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Nuclear power plants (NPP) are well-known for their multidisciplinary character as well as 

the high degree of coupling and interaction between their elements. Consequently, regula-

tory bodies tend to induce a massive number of requirements to ensure the nuclear safety of 

the power plant, these requirements aim to apply the defence-in-depth (DiD) safety ap-

proach. In Fennovoima Hanhikivi 1 (FH1) NPP, the DiD approach is applied through for-

malizing functional entities which are assigned to various DiD levels. 

Each functional entity consists of safety functions that share common non-functional design 

requirements including safety class, failure criterion, diversity, separation, seismic and en-

vironmental requirements. By investigating the safety functions of FH1 NPP, one concludes 

that they are significantly interconnected and exchange a huge number of signals. Therefore, 

verifying each safety function independently is not effective because a function may seem 

to perform its function when it is considered alone, but challenges are found when also the 

interconnected functions are considered. Thus, it becomes essential to verify the whole func-

tional chain which can be defined as a set of safety functions that interact together to guar-

antee the success of plant systems. 

In this study, a methodology for performing the functional chain analysis has been developed 

and formalized. The methodology mainly targets verifying five aspects of the functional 

chain which are: measurements, actuators, processing logic, human-machine interface, and 

cabling between various components. Furthermore, two prototypes for a reviewing tool, that 

performs the functional chain analysis, have been developed utilizing MATLAB and Mi-

crosoft Access. Finally, the developed methodology was applied to the high-pressure safety 

injection functional chain of FH1 NPP. The application of the methodology revealed design 

issues that need to be further clarified with the plant supplier. The main usefulness of the 

functional chain analysis is that it can be considered as one more last check before the equip-

ment of FH1 NPP systems are physically manufactured.  
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1 Introduction 

1.1 Background 

Between the 1960s – 1980s, nuclear power plant projects have been successfully finished 

within the assigned schedule or with little delays. Nowadays, this is no longer the case be-

cause of several reasons including: introduction of new features to the power plants to en-

hance their operation and safety which result in a more complex design, general lack of 

experience of large projects in the business, disappearance of vertical integration of suppli-

ers, causing massive lengthening of subcontracting chain, failure to learn from own and oth-

ers’ experience, and mismatch of expectations and capabilities of owners, suppliers, subcon-

tractors, and regulators. 

According to a study published by NASA in 2009, a nuclear power plant is characterized by 

a high degree of coupling and complex interaction between its elements. As can be observed 

from Figure 1.1, nuclear plant is located in the foremost top right region indicating the high 

degree of interaction-coupling relation of nuclear plants compared to other industries. Un-

doubtedly, the higher the degree of complexity of any system, the more significant the ac-

companying risks are. In consequence, a massive number of requirements and long subcon-

tracting chains become an essential part of any nuclear plant project. (Söderholm, 2013) 

 

Figure 1.1 Degree of coupling and interactions between elements of various systems, NASA. (Dvorak, 2009) 
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Satisfying the continuously increasing number of and more demanding regulatory require-

ments is one of the most difficult challenges when building a nuclear facility which regularly 

results in significant delay expenses. The main objective behind inducing this excessive 

number of requirements is to ensure the safety of the environment and people from any risks 

that may be accompanied by a complex project such as a nuclear power plant. 

According to (Nuutinen, Sipola and Rantakaulio, 2017), several factors contribute to diffi-

culties in meeting the specified schedule as well as the financial plan. One of these factors 

is the complexity of licensing process arising from requirements changes during the plant 

lifecycle. A well-known example is the evolution of the functional defense-in-depth (DiD) 

levels. Initially, the concept consisted entirely of three levels dealing with normal operation 

(NO), anticipated operational occurrences (AOO), and design basis accidents (DBA). After-

wards in 1995, a revision for the concept was published to include fourth and fifth levels in 

order to assist the plant in dealing with beyond design basis situations (multiple failures and 

severe accidents), in addition to emergency planning. These levels were added in a response 

to TMI-2 and Chernobyl accidents. Finally, the western European nuclear regulator’s asso-

ciation (WENRA) proposed in 2009 that level 3 should be divided into two independent 

levels: level 3a which is the traditional level 3, while the other is level 3b which is capable 

of dealing with multiple failures and extreme external events similar to Fukushima.  

As a result of these changes, many plants around the world had to update their plant safety 

level to meet the latest requirements. Consequently, new plant features were integrated 

within the plants, but the update of plants design as well as the safety analysis to demonstrate 

compliance with the new regulations have always been performed without utilizing require-

ments management formal methods. This leads to a situation where tracing the regulatory 

high-level requirements down to the system level is complicated or even lost. As a conse-

quence, the licensing documentation lacks a clear, satisfying description of how updates 

comply with the requirements change. (Nuutinen, Sipola and Rantakaulio, 2017) 

In response to the aforementioned facts, Fortum which is a Finnish energy company that 

owns and operates nuclear plants, has developed ADLAS® which is a method of designing 

safety-critical systems and preparing licensing documentation. According to Fortum, the 

method is mainly concerned with ensuring that design systems meet the safety requirements 

in addition to performing the required function verification and validation. 
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The documents produced by ADLAS® describe in a clear way how the design satisfies all 

the requirements. This is mainly achieved by describing the requirements as well as the de-

sign hierarchically from plant level to functional level and down to system architecture. As 

a consequence, the risk of delays is reduced as requirement management fulfils the authority 

expectation on clear requirement traceability. ADLAS® method is currently utilized in Fen-

novoima Hanhikivi 1 (FH1) nuclear power plant licensing process. The main objective be-

hind utilizing the method is speeding up the licensing process as well as utilizing a more 

accurate requirements management method with an aim to increase the safety of critical 

systems and decrease the operational and maintenance costs by avoiding unnecessary equip-

ment such as unreasonably high safety class equipment. 

When simplified, ADLAS® method defines three hierarchical levels of documents shown in 

Figure 1.2. Firstly, the plant level document in which functional DiD levels are introduced 

and formalized. Secondly, functional architecture level documents are concerned about de-

fining safety functions that implement and protect the DiD levels defined in the plant level. 

Finally, technical architecture level documents which mainly implement the safety func-

tions, defined in the previous level, through assigning the functions to different process and 

electrical systems, buildings, I&C system, and control rooms. After utilizing ADLAS® 

method, the technical architecture level requirements are utilized to implement the specific 

system design.  

 

Figure 1.2 Schematic diagram for ADLAS hierarchical requirements methodology. (Fortum, 2021) 
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1.2 Objectives and Study Scope 

Due to the multidisciplinary character as well as the high complexity of the systems of FH1 

nuclear power plant, the safety functions of the plant tend to be significantly interconnected 

and exchanging a huge number of signals. As a consequence, defining each safety function 

independently from other safety functions is not feasible, and introducing a new concept that 

is capable of describing the interconnection between safety functions becomes essential. 

Therefore, functional chain concept has been introduced where such a chain represents a set 

of safety functions and support safety functions that interact together to guarantee the success 

of various plant systems while controlling and mitigating various events. 

The primary objective of this study is to develop a functional chain analysis methodology 

that supports verifying that the non-functional requirements induced on a certain safety func-

tion, that belongs to a specific DiD level, are satisfied throughout the entire functional chain 

and its corresponding measurements-actuators chains. This includes ensuring that these re-

quirements propagate clearly from the plant design level to functional architecture, then to 

the technical architecture, and down to the system design level. The non-functional require-

ments, that the methodology will assess, include but are not limited to safety classification, 

failure criterion, functional and physical separation requirements, as well as diversity re-

quirements. Furthermore, the methodology will be extended to include the seismic, environ-

mental, and electromagnetic compatibility qualifications of the equipment performing a spe-

cific safety function of the plant. The methodology that will be developed in this study con-

sists of: 

1. A measurements checking routine to assess the measurements (sensors) utilized by 

the function. 

2. A processing checking routine to verify the processing logic of the function before 

uploading it to the I&C system. 

3. An actuators checking routine to assess the process and electrical equipment per-

forming the function. 

4. A human-machine interface (HMI) checking routine to assess the manual actions 

buttons, annunciation, and indications of the safety function in the control rooms. 

