 
damage frequency contributors are included, 
the difference between the ABWR and ESBWR 
narrows.  The total CDF for internal events, fire, 
and flood during power operation and 
shutdown for the ESBWR is estimated at 
6.16×10-8/a , which is close to the ABWR result 
of  2.1×10-7/a – the difference is about a factor 
of 3.4.  Note that none of the above values for 
the ABWR or ESBWR include seismic events. 
(20,22,24) 

It should be noted that generic PSA results can 
differ markedly from plant-specific PSA results 
for the same design.  The PSA for the Lungmen 
ABWR in China Taipei calculated a total CDF 
(internal events, external events including 
seismic, and shutdown events) of 8.1×10-6/a.  
The LRF for Lungmen considering the same 
causes was calculated to be 5.96×10-7/a.  The 
Lungmen CDF and LRF results are a factor of 
39 higher than the generic ABWR for CDF, and 
a factor of 60 higher than the generic ABWR for 
LRF. (20,22,24) 

It is also worth noting that Toshiba also has an 
EU-ABWR design that differs from the GE-
Hitachi design in the following respects 

• It has an armored reactor building for 
airplane crash protection. 

• Higher power level than ABWR (4300 
MWt, 1600 MWe vs. US ABWR 3926 
MWt, 1400 MWe). 

• Toshiba claims its ABWR is Generation 
III+ (the Hitachi-GE is Generation III). 

• A filtered venting system is provided 
for long-term pressure control (as 
contrasted with the unfiltered 
containment overpressure protection 

system in the ABWR, which actuates 
passively at 0.72 MPa). (15,20,22)  
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WESTINGHOUSE AP1000 

The AP1000 (with a thermal power of 3400 
MWt and a net capacity of 1117 MWe) is under 
construction in the People’s Republic of China 
(two units each at Sanmen and Haiyang) and 
United States of America (two each at Virgil 
Summer and Vogtle).(18) 

The Westinghouse AP1000 is a Generation III+ 
pressurized water reactor with a steel inner 
containment and a reinforced concrete outer 
containment.  (The outer "containment" is not 
a containment structure per se, but rather a 
reinforced concrete shield building to protect 
the steel inner containment from external 
hazards.  The outer reinforced concrete shield 
building is not intended to prevent 
radioactivity releases to the environment).  The  
AP1000 design envisions in-vessel retention 
(IVR) of core debris in the case of a severe 
accident. (FIGURE 4) (25) 

The primary containment has a design leak 
rate of 0.1 volume percent per day at the 
design pressure of 0.5067 MPa. 

The generic AP1000 PSA indicates an internal 
events CDF of 2.41×10-7/a.  The internal events 
LRF is estimated at 1.95×10-8/aThe CDF from 
shutdown accidents was estimated to be 
1.23×10-7/a; the LRF for shutdown accidents is 
estimated at 1.5×10-8/a. (26) (27) 

The AP1000 design relies primarily on passive 
systems.  Nonetheless, active non-safety 
systems are important to risk.  If all of these 
non-safety systems are assumed to be 
unavailable, the internal events CDF increases 

by a factor of 31 to 7.4×10-6/a. (FIGURE 5)(27) 
(28) 

 

FIGURE 5: AP1000 PASSIVE CONTAINMENT 
COOLING SYSTEM  (25) 

 

FIGURE 6: EXEMPLARY EXTERIOR APPEARANCE 
FOR AN AP-1000 UNIT (25)  

FIGURE 4: CONCEPT FOR IN-VESSEL RETENTION OF CORE DEBRIS (IVR) (25) 
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AREVA EPR 

The Areva EPR (European Pressurized 
Reactor) is under construction in Finland 
(Olkiluoto Unit 3), France (Flamanville Unit 3), 
and the People’s Republic of China (Taishan 
Units 1 & 2).  An American version of the EPR, 
referred to as US-EPR, is under design 
certification review by the US Nuclear 
Regulatory Commission.  EDF Energy has 
applied to construct two EPRs at the Hinckley 
Point C site.(19) (FIGURE 8) 

The EPR design is a Generation III+ four-loop 
pressurized water reactor (PWR) housed in a 
double large dry containment.  The inner steel-
lined pre-stressed concrete containment is 
equipped with a core debris spreading area.  
The outer containment is a reinforced concrete 
structure that protects the inner containment 
against external hazards.  The US-EPR has an 
18-month refueling cycle from startup to 
startup. (29) 

The US EPR containment has a free volume of 
about 79,300 m³, and a design pressure of 
0.4275 MPa (the failure pressure is estimated 
to be 0.81MPa).  The containment is equipped 
with 41 large and 6 small passive autocatalytic 
recombiners (PARs).  The design containment 
leak rate at the design pressure of 0.55 MPa is 
0.3 volume percent per day.(29,30) 

