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Työssä käydään läpi turvallisuusparannusten taloudelliseen arviointiin käytettyjä menetelmiä sekä 
esitellään Fortumilla tällä hetkellä käytössä oleva menetelmä. Näihin pohjautuen kehitetään uusi 
ydinturvallisuusparannusten taloudellisen arvioinnin malli, joka laskee oletusarvoisten 
onnettomuuskustannusten nykyarvon pienentämisestä saatavan hyödyn. Uusi malli perustuu 
tasojen 1, 2 ja 3 todennäköisyyspohjaisen turvallisuusarvioinnin tuloksiin. Työ sisältää myös 
reaktorikuopan tulvitusjärjestelmän esisuunnittelun ja projektin kustannusarvion. Reaktorikuopan 
tulvitusjärjestelmästä saatava hyöty arvioidaan sekä uutta että tällä hetkellä käytössä olevaa 
menetelmää käyttäen. 

 
Kuten ydinvoima-alan turvallisuushakuisen ajattelun perusteella on oletettavissa, ei reaktorikuopan 
tulvitusjärjestelmä ole kummallakaan menetelmällä arvioituna taloudellisesti kannattava. 
Molempien menetelmien epävarmuudet ovat kuitenkin suuret. Arviointien ongelmana on, että 
luotettavaa tietoa ydinonnettomuuksien kustannuksista on vaikea saada ja useimmat arviot 
perustuvat epävarmoihin olettamiin. Arvioinneilla saadut turvallisuusparannusten laskennallisten 
hyötyjen absoluuttiset arvot ovat kiinnostavia, mutta todellinen hyöty arvioista saadaan eri 
turvallisuusparannuksia vertailtaessa. Työssä kehitettyä menetelmää käyttäen 
turvallisuusinvestointeja voidaan optimoida vertailemalla eri vaihtoehtojen rajahyötyjä ja 
rajakustannuksia. 

Päivämäärä:   4.3.2015 Kieli:   englanti Sivumäärä:   80 + 8 

Avainsanat: turvallisuusinvestointi, kustannus-hyöty, reaktorikuopan tulvitus, ydinturvallisuus, ta-
loudellinen analyysi 

http://www.google.fi/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.nordtouch.fi/&ei=QzbwVNDdFMidPcWmgdAH&psig=AFQjCNG7xj04qyOV-AcwDbGysAbvNbKbfw&ust=1425115050429621
http://www.aalto.fi/


 
 

 
 

Foreword 
 
This master’s thesis was written in the Process Engineering group of Fortum Power and 
Heat Oy. The aim was to develop the economic assessment of safety investments as 
well as to make a preliminary design of the reactor cavity flooding system. 
 
I would like to thank my instructor, Satu Sipola, for guiding me through this thesis. I 
also want to thank all my other colleagues for the good atmosphere and their help with 
my work. 
 
I would like to express my gratitude to my supervisor, Professor Sanna Syri, for provid-
ing valuable feedback as well as to Professor Ahti Salo for his feedback on the calcula-
tions of my thesis. 
 
I want to thank my friends and the intern group at Fortum for the joy and the peer-
support throughout my studies and the writing of this thesis. Finally, I would like to 
thank my parents and my sister for their support and encouragement in my life. 
 
 
 
 
 
Espoo, March 4th, 2015 
 
 
 
Otso Manninen 



    

1 
 

Contents 
 
Abstract 
Tiivistelmä 
Foreword 
Contents ............................................................................................................................ 1 
Symbols ............................................................................................................................. 3 
Abbreviations .................................................................................................................... 5 
1 Introduction ............................................................................................................... 6 
2 Nuclear Safety at Loviisa Nuclear Power Plant ........................................................ 9 

2.1 Loviisa Nuclear Power Plant .............................................................................. 9 
2.2 Principles of Nuclear Safety ............................................................................... 9 

2.2.1 General ........................................................................................................ 9 
2.2.2 Most Important Safety Objectives .............................................................. 9 
2.2.3 Defense-In-Depth ...................................................................................... 11 
2.2.4 Probabilistic Risk Analysis ....................................................................... 13 
2.2.5 Severe Accident Management................................................................... 14 

2.3 Loviisa Nuclear Safety Features ....................................................................... 16 
2.3.1 Most Important Safety Systems ................................................................ 16 
2.3.2 Severe Accident Management at Loviisa .................................................. 18 

3 Economic Analysis of Safety Investments .............................................................. 20 
3.1 Background ...................................................................................................... 20 
3.2 Different Methods of Analyzing Safety Investments ....................................... 21 
3.3 Present Value of Mitigating Mean Arrival Rate of Accidents ......................... 25 
3.4 Present Value of Expected Accident Costs ...................................................... 26 

3.4.1 Discounting in Continuous Time .............................................................. 26 
3.4.2 Survival Rate ............................................................................................. 28 
3.4.3 The Accident Scenario Variable ............................................................... 29 
3.4.4 The Losses of a Nuclear Accident ............................................................ 29 
3.4.5 The Model ................................................................................................. 31 

3.5 Comparison ...................................................................................................... 33 
4 Reactor Cavity Flooding System ............................................................................ 37 

4.1 Background and Design Bases for the System ................................................. 37 
4.2 Pros and Cons of the System ............................................................................ 41 
4.3 Different Options .............................................................................................. 42 

4.3.1 General ...................................................................................................... 42 
4.3.2 The Water Source ...................................................................................... 43 
4.3.3 The Pump .................................................................................................. 44 
4.3.4 The Penetration ......................................................................................... 46 
4.3.5 The Chosen Combination .......................................................................... 47 

4.4 Preliminary Design of the System .................................................................... 48 
4.4.1 Connection to the UJ System and to the TL11 Duct ................................. 48 
4.4.2 Boron ......................................................................................................... 50 
4.4.3 Components of the System ....................................................................... 52 

5 Economic Analysis of the System .......................................................................... 54 
5.1 General ............................................................................................................. 54 
5.2 The PVMMARA Method ................................................................................. 54 

5.2.1 The Model and Calculations ..................................................................... 54 
5.2.2 The Results and Sensitivity Analysis ........................................................ 55 

5.3 The PVEAC Method ........................................................................................ 58 



 
 

2 
 

5.3.1 The Model ................................................................................................. 58 
5.3.2 Calculations ............................................................................................... 63 
5.3.3 Results and Sensitivity Analysis ............................................................... 64 

6 Conclusions ............................................................................................................. 73 
References ....................................................................................................................... 75 
List of Appendices .......................................................................................................... 80 
Appendices 



 
 

3 
 

Symbols 
 
Aj  Availability of plant j after an accident 
B  Constant 
C [€] Compensation costs of a nuclear accident 
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u  Probability distribution function of Y 
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1 Introduction 
The key to justification of nuclear energy is nuclear safety. Nuclear accidents can have 
drastic results, and the justification of nuclear energy comes only through minimization 
of probabilities for accidents and mitigation of accident consequences [1]. Nuclear in-
dustry is also very strictly regulated, and the regulator holds perhaps more power than in 
any other sector. All in all perhaps in no other industry, such focus is put on safety as in 
the nuclear industry. The fact that safety is such a cornerstone of the nuclear sector 
makes safety investments of specific interest. 
 
The Finnish regulator, the Radiation and Nuclear Safety Authority, has set three re-
quirements for the acceptability of the use of radiation [2]: 
 

• The benefits of the use of radiation must outweigh its costs 
• The negative health effects must be kept as low as reasonably practicable (the 

ALARP-principle) 
• The radiation exposure of an individual must not exceed set limits for radiation 

dose 
 
The first and third requirements set clear boundaries for the safety requirements of the 
nuclear industry. The benefits of all nuclear power projects must outweigh the possible 
negative health effects, and radiation doses of the employees of the nuclear power com-
panies and the public are monitored to ensure that they stay below accepted limits. 
However, the second requirement is not as straight forward as the two others, and rea-
sonableness often needs to be assessed in every case individually. We aim at addressing 
this problem of optimization. 
 
This thesis is written for Fortum, a Finnish energy company that owns and operates the 
Loviisa nuclear power plant (NPP). In compliance with its dedication to continuous 
improvement of nuclear safety, Fortum is continuously making safety investments to 
the Loviisa nuclear power plant. Currently, the safety investments are based on the find-
ings of the European stress tests conducted after the Fukushima nuclear accident [3]. 
 
In addition to the safety investments required by the regulator, there are several sugges-
tions for additional safety improvement projects that could be realized as a part of on-
going modernization of the plant in accordance with the ALARP-principle. However, 
not all of the projects can be executed, and many of them partially address the same 
issues. This calls for a selection method for the best safety improvement projects to be 
included in the modernization program. 
 
An economic analysis suits this need of optimizing safety investments perfectly. Proba-
bly the best way of comparing the severity of nuclear accidents is to compare their cost. 
While it may first seem that only focusing on the cost of an accident many aspects of it 
would be overlooked, this in in fact not the case. In addition to the costs directly falling 
in the hands of the nuclear power plant operator, such as the decontamination costs and 
the lost production, the operator is also obligated to compensate for the damages of oth-
er entities. As for the health effects, the threshold for the redemption of land areas is set 
on a level that no health effects should occur. 
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Economic evaluations of safety improvements have been conducted at Fortum before. 
However, the method that has been used until now is very simplified and does not take 
into account all the facts that may affect the costs of an accident. Thus, it may underval-
ue the benefit of some safety improvements. Correspondingly, the benefit of certain 
other improvements may be overvalued. 
 
An active reactor cavity flooding system is one of the safety improvement projects sug-
gested to be included in the Loviisa modernization program. It also happens to be one of 
the safety improvements that the current economic evaluation method is not well suited 
for. The purpose of this thesis is to find out whether an active reactor cavity flooding 
system is economically justified. 
 
In order to do this, we create a new method for economic analysis of nuclear safety in-
vestments. The aim is to create a method that could be used for realistic evaluation of all 
nuclear safety investments. The method is based on the accident probabilities and the 
expected costs of nuclear accidents. The accident probabilities we get from probabilistic 
risk analyses of the Loviisa nuclear power plant. In order to calculate the expected costs 
of nuclear accidents, we split down the total accident cost into components and look at 
them individually. However, it is not in the scope of this thesis to find out the costs of 
different components of accidents. Therefore, we make assumptions where better in-
formation is unavailable. 
 
We also create a preliminary design of the reactor cavity flooding system and, based on 
the design, estimate the costs of the reactor cavity flooding system project. We look at 
different options that could be used for the system, assess them individually, and choose 
the best combination. We evaluate the cost of the required components and estimate the 
other costs of the project based on the design. 
 
We evaluate the reactor cavity flooding system using the current method and the new 
one as well as look how the benefits compare against the cost of the system. We also 
conduct sensitivity analyses for both methods and evaluate their suitability for the pur-
pose. 
 
The structure of the thesis is following. We start in Chapter 2 by introducing the reader 
to nuclear safety at Loviisa nuclear power plant. We first take a brief look at the history 
of the plant. Then, we go through some of the safety principles of nuclear energy. These 
include the most important safety features, the concept of defense-in-depth, probabilistic 
risk analysis, and severe accident management. We also look at the safety systems spe-
cific to the Loviisa nuclear power plant and severe accident management at Loviisa. 
 
In Chapter 3, we zero in on the theories of economic analyses of safety investments. 
First, we go through research that has been done on the subject and look at the different 
methods presented and used in the papers. After that, the method currently used for the 
economic analyses of nuclear safety investments at Fortum is presented. We then pre-
sent the new method that we have created for the analysis. We look at the mathematical 
basis of some of the concepts used in the equations, go through the assumptions made, 
elaborate the components of nuclear accident costs, and finally compose the model. In 
the last section of Chapter 3, we compare the current and new model in scope, complex-
ity, and accuracy. 
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Chapter 4 deals with the reactor cavity flooding system. We start by taking a glance at 
the reactor cavity flooding function, what kind of accident situations the flooding would 
be needed for, and how an active system would complement the current passive func-
tion. We also go through the design bases of the system. Then, we look at the pros and 
cons of it. After that, we focus on the different options we have in designing the system. 
We break down the system into smaller parts and look at the choices in them individual-
ly before looking at the possible combinations. We discuss the options and choose the 
best combination. Then, we describe the chosen combination in detail and list the re-
quired parts for a cost estimate. We also estimate the other costs related to the project 
and calculate its total cost. 
 
In Chapter 5, we proceed with the economic analysis of the system. We start with the 
method currently being used. We list the assumption made and show the calculations. 
After obtaining the results, we perform a series of sensitivity analyses to the method in 
order to find out how the model reacts to changes in different parameters. Then, we do 
the same with the new method. We present the values we use in the calculations and 
specify the assumptions we have to make. We also explain the calculations we make in 
detail. Just as with the old method, we run extensive sensitivity analyses on all relevant 
parameters of the model to find out how they affect the results. 
 
In the last chapter of the thesis, we present the results of the analyses. We interpret their 
meaning and evaluate their credibility. We also give some recommendations for future 
research that could be done on the subject. 
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2 Nuclear Safety at Loviisa Nuclear Power Plant 

2.1 Loviisa Nuclear Power Plant 
Loviisa nuclear power plant, located near the city of Loviisa on the Hästholmen Island, 
was the first nuclear power plant built in Finland. It consists of two reactor units. Both 
reactors are VVER-type pressurized water reactors (PWR). The first reactor unit was 
finished in 1977 and the second one in 1980. Correspondingly, the units have operation 
permits until 2027 and 2030 [4]. [5] 
 
Both reactors operate with a thermal power of 1500 MW. The net electrical output from 
each of the two units is 496 MW, and the availability has been around 90 percent. This 
results in an annual electricity production of approximately 4 TWh per unit. Together 
the two units account for roughly 10 percent of the yearly electricity production in Fin-
land [4]. 
 
Construction of the Loviisa nuclear power plant is a unique mixture of Eastern and 
Western technology. The power plant technology came from the east, whereas the safe-
ty technology mainly came from the west. The reactor, primary circuit piping, steam 
generators, turbines, generators, and most of the turbine building were manufactured by 
Soviet Atomenergoexport. For the Loviisa NPP project, a Finnish company Finnatom 
was formed, and it provided the primary coolant pumps, fuel charging machine, cranes, 
containment building, and the ice condensers using several Finnish machine workshops 
as sub-contractors. The ice condensers were built under the license of American West-
inghouse. Process instrumentation and control room technology were supplied by Ger-
man Siemens. The process computer hardware came from United Kingdom, but the 
programming was done in Finland. Organizing the whole project and acting as the ar-
chitect-engineer was Imatran Voima, the predecessor of Fortum, which simultaneously 
gained precious experience about nuclear projects. [5] 

2.2 Principles of Nuclear Safety 

2.2.1 General 
Nuclear safety is the key to justification of nuclear energy. All practical measures to 
prevent and mitigate nuclear accidents must be taken in order to ensure that the benefits 
of nuclear energy outweigh the costs. [1] 
 
In this section, we will look at the principles of nuclear safety. First in Section 2.2.2, we 
will look at some of the most important safety features in nuclear power plants. Then in 
Section 2.2.3, we will introduce the concept of defense-in-depth. In Section 2.2.4, we 
will present probabilistic risk analysis. In the last part of this section, we will look at 
severe accident management. 

2.2.2 Most Important Safety Objectives 
There are three important safety objectives that ensure safe operation of nuclear energy. 
These objectives are [6]: 
 

• Ability to scram the reactor and maintain subcriticality 
• Decay heat removal 
• Preventing the spreading of radioactive materials 
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In addition to these three, there are other assisting safety objectives such as electricity 
supply. 
 
In this section, we will go through the three most important safety features starting with 
the ability to scram the reactor and maintain subcriticality. Nuclear reactors are based on 
nuclear fission chain reaction. The fissioning nuclei emit neutrons. These neutrons in 
turn induce fissions in other fissile nuclei. If the number of new fissions induced by the 
neutrons emitted equals the number of fissions emitting the neutrons, the chain reaction 
remains constant. This state is called criticality. If there is more than one new fission per 
every fission, the chain reaction is called supercritical, that is, the energy released in the 
chain reaction increases in time. In the opposite case, there being less than one new fis-
sion per every fission, the energy released in the chain reaction decreases in time, and 
the situation is called subcritical. [7] 
 
In order to operate at a constant power, the reactor must be critical. The criticality of the 
reactor is controlled using neutron absorbing control rods and chemicals containing neu-
tron absorbers, such as boron. Additionally, negative temperature feedback to criticality 
improves the stability of the steady state power operation. In case of an accident, the 
reactor is scrammed, that is, the control rods are quickly released inside the reactor to 
stop the chain reaction. The system is backed up with boron injection. [6] 
 
Naturally, ensuring subcriticality is a top priority in accident situations as well. That is 
why all the water used for emergency cooling should contain boron in some form. At 
the Loviisa power plants, all the water used for emergency cooling contains either boric 
acid or borax. 
 
During the fission process, radioactive substances are formed in the fuel. The transfor-
mation of radioactive substances releases energy that is called decay heat. In addition, 
the spontaneous fission of the radioactive materials releases energy even after the chain 
reaction has been stopped. Another important safety feature is the decay heat removal. It 
is important to remove the decay heat in order to prevent the fuel from melting and re-
leasing radioactive substances. [6] 
 
Pressurized water reactors, such as the ones at Loviisa NPP, are cooled with a cooling 
system consisting of a primary and a secondary circuit. Under normal operation the fuel 
is cooled with the water flowing in the primary circuit transferring the heat into the sec-
ondary circuit with the steam generators. In the secondary circuit, steam flows through 
the turbine spinning the generator and producing electricity. Finally, the steam is con-
densed in the sea water condenser and the sea acts as the ultimate heat sink. In pressur-
ized water reactors, the cooling is done with the primary and secondary circuit also after 
the reactor shutdown. In later stages after the shutdown, separate cooling systems spe-
cific for decay heat removal are used. Primarily, the cooling will be done with normal 
cooling systems in accident situations as well. However, in case of accidents normal 
cooling methods may be unavailable. In these situations, emergency cooling systems are 
used for injecting water into the reactor to ensure the intactness of the fuel. The heat 
exchangers of the emergency cooling system are designed not only to remove decay 
heat from the reactor, but also from the rest of the containment. [6] 
 
Even if the fuel has been damaged, accident consequences can often be mitigated with 
decay heat removal. The reactor cavity flooding system presented in this thesis is aimed 
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for removing the decay heat from a molten core and thus preventing it from melting 
through the pressure vessel. This brings us to the third important safety feature, prevent-
ing the spreading of radioactive materials. 
 
As mentioned, radioactive substances are formed in the fission chain reaction in the 
fuel. These materials emit ionizing radiation that is hazardous to health. The concept of 
multiple barriers is used to prevent these substances from spreading into the environ-
ment. The fuel pellets are designed so that they would not break and that minimum 
amount of gaseous radioactive substances would escape them. Inside the reactor, the 
pellets are inside cladding that is meant to maintain the substances inside and further 
reduce the amount of radioactive substances escaping. The other barriers are the reactor 
pressure vessel and related primary circuit equipment, and as the last physical barrier 
the containment building. [7] The concept of multiple barriers is closely related to de-
fense-in-depth presented in Section 2.2.3. 
 
In case of an accident, the containment building is designed to retain the radioactive 
substances that have escaped the reactor. Thus, ensuring the containment building isola-
tion is extremely important. The containment building is designed to withstand the ris-
ing pressure caused by steam and pressure shocks of burning hydrogen. The contain-
ment building is also meant to protect the reactor and the related systems from external 
threats such as extreme weather. [6] 
 
In addition to retaining radioactive substances inside the containment building, accident 
consequences can be further mitigated, if the melting fuel is held inside the pressure 
vessel. The reactor cavity flooding system presented in this thesis can help achieving 
that. An elaborate description of the system, its benefits, and how it works can be found 
in Chapter 4. 