5. A cabling checking routine to check the cabling trains between the aforementioned 

components as well as power supply cabling. 
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In addition to the above-mentioned objectives, the study introduces a formalization for the 

methodology with an aim to define systematic steps that assist be the plant design reviewers 

when applying the methodology to the functional chains of FH1 NPP. Furthermore, two 

prototypes for a reviewing tool are to be developed in this study with an aim to support the 

application of the developed functional chain analysis methodology and make it easier for 

the reviewers when applying it. The developed prototypes mainly utilize the database files 

provided by the plant supplier and then processes them to serve as an input to the tool. The 

processing of this database including building a data model through setting up relations be-

tween various information or physical entities of the plant. At the end of the study, the de-

veloped methodology will be applied to one of FH1 NPP functional chains in order to 

demonstrate how the methodology could be applied. 

1.3 Organization of the Study 

This study consists of eight chapters, starting with chapter 1 which provides background 

information and an introduction about the topic of this study. Moreover, it presents the study 

objectives of the thesis. Chapter 2 introduces the AES-2006 plant concept including its op-

erational characteristics as well as the application of fundamental safety function in plant 

design. Afterwards, chapter 3 introduces ADLAS® method by starting to provide back-

ground information about system engineering and requirement management, followed by a 

detailed presentation of the method hierarchical levels. 

Chapter 4 focuses on introducing the concept of functional chain analysis, then the devel-

oped methodology of this analysis is presented including five checking routines which are 

measurements, processing, actuators, HMI, and cabling checking routines. At the end of the 

chapter, the developed methodology is being formalized and formulated. Afterwards, chap-

ter 5 introduces two developed prototypes that will help the plant design reviewers to apply 

the functional chain analysis methodology. 

Chapter 6 presents the results of applying the developed functional chain analysis method-

ology to the high-pressure safety injection functional chain. Furthermore, the results are dis-

cussed in the chapter 7. Finally, chapter 8 presents various conclusions of the study including 

recommendations for future work. 
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2 AES-2006 Plant Concept 

In this chapter, the AES-2006 plant concept, which is utilized by Fennovoima Hanhikivi 1 

project, is to be presented and discussed. Firstly, the main characteristics of the VVER reac-

tor technology are to be introduced in addition to a brief introduction about the evolution 

history of VVER plants. Afterwards, the safety and operational characteristics are presented 

including the application of the main safety functions as well as the DiD concept in the plant 

design.  

2.1 Background 

The VVER reactor, which is an abbreviation of a water-water power reactor, is considered 

similar to the Western pressurized water reactor (PWR) design from working principal point 

of view, however, the VVER reactor design has some other feature that is different than the 

Western concepts and designs. For instance, VVERs utilize horizontal steam generators, 

shown in Figure 2.1, compared to vertical ones in PWR, moreover, VVERs have hexagonal 

fuel assemblies and larger coolant inventories. (Lamarsh and Baratta, 2001) Currently, there 

are around 60 VVER reactor units in operation all around the world, mainly located in Russia 

and Ukraine, representing around 13% of the total operating number of operating NPPs in 

the world. Furthermore, 16 VVER units are currently under construction. (PRIS, 2020)  

In 1964, the first VVER unit was commissioned at Novovoronezh nuclear power plant in 

Russia with a net electric power output of 210 MWe. Afterwards, the initial design was 

subjected to several developments which result in a more powerful reactor, named VVER-

440, which belongs to generation II of the nuclear reactors. Several units of this version are 

currently operating in many European countries including Loviisa 1-2 in Finland, Dukovany 

1-4 in the Czech Republic, and others. Later on, the VVER-1000, which is the most common 

VVER design, was developed. The standard series of this design is known as V-320 and it 

is characterized by a thermal power of about 3000 MWt moreover, several new safety fea-

tures and systems were introduced in this design. At the present time, there are 31 VVER-

1000 units in operation around the world such as Temelin 1-2 in the Czech Republic and 

Kozloduy 5-6 in Bulgaria. (ROSATOM, 2020) 
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After the successful commissioning and safe operation of the VVER-1000/V320 units, the 

experience was gained to perform further developments for the design. These efforts result 

in two new plant concepts known as AES-91 and AES-92 in which safety systems and the 

plant layout were subjected to changes and further improvements. Finally, the latest version 

of the VVER plants was released under the name AES-2006 with the VVER-1200 reactor. 

The plant belongs to generation III+ and is designed to satisfy the international safety regu-

lations and requirements including the Finnish ones. AES-2006, shown in Figure 2.1, is 

planned for Hanhikivi 1 project with a reactor VVER-1200/V-522. The reactor has an output 

thermal power of about 3200 MWt. In the next sections, the safety and operational charac-

teristics are presented in addition to introducing some of the evolutionary safety systems that 

will be utilized in the plant. (ROSATOM, 2020) 

 

Figure 2.1 Three-dimensional visualization of the VVER-1200 reactor unit. (ROSATOM, 2020) 

 

2.2 Safety and Operational Characteristics 

In this section, the safety and operational characteristics of the AES-2006 are presented. 

Firstly, the main design parameters of the plant are shown in Table 2.1. It can be observed 

that the four-loops reactor has a higher thermal and electrical output power compared to the 

previous versions of the VVER. Furthermore, the service life of the plant is 60+ years with 

availability that exceeds 90%. Besides, the utilized fuel assemblies have a maximum average 

burnup of about 60 MWd/KgU. 
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Table 2.1 Main design parameters of the AES-2006 (VVER-1200). 

Operational Characteristics Units Value 

Service life   years 60 

Reactor thermal power output MWt 3200 

Power plant efficiency % ~37 

Primary coolant pressure at core outlet MPa 16.2 

Primary coolant temperature at core inlet ℃ 298 

Primary coolant temperature at core outlet ℃ 328 

Temperature of steam at SG outlet ℃ 286 

Temperature of feedwater ℃ 225 

Primary coolant flow rate through reactor vessel m3/h 86000 

Steam pressure at the steam generator outlet MPa 7 

Number of fuel assemblies / control rods pcs 163 / 121 

Fuel enrichment % ~ 4 

 

2.2.1 Fundamental Safety Functions 

Any nuclear power plant shall be able to maintain fundamental safety functions for all plant 

states. These functions, shown in Figure 2.2, are control of reactivity, heat removal from the 

reactor core and the spent fuel pools, and confinement of radioactive material.  

 

Figure 2.2 Main safety function that must be applied to any NPP. (Peakman, Hodgson and Merk, 2018) 

 

In order to achieve these fundamental safety functions, the AES-2006 plant relies on several 

principles including: (ROSATOM, 2020) 

a) The inherent safety principle which implies the ability of the reactor to maintain its 

controlled state based on the natural laws of physics. For instance, the temperature 

feedback effect which can be explained that upon increasing the reactor power, the 

temperature of the reactor moderator increases, thus, the density of the moderator 

decreases which means that fewer neutrons will be moderated, therefore, the reactor 

power drops and stabilizes again without the operation of any safety systems. 
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b) The structural and functional Defence-in-Depth (DiD) principles which will be ex-

plained in detail in section 2.3. 

c) The passivity concept which starts to appear in the early 1990s with some attempts 

to simplify safety systems through introducing passive ones. These systems are char-

acterized by the ability to function without an external power supply however, some 

actuation may still require I&C and valve operation, but this is minimal compared to 

the pumping power needs of active systems. 

d) The redundancy, diversity, physical separation, and functional isolation principles 

which will be introduced in further detail in section 3.3.1. 

 

Generally, the three main safety functions are implemented utilizing redundant active safety 

systems that have multiple and diverse power supplies in addition to other diverse passive 

systems that are utilized to avoid common cause failures. Hence, one may introduce a brief 

description of some of the VVER-1200 reactors' features that are utilized to perform each of 

the three fundamental safety functions. 

Firstly, reactivity is controlled with several control rods during the normal operation of the 

plant. Besides, the driving mechanism of the control rods applies the fail-safe principle such 

that in case of power loss the electromagnets holding the rods are no longer operating thus, 

the control rods drop into the core under the effect of gravity force. It is worth mentioning 

that the operators are still capable of initiating a reactor trip from the main or emergency 

control rooms. Nevertheless, the VVER-1200 is equipped with a diverse reactor tripping 

system which is the boron injection system that can inject with high boron concentrated 

water in the primary circuit in case of failure to dropping the control rods in the core for any 

reason. The boron injection system has four redundant parallel pumps where the operation 

of two of them is satisfactory to shut down the reactor. 