The US EPR is designed for 0.3g.  The European 
EPR is designed for 0.25g. The containment 
incorporates a core melt stabilization system 
(CMSS) with a core debris spreading area of 
about 170 m2, which is intended to prevent 
base mat melt-through.  The design of the US-
EPR is such that if core debris is released to the 
CMSS, a spring-loaded valve is triggered that 
initiates gravity-driven flow of water from the 
in-containment refueling water storage tank 
(IRWST) to the CMSS. (FIGURE 7) If the CMSS 
fails, it is estimated that some days would be 
required before core debris penetrates the 
basemat. (29–32) 

EPR probabilistic safety assessment results are 
available for the European and US generic 
designs, as well as for the Hinkley Point C 
(United Kingdom) and Olkiluoto (Finland) site-
specific EPRs.  The UK EPR generic PSA results 

indicate a CDF of about 1.3×10-6/a 
(considering all events at power).  The US EPR 
generic PSA indicates an internal events CDF 
(at power and shutdown) of about 5.9×10-7/a. 
Internal events PSA results available for 
Hinkley Point C and Olkiluoto Unit 3 estimate 
internal events only CDFs of 7.0×10-7/a and 
1.37×10-6/a, respectively. These CDF results 
are within a factor of a little more than two of 
one another.  Only the UK EPR generic PSA 
considered seismic events. (31) (32) 

 

FIGURE 7: WATER LEVEL IN THE CORE CATCHER 
AFTER PASSIVE FLOODING (29) 

 

 

FIGURE 8: EXEMPLARY EPR EXTERIOR (19) 
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SOURCE TERMS  

BACKGROUND ON SEVERE ACCIDENT 
SOURCE TERMS FOR NUCLEAR 
POWER PLANTS  

A source term can be defined as a description 
of the radioactivity releases from a nuclear 
power plant, including relevant parameters 
(core inventory, containment failure mode, 
effective release height, energy content of the 
release, delay between the beginning of the 
accident and the time that radioactivity release 
begins, and the duration of the release).  
Radioactivity releases are usually defined for 
severe accident source terms as the fractional 
release of the core inventory.  Typically this has 
to be converted to Becquerel (Bq) or some 
multiple thereof for input into an accident 
consequence code. 

Severe accident source terms for the reactor 
core include a number of release phases.  The 
first phase is called a gap release, and occurs 
when the zirconium alloy cladding surrounding 
the fuel pellets is breached.  The second phase 
is called the in-vessel phase, and includes 
subsequent core melting, relocation, and 
reactor vessel failure.  The third phase is called 
the ex-vessel phase, and can result from a 
variety of phenomena including pressurized 
melt ejection, interaction of core debris with 
concrete in the reactor cavity, and ex-vessel 
steam explosions.  The fourth phase is called 
late phase release, and includes a variety of 
phenomena resulting from air access into the 
core debris remaining in the reactor vessel 
after vessel failure, and re-evolution of 
previously deposited material due to heat-up 
and chemical reactions on the deposition 
surface. If core debris is retained within the 
reactor vessel and vessel failure is avoided 
(this is the design goal of the AP1000, for 
example), then the third phase is exchanged for 
an extended in-vessel accident phase.  This 
outcome has potentially important 
implications for accidents involving 
containment bypass because the in-vessel 
retention process in essence results in the core 
being retained in a crucible-type arrangement.  
If the containment is bypass (as in a steam 

generator tube rupture or an interfacing 
systems LOCA), in-vessel retention can lead to 
an extended period of release and, ultimately, 
to a larger source term to the environment. 

Severe accidents are also possible in spent fuel 
pools under some circumstances.  Once a 
refueling outage has taken place, if within the 
first 90 days after the refueling outage spent 
fuel pool inventory is boiled away or lost, 
radioactive materials can be released.  The 
release mechanisms include gap release and 
spent fuel interaction with steam or air that 
heat up and release the more volatile 
radioactive species such as iodine and cesium.  
A zirconium cladding "fire" is possible that can 
aggravate the release from a spent fuel pool 
accident by rapidly increasing the temperature 
of the spent fuel.  One of the most hazardous 
periods for spent fuel pool accidents occurs 
during a refueling outage when a full core 
offload is performed.  This is done to relax 
hardware availability requirements that apply 
when there is fuel in the reactor core.  A full 
core offload is a convenience to the utility that 
can result in shorter outage durations, but it 
comes with an increase in risk because all of 
the fuel that was in the core is placed into the 
spent fuel pool. 

Severe reactor accident source terms are 
dependent on whether the containment fails or 
leaks (and if so at what rate, typically 
expressed as a percent of containment volume 
per day), or whether the containment is 
bypassed, a situation in which the radioactivity 
release occurs from a location outside the 
containment when the containment is 
otherwise intact.  An example of such a bypass 
release would be a pressurized water reactor 
severe accident in which one or more steam 
generator tubes are failed. 