2.2.3 Defense-In-Depth 
Defense-in-depth is a safety concept that aims at higher safety using multiple independ-
ent levels of safety measures to prevent harm. The hierarchic levels of safety measures 
are meant to work as redundant safety boundaries for each other. If one level fails, the 
subsequent level comes into play. The strategy of defense-in-depth consists of two 
parts: accident prevention and accident mitigation. The primary target is always in pre-
venting accidents. However, not all accidents can be prevented, and in case an accident 
takes place the consequences ought to be mitigated. [8] 
 
The strategy usually consists of five levels of safety [8]. However sometimes at least in 
older publications, the structuration to different levels is not as straight forward [9], and 
also a three echelon approach has been suggested [10]. Here, we will present the five 
levels of defense-in-depth as they are in the Finnish nuclear legislation [11]: 
 

1. Prevention 
2. Control of anticipated operational occurrences 
3. Control of accidents 
4. Containment of release in a severe accident 
5. Mitigation of consequences 

 
According to the Finnish nuclear legislation, prevention means that the plant is reliable 
to operate and that abnormal situations are rare. This can be achieved with careful de-
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sign and strict quality control in design, maintenance, and used components and materi-
als. Also, the safety margins used when designing must be sufficiently large. [11] 
 
About the control of anticipated operational occurrences, the law says following. Re-
gardless of the safe design demanded by Level 1 defense-in-depth, the plant must be 
prepared for abnormalities. The plant must be equipped with systems that notice dis-
turbances in operation and return the plant into a safe state when necessary, preventing 
the accidents. [11] 
 
The Level 3 of defense-in-depth, namely the control of accidents, is divided into two 
sublevels in the Finnish nuclear law. The sublevels are 3a and 3b. On Level 3a, the aim 
is in managing accidents caused by a single initiating event and their consequences. The 
Level 3b on the other hand is intended for managing extensions of design basis acci-
dents, that is, more severe accidents than the ones used designing the safety systems. 
These include design basis accidents combined with the failure of the systems meant for 
controlling them. The accident combinations are chosen based on probabilistic analyses. 
Also, unlikely yet possible external events, such as extreme weather phenomena and 
plane crashes, belong to Level 3b. [11] 
 
All in all, the third level of defense-in-depth consists of systems for managing expected 
accidents and preventing accidents from developing into more severe ones. The systems 
must also be able to retain the radioactive materials and prevent them from causing dan-
ger to people. [11] 
 
The Level 4 of defense-in-depth aims at the mitigation of severe accidents to a grade 
where the threshold of a significant radioactive release will not be surpassed. The means 
to this are ensuring the intactness of the containment building and prevention of con-
tainment leaks. [11] 
 
The reactor cavity flooding system introduced in this thesis is a part of the Level 4 of 
defense-in-depth. Although, it is not directly in connection with the containment integri-
ty, preserving the molten core inside the pressure vessel gives a high probability to the 
containment remaining intact, whereas a core that has melted through the pressure ves-
sel will likely lead to containment breach [12]. 
 
The fifth and last level of defense-in-depth is the mitigation of consequences of an acci-
dent. The mitigation of consequences means that the Level 5 aims at reducing the expo-
sure of population on severe accidents where radioactive releases occur. [11] 
 
The means of Level 5 defense-in-depth range from limitations to consumption of agri-
cultural products produced in the exposed area to evacuation and perhaps resettlement 
of the nearby population. 
 
In order defense-in-depth to be effective, there are some basic prerequisites for all the 
action. The prerequisites are conservatism, quality assurance, and safety culture. The 
prerequisites must be applied on all levels of defense-in-depth, where applicable, to en-
sure the safety. Conservatism should be used when dealing with any uncertainties 
whether it is assessing risks, implementing safety margins, or using new type of tech-
nology. However, on Levels 4 and 5, the uncertainties are large and it has been seen 
most practical to use best estimates on them. Quality assurance should also be visible in 
all processes. This means that in addition to testing equipment and materials, for in-
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stance the quality of design and the safety analyses are reviewed on a regular basis. 
Even though safety culture is the hardest prerequisite to implement, as it originates from 
people and attitudes are difficult to influence, it is arguably also the most important one. 
A sound safety culture is the best and perhaps the only way of ensuring that the other 
prerequisites and the implementation of defense-in-depth are well conducted. [8] 
 
Probabilistic risk analysis (PRA) is an effective way to understand the overall safety of 
the plant. It also provides the tools for assessing vulnerabilities, combinations of differ-
ent unwanted events, and how different levels of defense-in-depth succeed in their pur-
pose. [8] We will look more closely at probabilistic risk analysis in the following sec-
tion. 

2.2.4 Probabilistic Risk Analysis 
Probabilistic risk analysis (PRA), sometimes also called probabilistic risk assessment or 
probabilistic safety analysis (PSA), is a systematical approach to quantifying and man-
aging risk. From here on we will use the abbreviation PRA when referring to probabilis-
tic risk analysis. 
 
The roots of PRA are in probabilistic reliability analyses of the aviation industry. In the 
1970s, first probabilistic analyses were conducted in the nuclear industry in several 
countries, the WASH-1400 in 1975 by the U.S. Nuclear Regulatory Commission being 
the first of them. At first, fault tree analysis and event tree analysis, methods of PRA, 
were used in attempts to create probabilistic acceptance criteria for nuclear power. 
Mainly due to difficulties in quantification of subjective elements, the attempts never 
succeeded, but PRA became an important tool along deterministic analyses for as-
sessing plant safety. [13] 
 
Probabilistic risk analysis is a concept that includes several types of analyses. However, 
as the name suggests, they all revolve around the probabilities of different events and 
consequences. The best known analysis methods are fault tree analysis, event tree anal-
ysis, and success tree analysis, which are all based on the same logic of combinations of 
different events and their probabilities. However, they all look at the entity from a dif-
ferent perspective. Fault tree analysis looks at the probabilities of components failing, 
whereas success tree analysis is focused on success probabilities. [14] 
 
PRA can also be used as a decision making tool [15]. Using fault tree analysis, more 
can be learned from the way accidents happen and evolve, and what the most important 
vulnerabilities and factors contributing to the accident probability are. Naturally, this 
also means identifying the best ways to prevent accidents. [14] 
 
A fault tree consists of a tree shaped chart in which initiating events are combined with 
Boolean operators to show the possible combinations that could lead to the undesirable 
top event, for instance malfunction of a system. When corresponding probabilities are 
provided for the initiating events, the probability of the top event can be calculated. By 
combining the fault trees of subsystems, that is, by using the top events of the fault trees 
of subsystems as initiating events, a fault tree for a system can be created. Using this 
logic, fault trees for larger and larger entities can be created. This is how the PRA of 
nuclear power plants and other large projects such as space shuttles are calculated. [14] 
 
The probabilistic risk analysis of nuclear power plants is generally divided into three 
levels. Level 1 PRA focuses on the design and operation of the power plant. The aim of 
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Level 1 PRA is to identify the scenarios that could lead to an accident with damage to 
the reactor core and associate them with respective probabilities. Usually, as the result 
of Level 1 PRA studies, a core damage frequency is calculated. [13] In the later parts of 
this thesis, the core damage frequency is also referred to as total accident frequency, 
Level 1 PRA frequency, or mean arrival rate of accidents. 
 
The Level 2 PRA is an expansion of the Level 1 PRA. In addition to the probability of 
an accident and the sequences leading up to it, Level 2 PRA also takes into account the 
type of the accident, its progression, the plant's ability to control it, and the releases 
caused by the accident. The results of Level 2 PRA can be presented in probabilities of 
accidental radioactive releases, that is, source terms. [13] 
 
A significant radioactive release frequency is often linked to the Level 2 PRA results. 
While it does not compress the information of Level 2 PRA results as extensively into 
one number as the Level 1 PRA frequency does on Level 1, it provides an easy, albeit 
sometimes deceptive, way of comparing different versions of Level 2 PRA calculations. 
The significant radioactive release frequency is also used by the regulators as a measure 
of required safety. The threshold for a significant radioactive release used by the Finnish 
radiation and nuclear safety authority STUK is 100 TBq of cesium-137 [16]. 
 
The Level 3 PRA, in turn, uses the Level 2 PRA data describing the accidents to identi-
fy the consequences of accidents. The consequences include health and economic effect 
to the public and damage to the environment. Due to the complexity of it, only few 
complete Level 3 PRA calculations have been made. [17] 
 
Full scope Level 1 and Level 2 PRA calculations have been conducted for the Loviisa 
power plants and the models are continuously updated. The values used in the calcula-
tions of this thesis are from the Level 1 PRA for power operation on Loviisa 1 and the 
Level 2 PRA for power operation on Loviisa 1, both calculated in 2010. The Level 1 
PRA frequency for power operation on Loviisa 1 is 1.39 × 10-5 1/a. The respective Lev-
el 2 frequency is 5.73 × 10-6 1/a. [18] These are not the newest values calculated, but 
they are accurate enough for the purpose of this thesis. 
 
The data used for the calculations later in Section 5.3 is the Level 2 PRA results. The 
source terms used in the calculations have been indexed based on accident sequences. In 
addition to the description of the accident sequence, the source term contains the infor-
mation about the probability of the sequence and the radioactive release related to the 
sequence. The source terms are also divided into accident classes based on the propaga-
tion of the accident. There is a total of 19 classes, APC01–APC18 and Class XAPC that 
contains the few sequences that do not fit under the description of any other class. The 
descriptions of the accident classes are long and detailed. Going through them here 
would be impossible and is out of the scope of this thesis. Thus, we will settle for using 
them as such for the rest of this thesis. Also some information that would be a part of 
the Level 3 PRA is used for the estimation of the consequences of nuclear accidents in 
the calculations in Section 5.3. 

2.2.5 Severe Accident Management 
Research on severe accident management (SAM) first began after the nuclear accident 
on Three Mile Island in 1979. After the Chernobyl accident in 1986, it was clear that 
severe accident management was necessary. [10]  
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The safety systems of nuclear power plants are designed based on design basis accidents 
in the way that damage to fuel and amount of released radioactive substances stay well 
below permitted thresholds. They form the third level of defense-in-depth. However, in 
some rare occasions, the accident conditions may be beyond the design basis. An exam-
ple of such a situation would be simultaneous failure of multiple safety systems. [19] 
 
Severe accident management is aimed against these situations. It is the fourth level of 
defense-in-depth. There are five top level goals in severe accident management. Severe 
accident management measures are meant to [19]: 
 

• Prevent significant damage to the reactor core 
• Stop the progress of core damage in case it has started 
• Maintain the integrity of the containment 
• Mitigate radioactive releases 
• Bring the plant to a long term safe state 

 
Severe accident management is a concept that can consists of different kinds of means. 
At very least, guidance for severe accident situations is created. This guidance should 
also be revised every time modifications to the plant are made or if safety analyses are 
updated. In addition, new systems can be built for SAM. Also, new and out-of-the-
ordinary ways of exploiting existing safety and non-safety equipment in cases of severe 
accidents should be studied. [19] 
 
Four main functions of SAM have developed and are widely used for achieving the 
goals. These four functions are [10]: 
 

• Cooling the damaged core 
• Management of combustible gases that form in the accident 
• Ensuring the containment integrity 
• Managing the release of radioactive substances 

 
Cooling the damaged core can be done in two ways. Water can be injected into the pres-
sure vessel. This is usually the primary method of cooling in an accident situation at all 
plants. If injecting water into the pressure vessel is impossible, depending on the plant 
properties, pressure vessel cooling can also be tried from the outside. This is done by 
flooding the containment, submerging the pressure vessel. At some plants, the contain-
ment is flooded only under the pressure vessel in order to cool the core in case it melts 
through. [10] 
 
Significant quantities of hydrogen and carbon monoxide can form in accident situations 
when cooling the corium. These gases could burn or explode rising the pressure inside 
the containment thus endangering its integrity. Different strategies at managing the gas-
es have been implemented at different plants. Some plants use catalytic recombiners to 
reduce the concentrations of hydrogen and carbon monoxide, while others have decided 
to use igniters and burn the gases as they form in small quantities in order to prevent 
larger burns or explosions. There are also plants where no methods are used for decreas-
ing the quantities of gases as they rely that the volume of the containment is large 
enough that the concentrations of gases cannot rise to the point where ignition would be 
possible. [10] Some NPPs also use nitrogen to make the gases inert inside the contain-
ment [20]. 
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Managing the temperature and the pressure of the containment is vital to ensure con-
tainment integrity. A variety of methods is used for the temperature and pressure man-
agement as well. Internal spraying can be used in the containment to condense steam 
and lower the pressure. When combined with heat exchangers, the system can also be 
used for cooling. There are also plants with an external containment spray system for 
cooling. Fan coolers are also used at some plants. In addition to cooling the pressure 
vessel and the core, containment flooding also helps heat transfer and the cooling of the 
whole containment. Ice condensers are used at some plants for cooling and condensing 
of steam. Many plants are also fitted with a containment pressure relief valve, which can 
be used to lower the pressure of the containment. The valve is often fitted with a filter in 
order to prevent radioactive substances from escaping. [10] 
 
The best measures for preventing radioactive substances from leaking out of the con-
tainment are the ones used for achieving the other three functions. The most effective 
way of decreasing leaking out of the containment is to reduce the pressure of the con-
tainment. As said before, this can be done with cooling or venting. The containment 
internal spraying systems help to clean impurities from the air too. As also said before, 
the containment pressure may be lowered using a pressure relief valve. Fitting the valve 
with a filter can greatly reduce radioactive releases. [10] 

2.3 Loviisa Nuclear Safety Features 

2.3.1 Most Important Safety Systems 
In this section, we will go through the most important safety systems of the Loviisa 
NPPs. We will start with the systems for controlling reactivity and scramming the reac-
tor. As mentioned in Section 2.2.2, controlling reactivity and maintaining the ability to 
scram the reactor are one of the three most important safety objectives in nuclear power 
plants. At Loviisa NPPs, this is executed with neutron absorbing control rods and the 
ability to inject borated water in the reactor, if the control rods would fail. [21] 
 
The pressure of the primary circuit is controlled with a pressurizer. In an accident situa-
tion, the pressure of the primary circuit may rise. There are two automatic pressurized 
safety valves in the pressurizer that are used for depressurization in case the capacity of 
the pressurizer is not be enough in an accident situation. [21] 
 
The emergency cooling in the Loviisa NPP consists of a high and low pressure emer-
gency core cooling system as well as an emergency injection system. As the name sug-
gests, the high pressure core cooling system is used for pumping water into the primary 
circuit under full pressure, and the low pressure core cooling system can be used after 
the pressure in the primary circuit has dropped low enough. [21] 
 
As said before, decay heat removal is normally done using the secondary circuit. If there 
are problems with the feed water pumps in the secondary circuit, successful decay heat 
removal can be ensured using the emergency feed water system or the auxiliary emer-
gency feed water system. The auxiliary feed water system is powered by diesel engines. 
[21] 
 
Under normal operation, the systems of the plant are powered by its own electricity 
production. However, in accident scenarios the safety systems of the plant need auxilia-
ry power sources. Loviisa NPPs are connected to the national power grid with 400 kV 
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and 110 kV connections that can be used for powering the safety systems. Additionally, 
there is a direct connection to the Ahvenkoski hydro power plant, and four diesel gener-
ators per reactor unit. [21] The units also share a diesel engine backup power plant [22]. 
 
Although the containment is not an active safety system, it can be equated with the safe-
ty systems as it plays an important part in accident mitigation. The reactor building con-
sists of ice condensers, a steel shell that is the containment building, and a concrete cyl-
inder outside the steel shell. The containment building is designed to withstand the ele-
vated pressure of accident situations and prevent radioactive substances from leaking 
into the environment. The ice condensers lower the pressure inside the containment by 
condensing steam leaking from the primary circuit. [21] The construction of the reactor 
building is illustrated in Figure 1. 
 

 
Figure 1 Construction of the reactor building [23] 
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2.3.2 Severe Accident Management at Loviisa 
 
The severe accident management strategy of the Loviisa NPPs relies on the following 
functions [24]: 
 

• Isolation of the containment building 
• Depressurization of the primary circuit 
• In-vessel retention of the molten core with external cooling of the reactor pres-

sure vessel 
• Hydrogen management using catalytic recombiners or with controlled combus-

tion 
• Prevention of over pressurization of the containment building using external 

spray system 
 
Isolation of the containment building is a combination of passive and active features. 
Entrances and penetrations to the containment are sealed during normal operation and as 
such do not require any operation. The active part of the isolation is the closure of isola-
tion valves. The isolation signal of the valves has been manually backed up and local 
control stations have been added for some of the isolation valves. Additionally, the iso-
lation and possible leakages are being monitored. [25] 
 
If cooling the primary circuit, and thus lowering the pressure, is not possible using the 
secondary circuit, the primary circuit can be depressurized using pressurized safety 
valves. Depressurization is used for two reasons. Damage to the core can be prevented 
with the bleed & feed function, in which, to cool the core, more coolant is injected into 
the reactor at the same time as it is being blown out of the primary circuit. If there is no 
way of injecting water into the reactor, the primary circuit will be depressurized in order 
to prevent a core meltdown under high pressure and the following reactor pressure ves-
sel failure. [26] 
 
In case the core has melted, the integrity of the pressure vessel is ensured with external 
cooling. The reactor cavity is flooded passively submerging the lower head of the reac-
tor pressure vessel. The water for the flooding comes from the leaks in the primary cir-
cuit and from the melting ice of the ice condensers. [27] The reactor cavity flooding will 
be discussed in more detail in Chapter 4. 
 
The hydrogen management of the Loviisa plants contains three parts. The air, and thus 
also the hydrogen, in the containment building is mixed with the natural circulation that 
forms through the ice condensers. This prevents local high concentrations of hydrogen 
that could lead to combustion or even to an explosion. In addition, hydrogen is removed 
with catalytic recombiners and hydrogen igniters. [28] 
 
Everything in the SAM strategy at Loviisa NPP aims at ensuring the operation of the 
safety functions. Also the SAM guidelines and procedures and the SAM handbook are 
based on the functions. [29] 
 
The SAM-functions of the Loviisa plants can be seen in Figure 2. 
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Figure 2 The severe accident management functions of the Loviisa NPPs [30] 
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3 Economic Analysis of Safety Investments 

3.1 Background 
Traditionally, in many industry sectors, safety investments have been seen as a neces-
sary cost [31]. They do not usually bring any revenue so they may seem only harmful to 
business success. This logic has resulted in companies adopting only the safety 
measures required by the regulators [31]. However, investing in safety, a firm may 
avoid large costs resulting from accidents in the future. These costs not only include 
repair costs and compensations for damages, but also the lost income and possible loss-
es due to damage to the public image of the company. Considering these facts, volun-
tary safety investments may, in fact, in many cases be economically justified. 
 
Even in the cases where a safety investment is not profitable when considering the 
avoided costs, choosing the most cost efficient way of improving safety is usually of 
interest. Not only is it possible to save money by choosing cost efficient methods, but 
this way the amount of safety purchased with the money will be maximized as well. In 
other words, using economic analyses the maximum amount of safety available with the 
resources can be achieved. 
 
The idea of efficiency in safety investments goes well in line with the SAHARA princi-
ple used in the nuclear industry. SAHARA stands for safety as high as reasonably 
achievable. [6] With careful analysis of different safety investment options, the best 
possible result can be achieved.  
 
An economic analysis of a safety investment is practically always a benefit-cost analy-
sis. Costs of an investment are compared against the reduced risks of an accident. In-
vestment costs can usually be quite easily monetary quantified, although at the time the 
investment decision is made, there may still be some uncertainty about the total costs of 
the investment. However, the benefits, the reduced risk of an accident or the mitigation 
of the consequences of an accident, are far more often difficult to quantify. Some con-
sequences, such as damage repair costs or lost income, can be quite unanimously quan-
tified, while others, such as personal injuries, loss of life, and environmental damages, 
require weighing and are always subjective matters. 
 
When it comes to risk analysis and benefit-cost analysis, it should be kept in mind that 
benefit-cost analysis is a utilitarian tool [32]. It looks at the average benefits and costs 
of the system, for instance population of the country. This means that the benefits of 
many may outweigh the huge costs of some. Therefore, consideration should always be 
used when applying benefit-cost analysis to risk analysis. 
 
In the case of an economic analysis of a safety investment at a nuclear power plant, a 
benefit-cost analysis is justified, since the benefits and costs fall in the hands of the 
same entity in the end. The operator naturally is the one paying the costs of safety in-
vestments. Most of the damages and other costs of an accident also concentrate directly 
to the owner of the plant and the owner also has to pay compensation costs for the dam-
ages inflicted to others. Thus, there is no conflict of interests. The benefit of the operator 
is also the benefit of the surrounding population. 
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This chapter is about the theory of economic analysis of safety investments. First in 
Section 3.2, we will take a glance at the research done on the subject. We will go 
through papers and look at the different methods used in the analyses. We will also 
evaluate the methods' usability in the analysis we are facing. 
 
In Section 3.3, we present the analysis method currently being used at Fortum for the 
economic evaluation of safety investments. We will list the assumptions behind the 
model and go through the required equations. 
 
Next in Section 3.4, we will develop a new way of evaluating nuclear safety invest-
ments. We will start by familiarizing the reader with the present value factor and the 
survival rate used in continuous time calculus. In Section 3.4.3, we will introduce the 
accident scenario variable, which plays an important part in our calculations. Then, we 
will look at the different costs of a nuclear accident and the assumptions we make about 
them in our theory. In Section 3.4.5, we will present the model that we have created for 
the analysis. 
 
Finally in Section 3.5, we will make a comparison between the current analysis method 
and the new one developed in this thesis. We will compare the two methods in scope, 
complexity, and accuracy. 

3.2 Different Methods of Analyzing Safety Investments 
In this section, we will go through some of the research on economic analyses of safety 
investments. We will look at different methods used for analyses and different perspec-
tives of private investors and public regulators. 
 