Secondly, VVER-1200 is equipped with several active and passive systems that are capable 

of removing the decay heat from the core and maintain the fuel integrity. For instance, pri-

mary coolant can be cooled directly through the steam generators where the turbine bypass 

valve is opened and the secondary circuit steam directly condensates in the main condenser. 

In some cases, decay heat cannot be rejected to the main condenser due to several reasons 

such as loss of offsite power. In such a situation, redundant trains of active safety systems 

performing decay heat removal function operate through utilizing supply power from the 
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emergency diesel generators. It should be noted that these active systems can either reject 

the decay heat to the ultimate heat sink or the atmosphere by using the feed and bleed con-

cept. Another advanced feature of the VVER-1200 is that it is equipped with a passive decay 

heat removal system (PHRS) that is capable of dealing with situations in which both the 

offsite power as well as the emergency diesel generator power are lost. The system consists 

of four redundant trains, each connected to a steam generator on one side, and on the other 

side, an emergency cooldown heat exchanger is utilized to reject the decay heat to the at-

mosphere through evaporating the water of four large heat removal tanks located in a space 

between the inner and outer containment. It is worth mentioning that many other decay heat 

transfer chains exist in the plant. 

The remaining fundamental safety function is the “containment of the radioactive material” 

which is mainly implemented through utilizing the structural DiD concept which assures that 

radioactive materials are confined by successive physical barriers such that one fails, the 

other will maintain the radioactive materials from reaching the public. The last defence line 

in the structural DiD is containment, and the international focus was drawn towards contain-

ment integrity after Chernobyl and Fukushima Daiichi accidents. 

According to safety standard SSR2.1 of the IAEA, the containment shall withstand events 

accompanied with a severe accident (core meltdown) and keeps its integrity. Consequently, 

the AES-2006 plant is equipped with many severe accident management safety systems that 

are capable of protecting containment integrity. For instance, a containment passive heat 

removal system is utilized to prevent containment over-pressurization. Moreover, hydrogen 

accumulation is prevented by utilizing passive hydrogen recombiners. It is worth mentioning 

that hydrogen recombiners reduce the hydrogen concentration without a substantial pressure 

increase. AES-2006 is equipped with a cone-shaped metal structure known as core catcher 

which also contributes to the prevention of hydrogen accumulation in the containment, how-

ever, its main function is to eliminate the steam explosion, re-criticality of the molten core, 

and containment bottom penetration to the environment. 
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2.3 Defence-in-Depth 

Defence-in-Depth (DiD) has always been an essential design principle for ensuring the 

safety of nuclear power plants. Initially, the concept was developed in the 1950s when early 

developers of nuclear reactors realized that design principles must be developed to prevent 

radioactive materials from reaching the public, even in the absence of accurate knowledge 

about what happening inside the reactor. The concept was first applied “structurally” which 

means that redundant independent physical barriers have been utilized to prevent dispersion 

of radioactive materials such that if one barrier fails, others will limit the release of radioac-

tivity. Towards the 1970s, the “functional” DiD concept was developed which is organized 

so that there are safety functions to protect the DiD barriers. (Wagner, 2016) 

In the NPP, the structural DiD barriers for fission products are the ceramic matrix of the fuel 

pellet itself which chemically retains most of the fission products, the leak-tight fuel clad-

ding, the leak-tight structures of the primary circuit, and finally a single- or double-walled 

containment. Although the structural DiD concept has not been subjected to many changes 

from the moment that it was proposed, the functional DiD concept has been revised and 

updated several times. At the beginning, the approach consisted of three protection levels, 

then after Chernobyl and Fukushima accidents, new levels have been introduced to the con-

cept. In 2013, the latest proposal for functional DiD concept for new reactors, shown in 

Table 2.2,  was presented by the reactor harmonization working group (RHWG) of the west-

ern European nuclear regulators’ Association (WENRA).  

The proposal not only presents the DiD levels but also gives a further explanation about 

some basic safety expectations. For instance, the concept of nuclear safety was demonstrated 

considering two types of events: postulated events and consequences considered in the de-

sign, which is mainly covered by DiD levels 3a, 3b, and 4, and the other is events that have 

been practically eliminated by the design, these are events which if occurs, will lead to a 

large or early radioactive release. Some examples of events that have been practically elim-

inated are reactor pressure vessel (RPV) rupture and severe reactivity increase. (Reiman, 

Routamo and Féron, 2013) 
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Furthermore, the concept of independence between various DiD levels has been investigated 

and presented. The concept mainly implies that independence between DiD levels shall be 

maintained to the extent reasonably practical such that failure of one DiD level does not 

affect other levels involved in the protection or mitigation of a certain event. Achieving DiD 

levels independence requires application of physical separation either structurally or by dis-

tance, functional isolation, and diversity. Independence principle is applied such that safety 

functions implementing DiD level 3 shall be independent of levels 1 and 2. Moreover, levels 

3a and 3b should be independent of each other. Besides, DiD level 4 shall be independent of 

all other DiD levels. (Reiman, Routamo and Féron, 2013) 

Table 2.2 WENRA proposal on Defense-in-Depth for new reactors. (Reiman, Routamo and Féron, 2013) 

Levels of DiD Objective Essential means Associated plant con-

dition category 

Level 1 Prevention of abnormal 

operation and failures 

Conservative design basis and 

high quality in construction 

and operation 

Normal Operation 

Level 2 Control of abnormal  

operation and failures 

Control and limiting systems 

and other surveillance features 

Anticipated operational 

occurrences  

 

 

Level  

3a Control of accident to 

limit radiological releases 

and prevent escalation to 

core melt condition 

Reactor protection system, 

safety systems, accidents  

procedures 

Postulated single  

initiating events 

3b Additional safety features,  

accidents procedures 

Postulated multiple  

failure events 

Level 4 Control of accident with 

core melt to limit offsite 

releases 

Complementary safety fea-

tures to mitigate core melt, 

management of severe  

accidents 

Postulated core melt  

accidents 

Level 5 Mitigation of radiological 

consequences of  

significant releases 

Off-site emergency response  

 

Functional DiD levels are implemented using several safety functions which can be defined 

as functions important from the safety point of view to control disturbances or prevent the 

generation or propagation of accidents or to mitigate the consequences of accidents. As al-

ready mentioned in the previous section, in Fennovoima Hanhikivi 1 project, the fundamen-

tal safety functions are implemented by a set of basic safety functions. An example for one 

of these basic safety functions is the high-pressure safety injection (HPSI) which belongs to 

DiD level 3a and is utilized to perform fundamental safety task “decay heat removal”. 
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In Fennovoima Hanhikivi 1, the concept of DiD is formally applied utilizing ADLAS® 

method which defines functional entities known as “task categories”. This is considered as 

a formal method to group a certain set of functions that share the same functional and non-

functional requirements. For instance, the “Reactor protection” task category includes auto-

matic safety functions of DiD level 3a. Further information about how and why these task 

categories are defined will be presented in section 3.3.1. It can be concluded from this chap-

ter that ensuring the safety of a NPP is a complicated task that not only because many safety 

systems are required but also due to the excessive number of functional and non-functional 

requirements that are induced on these systems and functions. Therefore, the next chapter 

will introduce ADLAS® method which utilizes systems engineering approaches to achieve 

a better design for safety-critical applications and support the licensing documentation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



24 

3 ADLAS® Documentation Methodology 

In this chapter, ADLAS® methodology, which is considered as an advanced nuclear licens-

ing and safety design method for nuclear facilities, is to be discussed and presented. Firstly, 

background information about system engineering (SE) and requirements management 

(RM) is to be introduced. Afterwards, ADLAS® methodology itself is to be presented in 

detail. 

3.1 System Engineering 

In this section, the theoretical basis of system engineering (SE) is to be introduced with an 

aim to have a better understanding of how ADLAS® methodology was developed. SE is an 

interdisciplinary, methodical engineering approach that is executed throughout the lifecycle 

of the system to ensure that the functional, physical, and operational requirements of the 

stakeholders have been fulfilled in a scheduled, cost-effective, and high-quality manner. 