Containment failure modes include the 
following release mechanisms: 

• Failure of containment isolation. 
• Overpressure (which can occur before 

or after core melt). 
• Dynamic loads due to steam explosions 

or hydrogen detonation. 
• Internal missiles due to steam 

explosions (referred to since the 1975 
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Reactor Safety Study as an "alpha 
mode" containment failure). 

• Basement melt-through (sometimes 
referred to as the "China Syndrome"). 

• Contact of core debris with the 
containment liner in a location other 
than the basement liner (this would 
result in increased leakage of the 
containment). 

In theory, a containment filtered venting 
system can significantly reduce some (but not 
all) of these releases, however none of the 
three advanced reactor generic designs being 
considered by PGE incorporate such a system.  
(The Olkiluoto Unit 3 EPR design has been 
required by the Finnish nuclear regulatory 
authority STUK to include a filtered 
containment venting system.  So far as we have 
been able to determine, such a system has not 
been required by the nuclear regulatory 
authorities of the People’s Republic of China, 
China Taipei, the United Kingdom, or the 
United States). 

 

 

 

 

 

 

 

 

 

 

 

NUCLIDE GROUPS  

In a nuclear reactor various radioactive 
isotopes are generated in fission and activation 
processes. To account for the different 
behavior of these isotopes in an accident 
scenario, they are aggregated in groups with 
similar chemical properties. The same 
grouping applies for all the accident scenarios 
provided. The release to the environment is 
expressed as fraction of the total amount of the 
isotopes available in the reactor.  

The grouping was performed according to 
NUREG-1465 (33) with a slightly different 
naming scheme Table 1: Nuclide groups  

Nuclide 
Group 

Name 
NUREG-
1465 

Nuclides 

Noble Gases 
Group 

Noble Gases Xe, Kr 

Iodine 
Group 

Halogens I, Br 

Cesium 
Group 

Alkali metals Cs, Rb 

Tellurium 
Group 

Tellurium 
Group 

Te, Sb, Se 

Strontium 
Group 

Barium, 
Strontium 

Ba, Sr 

Ruthenium 
Group 

Noble 
metals 

Ru, Rh, Pd, 
Mo, Tc, Co 

TABLE 1: NUCLIDE GROUPS 
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SOURCE TERMS FOR THE ABWR  

The ABWR has an estimated core damage 
frequency of 1.6×10-7/a, which is dominated by 
station blackout accidents, representing 71% 
of the CDF.  Another 29% of the CDF comes 
from various transients.  Loss-of-coolant 
accidents (LOCAs) and anticipated transients 
without scram (ATWS) each contribute less 
than 1% of CDF.  The mean CDF from internal 
events was estimated to be 1.56×10-7/a, with 
5th and 95th percentile values of 3.20×10-8/a 
4.53×10-7/a. The error factor, which is the ratio 
of the 95th percentile value to the median, is 
4.2. Note that these uncertainties account only 
for parameter uncertainties and do not include 
modeling uncertainties, and were calculated by 
assuming that all basic events in the fault trees 
have lognormal distributions which were 
sampled using Monte Carlo technique.  

While it is conceivable that core damage can be 
arrested within the reactor vessel without 
reactor vessel failure, the time available for this 
is short (as little as 1.1-1.8 hours after accident 
initiation). 

Loss of core cooling with RPV failure at high 
pressure is estimated by Hitachi-GE to result in 
a CsI release to the environment of 8.8%.  
Similarly, ATWS sequences with failure of core 
cooling and RPV failure at high pressure is 
estimated by Hitachi-GE to result in a CsI 
release to the environment of 7.3%.  All other 
sequence types with COPS actuation are 
estimated to result in CsI releases to the 
environment of 1.5×10-7 or less.  If COPS fails, 
the situation is quite different, with CsI release 
fractions ranging from 0.3% to 37% (station 
blackout with operation of the passive flooder).  
In the latter sequence, even the addition of fire 
protection water to the spray headers only 
reduces the release to 14.5%. 

A list of source terms for the ABWR design is 
provided in Annex 1, Table 9. The list was 
provided in the Preliminary Safety Analysis 
Report (PSAR) for Lungmen Units 1 & 2 (34).  

In the Lungmen ABWR PSA severe accident 
sequences were assigned to one of fourteen 
classes based on similar characteristics.  Each 
accident class is then associated with a 

descriptive initiator code as well as additional 
coding indicating the status of the passive 
drywell flooder, whether the containment 
overpressure system actuates, and whether the 
release is associated negligible, low, medium, 
or high releases.  Each of the 14 accident 
classes was then analyzed with the MAAP3.0B 
accident progression code to establish event 
timing and source term parameters. (34). 

Most of the accident classes were assessed as 
resulting in negligible releases.  Fifty-three 
resulting source term categories (representing 
the 14 release categories and various 
permutations of passive flooder and 
containment overpressure protection system 
state, were then collapsed into fourteen release 
categories.  Consistent with the terms of 
reference, we selected an intact containment 
case (Source Term 1, below) and a shutdown 
accident with an open reactor pressure vessel 
(Source Term 2, below). (34). 