Economic analysis of safety investments is a question that has been around for long. In 
1970, Lester Lave and Warren Weber published an article about economic analysis of 
car safety features. They make a benefit cost analysis of four car safety features, such as 
seat belts, comparing their cost against the willingness to pay for safety. They come to 
the conclusion that most of the safety features do not enhance safety to the extent that a 
customer would like to invest in them, if they were given the option. [33] 
 
Lave and Weber use accident statistics to determine the probabilities of different types 
of accidents and other studies to determine how effective the safety features are against 
those. They calculate the breakeven points of demand of safety, which is the willingness 
to pay in order to avert death in a certain year, for different kind risk preferences (i.e. 
preferences between different types of accidents) and different interest rates. [33] 
 
The basic idea of Lave and Weber's analysis, comparing the costs of new safety equip-
ment against the risk reduction, can be applied to nuclear safety investment analyses. 
However, willingness to pay may turn out to be a problematic way of evaluating the 
benefits of nuclear safety investments. The risk reduction with car safety equipment is 
targeted to a few specific individuals who also pay for the additional safety, whereas the 
risks of NPPs target all of the surrounding population and there may be differences be-
tween individuals' willingness to pay. Thus, a consensus may be difficult to find. Socie-
tal willingness to pay for nuclear safety investments has been studied by Pandley and 
Nathawani [34]. They argue that a rational societal willingness to pay can be formed 
using Life-Quality Index [34]. However, this definition of societal willingness to pay 
has little to do with actual individuals' willingness to pay and should be categorized 
similarly to other rational benefit analyses of the society. 
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Dr. Scott Farrow and Dr. Hiroshi Hayakawa have suggested using a real options ap-
proach for evaluating (mostly public) safety investments and policies. They argue that 
there has been lots of conversation about the so called precautionary principle and that it 
has become more widely accepted as a principle, but there have been no methods im-
plementing it analytically. As they say, the downside of oversized safety investments on 
one field is that there is less money for investments on other areas, which may, in fact, 
result in lesser overall safety. [35] 
 
They suggest a real options approach as the optimal investment rule in safety. Real op-
tions incorporate the uncertainties in the costs and benefits and take into account the 
option value of postponing the investment decision [36]. Contrary to accustomed when 
making the real options calculations, Farrow and Hayakawa define the costs as the dam-
ages of the accidents and the benefits as the avoided investment or policy costs. This 
way, the default action is to invest in safety and the "investment decision" is to stop 
investing. Solving the optimal stopping problem, they get a precautionary multiplier for 
discontinuing the safety investments. The larger the uncertainties related to the matter 
the larger value the multiplier gets. [35] 
 
In another article, Farrow looks at the precautionary principle and the use of real options 
from the perspectives of a policy maker and an industrialist. He also presents an exam-
ple case about an air pollution policy. He points out that the different parties have dif-
ferent viewpoints on who has the right to continue. In the case of The Clean Air Act, the 
policy makers, that is, the environmentalists, may see that they have the right to contin-
ued environmental services, namely reduction of pollutions, whereas the industrialists 
may think they hold the right to continue polluting. The different take on status quo can 
give different results as the precaution of the real options works in opposite ways de-
pending on what is viewed as continuation. [37] 
 
In the analysis of The Clean Air Act Farrow describes in his paper, the uncertainties 
regarding the benefits of pollution reduction are calculated from a pseudo data generat-
ed with multiple studies and Monte Carlo method. A real options analysis is then pre-
sented for both points of view, the environmentalist and the industrialist. The results for 
both are that it is optimal to control emissions, but the margin above the threshold is 
significantly greater for the environmentalist than for the industrialist. [37] 
 
While the theory of Farrow and Hayakawa applied correctly to a situation gives an in-
vestment rule that takes the uncertainties into account, it may be very difficult to im-
plement for scenarios other than policy issues with lots of scientific research. In fact, 
cases such as The Air Quality Act Farrow presented, which had plenty of research data 
to be used for the analysis, are likely quite rare outside policy making. A real options 
model was tried at first for the economic analysis in this thesis. However, it was aban-
doned as the data for different uncertainties was unavailable and impossible to generate. 
This is likely often the case with analyses of safety investments from a private point of 
view. 
 
Another weak spot of the real options are the models used for future development of 
prices etc. Traditional models such as Geometric Brownian Motion may be good for 
modelling prices of commodities, but choosing the right model for the future develop-
ment of compensation costs is probably more difficult as credible data for a sufficient 
period of time to back up the theory may be difficult to obtain. 
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What should also be noted is the adequacy of the real option thinking for different situa-
tions. While it can greatly benefit evaluations that contain quantifiable uncertainties in 
the future as noted by Farrow, it brings little to investment decisions with small uncer-
tainties or no method of quantifying future uncertainties. This also came up in the mak-
ing of this thesis. Another reason for dropping the real options approach was the fact 
that the investment decision at hand is actually a static decision, not a dynamic one. 
Although time affects the results of the investment analysis, it does so in a determinis-
tic, not in a stochastic way. 
 
Dr. Genserik Reniers and Dr. Amaryllis Audenaert write in their article about safety 
investments in chemical plants. They argue that safety investments are often overlooked 
as harmful to business, although they may in fact bring more cost reductions than costs. 
They suggest a decision-support methodology for optimal amount of safety. They speci-
fy different kinds of costs that result from accidents and different kinds of hypothetical 
benefits of avoidance of accidents. The focus is mainly on occupational safety and a 
large portion of the costs and benefits are workforce related, but damages and adminis-
trative costs are also taken into account. [31] 
 
Reniers and Audenaert base their methodology on the degree of safety and hypothetical 
benefits. The degree of safety they define as a ratio of the company's Lost Time Injury 
frequency rate to that of the sector in the same area or country. They also suggest that 
the hypothetical benefits of safety investments, that is, the theoretical costs avoided, 
should be estimated based on experience. They give two conditions to safety investment 
planning. If the two conditions are not met, the investments should be adjusted accord-
ingly. The first condition is that the degree of safety must be above a desired degree of 
safety chosen by the company. The second condition states that the hypothetical bene-
fits of the safety investments should add up to 1.5–3.0 times the cost of the investments. 
Their argument for limiting investments to the level, where the hypothetical benefits are 
three times the costs, is that the probability of actually reducing the costs with the 
amount the hypothetical benefits suggest decreases as the hypothetical benefits increase. 
[31] 
 
The method Reniers and Audenaert suggest is an easy rule of thumb for safety invest-
ments that is probably handy for the chemical and many other sectors. However, as their 
method is meant for situation where data about the safety situation and the exact safety 
effects of investments is scarce, it is not optimal to nuclear industry where data for more 
accurate analyses is available. Also, while their argument that many safety investments 
are not made even though they would be economically beneficial may hold for chemical 
industry, the nuclear sector is more strictly regulated and more risk averse behavior is 
expected from nuclear operators. In addition, due to safety analysis requirements, nucle-
ar operators are better aware of their safety situation and the risks. Thus, it is unlikely 
that safety investments in the nuclear industry would be economically profitable. 
 
Koc et al. have studied the economic evaluation of membrane reactor safety invest-
ments. Membrane reactors incorporated into integrated gasification combined cycle 
plants are used for hydrogen production. They argue that loss prevention attained with 
risk reducing safety investments in membrane reactors is economically attractive. This 
is especially the case with the reactors incorporated into integrated gasification com-
bined cycle plants as accidents may lead to downtime of the whole plant. [38] 
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The model Koc et al. use for the demonstration of the economic advantages of the safety 
investments is based on net present value (NPV). Safety investments do not affect the 
revenues of the plant under normal operation. Thus, their model only focuses on the 
losses including lost production. They compare the net present values of costs in two 
situations: one is that only the necessary safety equipment is installed and the larger risk 
for losses is accepted, and the other that ancillary safety system is installed and the risk 
for accidents mitigated. In the calculations, they take into account the lost production, 
damage to the plant, inspection costs, and liability claims. They use a Monte Carlo 
analysis to take into account the variation of different parameters and get a distribution 
of the NPV of costs as a result. [38] 
 
The model that Koc et al. use is intuitive and a similar kind of model could be used for 
safety investment analyses of nuclear power plants. However, there are many differ-
ences between the situations and an analysis of a NPP is more complicated. The acci-
dent probabilities are of totally different order of magnitude in a membrane reactor 
compared to a NPP. The same applies to the costs of an accident. There is more data 
about accidents on NPPs and different kinds of accidents can be included in the model. 
What also makes the analysis of safety investments on a NPP mathematically more 
complicated is the fact that NPPs cannot usually be repaired after an accident. The use 
of Monte Carlo analysis would provide practical results for nuclear safety investment 
analyses and replace separate sensitivity analyses. Unfortunately, the computation times 
of such an analysis for a complicated model can be unreasonably long and the imple-
mentation may be impossible 
 
Terje Aven and Yolande Hiriart write in their article about optimum level of safety in-
vestments. They use the safety investment model first presented by Steven Shavell for 
comparison of regulation and liability as measures of optimizing the level of safety [39]. 
Aven and Hiriart argue that Shavell's model can be used for determine the level of safe-
ty investments according to the as low as reasonably practicable (ALARP) principle. 
[40] 
 
Shavell's model is based on accident probability and accident damage distribution as 
functions of the level of safety investments [39]. Aven and Hiriart argue that the optimal 
level of safety investment is such that the marginal reduction of expected accident costs 
equals the marginal cost of safety investments. In addition to this, they suggest that to 
sufficiently take into account the low-probability-high-consequence events a tolerability 
limit for such events should be included. This means in practice that a limit for the acci-
dents costs and an according limit for the probability of exceeding it are set. [40] 
 
The basic idea in Shavell's model is intuitive and the idea of marginal costs and benefits 
typical in economics. The ideas of accident severity distributions and accident probabili-
ties as functions of the level of safety investments are interesting, but unfortunately dif-
ficult to implement. The functions of the effects of investments would require signifi-
cant amounts of data to estimate. Also, the results would be contradictory in many cases 
as investment decisions are usually made without perfect knowledge of the true conse-
quences. For practical use of level of safety, there would also have to be a large number 
of investment opportunities in order to form an efficient frontier. Thus, the model is 
more of a theoretical concept and application possibilities are rare. 
 
While none of the safety investment assessment methods presented here fulfill our 
needs, many of them contain useful ideas that can be applied in creation of a suitable 
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model. The method presented in Section 3.4 is neither a direct successor of any of the 
models presented here, nor that of the method used currently at Fortum. However, it 
shares many of the ideas and influences of the other methods can be seen in it. 

3.3 Present Value of Mitigating Mean Arrival Rate of Accidents 
Until now, the system for economic analysis of nuclear safety investments at Fortum 
has been based on the accident frequencies given by PRA. The system is divided into 
two parts: the mean arrival rate of core meltdown (PRA Level 1) and the mean arrival 
rate of significant radioactive release (PRA Level 2). For both levels, a price is calculat-
ed for the mitigation of the frequency and safety investments are valued based on how 
much they decrease these frequencies. [41] Here, we will take a closer look at the sys-
tem. 
 
The system's logic for valuing the decrease in Level 1 PRA results is following. The 
loss inflicted by a core meltdown accident has been estimated using the loss of electrici-
ty production during the remaining designed plant lifetime. The probabilities of an acci-
dent happening at different times are calculated with the mean arrival rate of accidents. 
Then, the value of lost electricity production of an accident happening at a random time 
with regard to the probabilities is discounted to present day. In other words, the ex-
pected present value of lost production due to an accident is calculated. [41] 
 
This can be put mathematically. 
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𝑇

𝑡=1

, (1) 

 
where, t is time in years, T the end of operating permit, λ1 is the mean arrival rate of 
core meltdown accidents, η availability, Pa yearly net electric power which can be cal-
culated 𝑃a = 𝑃net el.

8760h
a

, r, the price of electricity, k time and, ρ, discount yield. 
 
Using this method, the expected value can be calculated for different mean arrival rates 
of accidents. The benefit of mitigating mean arrival rate of accidents with 1/106 per an-
num is calculated as the remainder of two expected values with this difference in the 
frequency. The value per change in mean arrival rate of accidents can then be used to 
evaluate a nuclear safety investment. [41] 
 
Using equation (1), the benefit of reducing mean arrival rate of core meltdown accidents 
with 1/106 per annum, V1, can be calculated, 
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(2) 

 
 
The value of reducing Level 2 PRA frequency follows similar logic. The change is tak-
en into account as follows. A value is given to the significant radioactive release, and 
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the probability of a significant radioactive release is calculated using the mean arrival 
rate of significant radioactive release (Level 2 PRA). Then, the expected value of losses 
is calculated by discounting the products of the cost of a significant radioactive release 
and the corresponding probability. 
 

��(1 − 𝜆2)𝑡𝜆2𝐶sr
1

(1 + 𝜌)𝑡�
𝑇

𝑡=1

, (3) 

 
where, t is time in years, T the end of operating permit, λ2 the mean arrival rate of a sig-
nificant radioactive release, Csr the cost of a significant radioactive release and, ρ the 
discount yield. 
 
The value of mitigating the mean arrival rate of significant radioactive release with 
1/106 per annum is then calculated as the remainder of expected present value of an ac-
cident happening at a random time with the mean arrival rate of significant radioactive 
release and the mitigated mean arrival rate of significant radioactive release [41], 
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(4) 

 
After obtaining the values of decreasing mean arrival rate of accidents (2) and mean 
arrival rate of significant radioactive release (4), the benefit of different safety invest-
ments can be calculated. The benefit of a safety investment that decreases mean arrival 
rate of accidents with, Δλ1, and mean arrival rate of significant radioactive release with, 
Δλ2, is 
 
Δ𝜆1

10−6 1 a⁄
𝑉1 +

Δ𝜆2
10−6 1 a⁄

𝑉2. (5) 

 
In further sections of this thesis, the present value of mitigating mean arrival rate 
of accident method described here will be referred to as PVMMARA method. 

 

3.4 Present Value of Expected Accident Costs 

3.4.1 Discounting in Continuous Time 
The time value of money needs to be taken into account in many calculations. The pre-
sent value of something with a (monetary) fixed value decreases in time. The same val-
ue in the future could be achieved investing a smaller amount of money into something 
with a positive interest rate today. 
 
The present value factor gives the proportionate present value at time t as a function of 
time, t, and discounting yield (interest rate), ρ. In other words, the product of the present 
value factor at time, t, and a (monetary) value gives us the present value of the value at 
time t. 
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The present value calculations can be done in discrete or continuous time. We want to 
find a function for the present value factor, 𝑓(𝑡), in continuous time. Let us consider we 
have something of value B. The present value of B at the time t will be given to us by 
the product of the present value factor and B, namely, 𝑓(𝑡)B.  
 
The discounting yield is the relative rate of depreciation, 
 
d𝑓(𝑡)

d𝑡
B = −𝜌𝑓(𝑡)B. 

 
(6) 

 
From this we get 
 
d𝑓(𝑡)
𝑓(𝑡)

= −𝜌d𝑡. 

 
(7) 

 
Integrating both sides we get 
 

�
1
𝑓

d𝑓 = �−𝜌d𝑡 

 
(8) 

 
ln|𝑓| = −𝜌𝑡 + G, 
 (9) 

 
where, G is a constant. 
 
From an economic point of view, it is clear that 𝑓(𝑡) ≥ 0 for all t, thus 
 
ln(𝑓) = −𝜌𝑡 + G 
 (10) 

 
𝑓 = 𝑒−𝜌𝑡+G. 
 (11) 

 
The present value of B at time 0 is B. Thus 
 
𝑓(0)B = B 
 (12) 

 
𝑓(0) = 1 
 (13) 

 
𝑓(0) = 𝑒G = 1 
 (14) 

 
G = 0. 
 (15) 
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Thus, the function for present value factor in continuous time is 
 
𝑓(𝑡) = 𝑒−𝜌𝑡. 
 (16) 

3.4.2 Survival Rate 
From a mathematical point of view, the survival rate is very similar to the present value 
factor in continuous time. The survival rate at time t gives the probability of surviving 
until that moment t with a set mean arrival rate of accidents, λ. Here, we will find a 
function for the survival rate denoting it with 𝑔(𝑡). 
 
The change in survival rate during an infinitesimal change in time d𝑡 is 
 
d𝑔 = −𝜆𝑔d𝑡. 
 (17) 

 
 From this we get 
 
d𝑔
𝑔

= −𝜆d𝑡. 

 
(18) 

 
Integrating both sides, we get 
 

�
1
𝑔

d𝑔 = �−𝜆d𝑡 

 
(19) 

 
ln|𝑔| = −𝜆𝑡 + H, 
 (20) 

 
where H is a constant. 
 
From a technical point of view, it is clear that 𝑔(𝑡) ≥ 0 for all t, thus 
 
ln(𝑔) = −𝜆𝑡 + H 
 (21) 

 
𝑔(𝑡) = 𝑒−𝜆𝑡+H. 
 (22) 

 
At time 0, there has been no time for accidents to happen; therefore the survival rate 
must be 1, thus 
 
𝑔(0) = 𝑒H = 1 
 (23) 

 
H = 0. 
 (24) 
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Taking this into account, the function for survival rate is 
 
𝑔(𝑡) = 𝑒−𝜆𝑡. 
 (25) 

3.4.3 The Accident Scenario Variable 
Several kinds of accidents can happen at a nuclear power plant: occupational accidents, 
fires, nuclear accidents etc. However, when we talk about an accident here, we refer to a 
core meltdown accident. 
 
Many different chains of events can lead to an accident and these chains can have very 
different consequences. Here, we will define a nominal random variable that determines 
the accident sequence at hand. We will denote this variable with X. The proportions of 
different sequences are known and from the proportions we can get the probabilities of 
different values of X, for instance Pr(𝑋 = 𝑥) for some accident sequence x. 
 
It is important to note that if there are changes to the plant configuration the probabili-
ties of different scenarios will change, that is, the distribution of X will change, and thus 
it is no longer the same variable. 

3.4.4 The Losses of a Nuclear Accident 
In order to quantify the benefits of a safety investment, the mitigation of expected losses 
due to accidents, we have to take a closer look at the accident costs. As we are doing the 
analysis from the perspective of the company here, we will look at the monetary losses 
inflicted to the company. The losses, which we denote with L, can be identified consist-
ing of four components: 
 

• Lost income R 
• Compensation for damages C 
• Decontamination and defueling costs at the plant D 
• Losses due to the indirect costs of the accident I 

 
The equation for the total losses is 
 
𝐿 = 𝑅 + 𝐶 + 𝐷 + 𝐼. (26) 
 
We will now look at each of the components separately starting with the lost income. 
The lost income is the present value of the electricity production the power plant would 
have created until the end of operating permit, had there been no accident. 
 

𝑅(𝜏) = �𝑒−𝜌(𝜃−𝜏)𝑟(𝜃)𝜂𝑃d𝜃
𝑇

𝜏

, 

 

(27) 

where r is the price of electricity, η the availability of the plant, P the electrical out-put 
power of the plant, ρ discount yield, τ the time of the accident, T the end of operating 
permit and θ time. The type of the accident does not affect the lost income. This is due 
to our definition of accidents. Core meltdown accidents are very serious and practically 
always lead to the plant being damaged beyond repair. 
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The second cost category is the compensation cost for damages. The radioactive release 
of a nuclear accident may contaminate areas of land. In order to avoid health effects 
permanent resettlement may be required. There are two criteria for permanent resettle-
ment. If either the lifetime dose or the dose rate is too high, the area has to be resettled. 
The compensation cost is the price of the property that needs to be redeemed by the 
company in case of an accident. In our model, the compensation cost is assumed to be 
due at the time of the accident. The compensation costs depend on the size of the radio-
active release Φ. The radioactive release on the other hand is a random function the dis-
tribution of which depends on the accident scenario at hand, that is, 
 
𝐶�𝛷(𝑋)�. 
 

(28) 

Normal decommissioning of a nuclear power plant includes decontamination and de-
fueling costs. In this thesis, however, with the decontamination and defueling costs, we 
mean the additional decontamination and defueling costs caused by an accident. The 
decontamination and defueling costs are assumed only to depend on the chain of events, 
thus they are a function of X. Similar to the compensation costs, the decontamination 
and defueling costs are assumed to be due at the time of the accident. Thus, 
 
𝐷(𝑋). 
 (29) 

The indirect costs of a nuclear accident affecting the company are difficult to assess. 
They range from deterioration of the public image and changes in the stock price to the 
possible changes in legislation and its effects on the company, especially on the other 
NPPs the company holds. 
 
Here, we will restrict to a case where an accident will lead to downtime, that is, lost 
production on rest of the NPP fleet. We assume that in case of an accident the regulator 
will order NPPs to shut down for the time of the accident investigation. After the inves-
tigation, depending on the type of the accident, some power plants may return to pro-
duction. Others may have to do some modifications after which they are allowed to con-
tinue production whereas some may have stay closed for good. 
 
We will define a dummy variable Aj that tells us the situation of a NPP after there has 
been a nuclear accident on another plant. The dummy variable answers to the question 
whether the plant is allowed by the regulator to operate or not? We will denote the other 
power plant at hand with subscript j. The equation for the dummy variable is 
 
𝐴𝑗(𝑋, 𝜏,𝜃). (30) 
 
Aj will get the value 1 if the power plant is not allowed to operate. If the power plant is 
allowed to operate, Aj will get the value 0. X denotes the type of the accident as before, τ 
the time of the accident, and θ the time of the consideration. In other words, the function 
Aj checks if the down time specified by the type of accident X has passed since the acci-
dent for power plant j at the instant θ. 
 