Firstly, one may start by defining a system as a set of elements that interact together in order 

to achieve a certain purpose known as the “mission”. These elements can include hardware, 

software, equipment, facilities, and procedures needed to achieve the mission. (Faulcon-

bridge and Ryan, 2015) 

In SE, a system can be described either functionally or physically. The former is mainly 

concerned about tasks performed by the system, its performance criteria that must be 

achieved, the conditions under which the system is operating, and supporting systems that 

assist the main system. On the other hand, the physical description is concerned about what 

the system elements are, how they will be manufactured, integrated, and tested. In functional 

description (architecture), the system’s major function (mission) is hierarchically broken 

down into several subfunctions to form the “Functional Architecture”. On contrary, accord-

ing to ANSI/EIA-632-1998 standard, the physical hierarchy of the system can be seen as 

operational products and enabling products. Operational products which is the physical sys-

tem itself can be broken into subsystems, assemblies, and components while enabling prod-

ucts can include test, training, and disposal products. (Haskins, 2011) 
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Throughout the life of the system, various phases and activities are being executed to achieve 

the system mission. These phases and activities are known as the system life cycle which 

consists of four main stages: the pre-acquisition phase during which research is conducted 

in order to assess the technical feasibility and the cost-effectiveness of the project. The pre-

acquisition phase acts as an input to the acquisition phase which is the main interest of SE. 

During this phase, the product is being developed through making its conceptual design, 

which is followed by the preliminary design, then detailed design, and finally system con-

struction. The acquisition phase is then followed by the utilization phase during which the 

system performs its functions, besides, the system may undergo some modifications in order 

to optimize its performance. Finally, the retirement phase is reached when the system is no 

longer needed by the business or when it is not capable of achieving the organization's re-

quirements. (Faulconbridge and Ryan, 2015) 

Traditional design engineering methods rely on bottom-top approaches, in which engineer-

ing-trusted equipment and components are being designed and built, then grouped into as-

semblies, and then into subsystems, and finally combined to form the system. Afterwards, 

the system is being tested and modified iteratively until the design criteria are fulfilled. This 

approach is well-defined, and valid for simple problems. On contrary, complex problems 

cannot be solved in a bottom-top approach. Therefore, these complex problems require uti-

lizing a SE top-down approach. (Faulconbridge and Ryan, 2015) 

It can be seen from Figure 3.1 that the system engineering process can be presented using a 

“V-model” which starts by looking at the system as a whole and defining its concept of 

operation, then the high-level and detailed requirements of the system are being developed. 

This is followed by the design phase during which the high-level and detailed level specifi-

cations are developed with an aim to demonstrate how the system design satisfies the re-

quirements of the previous stage. At the bottom of the V-model, the implementation of the 

system is performed. Furthermore, the right-hand side of the model represents integration, 

verification, and validation of the implemented system in a bottom-up approach. In sum-

mary, system engineering seems to introduce useful concepts that can be utilized in NPP 

projects in order to develop a systematic methodology for speeding up the licensing as well 

as enhancing project safety. (DOT, 2020) 
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Figure 3.1 System engineering process. (DOT, 2020)  

3.2 Requirement Management in Nuclear Energy Field 

Requirements management (RM) is a part of system engineering that is concerned about 

ensuring that requirements are identified, documented, communicated, and tracked through-

out the lifecycle of the system. RM has been utilized for a long time in the aviation, space, 

and military industry. The main reason behind using RM is the extensive number of require-

ments and documentation that are used in these fields of industry. On comparing other in-

dustries with the nuclear industry, as already shown in Figure 1.1. one can conclude that the 

nuclear field has higher complexity and coupling urgency than all the above-mentioned 

fields. Thus, introducing RM-based licensing to the nuclear field has been essential to ensure 

a simple and transparent licensing process. (Söderholm, 2013) 

Traditionally, a document-based licensing process, which relies on satisfying requirements, 

was utilized but some challenges arise from the fact that requirements satisfaction is not 

explicitly presented in the document and only relies on some good expertise to observe it. 

On the other hand, RM appears to be an effective tool that can help in achieving a require-

ment-based licensing process. This means that every single requirement is explicitly traced 

throughout the design process, and the fulfilment of the requirement can be easily proven. 

The only challenge that faces this approach is the culture change of both the industry side 

and the regulatory authority side, and convincing both of them to shift from the traditional 

documentation-based licensing to a requirements-based one. (Söderholm, 2013) It is worth 

mentioning that Fennovoima uses RM tool called IBM DOORS for the purposes of require-

ments structuring and handling. 
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3.3 ADLAS® Methodology 

Fuelled by the need to find a solution for the above-mentioned licensing challenges, Fortum 

Oyj, a Finnish state-owned energy company, has developed ADLAS® method which utilizes 

systems engineering approaches including requirements management and configuration 

management to achieve a better design for safety-critical systems and support the licensing 

documentation. Before going into details about how the methodology works, one should take 

a glance at the history of development of this method. The methodology starts evolving dur-

ing the automation renewal project of the two VVER units of Loviisa NPP in the late 1990s. 

The objective was to change the analogue automation systems with digital ones. As men-

tioned before during this period many new requirements were developed by the Finnish reg-

ulatory authority, hence, a new method was needed to tackle these licensing challenges. 

The method makes sure that the designed system satisfies the safety requirements as well as 

performing its required functions. ADLAS® documentation methodology demonstrates 

clearly how the design meets all the requirements by utilizing a hierarchical description of 

the requirements. The hierarchy has plant-level requirements on top, followed by the func-

tional level requirements, then down to the technical architecture and system-level require-

ments. (Nuutinen, Sipola and Rantakaulio, 2017)  

Consequently, this makes the verification process more convenient as utilizing requirement 

management satisfies the regulatory authority's needs for having clear requirement tracea-

bility. Besides, the method increases the nuclear safety of the system and decreases the 

maintenance cost by avoiding the inclusion of unnecessary equipment or utilizing unneces-

sary high safety class equipment. The method enables requirements elaboration from plant 

level down to system-level systematically and hierarchically. Furthermore, ADLAS® meth-

odology includes verification and validation activities throughout the plant lifecycle, this is 

presented in the V-model shown in Figure 3.2. Unlike the traditional approach, the model 

considers validation not only after system realization but also as-designed validation activi-

ties are being conducted. (Nuutinen, Sipola and Rantakaulio, 2017) 
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Figure 3.2 Safety engineering process for product lifecycle. (Nuutinen, Sipola and Rantakaulio, 2017) 

 

In the next subsections, various hierarchical levels of ADLAS® methodology will be inves-

tigated for the case of Hanhikivi 1 nuclear project. Firstly, subsection 3.3.1 introduces the 

plant safety design which is considered high-level requirements. Afterwards, subsection 

3.3.2 presents the plant functional architecture. Then, the technical architecture level is in-

troduced in subsection 3.3.3 including process and electrical architecture, layout architec-

ture, I&C architecture, and control room architecture. Finally, subsection 3.3.4 given an in-

sight into the system-level design, however, it should be kept in mind that this chapter is not 

a part of ADLAS®, but only the implementing requirements are traced to ADLAS®.  

3.3.1 Plant Safety Design 

The plant safety design (PSD) is a plant-level document in which the application of the func-

tional DiD concept to the NPP project is introduced. In this document, ADLAS® methodol-

ogy introduces two main topics which serve as the key for the evolution of this method. 

Firstly, the document formalizes high-level safety design requirements that are characterized 

by being verifiable, unambiguous, complete, consistent, and traceable. The importance of 

having high-quality plant requirements relies on the fact that these requirements will be sub-

jected to further elaboration on functional level and architecture level. Secondly, PSD intro-

duces a set of functional entities known as “task categories” which is considered as a formal 

method to group a certain set of functions that share the same functional and non-functional 

requirements. Furthermore, it is important to notice that these task categories are directly 

presenting the DiD levels and they mainly allow a smooth flow of the requirements induced 

on a certain DiD level to the safety functions. 
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The previous paragraph has introduced three new terminologies that require clarifying which 

are safety function, functional requirements, and non-functional requirements. First of all, 

safety functions refer to reliable functional means that are implemented to satisfy the funda-

mental safety principles including maintaining subcriticality, fuel cooling and decay heat 

removal, and containment of radioactive materials. These safety functions are mainly imple-

mented utilizing various systems in various technical disciplines. 