14 release categories were provided in the 
PSAR report. As described in the scope of the 
work two source terms were identified for 
further calculations regarding the dispersion 
modelling (1) a source term for a severe 
accident in which containment integrity is 
maintained and the containment leaks at the 
design leakage rate; and (2) a source term for a 
large release, leaving to our judgment which 
specific source term should be selected. 

INVENTORY ABWR 

Data on possible ABWR inventories are not 
publically available. However, neutronic 
characteristics of ABWR and ESBWR allow 
calculating an ABWR core inventory based on 
an ESBWR inventory. The ESBWR core 
inventory from (35) was used and scaled down, 
based on the thermal power of the nuclear 
power plants. The core inventory of the ESBWR 
was based on 4590 MWt power, with an 
indicated 2% uncertainty of the core thermal 
power. The ESBWR inventory is shown in 
Annex 1 Table 10, taken at end of cycle (EOC), 
assuming equilibrium core operation.  

The ABWR has a thermal power level of 3926 
MWt and thus the ESBWR inventory was 
multiplied by a factor of 0.86. 
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SOURCE TERM 1 FOR THE ABWR 

The first source term chosen for the ABWR 
results from a severe accident, with the 
containment staying intact. The accident 
sequence and the initiating event were not 
described in the Lungmen PSAR. No details 
were published. The release to the 
environment happens at normal containment 
leakage rates. The Accident is represented by 
Case 0 in (34). 

The time from reactor shutdown and to the 
first release to the atmosphere is 9,720 
seconds. The release duration is 36,000 
seconds. The frequency of this type of accident 
is 2.10×10-7 per reactor year.   

The release fractions for the accident are 
shown in Table 2. 

Release Category  Release Fraction  
Noble Gases 4.4% 
Iodine Group  0.0023% 
Cesium Group 0.0023% 
Tellurium Group 0.00053% 
Strontium Group 0% 
Ruthenium Group 0% 
TABLE 2: RELEASE FRACTIONS CASE 0 RELEASE 
CATEGORY ABWR 

The release height is 37.7m.  

A time window of 6,120 seconds is expected 
from the notification of public and the first 
release.  

SOURCE TERM 2 FOR THE ABWR 

The second source term is denoted Case 13 in 
in (34) . The accident is assumed to occur 
during shutdown, with an open RPV, when 
cooling of the core is lost. In this scenario 
fission products have a direct path to the 
environment via the open RPV and 
containment. Due to the drop of the water 
level, core melt is expected after 16.5 hours 
and RPV failure after 20 hours. The Passive 
Flooder System is assumed to be operating, so 
core concrete interaction can be prevented.  

The time between the start of the accident and 
the release to the environment is 232,200 
seconds. The release duration is 36,000 

seconds. The frequency of this type of accident 
is 1.20×10-9 per reactor year 

The release fractions for the accident are 
shown in Table 3. 

Release Category  Release Fraction  
Noble Gases 100% 
Iodine Group  49% 
Cesium Group 58% 
Tellurium Group 3% 
Strontium Group 0.075% 
Ruthenium Group 0.00019% 
TABLE 3: RELEASE FRACTIONS CASE 13 RELEASE 
CATEGORY ABWR 

The release height is 0 m.  
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SOURCE TERMS FOR THE AP1000  

The AP 1000 has an estimated mean CDF 
2.41×10-7 for internal events. The top 10 
sequences contribute 79%, and the top 58 
sequences contribute 99% to the CDF 

Non-safety-related systems (such as diverse 
actuation system, startup Feedwater (FW), 
Chemical and Volume Control System (CVCS) 
or Diesel Generators) are important to risk.  If 
all of these are assumed to be unavailable, the 
CDF from internal events would increase by a 
factor of 31 to 7.4×10-6. 

Steam Generator Tube Ruptures (SGTR) 
contribute 3% to the CDF at power; first line of 
defense is two non-safety systems (startup FW 
and CVCS).  

The Large Release Frequency at power is 
1.95×10-8. Containment bypass is 53.9% of 
LRF; containment isolation failure is 3.0%.  

The Shutdown PSA CDF is 1.23×10-7, of which 
90% occur with the Reactor Coolant System 
(RCS) drained. Shutdown LRF is 1.5×10-8. 

A list of source terms for the AP1000 design is 
provided in Annex 2 Table 11.  

Severe accident sequences from the AP1000 
PSA were assigned to one of six source term 
categories based on whether or not the 
containment would fail (or be bypassed), and if 
so, the timing of containment failure.  This is a 
very coarse categorization of source terms 
compared with that for the EPR in the next 
section. 

 

INVENTORY AP 1000 

The AP 1000 core inventory is shown in, Annex 
2 Table 12. It was calculated at shutdown for a 
three-region (equilibrium) core at end of cycle 
after continuous operation at 2 percent above 
full core thermal power. 