Using the dummy variable (30), we can formulate an equation for the indirect losses of 
the nuclear accident. 
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(31) 

where, τ is the time of the accident, X the accident scenario variable, Tj the end of oper-
ating period for power plant j, ρ the discount yield, r the price of electricity, ηj the avail-
ability of power plant j, Pj the net electric power of the power plant j or in case of a co-
owned NPP the share of net electric power of the power plant j, and θ time. 
 
Equation (31) bears resemblance to equation (26). This is natural since both are equa-
tions of lost income. In fact technically, equation (26) could be included in equation 
(31). However, we will keep the two equations separate, since we want to distinguish 
the direct costs from the indirect costs. 
 
Inserting equations (27) to (29) and (31) into equation (26), we get 
 
𝐿(𝑋, 𝜏) = 𝑅(𝜏) + 𝐶�𝛷(𝑋)� + 𝐷(𝑋) + 𝐼(𝑋, 𝜏). 
 

(32) 

3.4.5 The Model 
We are looking at a situation where a nuclear power plant operator has an opportunity 
for an additional safety investment not required by the regulator. The investment will 
cost money, but on the other hand it will reduce the risk of accidents and/or mitigate the 
consequences of accidents. Clearly, the decision process will be a benefit-cost analysis 
where the costs of the investment will be weighed against the benefits, the mitigated 
present value of expected losses caused by the accidents. This analysis looks at the costs 
of the operator. These costs contain damage inflicted to others in the form of compensa-
tion costs. No decontamination costs of land areas or health effects are taken into ac-
count. However, the thresholds for redeeming contaminated areas are such that there 
should be no health effects. The model created here is based on the present value of 
expected values. Similar equations have been presented by Dixit and Pindyck [36]. 
 
The benefit of the investment is the remainder of present value of expected losses dur-
ing the remaining operating lifetime with and without the investment. A lower expected 
value of losses during the remaining lifetime of the plant can mainly result from two 
reasons. The mean arrival rate of accidents may be lower with a safety investment than 
it would be without it. On the other hand, the mean arrival rate of accidents might stay 
the same, while the consequences of an accident may be mitigated by the investment. Of 
course, a combination of these effects is also possible and with many safety invest-
ments, this is in fact the case. 
 
We have taken a closer look at the losses of a nuclear accident in Section 3.4.4. Here, 
we will use Equation (32) that was derived for accident related losses. Since we cannot 
know which type of an accident will occur, if there is one, and we have to take all pos-
sibilities into account, we will be dealing with the expected value of losses. We will 
denote expected values with E. 
 
Time plays a key part in the calculations. Mean arrival rate of accidents remains con-
stant, but the probability of the plant surviving until a specific instant decreases as a 
function of time. The function is called survival rate, and it is derived in Section 3.4.2. 
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This in turn makes the probability of an accident happening at a certain instant a de-
creasing function as well. This change in the accident probability over time has to be 
taken into account in the calculations. It can be done using the survival rate function. 
 
Another important aspect about time that needs to be recognized is the time value of 
money. The cost of the investment will be paid at the time of the investment decision, 
but the benefits, the avoided accident costs, happen in the future and have to be dis-
counted into the present day. This can be done with the present value factor that has 
been derived in Section 3.4.1. 
 
There have been discussions about whether discounting should be used for accident 
costs, during the writing process of this thesis and in academic world in general. While 
discounting may be unsuitable for some accident consequences such as health effects, a 
consensus has been reached among scientists that discounting should be used with loss 
of marketable goods. [42] Electricity is a marketable good, so discounting should be 
used when valuing lost production. The other costs considered in the calculations are 
also easily monetarily measurable, so discounting will be used for those as well in this 
thesis. 
 
The probability of an accident happening over an infinitesimal change in time can be 
calculated as the product of mean arrival rate of accidents and the infinitesimal change 
in time. This can be combined with the other results. Calculating the expected value of 
the product of present value factor, the loss function, survival rate, and the probability 
of an accident over an infinitesimal change in time, we get the present value of expected 
losses during that period. In order to get the present value of total expected losses, we 
have to integrate this from the present day (or in our case the time of the investment, to 
which the costs will be discounted to) to the termination of the plant's operating license. 
As stated before, the benefit of the safety investment is the remainder of expected pre-
sent value of losses with and without the investment. This can be formulated mathemat-
ically denoting the values with the investment with subscript i and the ones without it 
with subscript w, 
 
𝑉(𝑋w,𝑋i, 𝜆w, 𝜆i, 𝑡)

= �𝑒−𝜌(𝜏−𝑡)E�𝐿(𝑋w, 𝜏)�𝑒−𝜆w(𝜏−𝑡)𝜆wd𝜏
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𝑇

𝑡
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(33) 

where V is the benefit of the investment, X the accident scenario variable, λ the mean 
arrival rate of accidents, t time of the investment, E expected value, T the termination 
time of operating license, ρ the discount yield, L the losses of an accident, and τ time. If 
we look at the different components, 𝑒−𝜌(𝜏−𝑡) is the present value factor, 𝐿(𝑋, 𝜏) is the 
function for losses, 𝑒−𝜆(𝜏−𝑡) is the survival rate and 𝜆d𝜏 is the probability of an accident 
happening during the infinitesimal change in time d𝜏. 
 
Combining the integrals in Equation (33), we can reformulate the equation, 
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(34) 

This expression will give the benefit of the investment as a function of the stochastic 
distributions of accident scenario variables with and without the system, the mean arri-
val rates of accidents with and without the system and the time of the investment. 
 
In further sections of this thesis, the present value of expected accident cost method 
described here will be referred to as the PVEAC method. 

3.5 Comparison 
The PVMMARA and PVEAC methods both aim at solving the benefits of a safety in-
vestment. They are also both based on the idea of the present value of avoided accident 
costs. However, they differ quite significantly when it comes to scope, complexity, and 
accuracy. Here, we will take a closer look at the differences. 
 
The PVMMARA method takes into account the lost profit of all accidents and a fixed 
cost for all accidents involving a significant release of radioactivity. This cost has been 
set to 20 billion euros at Fortum, which approximately corresponds to the market value 
of the company's stock [41]. The PVEAC method on the other hand seeks to look at 
each nuclear accident scenario's costs individually. It divides the costs into four catego-
ries: lost income, compensation costs, decontamination, and defueling costs and indirect 
costs, that is, the lost income of other plants in the nuclear fleet. When carried out cor-
rectly, the PVEAC method should give a more realistic picture about the costs of acci-
dents and their origins than the PVMMARA method does. 
 
The complexity of the two methods clearly distinguishes them from another. The differ-
ence in complexity can be noticed in three areas: scale of input data, complexity of 
mathematics required to understand the method and to obtain a solution, and the re-
quirements of the calculation software used to find the solution. 
 
One of the pros of the PVMMARA method is the small amount of data required to 
make the calculations. Only a few figures are needed to calculate V1 and V2, namely 
discounting yield, the time until the termination of operating permit, net electrical out-
put power of the plant, availability, price of electricity, the cost of a significant release 
of radioactivity, mean arrival rate of accidents, and mean arrival rate of significant radi-
oactive releases. All of the values, apart from the cost of a significant release of radioac-
tivity, can be easily attained. It has been decided that 20 billion euros, the market value 
of the company's stock, is used for the value of a significant release of radioactivity. 
Thus, it poses no problem either. With V1 and V2 calculated, only the changes in mean 
arrival rate of accidents and mean arrival rate of significant releases of radioactivity are 
needed to evaluate an investment. 
 
The PVEAC method on the other hand requires a lot of data for each assessment of an 
investment. First of all, the number and complexity of parameters used to calculate 
PVEAC greatly surpasses that of PVMMARA. Discounting yield, the time of the termi-
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nation of operating permit, the availability, and the net electrical output power of the 
plant are the same as in PVMMARA. In addition, the same parameters are needed for 
every other NPP in the fleet for the indirect costs of an accident. On top of the addition-
al parameters, several functions have to be defined. These include the price of electrici-
ty, the cost of a radioactive release as a function of the size of the release, the decontam-
ination and defueling costs as a function of accident sequence, as well as the effects on 
the other plants as functions of accident sequence. At this point, it should be noted that 
all of the availabilities and net electrical output powers could be extended from con-
stants to functions of time if necessary, which would further add to the complexity. This 
was not seen relevant in the making of this thesis. However, it could prove practical, if 
future retrofits or other changes in plant configurations would like to be taken into ac-
count. Once the parameters and functions for PVEAC have been chosen, they do not 
have to be adjusted unless there are some changes to the situation. 
 
The amount data the PVEAC method requires about the effects of the investment com-
pared to the PVMMARA method is significant as well. The requirements of the PVE-
AC method are the mean arrival rate of accidents with and without the investment, and 
the proportional frequencies of different accident scenarios in relation to one another 
with and without the investment. 
 
The two methods also differ, when it comes to the mathematics needed to understand 
the calculations behind the method. The PVMMARA method is mathematically quite 
simple. High school level mathematics are sufficient as only some understanding of 
present values, that is, discounting and probabilities and expected values is necessary. 
The use of V1 and V2 is intuitive. 
 
The mathematics of the PVEAC method is more complicated. In addition to the basic 
understanding of discounting, probabilities, and expected values, some calculus skills 
are required as there are integrals in the calculations. Also some parts, such as the 
dummy variables used with different power plants or the nominal random variable that 
is used for different accident scenarios may take some time to digest. However, when 
familiar with the mathematics used in the PVEAC method, the method should feel quite 
intuitive. In fact, for those more familiar with the subject, calculating the remainder of 
expected present values is likely to feel more intuitive than pricing the changes of PRA 
frequencies. 
 
The calculation software requirements set the PVMMARA and PVEAC methods apart 
as well. For PVMMARA, the requirements are low and basically any spreadsheet pro-
gram will do for solving V1 and V2. Microsoft Excel 2010 was used in the calculations 
of this thesis. After obtaining V1 and V2, individual projects can be evaluated using any 
calculator or even a pen and paper if necessary. 
 
As the mathematics suggests, the software requirements for PVEAC are higher than for 
PVMMARA. In addition to normal spreadsheet calculation, the software must be capa-
ble of solving integrals numerically and some programmability is required for the 
dummy variables. In this thesis, Microsoft Excel 2010 was used for the spreadsheet cal-
culations and for the input of data. Visual Basic for Applications (VBA) was used to 
create macros for faster, more automated data processing in Excel. The actual equations 
were then solved with PTC Mathcad 15.0. Mathcad was chosen for its simplicity and 
the reader friendly presentations of calculations. However, the computation time for the 
benefit of a safety investment turned out to be two to three hours in worst cases, so a 
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more powerful computation software such as MATLAB might be preferred, if more 
analyses are carried out. 
 
When it comes to the model accuracy, there are differences between the methods as 
well. The PVMMARA method can be viewed indicative at best. While the lost income 
calculation may be quite accurate in case the electricity price remains fairly constant, 
the significant radioactive release part does not even try to replicate the costs accurately 
and settles for depicting a significant release of radioactivity with a loss the size of the 
market value of the company's stock. The PVMMARA is not meant to be an investment 
decision making tool, but rather a measure that helps making the choice between differ-
ent safety investment options. Yet, its feasibility for that can be questioned as well. As 
all the input data for an investment the method takes into account is the change in PRA 
frequencies, it may miss a lot of important factors. For instance, there can be safety in-
vestments, such as the reactor cavity flooding system in this thesis that may mitigate the 
amount of radioactive release with many orders of magnitude still leaving it above the 
criterion of significant radioactive release. Clearly, a safety investment like this can be 
very helpful and reduce consequences and costs in case of an accident. Still, the PVM-
MARA may evaluate an investment like this worth nothing, if there is no change in 
mean arrival rate of significant radioactive releases. To sum it up, the significance of the 
PVMMARA method's results should always be viewed critically. This is also shown in 
the way the results have been considered at Fortum. Other factors outweigh the PVM-
MARA analysis results when making choices between different safety investment op-
portunities and decisions have mostly been based on other criteria. 
 
In theory, the PVEAC method is capable of producing much more accurate evaluations 
of the monetary benefit of a safety investment. The accuracy of the model however, 
depends on the data fed into it. Some parts such as the lost income can be expected to be 
fairly accurate, if we can get reliable enough forecasts of future electricity prices. Simi-
larly, the accuracy considering compensation costs and decontamination and defueling 
costs depends on the quality of research material available about the subjects. The func-
tions used for compensation and decontamination and defueling costs in this thesis are 
not results of thorough scientific studies, but rather educated guesses from experts 
working with the subjects. Even more speculative are the effects of a nuclear accident 
on the rest of the NPP fleet. Accurate forecasts of how accidents affect the rest of the 
fleet are impossible to make as every scenario differs from another, and, fortunately, 
there are few cases to be used as reference. This raises the question, whether indirect 
costs of accidents should be included in the model at all? The answer depends on sever-
al things. First of all, before jumping into further conclusions the results of the analysis 
should always be reviewed. The greater the significance of indirect costs in the result, 
the more cautiously the results should be taken. Another point to be considered is, 
whether the results better coincide with the reality with or without the indirect costs. 
What should also be kept in mind using both methods is that there is a lot more uncer-
tainty related to the Level 2 and 3 PRA results than there is to the Level 1 results. 
 
Even if the results of the PVEAC method can be a lot more accurate than those of the 
PVMMARA method, the investment decision should not be solely made based on the 
results of the analysis. The uncertainties can be quite large. If the equations and data fed 
into the PVEAC method are accurate, the method is good for choosing between differ-
ent options, as it takes different types of costs into account and the external costs that 
are not included are likely to be in line with the other costs, that is, the accidents that are 
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monetarily worse for the company are likely the same ones that are worse for other par-
ties. 
 
Both of the methods include possibilities for errors in the calculating process. Probably 
the most common way of making a mistake when using the PVMMARA method is to 
look at previous calculations and take the values of V1 and V2 as given. This can happen 
easily, as someone unfamiliar with the calculation method may not realize that V1 and 
V2 are time specific. 
 
In order to get results, one has to familiarize with the PVEAC method. Thus, it is less 
likely that systematic errors occur in the calculations of PVEAC than PVMMARA. On 
the other hand, as PVEAC includes more calculations the chances of random errors in-
crease. However, the real weak spot of the PVEAC method regarding errors is the ad-
justing of the parameters. The parameters may be very difficult to adjust as there is little 
reference to look at. 
 
To sum it up, both methods are based on the present value thinking and expected values. 
The PVMMARA method is simpler and the PVEAC method evaluates the costs more 
accurately, but also requires more work. As with most calculations forecasting the fu-
ture, the biggest problems related to both are about the parameters and consequently the 
accuracy of the results.  



 
 

37 
 

4 Reactor Cavity Flooding System 

4.1 Background and Design Bases for the System 
In this section, we will introduce the concept of reactor cavity flooding and explain how 
reactor cavity flooding is used in severe accident management. We will also go through 
the design bases of the reactor cavity flooding system. 
 
Flooding the reactor cavity is a part of severe accident management described in Section 
2.2.5. The idea behind filling the reactor cavity with water and submerging the pressure 
vessel in case of a severe accident is to cool the pressure vessel from the outside. The 
target of the external cooling is to transfer the heat from the lower head of the pressure 
vessel to the surroundings and prevent the molten core from melting through the pres-
sure vessel. [43] The in-vessel retention (IVR) and cooling of the molten core removes 
the problems of molten core interaction with reactor cavity, which could lead to con-
tainment breach and formation of non-condensable gases. It also enables bringing the 
plant to a safe state of shutdown with the remains of the core inside the pressure vessel. 
[44] 
 
It has been proven that in-vessel retention is possible at the Loviisa power plant with 
reactor cavity flooding and depressurization of the pressure vessel. In most accident 
scenarios, the flooding takes place passively as the leaking water from the primary cir-
cuit and borated water molten from the ice condensers flow from the steam generator 
room via air ducts into the reactor cavity. [45] 
 
However, in the event of a containment by-pass scenario, the primary circuit water 
flows out of the containment building and there is no steam in the containment to melt 
the ice of the ice condensers. In absence of sufficient amount of water in the reactor 
cavity, the in-vessel retention will fail. This will lead to molten core interaction with the 
cavity, which is likely to end up in loss of containment integrity. In case there is some 
water in the cavity at the time of the melt through, a steam explosion is possible as well. 
[46] 
 
With an active reactor cavity flooding system, the reactor cavity can be flooded even in 
containment bypass scenarios. Successful in-vessel retention will ease further accident 
management and mitigate radioactive release and other accident consequences. Howev-
er, as there is always some radioactive release in the containment by-pass scenarios, the 
criterion of significant radioactive release is usually surpassed even if the release re-
mains relatively small compared to the failure of in-vessel retention. 
 
The preliminary design bases for the reactor cavity flooding system can be found in 
Table 2. The explanations for the abbreviations used describing accident sequences in 
the table are listed in Table 1. 
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Table 1 Abbreviations used in the design bases for the reactor cavity flooding system [44] 
Abbreviation Explanation 
LOCA Loss of coolant accident 
LOSW Loss of sump water 
TH-reswitch Rising surface level in the emergency 

cooling water tank (small flow from back-
up safety injection water tank due to leaks 
or a broken valve) causes the safety injec-
tion pumping to continuously switch back 
to the tank from the sump and back again 
eventually breaking the system. 

RCP Reactor coolant pump 
PRISE Primary-to-secondary leakages, including 

multiple steam generator tube ruptures or 
steam collector break and injection failure 

V LOCA Containment bypass loss of coolant acci-
dent 

UC LOCA Upper compartment loss of coolant acci-
dent 

 
Severe accident management procedures are entered when the outflow temperature of 
the reactor reaches 450 °C [27]. According to MELCOR analyses the time from the start 
of the SAM procedures until the core has melted and relocated to the bottom of the 
pressure vessel is approximately 4500 s, that is 1 hour 15 minutes, regardless of the ac-
cident sequence. The time is roughly constant as it only depends on decay heat power. 
By the time the molten core has relocated to the bottom of the vessel the external cool-
ing ought to be in operation, that is, the reactor cavity should be flooded. In order to 
have sufficient time to do the correct decisions and to start the flooding system, it was 
decided the pumping capacity should be dimensioned so that the cavity can be flooded 
in maximum 30 minutes. This leaves the operators with 45 minutes from the start of 
SAM procedures to get the system running. 
 
The required pumping capacity, that is, the flow rate, �̇�, has been calculated using the 
volume of the required amount of water, VH2O, and the time in which it has to be filled 
up, t. The volume of the reactor cavity is 163 m3, and 140 m3 of water is needed for the 
water level to rise sufficiently high for the cooling of the lower head of the pressure 
vessel. The required pumping capacity is 
 

�̇� =
VH2O

𝑡
=

140m3

30 min
=

140 m3

1800s
≈ 0.0778 m3 s⁄ = 77.8 l s⁄ . (35) 

 
Later, a total of 520 m3 of water is needed to ensure natural circulation of cooling water 
outside the pressure vessel [27]. The water heats up when in contact with the pressure 
vessel lower head and starts to boil. The steam-water mixture rises along the sides of the 
vessel and enters into the steam generator room through outlet valves. The steam and 
water entering the steam generator room are then replaced by cooler water that flows via 
inlet valves into TL11 air duct and into the reactor cavity. The flow path of natural cir-
culation is shown in Figure 3. 
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Figure 3 The Flow path for natural circulation  [47] 

 
The active reactor cavity flooding system discussed here is a diverse backup system for 
the passive reactor cavity flooding system. The passive system is Safety Class 3, and 
thus the safety classification of the active system is EYT, which stands for non-nuclear 
safety. However, as always with penetrations into the containment, the isolation valves 
are Safety Class 2. [18] 
 
As mentioned in section 2.2.2, there should be boron in the water that is in touch with 
the core, as boron is a very good absorber of neutrons, which inhibits the chain reaction. 
Thus, in case of a melt through, there should be boron in the water in the reactor cavity. 
Some boron will enter the cavity with the leaking water from the reactor and some will 
flow into the reactor cavity from the melting borax ice of the ice condensers. 
 
The optimal amount of boron in the reactor cavity was not studied for this thesis and the 
preliminary design of the reactor cavity flooding system. It was not necessary as a 
method for adding the boron was found and it was proven that boron will not be a limit-
ing factor. The calculations can be found in Section 4.4.2. However, further studies 
about the optimal amount of boron will be necessary, if the system will be constructed. 
 