Another term is functional requirements which refer to stabilizes the plant at a specific status 

such as bringing the plant to a controlled state or a safe shutdown state. On the other hand, 

non-functional requirements refer to the specifications of the design or the technology that 

is utilized to perform a certain function. This type of requirements includes the safety clas-

sification, the main design principles such as redundancy, diversity, and separation. Further-

more, the quality and qualification of equipment are considered non-functional require-

ments. The main objective of these non-functional requirements is to maintain a high degree 

of reliability of safety functions. Additionally, PSD not only defines task categories, but also 

determines event categories, initiating event groups, initial plant states, common cause fail-

ure (CCF) types, and sub-task categories, in addition to relating them to each other. 

Table 3.1 Event categories as defined in YVL B.1 guide. (STUK, 2019) 

 

 

 

 

 

DiD Level Event Category Frequency of Occurrence Designation 

1 Normal Operation f~1 DBC 1 

2 Anticipated Operational Occurrence f > 10-2 /a DBC 2 

3a Postulated Accident (DBA), Class 1 10-2 /a > f > 10-3 /a DBC 3 

Postulated Accident (DBA), Class 2 10-3 /a > f > 10-5 /a DBC 4 

3b Class A – Level 2 or 3a with CCF 10-4 /a > f > 10-7 /a DEC 

Class B – Combination of Failures 10-5 /a > f > 10-7 /a 

Class C – Rare External Event 

4 Severe Accident f < 10-5/a SAM 
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One may investigate each of the above-mentioned terms. Firstly, event categories, shown in 

Table 3.1, refer to the categorization of the plant states based on their frequency of occur-

rences. Secondly, initiating event groups refers to the subdivision of postulated initiating 

events (PIE) into representative groups of event sequences considering the physical evolu-

tion of PIE i.e., a similar challenge to safety functions and barriers; can be bounded by a 

single event representative sequence. 

Non-Functional Requirements 

Although the definition of non-functional requirements has been given in the previous part, 

it is of great importance to have further deep insight about this type of requirements as it will 

be extensively used in this study. In the following sub-section, various non-functional re-

quirements will be presented and discussed. 

1) Safety Classification 

According to STUK YVL B.2, the safety classification of the SSCs is decided based on the 

deterministic safety assessment (DSA) which is complemented by the probabilistic safety 

analysis (PSA) and technical experience. Firstly, the nuclear plant is divided into structural 

and functional entities (systems). Besides, these systems shall be broken down into structures 

and components such that each SSC affecting the plant’s safety should belong to a specific 

system. According to the same guide, SSCs are divided into four classes: class 1, 2, 3, and 

EYT-STUK (non-nuclear safety).  

Regarding safety classification of systems, this is performed based on the significance of 

this system on the safety and operation of the facility in terms of reliability as well as con-

sidering DiD level. On the other hand, the safety classification of structures is based on the 

analysis of the various stresses that structures might be subjected to during operation, and 

the aim is always to give a higher safety class to the structures that hold radioactive materials 

so as to keep their integrity. The last safety classification is for the components, and it is 

assessed based on the significance of the safety function that the component is performing, 

the prevention of spreading of radioactive materials, and integrity and leak-tightness of struc-

tures. 
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Some examples of safety classification criteria related to safety functions are as the follow-

ing. Firstly, the primary cooling circuit is considered as safety class 1 (SC1). Moreover, 

systems performing safety functions with an aim to reach and maintain a controlled state 

against postulated accidents (PA) shall be classified as SC2, besides, all the supporting sys-

tems related to the same safety function shall be assigned to the same safety class.  

Some other systems are classified as SC3 such as systems that bring the facility to a safe 

state after AOOs, PAs, DEC A, systems bring the facility to a controlled state after a severe 

accident (SA), and systems responsible for keeping working conditions in the main control 

room (MCR) and emergency control room (ECR) during an accident. Finally, some systems 

are classified as EYT-STUK safety class such as systems that protect safety functions sys-

tems against various internal and external hazards, and systems responsible for heat transfer 

from spent fuel pool to heat sink. At the end of this subsection, it should be mentioned that 

safety classification criteria for ensuring structural resistance, integrity, and leak-tightness 

are also presented in the YVL B.2 guide. 

2) Redundancy and Failure Criteria 

The redundancy design principle is implemented by utilizing multiple subsystems all like 

each other, and they are dimensioned such that one or two (out of many subsystems) are 

sufficient to perform the function. The principal is utilized to solve the problem of random 

failures however, it is sensitive to common-mode failures. The concept of redundancy is 

connected to the failure criteria in which two types exist either N+1 or N+2. The single 

failure criteria, N+1, refers to a situation that the safety function can be fully implemented 

even if a single component designed for the same function fails. On the other hand, the N+2 

criterion refers to a situation where a single component fails and simultaneously there is 

another inoperable component due to maintenance or testing, and under these conditions, the 

system must still be able to perform its safety function of bringing and maintaining the plant 

at controlled state. Some examples of the application of these criteria can be found in YVL 

B.1 guide. For instance, the failure criterion of N+2 shall be applied to reactor protection 

systems (RPS) initiating a fast shutdown. On contrary, the N+1 criterion is applied to the 

diverse shutdown system. (STUK, 2019) 
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3) Separation 

The separation design principle refers to both physical separation and functional isolation. 

Firstly, Physical separation is implemented such that each subsystem is separated into its 

own dedicated room, or by utilizing barriers and distances. While functional isolation is im-

plemented by having both electrical isolation and communication independence. The former 

requires galvanic isolation, while communication independence refers to a situation where 

subsystems or components do not need to exchange information to achieve their functions. 

The importance of the separation principle is that it solves the problem of common cause 

failure due to external and internal hazards. This principle has a weakness that some equip-

ment failures can cause the loss of the whole system. (Hyvärinen, 2020)  

4) Diversity 

The diversity principle is implemented by utilizing components and subsystems that rely on 

different physical mechanisms or different operating principles to perform the same safety 

function. The principle solves the problem of common cause failures (CCF) however, the 

weakness in applying this principle is that it is costly to maintain for all safety functions. An 

example of the application of this principle is that DiD level 3b shall contain safety functions 

that are diverse to the RPS safety functions of DiD level 3a. (STUK, 2019) 

5) Seismic Classification 

According to YVL B.2 guide, three seismic categories exist for the classification of the SSCs 

of the nuclear plant, which are S1, S2A, and S2B. Each of these classes has certain seismic 

resistance requirements. Firstly, SSCs belonging to seismic category S1 shall withstand a 

design basis earthquake without any threat to their functionality or integrity. This category 

comprises, for example, the various primary cooling circuit components in addition to SSCs 

that belong to SC2. Secondly, the S2A category refers to a set of SSCs that are not important 

for the operation and integrity of safety functions, but if they fail, they might have an effect 

on the automated safety functions that are implemented by S1 systems. Finally, all other 

SSCs that have not been assigned to any of the previous categories should be assigned to the 

S2B category.  
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3.3.2 Functional Architecture 

In this subsection, functional architecture (FA), which is considered the second level of AD-

LAS® methodology hierarchy from the top, is to be presented and discussed. The objective 

of functional architecture is to describe the safety functions needed to control and mitigate 

various postulated initiating events. It is worth mentioning that, traditionally, the inclusion 

of PIEs in the functional design was based on a list provided by the US. NRC NUREG-0800 

standard review plan. Nowadays, probabilistic safety analysis (PSA) has been developed, 

and it can be utilized to provide a deep insight about which initiating events and hazards are 

most probable and severe that might lead to core damage; thus, the traditional list of initiating 

events was extended. Afterwards, deterministic safety analysis (DSA) is utilized, tradition-

ally, DSA was utilized to ensure that the functional design will satisfy the acceptance criteria. 

However, in ADLAS® methodology, DSA is utilized to validate that safety functions are 

correctly allocated to the various initiating events and consequently the traditional objective 

is achieved. (Nuutinen, Sipola and Rantakaulio, 2017) 

In addition to defining the safety functions, functional architecture also defines the initiating 

event criteria for various safety functions, the acceptance criteria, the support safety func-

tions, the measured parameters utilized by the safety function, the actuators groups required 

to perform them, and various manual actuation and parameters indications for the HMI. 