SOURCE TERM 1 FOR THE AP1000 

The Source Terms for AP1000 were extracted 
from the COL Application for Levy NPP 1 & 2 
(26). 

Accident one, according to the above described 
criteria, is a severe accident with an intact 
containment (IC) and the release at a normal 
containment leakage rate. Considering that the 
release is estimated to start at 900 seconds, the 
analyzed accident could only be a large loss of 
coolant accident (LOCA) with failure of coolant 
injection (no other accident proceeds this 
quickly in a PWR).  However, the AP1000 PSA 
identifies this sequence as a small LOCA with 
failure of injection.  The source term 
calculations for the intact containment case for 
the small LOCA show release beginning after 
5,000 seconds, and largely complete (except for 
noble gases) by around 10,000 seconds. 

The time between reactor shutdown and 
release to the atmosphere is assumed to be 900 
seconds. The release duration is assumed to be 
7,200 seconds. Since this is an intact 
containment scenario, these differences have 
little impact on the consequences since those 
are dominated by cesium and the half-life of Cs-
134 and Cs-137 are long in comparison to the 
differences. 

The release fractions for the accident are 
shown in Table 4. 

 

Release Category  Release Fraction  
Noble Gases 0.26% 
Iodine Group  0.0012% 
Cesium Group 0.00115% 
Tellurium Group 0.0000811% 
Strontium Group 0.00107% 
Ruthenium Group 0.00131% 
TABLE 4: RELEASE FRACTIONS IC RELEASE 
CATEGORY AP 1000 

The release height is between 30-40m. The 
frequency of this type of accident is 2.21×10-7 
per reactor year  

SOURCE TERM 2 FOR THE AP 1000 

Accident Two is a severe accident with a 
containment bypass scenario (BP) resulting 
from steam generator tube failure (either as 
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the initiating event, or resulting from failure of 
one or more tubes due to high temperature 
during accident progression). The time of 
between reactor shutdown and the beginning 
of the release to the atmosphere is at time 
12,600 seconds. The release duration is 12,000 
seconds. The AP1000 PSA accident progression 
analysis indicates that the release of cesium, 
iodine, tellurium, and strontium is largely 
complete by 25,000 seconds after the start of 
the accident. 

Note, however, that the definition of this source 
term (Release Category BP) in the AP1000 PSA 
includes the fact that the safety-relief valve for 
steam release to the environment is assumed 
to be stuck open.  With success of in-vessel 
retention, this release should continue for quite 
a while until the core debris in the vessel 
solidifies. 

The release fractions for the accident are 
shown in Table 5. 

Release Category  Release Fraction  
Noble Gases 100% 
Iodine Group  44.70% 
Cesium Group 27.20% 
Tellurium Group 1.63% 
Strontium Group 0.36% 
Ruthenium Group 4.48% 
TABLE 5: RELEASE FRACTIONS BP RELEASE 
CATEGORY AP1000  

The release height is 15 m. The frequency of 
this type of accident is 1.05×10-8 per reactor 
year.    
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SOURCE TERMS FOR THE EPR  

The US EPR design certification process (36) 
included a probabilistic safety assessment by 
Areva and its review by the U.S. Nuclear 
Regulatory Commission.  The NRC review 
summarized the PSA results as follows: 

• The core damage frequency for internal 
events, internal flooding, and internal 
fires for at power conditions was 
calculated to be 5.3×10-7/a. 

• The CDF for internal events, internal 
flooding, and internal fires for 
shutdown conditions was calculated to 
be 5.8×10-8/a. 

• The large release frequency for internal 
events, internal flooding, and internal 
fire was calculated to be 2.6×10-8/a.  
(Following guidance in (37), a "large" 
release is any source term resulting in a 
predicted Cs, Te, or I release above 
approximately 2.5-3 percent.  In 
addition, all releases associated with 
containment bypass, containment 
isolation failure, or containment failure 
at or before reactor vessel failure are 
classified as large releases.) 

• Note that the above results do not 
account for seismic accident initiators 
since seismic events were treated in a 
non-probabilistic fashion in a seismic 
margin assessment (SMA).  The SMA 
estimated a high confidence in low 
probability of failure (HCLPF) value 
above 0.5g peak ground acceleration 
for the US EPR compared with the 
design value of 0.3g. 

The PSA modeled accident progression and 
identified twenty-five severe accident source 
terms (which it calls "release categories") (38).  
The NRC compared the results with its own 
calculations for a small loss of coolant accident 
(LOCA) that results in an induced steam 
generator tube rupture (SGTR), using another 
code. 