As the system is an additional safety improvement, there are no requirements about re-
dundancy, diversity, or failure criteria. 
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Table 2 Preliminary design bases of the reactor cavity flooding system [18] 
Design basis accidents • Accident sequences in which the 

water collected in to the steam 
generator room will be lost: 

o LOCA with LOSW 
o TH-reswitch 
o RCP room LOCA 

• PRISE 
• V LOCA 
• UC LOCA 

Required pumping capacity 77.8 l/s 
Required water source capacity Enough for the flooding 

• 140 m3 to fill up the cavity 
(163 m3 the volume of the whole 
cavity) 

• 520 m3 for natural circulation 
Time requirements • The system must be operable in 

reasonable time 
• (The time to fill up the cavity 30 

min) 
• (The time from the start of SAM 

until the molten core is on the bot-
tom of the vessel 1 h 15 min) 

Safety class EYT (non-nuclear safety) 
Chemical requirements The water used for flooding must contain 

boron (exact amount to be decided after 
further studies), or it must be possible to 
feed boron into the water 

Other requirements • No redundancy requirements 
• No diversity requirements 
• No single failure criteria require-

ments 
• May consist of manual operations 

and transportable equipment 
• The system must remain opera-

tional and operable in severe acci-
dent conditions up to one year 
from the accident 

• The initiator (e.g. an internal or ex-
ternal threat), the initial event itself 
or its immediate consequences 
may not endanger the working 
condition of the system 
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4.2 Pros and Cons of the System 
An active reactor cavity flooding system is very beneficial for SAM in containment by-
pass scenarios. However, a fault in the system might cause negative effects as well. In 
this section, we will go through the pros and cons of the reactor cavity flooding system. 
 
The system aims for the success of in-vessel retention in containment bypass accident 
scenarios. If IVR works, it will lower the size of radioactive release compared to a situa-
tion where the integrity of the pressure vessel is lost. The effect can be seen in Figure 4 
that presents the frequencies of radioactive releases of different sizes with and without 
the reactor cavity flooding system. 
 
The effect of the system is visible in Level 2 PRA frequency, that is, the mean arrival 
rate of significant radioactive release. The mean arrival rate of significant radioactive 
releases in power operation on Loviisa 1 has been estimated to decrease from 5.73 ×
10−6 1 a⁄  to 5.26 × 10−6 1 a⁄  [48]. However, only a portion of the radioactive release 
mitigation is visible in the change of Level 2 PRA frequency, as the release, although 
greatly reduced, still surpasses the significant release criterion of 100 TBq of cesium-
137 in most cases. The reactor cavity flooding system is a severe accident management 
system and has no effect on the mean arrival rate of accidents. Thus, the Level 1 PRA 
frequency remains unchanged regardless of the system. 
 
The downside of an active reactor cavity flooding system is the increased risk of an ac-
cidental flooding of the cavity. The accidental flooding is more serious than it might at 
first seem, as the pressure inside the vessel is a lot higher when operating on full power 
than in an accident scenario, and the vessel may not endure the thermal stresses of cold 
water on the outside. At worst, the accidental flooding could lead to the rupture of the 
pressure vessel and a catastrophic nuclear accident. [49] 
 
Depending on the construction, the reactor cavity flooding system may also increase the 
failure probability of the systems it is connected to, and this have an indirect negative 
effect on safety. 
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Figure 4 Frequencies of cesium releases of different sizes during power operation with and without 
the reactor cavity flooding system [48] 

4.3 Different Options 

4.3.1 General 
The design of the reactor cavity flooding system can be broken down into three choices. 
A water source, a pumping system, and connecting piping into the reactor cavity are 
required. A new water tank and a new pump are possible options, but some of the exist-
ing water tanks and pumps are available for use as well. The use of existing equipment 
is preferred in order to reduce costs and keep the maintenance simple. Although existing 
piping may be available for use at some points along the way, pipes are relatively inex-
pensive compared to pumps and water tanks, and they do not have same kinds of space 
requirements. Thus, the use of existing piping is not as important. 
 
However, there is one part of the piping that is an exception to this rule. The penetration 
into the containment is always Safety Class 2 [50], and the piping and valves related to 
it are significantly more expensive than the non-nuclear safety ones. Hence, when it 
comes to the penetration into the containment, using an existing one is preferred. 
 
Theoretically, all the different choices of water sources, pumps, and penetrations could 
be combined with each other. In practice, however, there are limitations to the combina-
tions. The reasonable combinations can be seen in Figure 5. 
 
The feed of boron into the flooding water could be seen as an additional fourth choice. 
On the other hand, boron is included in some of the water sources and the feed of boron 
can be arranged for the rest of them in the reactor cavity. Hence, boron does not limit 
the design and can be dealt with separately. 
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In the following subsections, we will go through the different options that came up for 
the water source, pump, and penetration during the making of this thesis. We will look 
at their specifications as well as the pros and cons of each choice. 

4.3.2 The Water Source 
The different water sources proposed for the reactor cavity flooding system are: 
 

• The UJ system  (the firefighting water system) 
• The XU system  (the external spray of the containment) 
• The TH system  (the safety injection system) 
• A new Tank 

 
The firefighting water system (UJ) includes two 1500 m3 underground cavities that are 
used as the system's water storages. At the same time, they are used for storing the pre-
processed raw water of the power plant. Additionally, the backup firefighting pumping 
station contains another 1500 m3 container.  [51] The benefit of the UJ system as a wa-
ter source is the abundant amount of water. The reactor cavity flooding system requires 
140 m3 of water within the first 30 minutes and later a total of 520 m3 for natural circu-
lation. Thus, there should be more than enough water even if it has been used for other 
purposes. The downside of the firefighting water is that it is fresh water, and due to the 
other purposes it is used for, it cannot be mixed with boron beforehand. It is also located 
far away from the reactor building. However, the firefighting water piping covers the 
whole plant, which makes the location less of an issue. 
 
The water source of the external spray of the containment consists of two vessels. The 
larger vessel is filled with 120 m3 of water. The smaller one is feeds the water to the 
pumps and is filled gravitationally from the larger one. [52] The pros of the XU system 
as a water source are the location and the fact that it can be filled up with fire trucks or 
the firefighting system. The larger vessel is located next to the reactor building and the 
smaller one is inside the reactor building in the cable passage. The cons are that the wa-
ter capacity is not enough on its own to fill up the reactor cavity and that as another 
SAM system, it could be needed at the same time with the reactor cavity flooding sys-
tem in later stages of an accident. This means that the water tanks of the XU system 
would have to be filled with another system. The other system, in practice, would be the 
UJ system. 
 
The third choice as the source of water is the water of the safety injection system. In 
addition to the vessels of the hydro accumulators, the water source of the safety injec-
tion system consists of one 1000 m3 container per unit and an additional 1000 m3 con-
tainer that the two units share. [53] The positive sides of the water of the safety injection 
system are that it is borated water, it is located in the reactor building, and that there, at 
least in theory, is plenty of it. However, just as with the water of the XU system, the 
water of the safety injection system is required for the designed use of the system in an 
accident situation. What sets the two apart is that the water of the TH system is needed 
already at the beginning of the accident, that is, before the reactor cavity flooding.  
 
The final and perhaps most obvious choice for the water source of the reactor cavity 
flooding system is a new water tank. The pros of a new container are that the size can be 
chosen optimally for the system and that the water is reserved for the flooding purpose 
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only. This also means that boron could already be added to the water in the tank. In ad-
dition to the pros, the new vessel has some cons as well. The container would likely 
have to be larger than 520 m3 in order to avoid filling the container during the initial 
flooding. Free space inside the Loviisa power plants is scarce, and such a container 
would likely have to be located outside the reactor building. Procuring a new container 
is also a lot more expensive than using an existing one. 
 
A summary of the pros and cons of the different water sources can be seen in Table 3. 
After some consideration, the TH system as the source of water can be abandoned, since 
the water would be needed for the cooling of the core in case of an accident. This leaves 
us with three choices. Two of them, that is, the firefighting water system and the new 
tank are perfectly viable. Using the XU system would also be possible with some modi-
fications, but the two other ones look a lot more promising when solely focusing on the 
choice of the water source. 
 
Table 3 A summary of the pros and cons of different water sources 
Water Source Capacity Pros Cons 
The UJ Sys-
tem 

 2 × 1500 m3 + 
1500 m3 = 
4500 m3 

• Plenty of water • No boron 
• Far away 

The XU Sys-
tem 

120 m3 + 5.5 m3 
= 125.5 m3 

• Location 
• Can be filled 

with fire trucks 
or the fire-
fighting water 
system 

• Insufficient ca-
pacity 

• No boron 
• Part of SAM 

The TH Sys-
tem 

 2 × 1000 m3 + 
1000 m3 = 
3000 m3 

• Enough water 
• Borated water 
• Location 

• Part of safety 
systems and wa-
ter needed before 
SAM 

A New Tank To be decided • Optimal capaci-
ty 

• No other pur-
pose for the wa-
ter 

• Borated water 

• Expensive 
• Requires free 

space 

 

4.3.3 The Pump 
The different pump options suggested for the system are: 
 

• The UJ system (the firefighting water system) 
• The XU system (the containment external spray system) 
• The TG system (the fuel pool cooling system) 
• The pump of a fire truck 
• The pump container 
• A new pump 

 
The firefighting water pumping station (UJ system) consists of two larger firefighting 
water pumps, two smaller firefighting water pumps, and two pumps that keep up the 
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pressure in the network. In addition, there is another pumping station with three diesel 
engine powered pumps for backup that can be started manually in case of a power loss. 
Together, the three diesel powered pumps can compensate for the pumps of the primary 
pumping station. The two smaller pumps, which are the ones most likely to be used, are 
both designed for a flow of 75 kg/s and a head of 8.8 bar. [51] The firefighting water 
pumps have many benefits. The discharge of the pumps is ample, and depending on the 
pressure losses of the system, the required flow could be generated using only one of 
the smaller pumps. The firefighting water pumps also have a good head. Another fact in 
their favor is the diesel powered backup pumps, as the power plant may lose power in 
an accident situation. The disadvantage of the fire pumps is that they may be needed to 
put out fires. However, according to the PRA studies, only a small fraction of the acci-
dent scenarios the reactor cavity flooding system is aimed for have a fire as the initiat-
ing event. 
 
The containment external spray system (XU system) is composed of two spray pumps. 
They are designed for a discharge of 35 kg/s per pump and a head of 10.3 bar. [52] The 
designed discharge is a little too low for the flooding, but the capacity may still be 
enough since the designed head is a lot greater than the pressure losses would be for the 
flooding system. The benefit of the XU pumps is that they are conveniently located for 
the purpose of flooding the reactor cavity. Their power input is also backed up with the 
plant's severe accident diesel generators. The greatest drawback of the XU pumps is the 
one that the XU as a water source faces as well. The same pumps cannot be used for 
reactor cavity flooding and external cooling of the containment at the same time. 
 
The fuel pool cooling system (TG system) consists of two cooling circuits with one 
coolant pump per each, a draining pump, and a pump for filling up the pools [54]. It has 
been suggested that the refill pump could also be used for the reactor cavity flooding, if 
it was replaced with a more powerful model. The designed discharge of the refill pump 
is 55 kg/s and the head 4.1 bar [55]. Thus, the current pump is not sufficient for the 
flooding. No further plans have been made about replacing the pump, and therefore, it 
can be dropped out of consideration. The refill pump also uses the water of the safety 
injection system, which further degrades it as an option. 
 
Instead of using the current systems of the plant, the pumping of the water into the reac-
tor cavity could be done using a fire truck. A fire truck is already in use for many sys-
tems as an additional possibility for the source of water. The benefit of a fire truck is 
that it could be replaced with another one in case of a malfunction. On the other hand, 
during some of the accident sequences the reactor cavity flooding system is for, the ra-
diation levels may be high outside the reactor building preventing the use of fire trucks. 
When further studying the option, we also noticed that the discharge of the current fire 
truck at Loviisa is not sufficient for the flooding. The fire truck pump has been designed 
for a discharge of 50 kg/s with a head of 10 bar. 
 
Another option is to use a pump container. Pump containers are mainly used for mari-
time firefighting, for example tanker accidents. The Neste Oil Porvoo refinery together 
with the local fire station has purchased two pump containers. There have been discus-
sions that the pump containers could also be used at Loviisa NPP in case of accidents. 
With a pumping capacity of 333.3 kg/s and a head of 12.8 bar, the pump in the contain-
er is definitely powerful enough for the flooding of the reactor cavity. However, the use 
of a pump container was rejected, as it would take too long to set it up for the flooding. 
It also suffers from the same problem of possible high radiation level as the fire truck. 
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Just as with the water tank, there is naturally the option of buying a new pump for the 
flooding system. Also just as with the new water tank, the pros of a new pump are that it 
could be designed optimally for the flooding and that it would be reserved for the flood-
ing purpose only. On the other hand, purchasing a new pump is probably the most ex-
pensive option. Another problem with a new pump is the backup power in case of an 
accident with power loss. Almost all of the plants current diesel backup power is re-
served for the current equipment. 
 
A summary of the pros and cons of different pump options can be found in Table 4. 
Three of the proposals can be rejected right away, namely the TG system, the fire truck, 
and the pump container. The other three suggestions are all respectable options that 
could be used and the choice between them depends on other components. 
 
 
Table 4 A summary of pros and cons of different pump options 
Pump Designed dis-

charge and head 
Pros Cons 

The UJ sys-
tem 

2 × 75 kg/s 
8.8 bar 

• Discharge and 
head 

• Diesel backup 
pumps 

• Possibility of 
other use (fires) 

The XU sys-
tem 

2 × 35 kg/s 
105 m ≈ 10.3 bar  

• Location 
• Backed up with 

severe accident 
diesel generators 

• Used for external 
cooling of the 
containment 

The TG sys-
tem 

55 kg/s 
4.1 bar 

 • Insufficient ca-
pacity 

Fire Truck 3000 l/min = 
50 kg/s 
10 bar 

• Can be replaced 
in case of mal-
function 

• Insufficient ca-
pacity of the cur-
rent fire truck 

• Possibly high 
levels of radia-
tion outside 

The Pump 
Container 

1200 m3/h ≈ 
333.3 kg/s 
130 m ≈ 12.8 bar 

• Discharge and 
head 

• Long setup time 
• Possibly high 

levels of radia-
tion outside 

A New 
Pump 

To be decided • Optimal for 
pumping 

• Expensive 
• Lack of backup 

power 
 

4.3.4 The Penetration 
The different options for penetration into the containment that came up during the writ-
ing of this thesis are: 
 

• The XN system (the hydrogen removal system) 
• The reactor cavity drain fitting 
• A new penetration 
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The hydrogen removal system is an obsolete system replaced by hydrogen recombiners 
and hydrogen igniters. It was designed for mixing the air in the containment in order to 
avoid concentration of hydrogen from rising locally. It was also meant for collecting 
hydrogen from the containment to be burned at the hydrogen burning station. [56] The 
system has not been dismantled, since it was thought that parts of it could be reused in 
new systems. This makes using the XN penetration very attractive, as using an existing 
penetration into the containment is very inexpensive compared to opening a new one. 
Another practical thing about the XN penetration is that it leads to the steam generator 
room. The negative aspect about the XN penetration is that although there is an isolation 
valve, it would be best to change it, since the current type is not good for remote opera-
tion and has a high resistance of flow. There is also no isolation valve on the inner side 
of the containment at the moment, which means a one-way valve would have to be in-
stalled. 
 
Another penetration option that came up is the reactor cavity drain fitting. The reactor 
cavity drain fitting has been designed for draining water from the cavity after situations 
such as water leakages during the outage, loss of coolant accidents, or other failures in 
operation or accidents. [57] The positive about the reactor cavity drain fitting is that it 
leads straight into the cavity. On the other hand, in order to maintain the current func-
tionality of the drain fitting along with the flooding option, vast modifications would 
have to be made. The modifications would be expensive and difficult as the drain fitting 
is Safety Class 2. Due to radiation, it may also be difficult to get to for the operating at 
later stages of an accident. 
 
As always, a new penetration is also a possibility. The best thing about a new penetra-
tion into the containment is that the location could be chosen quite freely. On the nega-
tive side, the costs of opening a new penetration are high. 
 
A summary of the pros and cons of different options can be seen in Table 5. As the 
costs of the reactor cavity drain fitting would likely be very high, it can be rejected right 
away. The XN system seems like a very tempting option, if it can be reasonably com-
bined with a water source and a pump. A new penetration is also a possible, albeit more 
expensive, option.  
 
Table 5 A summary of the pros and cons of different penetration options into the containment 
Penetration Pros Cons 
The XN system • Inexpensive 

• Leads to the steam 
generator room 

• Isolation valve has 
to be changed 

The reactor cavity drain 
fitting 

• Leads straight to 
the reactor cavity 

• Expensive modifi-
cations would have 
to be done 

A new penetration • The location could 
be chosen freely 

• Expensive 

 

4.3.5 The Chosen Combination 
The realistic different combinations of a water source, a pump, and a penetration can be 
seen in Figure 5. Out of the two water sources, the UJ system is preferred, since it has 
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more than enough capacity, and there is no extra cost for using it. A new tank would be 
better in the sense that the water would be reserved for the flooding purpose only, but 
on the other hand due to cost and space reasons, the capacity would be lower. 
 
There is also a clear favorite when it comes to the choice of penetration into the con-
tainment. Using the XN penetration is a lot less expensive and easier than opening a 
new penetration. With the choices of water source and penetration seeming quite obvi-
ous, this leaves us with the choice of pump. 
 
There are three options that could be used with the UJ system as the water source and 
the XN penetration as the way into the containment. However, a new pump is more ex-
pensive than using an existing pump and thus can be ruled out based on economic rea-
sons. This leaves us with the XU and UJ pumps. Both options are viable. Yet, the 
choice is quite simple as an UJ line with sufficient capacity happens to run close to the 
XN penetration, as opposed to the XU pump being further away. Besides, using the UJ 
pump to pump the water from the UJ system is natural, and the UJ pumps would have to 
be used for feeding water into the UJ network even in the case that the water would be 
pumped to the cavity with the XU pump. This way, the system only has to rely on the 
UJ pumps (and the UJ backup pumps), as opposed to relying on the XU pump as well. 
The weakness of the chosen combination is the UJ network. With many sprinkler sys-
tems and fire hydrants connected to it, the chances of pressure losses, that is, the water 
flowing somewhere else increase. 
 

 
Figure 5 The reasonable combinations of water source, pump, and penetration. The rejected 
options are shown with a dashed line. 

4.4 Preliminary Design of the System 

4.4.1 Connection to the UJ System and to the TL11 Duct 
In this section, we will look at the structure of the reactor cavity flooding system. We 
will also go through how the reactor cavity flooding system will be connected to the UJ 
system, and how it will connect to the TL11 duct. Drafts of the system can be found in 
Appendix 1. 

Water 
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XU 
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Pump 
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Penetration 

New 
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The designer of the UJ system was interviewed and he told that the head of the UJ 
pumping station is sufficient for the reactor cavity flooding system [58]. Separate head 
loss calculations were not needed. 
 
The connection to the UJ system will be made in the cable passage on the +03.00 level. 
The cable passage can be seen in Figure 1. The UJ line the system will be connected to 
is a DN150 main line feeding four sprinkler systems in the outer annulus. 
 
A DN150 branch pipe with an adjustable valve will be welded to the side of the UJ line 
on a level suitable for operation, that is, at the height of approximately 1 meter from the 
floor. The branch pipe will be fitted with an adjustable valve that shall be kept closed 
when the flooding system is not in operation. 
 
As mentioned before in Section 4.2, the downside of the reactor cavity flooding system 
is the risk of an accidental flooding which could lead to disastrous results. The risk of 
accidental flooding can be eliminated by physically separating the pipe that leads to 
reactor cavity from the pipe that is connected to the UJ system. A short distance, for 
instance 1 meter, between the pipe ends is enough to avert the accidental flooding. In 
the case of an accident, the two pipe ends will be connected with a short piece of 
DN150 hose. Manual connection of the pipe ends makes the system a little slower to 
start compared to the ends being connected all the time, but the benefit of eliminated 
risk of accidental flooding outweighs the increased start-up time. The connection can be 
realized with quick hose connectors, for example camlock hose connectors. However, it 
is extremely important that the piece of hose can be found when it is needed. This can 
be ensured by locking one end of the hose to one of the pipe ends. 
 
The reactor cavity flooding pipe will also be fitted with an adjustable valve. Beyond the 
valve, the pipe will rise to the height of approximately 4 m from the floor (7 m above 
the sea level), go across the cable passage and penetrate through the wall into Pipe Box 
1. In the Pipe Box 1, the pipe will connect to an isolation valve. The isolation valve will 
be a DN150 ball valve with a pneumatic actuator. The operating of the valve will be 
done from the cable passage. This is a natural place for the controlling, not only because 
the hose and the other valves are located in the passage, but also because the SAM con-
trol point is there as well. As with all the Safety Class 2 isolation valves, the state in-
formation must be visible at the control room. The wiring up may be quite expensive 
and it would make little sense to open up everything for just one cable. Thus, the wiring 
should be done simultaneously with other automation works in the area. 
 