Functional architecture can be divided into two sub-architecture which are the short-term 

functional architecture (STMFA) and long-term functional architecture (LTMFA). The 

STMFA refers to safety functions that aim to drive the plant towards a controlled state, while 

LTMFA has safety functions that should drive the plant towards a safe state or final safe 

state. It is worth mentioning that most of the safety functions defined in STMFA are auto-

matic while for LTMFA they are manual. 

The functionality of a certain safety function can be formally described using a “Functional 

Diagram”. An example of functional diagrams is adapted from the final safety analysis report 

(FSAR) of the US. EPR. The function that will be investigated is the “main steam isolation”, 

and its functional diagram is shown in Figure A. 1 in Appendix A. 
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The function is utilized in case of a break in the steam or feedwater piping system which will 

lead to depressurization of the corresponding steam generator. Therefore, primary circuit 

overcooling transient and released steam or water to the containment shall be limited by 

isolation of the SGs. The initiating event criteria used by the US. EPR design to initiate this 

safety function is: (AREVA, 2013) 

a) Steam generator pressure drop (pressure decreases faster than the allowable rate). 

b) Steam generator pressure < Min1p (a fixed setpoint). 

c) Steam generator isolation signal, that initiated from other safety function in case of 

a steam generator tube rupture (SGTR). 

d) Containment equipment compartment pressure > Max1p (a fixed setpoint). 

e) Containment service compartment pressure > Max2p (a fixed setpoint). 

 

The above-mentioned initiating criteria represent the logic of the functional diagram. Be-

sides, the functional diagram contains four pressure measurements inside each SG where a 

signal from two of them is enough to initiate the function. Furthermore, the diagram consists 

of connections to other diagrams such as the “SG1 isolation” signal. Regarding the actuation 

part, the main steam isolation signal results in closure of the main steam isolation valve 

(MSIV), closure of MSIV bypass line, and SG below down line closure. (AREVA, 2013) In 

summary, functional diagrams represent a comprehensive and formal method to represent 

the functional architecture with all its aspects. Therefore, Fennovoima Hanhikivi 1 project 

utilizes similar formalizing for its various safety functions. 

3.3.3 Technical Architecture 

In this chapter, the technical architecture design, which is the lower level after the functional 

architecture in ADLAS® methodology, is to be presented and discussed. Technical architec-

ture is mainly concerned about defining which systems will perform the safety functions, 

also, it defines the interfaces between different systems. The concept of technical architec-

ture design was initially used in the automation field, but later on, it was extended to other 

engineering fields. For instance, ADLAS® methodology utilizes architecture design in four 

fields including process and electrical engineering, layout/civil engineering, instrumentation 

and control (I&C), and control room engineering. 
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Since each system is performing a safety function that belongs to a certain task category of 

a certain DiD level, the non-functional requirements that are induced on the system can be 

traced from the top of the hierarchy down to the system level.  

Firstly, process and electrical safety architecture (PESA) is one of ADLAS® method design 

architecture which is mainly concerned with allocating the functional and non-functional 

requirements of the higher levels to the plant’s process and electrical systems. In detail, 

PESA sets requirements about safety classification of process and electrical systems, inter-

faces between systems, application of safety class separation principle, application of failure 

criteria, and application of diversity principle. Besides, PESA identifies the measurements 

(sensors) and actuators in system design, also, the direction of actuation as well as the fail-

safe positions are identified. 

Secondly, layout safety architecture (LSA) is another technical architecture utilized in AD-

LAS® methodology, it mainly focuses on the allocation of task categories and safety func-

tions of the power plant to the layout plan. The LSA identifies buildings and structures re-

lated to plant safety, also, the type of interfaces between buildings are being defined. Fur-

thermore, the LSA describes how high-level requirements propagate to the buildings and 

structures of the plant. Mainly, LSA defines requirements on the application of physical 

separation principal for structures to avoid internal and external hazards. Besides, layout 

solutions to limit the spreading of radioactive materials after a nuclear accident. 

Thirdly, Instrumentation and control architecture (ICA) is another ADLAS® method tech-

nical architecture. The main concern of the architecture is to relate the safety function of the 

different task categories to the I&C systems. Furthermore, the architecture should define the 

various I&C systems and how they exchange information. Moreover, interfaces between 

various systems are to be identified. Also, ICA should set requirements for functional sepa-

ration between I&C systems including electrical isolation as well as communication inde-

pendence. Additionally, the requirements regarding the safety classification, redundancy, 

and diversity principles application to the I&C system are set in ICA. 

The last technical architecture utilized by ADLAS® method in this level is the control room 

architecture (CRA) which mainly defines various control rooms, human-machine interfaces 

(HMI), and operator procedures. Furthermore, CRA allocates various safety functions to the 

different control rooms, also, it defines the relationship between HMI and manual actions, 
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annunciation, measured parameters, and actuators groups. Regarding, the non-functional re-

quirements it can be induced on the HMIs based on the corresponding function and task 

category. Similar to the HMIs, operator procedures can be subjected to non-functional re-

quirements of different DiD levels. For example, the diversity principle is applied to the 

operator procedures by assigning tasks of the safety engineer on duty against that of the shift 

supervisor. (Nuutinen, Sipola and Rantakaulio, 2017) 

3.3.4 System-Level Design 

In this section, a discussion about how system-level requirements are determined in AD-

LAS® methodology compared to traditional ways will be presented. Although system design 

is not a part of ADLAS® methodology, it is included in this chapter only because the imple-

menting requirements are traced to ADLAS®. In other words, in ADLAS® method, system-

level requirements are already defined at the architecture level, and they will be elaborated 

to the lower level. This means that requirements are being pushed from the top of the hier-

archy down to the system level in a clear, consistent, and traceable manner. On contrary, 

conventional methods have always relied on picking high-level requirements and directly 

apply them to the systems which sometimes leads to an incomplete or unclear set of system-

level requirements, thus causing licensing problems and delays. (Nuutinen, Sipola and 

Rantakaulio, 2017) 

Regarding the equipment level, which is the lowest requirements level, ADLAS® methodol-

ogy relies on the traditional approach such that equipment level requirements are picked 

from the system-level requirements (Nuutinen, Sipola and Rantakaulio, 2017). In summary, 

ADLAS® methodology has been presented, and it can be seen that the method ensures that 

both plant level functional and non-functional requirements are pushed down to system and 

equipment level design in a transparent and traceable way. As a consequence, the method is 

utilized in Hanhikivi 1 project with an expectation to speed up the licensing process and 

enhance the documentation process. 
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4 Functional Chain Analysis 

This chapter is considered the main chapter of this study as it presents the developed func-

tional chain analysis methodology utilized in verifying the functional chains of FH1 NPP. 

The developed methodology in this study is mainly based on ADLAS® hierarchy presented 

in the previous chapter. In this chapter, a description of the concept of functional chains will 

be presented including a description of the corresponding measurements-actuators chains. 

Secondly, the methodology itself is to be introduced including measurements, processing, 

actuators, HMI, and cabling checking. Afterwards, the methodology is subjected to further 

developments with an aim to optimize the checking analysis of the functional chains. Finally, 

the methodology is being adapted to deal with functional design changes.  

4.1 Description 

In this section, the concept of the functional chain will be described and discussed. Previ-

ously, in section 3.3.2, the functional architecture has been introduced as a part of ADLAS® 

method. As earlier mentioned, the functional architecture is divided into short-term and long-

term functional architecture where each of them defines a set of safety functions that deal 

with various postulated initiating events. As a result of the high complexity and coupling of 

nuclear power plant systems, the safety functions of the plant tend to be significantly inter-

connected and exchange a large number of signals. As a consequence, defining each safety 

function independently from other safety functions is not feasible, and a new concept that is 

capable of describing safety functions interconnection is required. As a result, the functional 

chain concept has been introduced where such a chain represents a set of safety functions 

and support safety functions that interact together to guarantee the success of various plant 

systems while controlling and mitigating various events.  

It has been already mentioned that functional diagrams are utilized as a formal description 

of the functionality of a certain safety function. Figure 4.1 presents two generalized func-

tional diagrams of two different safety functions called “Safety Function 1” and “Safety 

Function 2”. It can be observed that each functional diagram consists of measured parame-

ters, actuator groups, processing logic, HMI, and connection to other diagrams including 

initiating event criteria (IEC) diagrams, and other safety functions diagrams. 
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Additionally, Figure 4.1 illustrates how a functional chain is built by sending a signal from 

safety function 2 to the “connected function” block, marked with red, in safety function 1. 