About two-thirds of the total LRF for internal 
events (calculated to be 2.2×10-8/a) is from 
Release Category RC304 (containment failure 
before reactor vessel failure, no ex-vessel 
molten corium concrete interaction – i.e., 

success of the core debris spreading area – and 
failure of the severe accident heat removal 
system (SAHRS) sprays.  The second highest 
contributor to LRF from internal events is 
Release Category RC702, which represents 
containment bypass due to SGTR without 
fission product scrubbing, which is 21% of the 
internal events LRF.  An additional 4% of 
internal events LRF is from containment 
isolation failures, and 1% is from containment 
bypass due to core damage sequences initiated 
by pipe breaks outside the containment.  The 
remaining 8% of internal events LRF is from 
phenomenological challenges, mainly due to 
short-term localized hydrogen concentrations 
leading to conditions with the potential for 
flame acceleration (normally referred to as 
deflagration-to-detonation transition or DDT) – 
containment failure due to hydrogen 
detonation. 

The same two release categories identified 
above for internal events are also dominant for 
internal flooding (RC304 and RC702).  The LRF 
for internal flooding is associated with a mean 
calculated value of 1.2×10-9/a, with 5th and 
95th percentile values of 1.0×10-12/a to 1.2×10-

9/a . 

For internal fires, the fire CDF was calculated to 
have a mean value of 2.1×10+/a, with 
calculated 5th and 95th percentile values of 
9.5×10-9/a and 7.0×10-7/a.  The internal fires 
LRF is calculated to have a mean value of 
3.6×10-9/a. 

The shutdown PSA calculated a point estimate 
for CDF of 5.7×10-8/a.  The shutdown PSA 
results for large release frequency calculated 
that shutdown accidents were not the leading 
contributor to LRF from internal events, 
internal flooding, internal fires, and shutdown 
events (about 17% of the total).  The point 
estimate LRF for shutdown accidents was 
calculated to be 5.7×10-9/a. 

Overall, considering internal events, internal 
flooding, and internal fires at power, the mean 
CDF is estimated at 7.4×10-7/a, with 5th and 
95th percentile values at 8.7×10-8/a and 
2,0×10-6/a.  The LRF from the same classes of 
accidents had a mean calculated value of 
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3.6×10-8/a, with 5th and 95th percentile 
values of 7.1×10-10/a and 1.1×10-7/a . 

Overall, considering internal events, internal 
flooding, and internal fires at power, the mean 
CDF is estimated at 7.4×10-7/a.  The LRF from 
the same classes of accidents had a mean 
calculated value of 3.6×10-8/a. 

US EPR CDF internal events mean is 2.3×10-6/a 
including parametric and modeling 
uncertainty, the mean considering only 
parametric uncertainty is 4.2×10-7/a, a factor of 
5 less than when modeling uncertainty is 
included (38). The LRF mean is 3.2×10-8. 
Containment intact, isolated and not bypassed 
contributes 77.9% to the CDF. The Failure to 
isolate the containment is at 0.8% of CDF, with 
a frequency of 6.17×10-9/a. Containment 
bypass sequences are 2.45% of CDF and the 
frequency is 1.90×10-8/a. Containment failure 
due to overpressure or energetic events in the 
short term, before melt release from the 
reactor pit contributes 1.91% to the CDF and 
has a frequency of 1.48×10-8/a.  

Containment failure in the long term 
contributes 16.9% and has a frequency of 
1.31×10-7/a.  

A list of source terms for the EPR design is 
provided in Annex 3 Table 13.  

INVENTORY EPR 

The inventory for the EPR was extracted from 
the U.S. EPR Final Safety Analysis Report, and is 
provided in Annex 3 Table 14 (38).  

“The bounding radionuclide inventory is derived 
from a parametric evaluation with fuel 
enrichments ranging from 2–5 wt% in U-235 
and burnup steps ranging between 
approximately 5 and 62 GWD/MTU. Each 
parametric case assumed continuous reactor 
operation at full power without any refueling 
outage. The maximum activity for each 
radionuclide from the parametric cases is 
selected to provide a bounding core radionuclide 
inventory for the listed fuel-enrichment and 
burnup ranges.” (39) 

 

EPR SOURCE TERMS 

The results of the Level 1 PSA were grouped 
into a set of fifty-six Core Damage End States to 
facilitate the analysis of severe accident 
phenomena.  Containment event trees were 
then used to further evaluate the Core Damage 
End States for accident progression purposes. 

The MAAP4 code was used for accident 
progression calculations.  Based on the 
outcome of the MAAP code calculations, a total 
of 29 release categories were defined 
considering a variety of factors (bypass vs. no 
bypass, timing of containment failure, in-vessel 
core debris retention, reactor vessel failure 
with and without the core debris being covered 
by water, and whether or not the containment 
sprays operated). 

In accordance with the terms of reference, we 
selected a source term representing severe 
accidents with an intact containment and 
design basis leakage.  We also selected a 
containment bypass accident as an example of 
a relatively large source term (a small 
interfacing systems LOCA in which primary 
coolant blows down outside the containment). 