After the valve, the pipe continues into the containment through the XN penetration to 
the +10.45 level and connects to another isolation valve. This isolation valve is a 
DN150 non-return valve. After the non-return valve, the line exits the Pipe Box 1 into 
the steam generator room. In the steam generator room, the pipe will make its way to 
the TL11 duct next to Steam Generator 1 and connect to the duct above the inlet valves 
in Figure 3. The preferred connection point is above the level where people go and 
work, as the steam generator room is fairly cramped as it is. However, the best connect-
ing point and the best route to the duct still need to be studied more as the radiation lev-
els in the steam generator room are relatively high even during outage, and the radiation 
doses of the workers building the line ought to be minimized. 
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The pressure in the TL11 duct is practically the same as the pressure inside the con-
tainment. Normally the pressure is kept a little under the pressure of the environment so 
that, if there are any leaks, they flow into the containment and not out of it. In an acci-
dent situation, the pressure inside the containment may rise, but it should still remain at 
a fairly low level compared to the pump head. The containment is designed to withstand 
an overpressure of 68.6 kPa and the calculated breaking point is 320 kPa [59]. The di-
ameter of the TL11 duct is 450 mm. As a flow of 77.8 kg/s is not enough to fill a verti-
cal DN450 duct, the water coming out of the connection will discharge in to the duct 
and gravitationally flow down the duct into the reactor cavity. 
 
An illustration of the reactor cavity flooding pipe can be seen in Figure 6. 
 

 
Figure 6 A 3D visualization of the reactor cavity flooding pipe (green). The hose is colored red. 

4.4.2 Boron 
As explained in Section 2.2.2, boron absorbs neutrons and is used to control reactivity. 
There is some boron in the coolant under normal power operation and even more in the 
emergency cooling water. As the water used for the external cooling of the pressure 
vessel also flows to the sumps and participates in the internal cooling of the reactor, it is 
important that the water is borated. There should also be some boron in the external 
cooling water of the pressure vessel in the reactor cavity in case the cooling fails and the 
core melts through the pressure vessel. In most situations, some boron will flow into the 
cavity in the form of leaking coolant, and the water melting from the ice condensers 
contains boron as well [60]. This makes it difficult to say exactly how much boron there 
will be in the cavity in the accident scenarios the reactor cavity flooding system is 
meant for. Having too much boron is also a bad thing, as it can precipitate and block up 
flow channels. 
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Even though, it is impossible to say at the moment how much boron will be needed, we 
can calculate the maximum amount that could be needed in order to prove, that the re-
quired amount of boron fits into the cavity. The maximum concentration of boron that 
could be required is that of the emergency cooling water. The emergency cooling water 
contains 13 g – 15 g of boric acid per kilogram of water. 
 
The water used for the flooding can be borated using either boric acid or borax. Both of 
the chemicals are toxic and must be handled with care. A benefit of using borax is that it 
could simultaneously reduce the acidity of the water. Lower acidity favors the iodine 
chemistry in the containment. A higher amount of iodine would dissolve in the water, 
resulting in lower iodine release potential. The lower water acidity would also prevent 
further material damage due to corrosion. However, the choice of chemical should be 
done only after more analyses. We will calculate how much boric acid would be re-
quired to make a 15 g/l solution the volume of water required for the reactor cavity 
flooding (140 m3). We will also make the corresponding calculations with borax. The 
properties of boric acid and borax, and other initial data for the calculations can be 
found in Table 6. 
 
Table 6 Initial data for the boron calculations 
Symbol Explanation Value 
γH3BO3 Mass concentration of bo-

ric acid 
15 g/l 

VH2O Volume water (solution) 140 m3 
ρH3BO3 Density of boric acid 1440 kg/m3 [61] 
MH3BO3 Molar mass of boric acid 0.06183 kg/mol [62] 
ρNa2B4O7∙10H2O Density of borax 1730 kg/m3 [63] 
MNa2B4O7∙10H2O Molar mass of borax 0.38137 g/mol [62] 
 
The mass concentration of boric acid, γH3BO3, should be the same as in the emergency 
cooling water. The equation of mass concentration is 
 
𝛾H3BO3 =

𝑚H3BO3

VH2O
, (36) 

 
where mH3BO3 is the mass of boron and VH2O the volume of water. The required mass of 
boric acid can be solved from Equation (36), 
 
𝑚H3BO3 = 𝛾H3BO3VH2O = 15 g l⁄ × 140m3 = 15 kg m3⁄ × 140m3 = 2100kg. (37) 
 
Knowing the required mass of boric acid and its density, we can now calculate its vol-
ume, 
 

𝑉H3BO3 =
𝑚H3BO3

𝜌H3BO3
=

2100kg
1440 kg m3⁄ ≈ 1.46m3. (38) 

 
The reactivity controlling influence of both boron compounds, boric acid and borax, 
depends solely on the number of boron atoms. One boric acid molecule contains one 
boron atom whereas one borax molecule contains four boron atoms. Thus, the amount 
of substance of borax, nNa2B4O7∙10H2O, is one fourth of that of boric acid, nH3BO3. The 
equation for amount of substance is 
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𝑛 =
𝑚
𝑀

. (39) 
 
From this equation, we can solve the mass, 
 
𝑚 = 𝑛𝑀. (40) 
 
With Equation (40) and the information that borax contains four times the boron of bo-
ric acid per molecule, we get 
 
𝑚Na2B4O7∙10H2O = 𝑛Na2B4O7∙10H2O𝑀Na2B4O7∙10H2O = 4𝑛H3BO3𝑀Na2B4O7∙10H2O. (41) 
 
Using Equation (39), we can solve the mass of borax, 
 

𝑚Na2B4O7∙10H2O =
4𝑚H3BO3𝑀Na2B4O7∙10H2O

𝑀H3BO3
=

4 × 2100kg × 0.38137 kg mol⁄
0.06183 kg mol⁄

= 2914.4kg. 
(42) 

 
Using the mass and density, we can solve the volume, 
 

𝑉Na2B4O7∙10H2O =
𝑚Na2B4O7∙10H2O

𝜌Na2B4O7∙10H2O
=

2914.4kg
1730 kg m3⁄ ≈ 1.69m3. (43) 

 
The volumes of both boron compounds are significant, but there should be no problem 
fitting either one of them into the reactor cavity. There is some room under the neutron 
shield after it has been lowered. However, this amount of boric acid or borax should fit 
into one of the two obsolete pump cavities behind the filter used for screening impuri-
ties on opposite sides of the reactor cavity. Both of them measure more than 3 m3, so the 
space is not an issue. Especially, since the volume needed is likely a lot smaller than 
those calculated here. Another possibility is to place the boron in the steam generator 
room, where it will dissolve in the water before the sumps. 

4.4.3 Components of the System 
Here, we will go through the components required for the system. We will list the dif-
ferent components and their quantities. We will also look at their safety classifications 
and give them price estimates. All the components can be found in Table 7. 
 
As the system is classified EYT (non-nuclear safety), it can consist of stock components 
and no specific inspections or analyses are required. However, as mentioned in Section 
4.1, the penetration and the isolation valves connected to it are Safety Class 2. 
 
The prices of the non-nuclear safety class components, excluding the pneumatic actua-
tor, are estimated based on dealer catalogues. Safety Class 2 components cannot be or-
dered straight from a catalogue, since additional inspections etc. is required. The pur-
chase of Safety Class 2 components is always a separate deal and the price is agreed on 
individually. Thus, when it comes to the prices of the Safety Class 2 components and 
the price of the actuator, which is likely purchased as a part of the same deal, we have to 
rely on estimates. The prices of the Safety Class 2 components and the pneumatic actua-
tor are estimates of engineers with experience on projects at the Loviisa NPP. 
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Table 7 Components of the reactor cavity flooding system 
Component Quantity Safety Class Estimated Price 

per Unit 
Estimated To-
tal Price per 
Reactor Unit 

Pipe DN150 35 m–40 m EYT €750/6 m €4500–€5250 
Pipe bend 
DN150 

7–10 EYT €100 €700–€1000 

Adjustable 
valve DN150 

2 EYT €2000 €4000 

Hose connector 
female DN150 

2 EYT €1200 €2400 

Hose connector 
male DN150 

2 EYT €500 €1000 

Hose DN150 1 m EYT €400/m €400 
Ball valve 
DN150 

1 2 €50000 €50000 

Pneumatic ac-
tuator for the 
valve and the 
controls 

1 EYT €20000 €20000 

Non-return 
valve DN150 

1 2 €20000 €20000 

 
Clearly the most expensive components are the Safety Class 2 isolation valves. Also, 
the pneumatic actuator and its controls are remarkable costs whereas the stock compo-
nents only are a small portion of the total cost of the system. 
 
The total cost of the components is around a hundred-thousand euros per reactor unit. 
What needs to be kept in mind is that the total cost of the system is naturally a lot higher 
than just the sum of component prices. The design process, the assembly costs, and oth-
er costs related to the project have to be taken into account as well. The cost estimate of 
engineers with experience on similar projects at Loviisa NPP can be found in Table 8. 
 
Table 8 Estimated costs of the reactor cavity flooding system project (total cost for both units) 
Cost Category Cost 
Components €200000 
Design €200000 
Project costs €25000 
Definition of stakeholder requirements €50000 
Assembly €200000 
Other costs €10000 
Total €685000 
 
The total estimated cost for the reactor cavity flooding system project is €685000. The 
project is for both units, thus the cost per unit is approximately €350000. As the hypo-
thetical benefits of the reactor cavity flooding system are calculated for Loviisa 1, the 
figure we should use for comparison is the cost per reactor unit.  
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5 Economic Analysis of the System 

5.1 General 
In this section, an economic analysis will be performed to the reactor cavity flooding 
system using two methods. First in Section 5.2, the value of the system will be analyzed 
with the PVMMARA method described in Section 3.3. The model and the calculations 
will be presented in Section 5.2.1, and the results of the calculations and necessary sen-
sitivity analyses will be shown in Section 5.2.2. 
 
Then in Section 5.3, the value of the system will be calculated using the PVEAC meth-
od introduced in Section 3.4. The model and the assumptions will be detailed in Section 
5.3.1, the calculations explained in Section 5.3.2, and the results and sensitivity analyses 
presented and discussed in Section 5.3.3. 
 
Both analyses will be calculated with the beginning of year 2015 as the time of the in-
vestment decision. The PRA results used for the calculations are the results calculated 
for power operation state in 2010. 

5.2 The PVMMARA Method 

5.2.1 The Model and Calculations 
Here, we will calculate the benefit of the reactor cavity flooding system using the 
PVMMARA method from Section 3.3. The reactor cavity flooding system has no effect 
on the mean arrival rate of accidents. Thus, only V2 is required for determining the ben-
efit of the system. The values used for the calculations are listed in Table 9. 
 
Table 9 Values used for evaluating the reactor cavity flooding system with the PVMMARA method 
λ2, the mean arrival rate of significant ra-
dioactive release (without the system) 

5.73 × 10-6 1/a 

T, end of operating permit 2028 – 2015 = 13 a 
Csr, cost of significant radioactive release 20 × €109 

ρ, discount yield 0.05 
Δλ2, the system's effect on mean arrival 
rate of significant radioactive release 

5.73 × 10-6 1/a – 5.26 × 10-6 1/a = 
0.47 × 10-6 1/a 

 
V2 can be calculated using equation (4), 
 

𝑉2 = ��(1 − 𝜆2)𝑡𝜆2𝐶sr
1

(1 + 𝜌)𝑡�
𝑇

𝑡=1

−���1 − (𝜆2 − 10−6)�
𝑡(𝜆2 − 10−6)𝐶sr

1
(1 + 𝜌)𝑡�

𝑇

𝑡=1

. 

(44) 

 
Using Microsoft Excel we obtain 
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𝑉2 = ��(1 − 5.73 × 10−6)𝑡 × 5.73 × 10−6 × 20 × €109 ×
1

(1 + 0.05)𝑡�
12

𝑡=1

−���1 − (5.73 × 10−6 − 10−6)�
𝑡(5.73 × 10−6 − 10−6) × 20

12

𝑡=1

× €109 ×
1

(1 + 0.05)𝑡� ≈ €187859.0375. 

(45) 

 
With V2, we can then calculate the benefit of the system using Equation (5) and keeping 
in mind that Δλ1 is zero, 
 
Δ𝜆1

10−6 1 a⁄
𝑉1 +

Δ𝜆2
10−6 1 a⁄

𝑉2 (46) 

 
0.47 × 10−6 1 a⁄

10−6 1 a⁄
× €187859.0375 ≈ €88293.75. (47) 

 

5.2.2 The Results and Sensitivity Analysis 
The benefit of the system according to the PVMMARA method is around €88000, as 
calculated in Section 5.2.1. In the following, we will conduct a nominal range sensitivi-
ty analysis for the five parameters of the model. The parameters are: 
 

• Mean arrival rate of significant radioactive releases 
• End of operating permit (remaining lifetime) 
• Cost of a significant radioactive release 
• Discount yield 
• The investment's effect on the mean arrival rate of significant radioactive releas-

es 
 
The sensitivity analysis of mean arrival rate of accidents can be found in Table 10. As 
the calculations show, the model is very insensitive to changes in mean arrival rate of 
accidents without the investment. Even large changes to the mean arrival rate have neg-
ligible effect. A realistic uncertainty in the mean arrival rate of significant radioactive 
release is maximum 10 percent, so other parameters are more important, when consider-
ing the model's accuracy. 
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Table 10 Nominal range sensitivity analysis of mean arrival rate of significant radioactive releases 
Mean Arrival 
Rate of Signif-
icant Radioac-
tive Releases 
(1/a) 

Proportional 
Difference to 
Base Case 

Value of the 
Investment 

Difference to 
Base Case 
(Absolute) 

Difference to 
Base Case 
(Proportional) 

5.73 × 10-8 -99.0% €88300.08 + €6.33 +0.0% 
2.865 × 10-6 -50.0% €88296.95 + €3.20 +0.0% 

5.4433 × 10-6 -5.0% €88294.07 + €0.32 +0.0% 
5.73 × 10-6 0.0% €88293.75 €0.00 0.0% 

6.0165 × 10-6 +5.0% €88293.43 - €0.32 -0.0% 
8.595 × 10-6 +50.0% €88290.55 - €3.20 -0.0% 

1.1403 × 10-5 +99.0% €88287.42 - €6.33 -0.0% 
 
The sensitivity analysis of the termination time of the operating license is presented in 
Table 11. Not surprisingly, the model is sensitive to changes of the end of operating 
permit. Due to the nature of the model, the same would apply to changes in investment 
decision time, as both of them affect remaining plant lifetime the same way. The posi-
tive side to this is that the points of time are usually well known and there is no uncer-
tainty related to them. 
 
Table 11 Nominal range sensitivity analysis of the end of operating permit 
End of Op-
erating 
Permit 

Remaining 
Plant Life-
time (Years) 

Proportional 
Difference 
to Base 
Case 

Value of the 
Investment 

Difference 
to Base 
Case (Abso-
lute) 

Difference to 
Base Case 
(Proportional) 

2020 6 -53.8% €47709.83 - €40583.92 -46.0% 
2025 11 -15.4% €78075.79 - €10217.96 -11.6% 
2027 13 0.0% €88293.75 €0.00 0.0% 
2030 16 +23.1% €101867.07 + €13573.32 +15.4% 
2035 21 +61.5% €120507.19 + €32213.44 +36.5% 
2040 26 +100.0% €135111.44 + €46817.69 +53.0% 
2045 31 +138.5% €146553.66 + €58259.91 +66.0% 

 
Sensitivity analysis for the cost of significant radioactive release is shown in Table 12. 
The value of the investment is a linear function of the cost of radioactive release, and 
thus, the percentual change of the value is the same as that of the cost of significant re-
lease. Unfortunately, there are large uncertainties when it comes to the cost and none of 
the values in the table ranging from €35000 to €140000 can be ruled out. In fact, even 
more extreme deviations from the base case could be possible. 
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Table 12 Nominal range sensitivity analysis of the cost of significant radioactive release 
Cost of Signif-
icant Radioac-
tive Release 

Proportional 
Difference to 
Base Case 

Value of the 
Investment 

Difference to 
Base Case 
(Absolute) 

Difference to 
Base Case 
(Proportional) 

€8000000000 -60.0% €35317.50 - €52976.25 -60.0% 
€12000000000 -40.0% €52976.25 - €35317.50 -40.0% 
€16000000000 -20.0% €70635.00 - €17658.75 -20.0% 
€20000000000 0.0% €88293.75 €0.00 0.0% 
€24000000000 +20.0% €105952.50 + €17658.75 +20.0% 
€28000000000 +40.0% €123611.25 + €35317.50 +40.0% 
€32000000000 +60.0% €141270.00 + €52976.25 +60.0% 

 
The sensitivity analysis of the effect of the discount yield on the value of the investment 
can be found in Table 13. As the table shows, the results are quite sensitive to the dis-
count yield. This is not a problem, since the discount yield contains no uncertainty, but 
it should be kept in mind that the choice of discount yield matters. 
 
Table 13 Nominal range sensitivity analysis of the discount yield 
Discount Yield Proportional 

Difference to 
Base Case 

Value of the 
Investment 

Difference to 
Base Case 
(Absolute) 

Difference to 
Base Case 
(Proportional) 

0.0% -100.0% €122191.05 + €33897.31 +38.4% 
2.0% -60.0% €106667.21 + €18373.46 +20.8% 
4.0% -20.0% €93858.75 + €5565.01 +6.3% 
5.0% 0.0% €88293.75 €0.00 0.0% 
6.0% +20.0% €83209.83 - €45083.92 -5.8% 
8.0% +60.0% €74290.88 - €14002.87 -15.9% 

10.0% +100.0% €66767.57 - €21526.18 -24.4% 
 
The sensitivity analysis of the investment's effect on the mean arrival rate of significant 
radioactive releases can be found in Table 14. Just as in the case of the cost of signifi-
cant radioactive release, we are dealing with a linear function here. Again, the percentu-
al deviation is the same for the change in the mean arrival rate and the value of the in-
vestment. In the analysis, a 30 percent deviation to both directions was assumed. How-
ever, the uncertainties related to the Level 2 PRA are smaller than this and a deviation 
of a couple of percent would be more realistic. 
 
Table 14 Nominal range sensitivity analysis of the investment's effect on the mean arrival rate of 
significant radioactive releases 
Effect on Mean 
Arrival Rate 

Proportional 
Difference to 
Base Case 

Value of the 
Investment 

Difference to 
Base Case 
(Absolute) 

Difference to 
Base Case 
(Proportional) 

0.329 × 10-6 -30.0% €61805.62 - €26488.12 -30.0% 
0.376 × 10-6 -20.0% €70635.00 - €17658.75 -20.0% 
0.423 × 10-6 -10.0% €79464.37 - €8829.37 -10.0% 
0.47 × 10-6 0.0% €88293.75 €0.00 0.0% 

0.517 × 10-6 +10.0% €97123.12 + €8829.37 +10.0% 
0.564 × 10-6 +20.0% €105952.50 + €17658.75 +20.0% 
0.611 × 10-6 +30.0% €114781.87 + €26488.12 +30.0% 
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We will now sum up and interpret the results and sensitivity analyses briefly. The 
PVMMARA method values the benefit of the reactor cavity flooding system at approx-
imately €88000. The sensitivity analyses show that the deviation of the mean arrival 
rate of significant radioactive releases without the investment has a negligible effect on 
the results, but the model is more or less sensitive to all the other parameters. However, 
many of them, such as the expiration date of the operating license or the discount yield, 
do not include uncertainty. The sensitivities for the system's effect on mean arrival rate 
of significant radioactive release and the cost of the radioactive release are the strongest. 
There is little uncertainty about the investment's effect on the mean arrival rate of sig-
nificant radioactive release, but the cost of the significant release is uncertain and limits 
the accuracy of the model. Without further studies, few conclusions can be drawn from 
the results as the possible range of the costs of significant radioactive release remains 
unknown. 

5.3 The PVEAC Method 

5.3.1 The Model 
As stated before in Section 3.4.5, the value of a safety investment, that is, the hypotheti-
cally avoided costs, can be assessed with equation 
 
𝑉(𝑋w,𝑋i, 𝜆w, 𝜆i, 𝑡)

= �𝑒−𝜌(𝜏−𝑡)�E�𝐿(𝑋w, 𝜏)�𝑒−𝜆w(𝜏−𝑡)𝜆w

𝑇

𝑡
− E�𝐿(𝑋i, 𝜏)�𝑒−𝜆i(𝜏−𝑡)𝜆i�d𝜏 . 

 

(48) 

In the case of the reactor cavity flooding system, the mean arrival rate of accidents λ 
will remain unchanged regardless of the system. This simplifies the equation to 
 

𝑉(𝑋w,𝑋i, 𝑡) = �𝑒−𝜌(𝜏−𝑡) �E�𝐿(𝑋w, 𝜏)� − E�𝐿(𝑋i, 𝜏)�� 𝑒−𝜆(𝜏−𝑡)𝜆d𝜏
𝑇

𝑡

. 