 

Figure 4.1 Functional chain between two functional diagrams of two different safety functions. 

 

It is worth mentioning that a functional chain not only consists of the connected functions 

but also support safety functions which are functions that support fulfilment of other safety 

function by providing power supply, equipment cooling, room ventilation, monitoring, etc. 

Now, one can conclude that a functional chain has entirely three main components, shown 

in Figure 4.2, these components are the main safety function, which is a unique function for 

each chain, the connected safety functions, and the support safety functions. It is important 

to clarify that each functional chain can have several connected and support safety functions.  

 

Figure 4.2 Illustration of functional chain and its entire children. 

 

After describing the meaning of the functional chain, one can now have further deep insight 

into how this chain is implemented on the physical plant level. For this purpose, Figure 4.3 

is utilized, the figure explains a simplified case of implementing the High-Pressure Safety 

Injection (HPSI) safety function. The function is implemented by utilizing a measurements-

actuators chain.  
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Firstly, it can be observed that the “Measured Parameters” and “IEC”, shown in functional 

diagrams, represent various types of measurements such as temperature, pressure, and level 

sensors. These measurements measure specific plant parameters then, the measured data is 

sent to a certain I&C system to which this HPSI safety function has been allocated. After-

wards, the measured data is being processed inside the acquisition and processing unit which 

contains the logic of the whole functional chain. Next, actuation signals are being sent to 

various HPSI system trains to start HPSI pumps and also close and open various isolation 

valves. Besides, the I&C system generates signals to MCR and ECR where HMI exists to 

allow operators to monitor various plant and system parameters, and at the same time, the 

I&C system can receive manual actuation signals from MCR and ECR. 

In general, it should be noted that the measurements-actuators chains will not be able to fully 

implement its function unless it receives support from other functions such as receiving un-

interruptible power supply from storage batteries, or power supply from emergency diesel 

generators in cases of losing the off-site power, also, cooling of safety train rooms and com-

ponents is considered as a support function. In order to complete this chain, connecting 

equipment is needed. This connecting equipment includes power cables, monitoring and 

control cables, and communication cables.  

In order to ensure the success of the whole functional chain in performing its functionality, 

non-functional requirements are being induced to the entire measurements-actuators chain. 

These requirements are determined based on the DiD level, or task category that is connected 

to DiD level, to which the functional chain belongs. Due to the fact that functional chain is 

a complex chain that implies interaction between many systems and components, there is a 

need for developing a new methodology that can systematically assess the application of 

these non-functional requirements to various functional chains of Hanhikivi 1 NPP. In the 

next section, the steps towards developing this methodology will be introduced and dis-

cussed. Furthermore, in section 4.2.7, the methodology will be subjected to optimization 

from various aspects with an aim to develop a review tool that should assist reviewers in 

performing the functional chain analysis clearly and systematically. The term “optimization” 

here refers to efficiently applying the methodology to various functional chains without a 

need to repeat some verification steps that are shared between different chains. 
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Figure 4.3 Representation of the functional chain on plant level. 
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4.2 Methodology 

In this section, the developed functional chain analysis methodology will be presented and 

discussed. Inspired by the fact that any safety function is implemented by utilizing a set of 

measurements, actuators, HMI components, I&C system, and connecting equipment, it has 

been decided that the developed methodology should cover all these components and sys-

tems with an aim to ensure the functionality of the whole functional chain. Therefore, the 

methodology consists of five checking routines, shown in Figure 4.4, to verify the applica-

tion of non-functional requirements to the above-mentioned safety function’s components. 

It should be noted that the five checking routines are utilized to fully check only one safety 

function hence, checking the whole functional chain requires application of these checking 

routines to various safety functions that belong to the same functional chain. This concept 

will be explained clearly in Methodology Formulation section 4.2.7. 

 

Figure 4.4 Different checking routines utilized by the developed methodology. 
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The next step is to develop the routine itself in order to utilize the given inputs to generate 

the expected output. Since Hanhikivi 1 NPP is still in the design phase, the routine will be 

divided into two parts: the first part can be utilizing the current available information at this 

stage while the second part will be executed in a later stage. The idea of the routine, shown 

in Figure 4.5, is to check requirements satisfaction in various design documents and sources. 

For the current available information in this stage, one can utilize the following sources for 

measurements checking purposes: 

1. Instrumentation & Control Architecture (ICA): the document is one of ADLAS® tech-

nical architecture design documents and it was previously introduced in section 3.3.3. 

Utilizing this document, one can check that the safety classification of the measurement 

points and the I&C system to which these measurements were allocated are aligned with 

each other. Furthermore, one can check that the failure criterion requirements of meas-

urement points and the I&C system have been satisfied. Another important checking 

aspect is functional isolation which means that a safety function that belongs to a certain 

DiD level should be functionally isolated from functions in other DiD levels, this is 

mainly achieved by assigning safety functions to different I&C systems depending on 

their DiD level. Finally, if applicable, one should check that equipment diversity is sat-

isfied for measurement points and the I&C system performing the safety function. 

 

2. Hanhikivi 1 NPP 3D Model in Navisworks: the tool is a building information modelling 

(BIM) tool that allows building design models that can be easily reviewed by all project 

stakeholders. Utilizing 3D Model, one can check the location of the measurement points 

in the plant with an aim to assess if the physical separation requirements between the 

points have been achieved or not. 

 

3. Basic System Design: the document mainly provides a description and specifications of 

the system that perform a certain safety function that will be checked. Utilizing basic 

system design, one can find sensor data for all measurement points used by the system. 

These sensor data can be utilized to check for safety classification and seismic classifi-

cation of sensors. In addition, one can check that all the measurement points, assigned 

to the safety function, were utilized by the systems performing this function. 

 



43 

4. Detailed System Design: the document is considered as one of the final design docu-

ments before manufacturing the system; therefore, the documents should contain detailed 

information about all the equipment utilized by the safety systems of Hanhikivi1 NPP. 

The document can be utilized to check for all non-functional requirements mentioned in 

the previous three evaluation references. Moreover, one can utilize the detailed system 

design to check for the qualifications of sensors including seismic qualification, environ-

mental qualification, and electromagnetic compatibility qualification. It should be noted 

that this document is currently unavailable at this stage, however, it is included in the 

methodology for future application. 

 

Figure 4.5 Visualization of measurements checking routine inputs, outputs, and evaluation references. 
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The routine itself is divided into two parts, shown in Figure 4.6, the first part performs ver-

ification of the processing logic through utilizing open-loop tests and closed-loop tests. Be-

sides, model checking formal verification method is being utilized to prove that the logic of 

the function fulfils the stated properties. Firstly, open-loop testing is a simple testing tech-

nique where an input sequence is generated, and it is observed whether the behaviour (se-

quence of inputs and outputs pairs) meets the specification. On contrary, closed-loop testing 

implies that a feedback signal is being taken from the plant output parameters and utilized 

again by the controller to generate a new control signal. 

In order to perform simulation testing, Fennovoima is currently studying the possibility of 

utilizing a tool called “Model Broker” which can import functional diagrams from pdf format 

document and then translate them to APROS. It is worth mentioning that APROS is a simu-

lation software that has been developed by Fortum and VTT to be utilized for safety analysis, 

automation testing, and operator training. Regarding model checking, it is a formal verifica-

tion method that relies on exhaustive testing of all possible states and transitions between 

states with an aim to reveal design problems that will be rarely found by model inspection 

or normal testing. In Finland, the method has been utilized by VVT for verification of the 

I&C design of Olkiluoto 3 EPR, and Loviisa 1&2 I&C renewal, in addition, it will be utilized 

in Hanhikivi 1 project. (Pakonen et al., 2017) 

The second part of the processing checking routine is concerned with checking the applica-

tion of non-functional requirements to the I&C system performing the safety function. This 

is mainly because the processing logic will not be successfully executed unless the I&C 

system, on which the logic is installed, can perform its function. The second part of the 

checking routine has one input which is the I&C system which performs this safety function, 

and its output is the same checking status as the first part. The routine utilizes the following 

sources for processing checking purposes: 

1. I&C Basic System Design: the document provides information about the design and op-

eration of a specific I&C system. The document can be utilized to check the safety clas-

sification, seismic classification, failure criterion, physical separation, and diversity if 

required. 
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2. I&C Detailed System Design: the document provides more detailed information about 

the I&C system equipment, design, and operation. In addition to checked requirements 

from basic system design, one can utilize the detailed system design to assess the envi-

ronmental qualifications, the electromagnetic compatibility qualification, and software 

evaluation. It should be noted that this document is currently unavailable at this stage, 

however, it is included in the methodology for future application. 