SOURCE TERM 1 FOR THE EPR 

As first accident scenario the case RC101 was 
selected from (31). It represents a severe 
accident with an intact containment, and a 
release at a normal containment leakage rate. It 
considers deposition in the annulus and 
fuel/safeguards buildings without building 
ventilation. The time till core uncovery is 8,640 
seconds. 
The release to the atmosphere starts 16,720 
seconds after reactor shutdown. The release 
duration is 52,200 seconds.  
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The release fractions for the accident are 
shown in Table 6. 

Release Category  Release Fraction  
Noble Gases 0.281% 
Iodine Group  0.0012% 
Cesium Group 0.00115% 
Tellurium Group 0.0000811% 
Strontium Group 0.00107% 
Ruthenium Group 0.00131% 
TABLE 6: RELEASE FRACTIONS RC101 RELEASE 
CATEGORY EPR 

The release height is 34.75m. The frequency of 
this type of accident is 1.44×10-7 per reactor 
year.  

 

SOURCE TERM 2 FOR THE EPR 

The second accident scenario is the case 
RC802a from (31).  It is a severe accident with 
small interfacing system LOCA, without fission 
product scrubbing and fission product 
deposition in fuel/safeguards building. Core 
uncovery occurs 23,400 seconds into the 
accident. 

The time between reactor shutdown and 
release to the environment is 28,080 seconds. 
The release duration is 11,160 seconds.  

The release fractions for the accident are 
shown in Table 7. 

Release Category  Release Fraction  
Noble Gases 81.8% 
Iodine Group  17.80% 
Cesium Group 17.80% 
Tellurium Group 13.50% 
Strontium Group 2.36% 
Ruthenium Group 7.58% 
TABLE 7: RELEASE FRACTIONS RC802A RELEASE 
CATEGORY EPR 

The release height is 10m.. The frequency of 
this type of accident is 3.70×10-9 per reactor 
year.   
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Frequency Reactor Type Type of accident Noble Gases Group Iodine Group Cesium Group Tellurium Group Strontium Group Ruthenium Group
2.10E-07 GE-Hitachi ABWR Case 0 4.40 0.00230 0.00230 0.00053 0.00000 0.00000
1.20E-09 GE-Hitachi ABWR Case 13 100.00 49.00 58.00 3.00 0.07500 0.00019
1.44E-07 UK EPR RC101 0.281 0.00013 0.00011 0.00016 0.00003 0.00021
3.70E-09 UK EPR RC802a 81.80 17.80 17.80 13.50 2.36 7.58
2.21E-07 AP1000 IC 0.264 0.00120 0.00115 0.00008 0.00107 0.00131
1.05E-08 AP1000 BP 100.00 44.70 27.20 1.63 0.357 4.48

DISCUSSION OF THE RESULTS 

The present literature study referred for each 
of the reactor designs ABWR, AP1000 and EPR 
two accident sequences and the connected 
source term. The first sequence always 
assumed that the containment would not fail, 
the second sequence always assumed that the 
containment function would be lost. “Typical” 
sequences have been selected, meaning that 
they represent what can be expected for their 
respective class of accident.  

Table 8 demonstrates the differences of the 
selected accidents, including the different 
accident frequencies and release fractions. The 
release fractions for the Iodine and Cesium 
group in all the selected “intact containment” 
cases are well below 0.01%. In contrast, the 
release fractions for selected severe accidents 
with containment failure are dramatically high, 
in particular for noble gases, Iodine and the 
Cesium group. 

The results show that “containment failure” 
sequences can lead to very large releases for 
each of the reactor designs. Their releases are 
several orders of magnitude above the releases 
of the “intact containment” sequences. 
However, also the calculated frequencies for 
containment failure sequences are in 1 to 2 
orders of magnitude below their “intact 
containment” counterparts. 

But even if those sequences seem unlikely, they 
are (and should be) considered in the safety 
case of a nuclear reactor. Calculation results as 
well as frequencies are subject to huge 
uncertainties (Example: seismic uncertainties). 
Just looking at accident sequences which are 
considered likely (according to current 
standards) could leave critical weaknesses 
unattended. As a side note, a multiunit station 
blackout for more than 12 hour was considered 

to be almost impossible, before the Fukushima 
accident happened. 

UNCERTAINTIES IN ACCIDENT 
FREQUENCY AND SOURCE TERMS 

In general one can assume that uncertainties in 
estimates of core damage frequency are 
approximately a factor of three to a factor of 
ten. Whether the very small accident 
frequencies published by the reactor designers 
can withstand a thorough analysis remains to 
be seen and is beyond the scope of the present 
study. 

Uncertainties are also involved in calculating 
accident progression.  The uncertainties vary 
among the various codes used (typically MAAP 
and MELCOR), and are influenced by user 
effects such as the number of nodes used by the 
analyst to represent the reactor coolant system 
and the containment.   