 

(49) 

Now, let us take a closer look at the expected losses without the investment, 
 
E�𝐿(𝑋w, 𝜏)� = E �𝑅(𝜏) + 𝐶�𝛷(𝑋w)� + 𝐷(𝑋w) + 𝐼(𝑋w, 𝜏)� . (50) 
 
In the PRA, accidents are divided into a limited number of scenarios with corresponding 
probabilities. This makes the probability distribution discrete. The expected value of a 
discrete probability distribution can be calculated with equation [64] 
 
E�𝑞(𝑌)� = �𝑞(𝑦𝑘)𝑢(𝑦𝑘)

𝑘

, (51) 

 
where E stands for expected value, Y is the discrete random variable, q the function we 
want to solve the expected value for, and u is the probability function of Y. 
 
Using equation (51), we can calculate the expected value in equation (50), 
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E�𝐿(𝑋w, 𝜏)� = ��Pr(𝑋w = 𝑥) �𝑅(𝜏) + E �𝐶�𝛷(𝑥)�� + 𝐷(𝑥) + 𝐼(𝑥,𝑇)��
𝑥

. (52) 

 
Similarly with the investment, we get 
 
E�𝐿(𝑋i, 𝜏)� = E �𝑅(𝜏) + 𝐶�𝛷(𝑋i)� + 𝐷(𝑋i) + 𝐼(𝑋i, 𝜏)� (53) 
 

E�𝐿(𝑋𝑖, 𝜏)� = ��Pr(𝑋i = 𝑥) �𝑅(𝜏) + E �𝐶�𝛷(𝑥)��+ 𝐷(𝑥) + 𝐼(𝑥,𝑇)��
𝑥

. (54) 

 
Substituting equations (52) and (54) into equation (49), we get 
 

𝑉(𝑋w,𝑋i, 𝑡) = �𝑒−𝜌(𝜏−𝑡) ���Pr(𝑋w
𝑥

𝑇

𝑡

= 𝑥) �𝑅(𝜏) + E �𝐶�𝛷(𝑥)�� + 𝐷(𝑥) + 𝐼(𝑥,𝑇)��

−��Pr(𝑋i
𝑥

= 𝑥) �𝑅(𝜏) + E �𝐶�𝛷(𝑥)�� + 𝐷(𝑥) + 𝐼(𝑥,𝑇)��� 𝑒−𝜆(𝜏−𝑡)𝜆d𝜏 . 

(55) 

With functions for R, C, D, and I, Equation (55) can be solved. Equation (55) is the one 
used in the Mathcad calculations of this thesis. However, as a safety investment does 
not alter the scenarios but merely transfers probability from one scenario to another, the 
equations simplifies to 
 

𝑉(𝑋w,𝑋i, 𝑡) = �𝑒−𝜌(𝜏−𝑡) ��(Pr(𝑋w = 𝑥) − Pr(𝑋i = 𝑥)) �𝑅(𝜏)
𝑥

𝑇

𝑡

+ E �𝐶�𝛷(𝑥)�� + 𝐷(𝑥) + 𝐼(𝑥,𝑇)�� 𝑒−𝜆(𝜏−𝑡)𝜆d𝑡 . 

(56) 

 
The lost income does not depend on the accident scenario variable. Thus, the equation 
can be further simplified, 
 

𝑉(𝑋w,𝑋i, 𝑡) = �𝑒−𝜌(𝜏−𝑡) ��(Pr(𝑋w = 𝑥) − Pr(𝑋i = 𝑥)) �E �𝐶�𝛷(𝑥)��
𝑥

𝑇

𝑡

+ 𝐷(𝑥) + 𝐼(𝑥,𝑇)�� 𝑒−𝜆(𝜏−𝑡)𝜆d𝑡 . 

(57) 

 
 
Next, we will go through the functions used to estimate R, C, D, and I. 
 
As mentioned above, the lost income, R, does not affect the result of Equation (55), as 
the equation is for a safety investment that does not alter the mean arrival rate of acci-
dents, and it is assumed that income will be lost permanently in all core meltdown acci-
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dents. However, we will keep the lost income in the calculations in order to show that it 
has not been neglected. The function for lost income was shown in Section 3.4.4, 
 

𝑅(𝜏) = �𝑒−𝜌(𝜃−𝜏)𝑟(𝜃)𝜂𝑃d𝜃
𝑇

𝜏

. 

 

(58) 

The equation is very straightforward. The only things that need to be discussed are the 
constants for availability, η, and power, P, and the function for the price of electricity, r. 
The net electrical output power of the Loviisa 1 NPP is 496 MW and is assumed to re-
main constant for the remaining lifetime. The availability has been on average around 
90% at the Loviisa plants, so the availability is set to 0.9 in our calculations. The inter-
esting part is the function for the price of electricity. For accurate results a forecast of 
the electricity price should be used. However, in this thesis, we settle for a constant 
price of 35 €/MWh. 
 
As shown in Section 3.4.4, the compensation cost depends on the size of the radioactive 
release. An even more significant effect on the compensation cost has the weather. 
However, we are dealing with expected values in our calculations, and thus, the ex-
pected compensation costs can be seen as a function of the expected size of radioactive 
release only, 
 
E �𝐶�𝛷(𝑋)�� . (59) 
 
Studies about the long-term compensation costs of a severe nuclear accident at the Lov-
iisa NPP have been made and presented by Fortum in a conference paper [65]. The 
presentation studies the different conventions and legislation of civil liability in nuclear 
accidents and compares them with estimates of the compensation costs. A program 
called TUULET is also presented. It has been developed by Fortum for the probabilistic 
analysis of radioactive exposure at the environment of the plant. The compensation 
costs are calculated in the program for the contaminated area using information about 
density of buildings and other kinds of property on different areas and the average val-
ues for the different types of property. [65] 
 
In the conference paper, four different accident scenarios and the expected costs as well 
as the 90%, 99% and 99.9% fractiles for those are presented. In order to estimate the 
function of expected compensation costs, 14 more cases were calculated with the 
TUULET program using updated prices. The results comprised of two sets of expected 
costs and maximum costs. The results with the assumption of radioactive release leav-
ing the cloud continuously, that is, the assumption of continuous rain, were lower than 
the ones with the assumption of radioactive release leaving the cloud only at certain 
locations. The higher one of the expected values series was chosen. A power regression 
line was fitted in to the results using Microsoft Excel. This way an estimate for Equa-
tion (59) was created. 
 

E �𝐶�𝛷(𝑋)�� = 0.1137 �E�𝛷(𝑋)��
1.5208

× €106, (60) 
 
where Φ(X) is the fraction of the cesium inventory released in the accident sequence X. 
The coefficient of determination for the estimate is 0.9889. 
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As mentioned in Section 3.4.4, it is assumed that the decontamination and defueling 
costs at the plant are a function of the accident scenario, 
 
𝐷(𝑋). (61) 
 
For the purpose of this thesis, a simplified model for the decontamination and defueling 
costs was assumed. Accidents were divided into three categories, namely A, B, and C 
based on their severity. Descriptions of the categories and their respective costs can be 
seen in Table 15. 
 
The division between the categories was following. The Category A is the least severe 
category. In the A category the in-vessel retention is successful and there are no radio-
active releases out of the containment. Without the reactor cavity flooding system, all 
accidents belonging into Classes APC01–APC10 and APC14–APC16 and some of the 
sequences of Class XAPC were classified as Category A. With the system, Classes 
APC02–APC10 and APC14–APC16 and some of the sequences in Classes APC01 and 
XAPC were assigned to this category. 
 
This accident situation is very similar to the accident at Three Mile Island in the TMI-2 
unit in 1979. The cost of decontamination and defueling TMI-2 has been estimated 
around a billion dollars [66]. However, there are also significant differences between the 
Three Mile Island accident and the assumed Category A accident in Loviisa. The TMI-2 
unit had only been in operation for 13 months before the accident. This means that the 
fuel burn-up was considerably lower than that of the Loviisa NPP. Greater burn-up is 
likely to lead to greater decontamination costs accordingly. On the other hand, the TMI-
2 unit was new and there was little operating experience with it whereas the Loviisa 
NPP has been in operation for a long time. This, in turn, is likely to reduce the decom-
missioning costs in Loviisa compared to those of the TMI-2. 
 
As it is difficult to assess the exact effects of the differences between Three Mile Island 
and Loviisa, we assume that the decontamination and defueling cost in the Category A 
would be the same as those in the TMI-2 incident. With inflation taken into account 
$1.0 billion in 1990 is roughly equivalent to $1.827 billion in 2013 [67]. If a transfer 
rate of 0.8 is assumed, this is roughly €1.462 billion. 
 
In addition to the extra costs from decontamination and defueling, the disposal of mol-
ten core is more expensive than normal disposal of the fuel. An extra cost ten times the 
normal cost of disposal the fuel is assumed. The normal cost of fuel disposal at Loviisa 
is around 400 €/kg. Thus the extra cost is 4000 €/kg. The total amount of fuel in the 
reactor is 33120 kg [68]. Accordingly, the total extra cost of disposal is €132.48 million. 
This makes the total decommissioning and defueling cost of Category A accidents 
around €1.594 billion. 
 
We define Category B as follows. The in-vessel retention is successful just like in Cate-
gory A. However, in Category B, there are radioactive releases that result in additional 
decontamination costs when compared to Category A. These radioactive releases from 
the containment mainly result from the containment by-pass scenarios. Without the in-
vestment, only the accidents in Class APC18 fall into this category. With the system, in 
addition to the Class APC18 some of the sequences in Class APC01 also belong to Cat-
egory B. 
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The cost of Category B follows the same logic as the cost of Category A. The costs are 
the same as in Category A except for an additional cost of decontamination that was 
assumed to be €100 million. This makes the total cost of Category B €1.694 billion. 
 
For Category C, it was assumed that the in-vessel retention fails and that the reactor 
cavity loses integrity in a steam explosion spreading the molten core around the plant. 
In addition to the cost of TMI-2, it was assumed that 5 cm of all surface areas contami-
nated with the molten core would have to be removed and disposed of with ten times 
the price of normal used fuel. 
 
The rooms in which the shockwave would likely enter were chosen and their total sur-
face area was estimated using the CAD lay-out models of the plant. The total surface 
area of these rooms is 2887.33 m2. With a 5 cm thick layer removed for the surfaces, 
this makes the total volume of the removed material 144.3665 m3. The density of the 
fuel is 10.97 g/cm3 [68]. With the density and the disposal cost per mass 4000 €/kg we 
can calculate the price per volume, 
 
10.97 g cm3⁄ × 4000 € kg⁄ = 10970 kg m3⁄ × 4000 € kg⁄ = 43880000 € m3⁄ . (62) 
 
This makes the total disposal cost of the removed material roughly €6.335 billion. The 
total cost of Category C was assumed to be the cost of TMI-2, the €100 million for de-
contamination, and the disposal cost of €6.335 billion. This makes a total of 
€7.897 billion. Without the system, Accident Classes APC13, APC17, and some of the 
sequences in Class XAPC are in this category. Whereas with the investment there are 
Accident Classes APC13 and APC17, and some of the sequences of Class XAPC in the 
C category. 
 
Table 15 Desriptions and costs of different accident categories 
Category Description With-

out the System 
Description With 
the System 

Cost 

A APC01–APC10, 
APC14–APC16, 
XAPC: Sequences 
P_XLG, P_XND 
and P_XSL 

APC01: all se-
quences excluding 
P_BVB, P_BVA 
and P_BSB, 
APC02–APC10, 
APC14–APC16, 
XAPC: Sequences 
P_XLG, P_XND 
and P_XSL 

€1.594 billion 

B APC18 APC01: Sequences 
P_BVB, P_BVA 
and P_BSB, APC18 

€1.694 billion 

C APC13, APC17, 
XAPC: Sequences 
P_XAT, P_XTS 
and P_XRE 

APC13, APC17, 
XAPC: Sequences 
P_XAT, P_XTS 
and P_XND 

€7.897 billion 

 
The most speculative part of the accident costs are the indirect costs. As discussed in 
Section 3.4.4, we will restrict to looking at the lost production of the rest of the fleet due 
to the accident in this thesis, 
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𝐼(𝑋, 𝜏) = �� 𝐴𝑗(𝑋, 𝜏,𝜃)𝑒−𝜌(𝜃−𝜏)𝑟(𝜃)𝜂𝑗𝑃𝑗d𝜃

𝑇𝑗

𝜏fleet

. 

 

(63) 

The price of the electricity in Equation (63) is naturally the same as in Equation (58). 
An availability of 0.9 was assumed for all the plants. All plant specific values used in 
the calculations can be found in Table 16. The Olkiluoto 3 NPP under construction was 
left out of the fleet as it is not certain when it will be in operation. 
 
Table 16 Values of the rest of the NPP fleet 
Power Plant Net Electri-

cal Power 
(MW) 

Share Share 
(MWh/a) 

Availability End of Op-
erating 
Permit 

LO2 496 1.000 4340000 0.9 2030 
OL1 880 0.266 2050000 0.9 2018 
OL2 880 0.266 2050000 0.9 2018 
OS1 473 0.434 1800000 0.9 2022 
OS2 638 0.434 2430000 0.9 2034 
OS3 1400 0.434 5320000 0.9 2034 
FO1 984 0.234 2020000 0.9 2040 
FO2 1120 0.234 2300000 0.9 2041 
FO3 1170 0.201 2060000 0.9 2045 
 
However, the interesting, important, and difficult part about the indirect costs is to de-
fine the functions for the dummy variables of different plants. The question of, how an 
accident would affect other plants, is very speculative. Calculations were done with the 
following scenario. An accident on Loviisa 1 only affects Loviisa 2. In case of success-
ful severe accident management the downtime of Loviisa 2 is set to one year in the 
model whereas the plant will stay permanently closed in case of a failure in the severe 
accident management. We base the successfulness of SAM on the APC categories in-
troduced in Section 2.2.4. The accident categories regarded successful are APC01–
APC06. Categories APC07–APC18 and XAPC are considered failures in severe acci-
dent management. 
 
More scenarios were calculated as a part of the sensitivity analyses. Descriptions of the 
scenarios as well as the results of the calculations can be found in Section 5.3.3. 

5.3.2 Calculations 
Two different sets of Level 2 PRA results were used for the calculation of PVEAC. The 
2010 results for power operation were used for the calculation of the situation without 
the investment. For the situation with the investment, that is, with the reactor cavity 
flooding system, the results were modified by PRA specialists so that 90 percent of the 
frequencies leading to in-vessel retention failure were transferred to sequences in which 
the in-vessel retention is successful. In other words, a 90-percent degree of success was 
assumed for the reactor cavity flooding system. In order to get more accurate results, the 
system would have to be modelled in PRA to determine the actual degree of success. 
 
The format of the PRA results is following. The Level 2 PRA results are separated 
based on accident sequence and accident class. Each row of data contains the accident 
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sequence, the accident class, and the respective frequency and fraction of the cesium 
inventory released in the accident. 
 
An Excel spreadsheet was created for arranging the data and calculating input values for 
the model. The two sets of PRA results were pasted on marked areas of the spreadsheet. 
When pasted on to the Excel spreadsheet each row of data was named with a combina-
tion of accident sequence and accident class using an Excel function. This name acted 
as the accident scenario variable of the model. 
 
Macros programmed with VBA were used for copying and pasting the data on another 
area of the spreadsheet. The rows were labeled based on the accident scenario variable. 
The frequencies and releases with and without the investment are pasted on different 
columns. Using Excel formulas the values for the accident category with and without 
the investment and the downtime lengths used by the dummy variables were calculated 
based on the data. 
 
After the data had been sorted and preparatory calculations had been done using Excel, 
the Equation (55) could be solved using PTC Mathcad 15.0. Mathcad was programmed 
to read the input values from the Excel file. Also, data found in Table 16 was directly 
read from an Excel file.  Equations (58), (60), (61), and (63) were programmed to 
Mathcad and Equation (55) solved using them. The Mathcad code can be found in Ap-
pendix 2. 

5.3.3 Results and Sensitivity Analysis 
Calculating with the base case assumptions described in Section 5.3.1, the PVEAC 
method evaluates the reactor cavity flooding system worth of approximately €106000. 
The shares and proportions of different cost categories calculated with Mathcad can be 
seen in Table 17. 
 
Table 17 The shares and proportions of different cost categories in the PVEAC method 
The Cost Category Share (€) Proportion (%) 
Lost income -3.438 × 10-11 0.0 
Compensation costs 154.07 0.1 
Decontamination and de-
fueling costs 

90710 85.6 

Indirect costs 15160 14.3 
Total 106000 100.0 
 
As mentioned before, lost income should have no effect on the result, since the system 
does not alter the mean arrival rate of accidents. However, there is a very small negative 
value for the expected present value of the system's influence on the mean arrival rate of 
accidents. It is likely caused by rounding errors of Mathcad and can be neglected. Table 
17 also shows that the decontamination and defueling costs practically dominate the 
total cost with the share of compensation costs being negligible as well and the indirect 
costs only adding up to a share of 14.3 percent. 
 
The fact that the most important categories for the results are also the ones with most 
assumptions and uncertainties makes sensitivity analyses crucial. There are plenty of 
parameters in the model that affect the outcome. As the effect of lost income and com-
pensation costs is negligible, we will only conduct sensitivity analyses related to the 
parameters of decontamination and defueling costs, and indirect cost, as well as to the 
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general parameters of the model. In the following, we will carry out a nominal range 
sensitivity analysis for the parameters listed below. 
 

• Time 
• Discount yield 
• Mean arrival rate of accidents 
• Price of electricity 
• The decontamination cost after successful SAM 
• The multiplier for disposal cost of damaged fuel 
• The contaminated surface area in case of a pressure vessel rupture and steam ex-

plosion 
 
In addition to the nominal range sensitivity analyses, we will perform the calculations 
for a few different cases of indirect costs to identify the sensitivity related to them. 
 
Time is an important factor when considering the investment. The longer the remaining 
time until the end of operating permit is, the higher the total probability for an accident. 
From the viewpoint of total accident probability, there is no difference in whether the 
time of the investment decision or the time of termination of operating permit changes. 
Only the time span between the investment decision and the end of operating permit 
matters. However, this is not the case for the entire model. From the indirect costs' point 
of view the changes are not the same. The change of the end of operating permit for the 
plant being analyzed only affects the total accident probability, whereas the change of 
investment decision time also affects the total sum of possible lost income. The sensitiv-
ity analysis for the end of operating permit can be found in Table 18 and the sensitivity 
analysis for the time of the investment decision in Table 19. 
 
Table 18 Nominal range sensitivity analysis of the end of operating permit 
End of Op-
erating 
Permit 

Remaining 
Plant Life-
time 
(Years) 

Proportional 
Difference 
to Base 
Case 

Value of the 
Investment 

Difference 
to Base 
Case (Abso-
lute) 

Difference to 
Base Case 
(Proportional) 

2020 6 -53.8% €59700 - €46300 -43.7% 
2025 11 -15.4% €94910 - €11090 -10.5% 
2027 13 0.0% €106000 €0 0.0% 
2030 16 +23.1% €120100 + €14100 +13.3% 
2035 21 +61.5% €139000 + €33000 +31.1% 
2040 26 +100.0% €153700 + €47700 +45.0% 
2045 31 +138.5% €165100 + €59100 +55.8% 
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Table 19 Nominal range sensitivity analysis of the investment decision time 
Time of the 
Investment 
Decision 

Remaining 
Plant Life-
time (Years) 

Proportional 
Difference 
to Base 
Case 

Value of the 
Investment 

Difference 
to Base 
Case (Abso-
lute) 

Difference to 
Base Case 
(Proportional) 

2003 25 +92.3% €170200 + €64200 +60.6% 
2010 18 +38.5% €136100 + €30100 +28.4% 
2013 15 +15.4% €118700 + €12700 +12.0% 
2015 13 0.0% €106000 €0 0.0% 
2017 11 -15.4% €92490 - €13510 -12.7% 
2020 8 -38.5% €70400 - €35600 -33.6% 
2027 1 -92.3% €9781 - €96219 -90.8% 

 
As the fact that the change of investment decision time affects the indirect costs, where-
as the change of end of operating permit does not, suggested, the results are more sensi-
tive to the time of the investment decision than to the time of the end of operating per-
mit. However, the difference is small and the model is sensitive to both of them. In 
practice, the sensitivity to the time of the investment decision and the end of operating 
permit is not an issue, since both are usually well known and there is little uncertainty to 
them. 
 
The sensitivity analysis for discount yield can be found in Table 20. 
 
Table 20 Nominal range sensitivity analysis of discount yield 
Discount Yield Proportional 

Difference to 
Base Case 

Value of the 
Investment 

Difference to 
Base Case 
(Absolute) 

Difference to 
Base Case 
(Proportional) 

0% -100% €149300 + €43300 +40.8% 
2% -60% €129600 + €23600 +22.3% 
4% -20% €113200 + €7200 +6.8% 
5% 0% €106000 €0 0.0% 
6% +20% €99490 - €6510 -6.1% 
8% +60% €88030 - €17970 -17.0% 

10% +100% €78380 - €27620 -26.1% 
 
As can be seen in Table 20, the results are very sensitive to changes in discount yield, 
when it comes to absolute changes in percentage units. However, while still noteworthy, 
in relative terms the changes are not as significant and the discount yields do not usually 
tend to differ that much. In fact, the opposite ends of the values in the sensitivity analy-
sis fairly well represent the realistic scale for discount yields that could be used for a 
safety investment. With 0 percent discount yield the value of the investment is roughly 
twice the value of that with a discount yield of 10 percent. 
 
The sensitivity analysis for the mean arrival rate of accidents can be found in Table 21. 
As the table shows, the results follow pretty much one-to-one the changes in the mean 
arrival rate of accidents. Thus, the sensitivity to changes in mean arrival rate of acci-
dents is high. However, the uncertainties in the PRA analysis are fairly low and an error 
of 10 percent such as the extreme values in Table 21 is unlikely. 
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Table 21 Nominal range sensitivity analysis of mean arrival rate of accidents 
Mean Arrival 
Rate of Acci-
dents (1/a) 

Proportional 
Difference to 
Base Case 

Value of the 
Investment 

Difference to 
Base Case 
(Absolute) 

Difference to 
Base Case 
(Proportional) 

1.251 × 10-5 -10.0% €95420 - €10580 -10.0% 
1.32 × 10-5 -5.0% €100700 - €5300 -5.0% 

1.376 × 10-5 -1.0% €105000 - €1000 -0.9% 
1.39 × 10-5 0.0% €106000 €0 0.0% 

1.404 × 10-5 +1.0% €107100 + €1100 +1.0% 
1.46 × 10-5 +5.0% €111300 + €5300 +5.0% 

1.529 × 10-5 +10.0% €116600 + €10600 +10.0% 
 
The sensitivity analysis for the price of electricity is shown in Table 22. A change of ten 
euros per megawatt hour was set as the maximum deviation from the base case. As it 
turns out, the sensitivity to the price of electricity is not that strong in the model and the 
maximum deviation of almost 30 percent from the base case only results in a difference 
of less than 5 percent in the results. 
 
Table 22 Nominal range sensitivity analysis of the price of electricity 
Price of Elec-
tricity 

Proportional 
Difference to 
Base Case 

Value of the 
Investment 

Difference to 
Base Case 
(Absolute) 

Difference to 
Base Case 
(Proportional) 

25 € -28.6% €101700 - €4300 -4.1% 
30 € -14.3% €103900 - €2100 -2.0% 
32 € -8.6% €104700 - €1300 -1.2% 
35 € 0.0% €106000 €0 0.0% 
38 € +8.6% €107300 + €1300 +1.2% 
40 € +14.3% €108200 + €2200 +2.1% 
45 € +28.6% €110400 + €4400 +4.2% 

 
The model's sensitivity to the decontamination and defueling cost in a successful case of 
severe accident management is presented in Table 23. The table clearly shows that 
changes in the cost of successful SAM have no effect on the value of the safety invest-
ment. There are a few things that should be noted about this sensitivity analysis result. 
First of all, the price of successful SAM does not affect the value since the cost is in-
cluded in all the accident categories and thus remains the same regardless of probability 
changes from one category into another. Secondly, we are dealing with a severe acci-
dent management system. If the investment affected the mean arrival rate of accidents, 
the price of successful SAM would also show in the value of the investment. 
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Table 23 Nominal range sensitivity analysis of decontamination and defueling cost after successful 
SAM 
Decontamination 
and Defueling 
Cost After Suc-
cessful SAM 
(billions of eu-
ros) 

Proportional 
Difference to 
Base Case 

Value of the 
Investment 

Difference to 
Base Case 
(Absolute) 

Difference to 
Base case 
(Proportional) 

0.731 -50.0% €106000 €0 0.0% 
1.0965 -25.0% €106000 €0 0.0% 
1.3158 -10.0% €106000 €0 0.0% 
1.462 0.0% €106000 €0 0.0% 

1.6082 +10.0% €106000 €0 0.0% 
1.8275 +25.0% €106000 €0 0.0% 
2.193 +50.0% €106000 €0 0.0% 

 
The sensitivity to additional decontamination costs in containment by-pass situations 
has been analyzed in Table 24. It can be seen that the additional decontamination costs 
in containment by-pass scenarios affect the value of the investment. However, the sensi-
tivity is rather weak and as the table shows, increasing the additional decontamination 
cost with a factor of ten only makes a difference of a couple of percent in the results. It 
is a surprising fact that, counter intuitively, an increase in the additional decontamina-
tion cost makes the investment less valuable. However, a logical explanation can be 
found. An increase in the additional decontamination cost of containment by-pass sce-
narios narrows the gap between the worst case scenario and the containment by-pass 
scenario. This in turn makes moving probability from the worst case scenario to the by-
pass scenario less profitable. 
 
Table 24 Nominal range sensitivity analysis of additional decontamination costs in containment by-
pass scenarios 
The Additional 
Decontamination 
Costs in By-Pass 
Scenarios (mil-
lions of euros) 

Proportional to 
Base Case 

Value of the 
Investment 

Difference to 
Base Case 
(Absolute) 

Difference to 
Base Case 
(Proportional) 

10 -90.0% €106300 + €300 +0.3% 
50 -50.0% €106200 + €200 +0.2% 
75 -25.0% €106100 + €100 +0.1% 

100 0.0% €106000 €0 0.0% 
150 +50.0% €105900 - €100 -0.1% 
500 +400.0% €104900 - €1100 -1.0% 

1000 +900.0% €103400 - €2600 -2.5% 
 
The sensitivity analysis of the multiplier for the cost of damaged fuel disposal is pre-
sented in Table 25. As can be seen, the results are sensitive to changes in the multiplier. 
Unfortunately, the multiplier is also related with a lot of uncertainty. The figures pre-
sented in the table range from the normal disposal cost of the used fuel to a hundred 
times the normal cost of used fuel, that is, ten times the cost of our base case. The 
changes in the value of the investment are almost as radical. They range from a little 
over €24 thousand to close to €925 thousand. 
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Table 25 Nominal range sensitivity analysis of the multiplier for the cost of damaged fuel disposal 
Multiplier 
for the Cost 
of Damaged 
Fuel Dis-
posal 

Disposal 
Cost per 
Kilogram 
Damaged 
Fuel 

Proportional 
to Base 
Case 

Value of the 
Investment 

Difference 
to Base 
Case (Abso-
lute) 

Difference to 
Base Case 
(Proportional) 

1 400 €/kg -90.0% €24130 - €81870 -77.2% 
2 800 €/kg -80.0% €33230 - €72770 -68.7% 
5 2000 €/kg -50.0% €60530 - €45470 -42.9% 

10 4000 €/kg 0.0% €106000 €0 0.0% 
20 8000 €/kg +100.0% €197000 + €91000 +85.8% 
50 20000 €/kg +400.0% €470000 + €364000 +343.4% 

100 40000 €/kg +900.0% €925000 + €819000 +772.6% 
 
The sensitivity analysis of contaminated surface area can be found in Table 26. When 
looking at the proportional changes in the contaminated surface area and the effect on 
results, an even stronger sensitivity than in the case of disposal cost multiplier can be 
found. Luckily however, the variation in the surface area is more restricted than the 
changes in the multiplier. The different choices of surface area in the sensitivity analysis 
are based on different rooms in the reactor building. The smallest value is the surface 
area of the reactor cavity only. The largest value is not based on the CAD lay-out mod-
els. It is a rough estimate of how large the contaminated surface area could be if the 
shockwave penetrated into the auxiliary building that is connected to the reactor build-
ing. 
 
Table 26 Nominal range sensitivity analysis of the contaminated surface area in case of a steam 
explosion 
Total Surface 
Area Contami-
nated in Case 
of a Steam Ex-
plosion 

Proportional to 
Base Case 

Value of the 
Investment 

Difference to 
Base Case 
(Absolute) 

Difference to 
Base case 
(Proportional) 

437.58 m2 -84.8% €27180 - €78820 -74.4% 
612.96 m2 -78.8% €32820 - €73180 -69.0% 
670.68 m2 -76.7% €34680 - €71320 -67.3% 

2887.33 m2 0.0% €106000 €0 0.0% 
3886.23 m2 +34.6% €138200 + €32200 +30.3% 
4885.13 m2 +69.2% €170300 + €64300 +60.7% 

10000.00 m2 +246.3% €335000 + €229000 +216.0% 
 
The mathematical nature of the dummy variables prevents testing them with nominal 
sensitivity analysis the same way other parameters have been tested above. Yet, they are 
an important factor in the cost formation as the indirect costs account for 14.3 percent in 
the results calculated with base case assumptions. Here, we will test the model's sensi-
tivity to the dummy variables by calculating three alternative scenarios and looking at 
the results. Descriptions of the scenarios can be found in Table 27. 
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Table 27 Descriptions of different alternative scenarios used for the sensitivity analysis of the 
dummy variables 
Scenario Description: Successful 

Severe Accident Manage-
ment 

Description: Failed Severe 
Accident Management 

Alternative Scenario 1 • Loviisa 2 out of op-
eration for three 
months 

• No effect on other 
plants 

• Loviisa 2 out of opera-
tion for five years 

• No effect on other 
plants 

Alternative Scenario 2 • Loviisa 2 out of op-
eration for one year 

• All other plants of the 
fleet out of operation 
for six months 

• Loviisa 2 permanently 
out of operation 

• All other plants of the 
fleet out of operation 
for three years 

Alternative Scenario 3 • Loviisa 2 out of op-
eration for one year 

• All other plants of the 
fleet out of operation 
for six months 

• Loviisa 2 permanently 
out of operation 

• All other plants of the 
fleet permanently out  
of operation 

 
It can be questioned, how realistic the alternative scenarios are? However, that is not 
important. In fact, when considering a sensitivity analysis it is better that the extremes 
are a little unrealistic to make sure that all values are between them. 
 
In Alternative Scenario 1, there are some consequences to Loviisa 2 if an accident hap-
pens on Loviisa 1. The consequences, especially in the case of a severe accident, are 
low however, and it is safe to assume that this is the minimum level of effect on other 
units of the fleet. 
 
Alternative Scenario 2 affects the other plants of the fleet more than the scenario used in 
the base case calculations. Alternative Scenario 2 was seen as another option that could 
have been used for the calculation of the base case. In the end, it was not chosen, since 
forecasting the effects on plants other than the ones physically affected by the accident 
was seen as too speculative for the base case. 
 
Alternative Scenario 3 is the opposite of Alternative Scenario 1. The maximum effect an 
accident could have on other plants is that they would have to shut down permanently. 
This is the case in Alternative Scenario 3. One could argue that plants could be shut 
down permanently even after a non-severe accident. However, this would have no effect 
on the value of a severe accident management investment, as the cost would remain the 
same in all cases regardless of the investment. Thus, the most extreme case from the 
investment point of view is that the indirect effects are fairly low for non-severe acci-
dents and as high as possible for severe accidents. Alternative Scenario 3 represents this 
extremity well. 
 
The results for Alternative Scenarios 1, 2, and 3 can be found in Table 28, Table 29, and 
Table 30 respectively. 
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Table 28 The shares and proportions of different cost categories in Alternative Scenario 1 
The Cost Category Share (€) Proportion (%) 
Lost income -3.438 × 10-11 0.0 
Compensation costs 154.07 0.2 
Decontamination and de-
fueling costs 

90710 92.2 

Indirect costs 7483 7.6 
Total 98350 100.0 
 
 
Table 29 The shares and proportions of different cost categories in Alternative Scenario 2 
The Cost Category Share (€) Proportion (%) 
Lost income -3.438 × 10-11 0.0 
Compensation costs 154.07 0.1 
Decontamination and de-
fueling costs 

90710 72.6 

Indirect costs 34030 27.2 
Total 124900 100.0 
 
 
Table 30 The shares and propotions of different cost categories in Alternative Scenario 3 
The Cost Category Share (€) Proportion (%) 
Lost income -3.438 × 10-11 0.0 
Compensation costs 154.07 0.1 
Decontamination and de-
fueling costs 

90710 47.7 

Indirect costs 99180 52.2 
Total 190000 100.0 
 
As Table 28 shows, the total cost in the base case is close to Alternative Scenario 1, that 
is, the lower limit of the scale. The upper limit defined by Alternative Scenario 3 is 
roughly twice that value. 
 
We will now sum up the results and the sensitivity analyses and look more closely at 
what they mean. Out of the four cost categories, or the components of losses as they 
were identified in Section 3.4.4, the decontamination and defueling costs and the indi-
rect costs are most significant. Income losses do not affect the value at all for a severe 
accident management system and the effect of compensation costs is practically negli-
gible. 
 
Time has a strong influence in the results. It can affect the results in two ways. Either 
the time of the investment decision or the time of the termination of operating license 
may change. The change of investment decision time is more significant of the two as it 
affects the remaining life times of other plants in addition to the plant under analysis. 
However, there is usually little uncertainness about the points of time that should be 
used for the analysis, so time rarely poses a problem. Yet, it is important to notice how 
quickly the benefit of safety investments decreases when the lifetime of the plant ap-
proaches zero. 
 
The discount yield as well as the mean arrival rate of accidents also has a strong effect 
on the results. Fortunately, the uncertainties related to Level 1 PRA and the mean arri-
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val rate of accidents are small and thus, the effect on the model accuracy is low. There 
are no model accuracy issues when it comes to the discount yield as the preferred value 
can be chosen. However, just as in the case of lifetime, it should be kept in mind that the 
model is sensitive to alterations of the discount yield. 
 
The sensitivity analyses showed that the decontamination and defueling costs after suc-
cessful severe accident management do not affect the results, as they are the same in all 
cases. It was also pointed out that realistic changes in price of electricity or even large 
changes in the additional decontamination costs in containment by-pass scenarios result 
in negligible deviations in the results. This means that the model is not that sensitive to 
these parameters and focus should be on other parameters before these. 
 
The model is very sensitive to the used fuel disposal multiplier and to the contaminated 
surface area in case of a steam explosion. Unfortunately, both of these contain large 
uncertainties as well. However, there have been studies about steam explosions, and 
with structural analyses more accurate forecasts about the contaminated surface area 
could be made. Forecasting the multiplier for the used fuel disposal cost is more diffi-
cult. Nevertheless, with studies and post-accident decontamination planning more accu-
rate values could be obtained. 
 
Another sensitive point for the model is the dummy variables used for indirect costs. 
They do not have the same potential of affecting the results as the parameters related to 
the decontamination and defueling. On the other hand, the political consequences of an 
accident are very difficult, unless impossible, to forecast and will always remain just as 
assumptions compared to other parameters that can be studied more analytically. How-
ever, as mentioned before, the indirect costs of the accident should be included in the 
model in order to get the best estimate even if their accuracy is lower than that of other 
components. 
 
What is important to notice is that the sensitivity analysis results presented here are cal-
culated for the reactor cavity flooding system. Thus, the conclusions drawn here only 
apply for SAM investments that do not alter the mean arrival rate of accidents. If anoth-
er type of safety investment is to be analyzed with the PVEAC method, new sensitivity 
analyses should be made in order to ensure which parameters are the most relevant 
ones. 
 
It should also be kept in mind that the sensitivity analyses carried out here were con-
ducted individually for each different parameter. In order to find out, what the total ef-
fect of the variation of different parameters is, a different type analysis would have to be 
used. In practice, this would be a Monte Carlo analysis. However, a Monte Carlo analy-
sis would require a computational time of thousands of hours due to the limitations of 
the software, and thus, it was rejected as an option in this thesis. 
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6  Conclusions 
Three requirements have been set for the justification of nuclear energy. The benefits 
must outweigh the costs, individual radiation doses must not be exceeded, and the nega-
tive health effects must be as low as reasonably possible. In order to keep the negative 
health effects as low as reasonably possible, we have to choose the best safety im-
provement projects, that is, the most cost effective ones, and implement them. This calls 
for economic optimization. 
 
The purpose of this thesis was to assess if the reactor cavity flooding system is econom-
ically justified for the Loviisa nuclear power plant, a unique combination of Eastern and 
Western nuclear technology with end of operating permit in 2027. The benefits of the 
system were estimated with the method currently being used for the economic analysis 
of safety investments at Fortum and a new method for the economic analysis was de-
veloped. The estimated total cost of the reactor cavity flooding system project is 
€685000 including both reactor units of the Loviisa NPP. Thus, the cost per reactor unit 
is a little under €350000. On the other hand, the benefit of the system is estimated at 
€88000 with the current PVMMARA method and at €106000 with the new PVEAC 
method. 
 
Both methods suggest that the investment is economically not viable, as the costs add 
up to three to four times the benefits, and therefore should not be executed solely on 
economic reasons. However, both of them also contain some uncertain assumptions and 
some of the results of nominal range sensitivity analyses extend to higher values than 
the cost. 
 
The results of the PVMMARA analysis are based on the rather arbitrary cost of a signif-
icant radioactive release and, although they may give some idea about magnitude of the 
benefits, they cannot be taken as accurate estimates of avoided accident costs. Unfortu-
nately, due to the assumptions we had to make for the accident costs, the same applies 
to the PVEAC method. The PVEAC method cannot produce more accurate results than 
the accuracy of the modelled accident costs. In order to get more accurate results, the 
costs of nuclear accidents should be modelled more accurately. In fact, to accurately 
take everything into account, full scope Level 3 probabilistic risk assessment calcula-
tions would have to be performed. 
 
Accurate modelling of the costs of a nuclear accident can be very difficult. In our calcu-
lations, the largest source of uncertainty is the decontamination and defueling cost. 
However, with some research, more accurate models for forecasting the decontamina-
tion and defueling costs could be developed, and at least in theory, there is no limit to 
the accuracy of the model. The same cannot be said about the indirect costs. Forecasting 
the acts of the regulator is forecasting human behavior, which will always be specula-
tive. Thus, the accuracy of the modelled costs will always be uncertain and this must be 
kept in mind when using the results. 
 
The calculations of the PVEAC method are based on expected values. Decision making 
based on expected values is called risk neutral behavior. Nuclear industry, at the same 
time, is risk averse by default. Risk aversion means that if the risks were estimated 
right, all of the safety investments with larger benefits than the cost should already be 
implemented and that even some of the investments that do not seem profitable should 
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be realized to be on the safe side. Thus, it is unlikely that any of the safety improvement 
projects seem economically justifiable. 
 
If the PVEAC method were to be used in accurate analyses of actual accident costs that 
can be avoided with the investment, a few things would need to be taken into considera-
tion. Sensitivity analyses have only been made in the case of a severe accident man-
agement system in this thesis. If the safety investment has an effect on the total accident 
frequency, the results of the sensitivity analyses will differ. Thus, new sensitivity anal-
yses have to be conducted, if the method is used for other type of safety investments. 
 
Although the PVEAC method seeks to take all the costs into account, there may be ad-
ditional hidden costs that are either difficult to quantify or to link to the accident. These 
costs are, for instance, the damage to the public image of the company or to the image 
of the area or the country. Some of these costs fall in the hands of the operator, but oth-
ers may not get compensated. The quantifiable costs that can be calculated are thus a 
minimum estimate for the costs, and the actual costs may be larger. This is one of the 
reasons why risk averse behavior is expected from nuclear power plant operators. 
 
Discounting is another subject that needs to be discussed. As said before, there is a con-
sensus that discounting should be used with loss of marketable goods, that is, lost pro-
duction in our case. However, when it comes to other costs of accidents, there is a lot of 
debate whether discounting should be used or not and how high the discounting yield 
should be in relation to the one used otherwise. [1] We used a discounting yield of 5 
percent in all our calculations. We made the decision for two reasons. All of the costs 
are easily monetarily quantifiable, so there is no valuation problem. The other, more 
significant, reason is that PVMMARA method uses discounting. So in order to make the 
two methods as comparable as possible, the same discounting yield should be used with 
both. As shown by the discount yield sensitivity analysis in Section 5.3.3, the lack of 
discounting increases the results with more than 40 percent. If discounting were only to 
be used with the lost production, the result would also increase, however, less than that 
with no discounting at all. 
 
Although the PVEAC method may not be sufficient as it is for making investment deci-
sions on specific safety improvement projects and, in fact, should not be used for that, it 
can be used for comparison between different options. Even if the absolute costs of the 
accidents can be inaccurate, the proportions are likely close enough as long as none of 
the components of accidents are totally out of scale. The absolute benefit of a safety 
investment is usually not of interest, as only the benefit in relation to other safety in-
vestment options matters. As mentioned before, all required safety investments are done 
regardless whether they benefit economically or not. Yet, choosing the most efficient 
safety investments is naturally always of interest and choosing the most efficient addi-
tional safety investments maximizes the amount of safety. 
 
A good way of choosing between safety investments could be following. Rough esti-
mates about the costs of different projects and their effects on PRA frequencies would 
be formed. Based on those, first screening would be done using the PVMMARA meth-
od as a rule of thumb. Then for a suitable amount of most promising candidates, PRA 
calculations and preliminary designs would be carried out and cost estimates calculated. 
The benefits of the options calculated with the PVEAC method would be compared 
against the corresponding costs and the best projects would be picked and realized. 
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Appendix 1. Drafts of the Reactor Cavity Flooding Sys-
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Draft of the reactor cavity flooding system, level +03.00 
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Draft of the reactor cavity flooding system, level +05.80 
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Draft of the reactor cavity system, level +10.45 
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