Uncertainties are also introduced by 
assumptions made by the analysts concerning 
radioactive material speciation.  For example, 
the MAAP 4.0.7 code models iodine release as 
the aerosols CsI and RbI (31). PHEBUS test 
results (40) indicate that iodine can evolve as 
other species (including gaseous I2), and that 
cesium is released primarily as species other 
than CsI (41). 

Another source of uncertainties is the 

widespread use of expert judgment in defining 
release categories, assigning sequences to 
release categories, and selecting specific 
sequences for detailed analysis that are 
asserted to be representative of all of the 
sequences within a release category.  Expert 
judgment is also used to select the accident 
progression code (MAAP, MELCOR, and others) 
as well as the modeling options exercised in the 

TABLE 8: COMPARISON SELECTED RELEASE FRACTIONS (%) 
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code and the specific parameters selected for 
the many parameters within the code.  

LIMITATIONS OF THE STUDY 

The study does not give any information if a 
certain design is better than another. The 
comparison of safety features was not within 
the scope of the project.  

Two source terms for each reactor type have 
been selected – in one case it was assumed that 
the containment as last barrier against the 
release of fission products would hold, in the 
other case it was assumed that the 
containment would fail. Although the cases that 
are presented here have been analyzed by the 
respective designer of the various reactor 
types, one should read the results with caution. 
Looking just at two accident sequences can 
provide only an indication what could happen 
with a certain probability. For an exhaustive 
evaluation of the risk of a reactor design it is 
necessary to refer to the full probabilistic and 
deterministic safety analysis reports.  

Annexes 1-3 show the whole scope of source 
terms for the different nuclear power plant 
designs. Different accident sequences lead to 
other severe accidents, and both, sequences 
with   smaller and bigger releases, can be found 
in the relevant literature, with frequencies for 
the sequence in the same order of magnitude.  

The authors selected only two source terms for 
each nuclear power plants design. This does 
not represent the entire risk spectrum, but only 
selected aspect. Therefore the picture is not 
comprehensive, as it indicates only two 
possible accidents.  

The limitations demonstrate that the accidents 
and the releases of the selected accidents 
cannot be compared one to another. The study 
gives only information on potential release 
fraction in case of a selected accident.  
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ABBREVIATIONS 

 

ABWR Advanced Boiling Water Reactor 
AP1000 Advanced Passive 1000 
ATWS Anticipated Transients Without Scram 
Bq Becquerel 
C Celsius 
CDF core damage frequency 
CMSS core melt stabilization system  
CNS Convention on Nuclear Safety 
COL  combined license 
COPS Containment Overpressure Protection System 
CsI Cesium-Iodine 
CVCS Chemical and Volume Control System 
DDT deflagration-to-detonation transition 
EdF Electricité de France 
EPR European Pressurized Reactor 
EPRI Electric Power Research Institute 
ESBWR Economic Simplified Boiling Water Reactor 
EU European Union 
EUR European Utility Requirements  
EURATOM European Atomic Energy Community 
FSAR Final Safety Analysis Report  
FW Feedwater 
GDA Generic Design Assessment 
GE General Electric 
HCLPF high confidence in low probability of failure  
IAEA International Atomic Energy Agency 
IC Intact Containment 
INIR Integrated Nuclear Infrastructure Review 
IRWST in-containment refueling water storage tank  
ISR Institute of Safety and Risk Sciences 
IVR envisions in-vessel retention 
LOCA Loss-of-coolant accident 
LRF large release frequency 
m Meter 
MPa Megapascal 
MSIV Main Steam Isolation Valve 
MWe Megawatts electric 
MWt Megawatts thermal 
NRC Nuclear Regulatory Commission 
ONR Office for Nuclear Regulation 
PAA Państwowa Agencja Atomistyki 
PGE Polska Grupe Energetyczna S.A.  
PRV Reactor Pressure Vessel 
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PSA Probabilistic Safety Assessment 
PSAR Preliminary Safety Analysis Report  
PWR Pressurized Water Reactor 
RCS  Reactor Coolant System 
RPV Reactor Pressure Vessel 
SAHRS severe accident heat removal system  
SGTR Steam Generator Tube Rupture 
SMA seismic margin assessment  
URD Utility Requirements Document 
WENRA Western European Nuclear Regulators Association 
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ANNEX 1: INVENTORIES AND RELEASE FRACTIONS ABWR 

 

TABLE 9: EVENT RELEASE FRACTIONS ABWR 
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TABLE 10: ESBWR REPRESENTATIVE CORE INVENTORY 
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ANNEX 2: INVENTORIES AND RELEASE FRACTIONS AP1000 

 

TABLE 11: SOURCE RELEASE FRACTIONS AP1000 
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TABLE 12: CORE INVENTORY AP1000 

  



33 
 

ANNEX 3: INVENTORIES AND RELEASE FRACTIONS EPR 

 

TABLE 13: RELEASE FRACTIONS UK EPR 
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TABLE 14: US EPR CORE INVENTORY 