 

Figure 4.6 Visualization of processing checking routine inputs, outputs, evaluation references, and verification 

methods. 

4.2.3 Actuators Checking 

In this section, the actuators checking routine will be introduced to evaluate if the actuators 

performing a certain safety function are following the non-functional requirements induced 
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lowing documents: 
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1. Process and Electrical Safety Architecture (PESA): the document mainly allocates vari-

ous safety functions to Hanhikivi NPP’s process and electrical systems. Therefore, the 

document can be utilized to get information about which systems are involved in per-

forming a certain safety function and based on that one can check if the actuators of these 

systems satisfy the non-functional requirements using the below references and sources. 

 

2. Layout Safety Architecture (LSA): the document is another technical architecture level 

document that can be utilized to obtain information about the allocation of various safety 

functions to Hanhikivi NPP’s buildings and structures. Thus, it can help in checking 

some non-functional requirements such as the physical separation of various system ac-

tuators.  

 

3. Hanhikivi 1 NPP 3D Model in Navisworks: the 3D model can be utilized to assess the 

physical separation between systems’ trains either by ensuring that sufficient separation 

distance exists between them or through checking if they are separated in different safety 

divisions. 

 

4. Basic System Design: the document should provide information about actuators utilized 

by a system that is performing a certain safety function. The document can be utilized to 

check for actuators' safety classification, seismic classification, failure criterion, and 

physical separation. Furthermore, one should check the satisfaction of functional isola-

tion on the process level. Finally, if the system is performing diverse safety function, the 

diversity of the equipment, as well as the I&C system, must be assessed.  

 

5. Detailed System Design: Similar to previous routines the documents will be used for 

checking the same things checked in basic system design in addition to other qualifica-

tions, however, this document is not available at the current stage. 

 

6. I&C Architecture: This evaluation reference can be utilized for the sake of completeness 

of the actuators checking. The reference can be utilized to evaluate if the actuators were 

allocated to the correct I&C system such that both the I&C system and the actuator share 

the same non-functional requirements including safety classification and failure crite-

rion, separation, and diversity. 
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Figure 4.7 Visualization of actuators checking routine inputs, outputs, and evaluation references. 
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4. Failure criterion (Redundancy) of annunciations and manual actions belongs to each 

safety function. 

As can be seen from Figure 4.8, in addition to CRA, one can utilize the I&C architecture as 

an evaluation reference in order to assess if the HMI components including annunciations, 

indications, and manual actions are assigned to the correct I&C system. This refers to a sit-

uation in which the HMI components and the I&C system to which they are allocated have 

the same non-functional requirements. 

 

Figure 4.8 Visualization of HMI checking routine inputs, outputs, and evaluation references. 
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1. Conceptual Cable Laying Design: the document demonstrates the conceptual design of 

how cable routing and laying is arranged to consumers of all levels of NPP, the concept 

covers electrical, communication, and I&C cabling system. The document is utilized just 

to obtain information about conceptual layout solutions of various functional trains. 

 

2. Basic Cable laying Design: the document provides the principal solutions for the ar-

rangement of power supply to the NPP auxiliary consumers, the layout of main electrical 

and I&C equipment in the NPP buildings and structure. The document can be utilized to 

assess the safety classification and seismic classification of various cabling trains and 

structures. Furthermore, failure criterion applied to various functional trains can be 

checked, and most important, one can assess the application of physical separation be-

tween various functional trains such that they are independent in the design, allocated to 

separate rooms with physical and fire separation. 

 

3. Detailed Cable laying Design: the document provides detailed information about cables 

of various functional trains including the “cable log” which is a detailed design document 

that provides information about each individually routed cable in a database that contains 

a description of each cable, location of start-point equipment, location of end-point 

equipment, length of cable, cable routes, and arrangement. In addition to the non-func-

tional requirements checked in basic design, the detailed design can be utilized to assess 

the environmental qualification. Furthermore, some non-functional requirements such as 

physical separation can be assessed from the structural layout drawings which will be 

utilized during construction and assembly operations. 

 

 

Figure 4.9 Visualization of cabling checking routine inputs, outputs, and evaluation references. 
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4.2.6 Formalization of Checking Routines 

The complete checking routines of the developed functional chain analysis methodology 

have been presented in the previous subsections; however, these subsections have not cov-

ered how these checking routines can be applied. Therefore, there is a need for formalization 

of checking routines such that they can be systematically applied as well as being program-

mable for further ‘reviewing tool’ development. In order to achieve this goal, checking ob-

jects are developed such that each checking routine consists of several checking objects that 

cover all the checking disciplines of the routine. The checking object, shown in Figure 4.10, 

consists of the following: 

1. Checking Object Reference: this field is the main indicator of the checking object, and 

it should contain a unique reference for a certain system, structure, or component that 

belongs to a certain checking routine of a specific safety function.  For instance, checking 

objects can hold references for certain sensors, pumps, valves, annunciations, manual 

action buttons, etc. 

 

2. Requirement Document: this is the document that contains the non-functional require-

ment that is induced on the equipment which its reference was mentioned in field 1. The 

document can be a plant-level document, functional architecture document, or even a 

technical architecture document. Furthermore, this field should contain the revision ver-

sion of this document, as well as the document status whether it is approved or not. 

 

3. Requirement ID: this field contains the reference of a certain non-functional requirement 

that is existing in the document given in field 2. The requirement can induce certain 

safety classification on the equipment (SC2, SC3, EYT) or certain failure criteria such 

as N+1 or N+2 failure criteria. 

 

4. Evaluation Document: this field contains the reference of the evaluation document which 

will be utilized to assess if the requirement, presented in field 3, has been applied to the 

equipment, presented in field 1. The evaluation reference of each checking routine has 

already been presented in sections 4.2.1, 4.2.2, 4.2.3, 4.2.4, and 4.2.5. 
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5. Checking Result: this field contains the result of the evaluation that was conducted using 

the evaluation document of field 4. Moreover, the field can have three different statuses: 

accepted, rejected, or more information is needed. It should be noted that this evaluation 

is done manually by an expert reviewer who then updates the checking result based on 

his evaluation. 

After presenting the checking object components, it should be mentioned that one checking 

routine can have several checking objects depends on the number of equipment which this 

routine is checking. Therefore, the checking routine itself needs also to be formalized in 

order to create a clear relationship between checking objects and their parent checking rou-

tine. Based on that, checking routine objects, shown in Figure 4.10 (left), are developed. 

This checking routine object simply contains references checking objects which belong to it 

as shown in the same figure. Furthermore, the checking routine object contains a checking 

result field which is automatically determined based on “ANDing” the status of all checking 

objects of that routine. 

 

Figure 4.10 Relationship between checking routine and its checking objects. 
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It should be mentioned that a similar relationship concept is adapted to set the relation be-

tween safety function and its checking routines, and also to set the relationship between the 

functional chain and its children safety functions. Figure 4.11 present the hierarchy of the 

whole checking chain, it can be seen that at the top of the inverted pyramid we have the 

functional chain which consists of safety functions (main, connected, and support), then 

these safety functions consist of checking routines which in turn consist of several checking 

objects that represent the lowest component in our hierarchy. 

 

Figure 4.11 The hierarchy utilized by functional chain analysis to formalize the developed methodology. 

 

4.2.7 Methodology Formulation 

After presenting the checking routines as well as the way for their formalization. The meth-

odology is now ready to be formulated and utilized. The objective of this subsection is to 

present how the developed methodology will be applied to various functional chains of 

Hanhikivi 1 NPP. As already presented in section 4.1, the functional chain consists of a 

unique main safety function in addition to connected safety functions as well as support 

safety functions. Therefore, the developed methodology must be applied to all safety func-

tions that belong to the same chain with an aim to have a global verification that the chain 

will work as planned when all the functions are integrated together. However, one should 

keep in mind that Hanhikivi 1 NPP, like any NPP, has a significant number of safety func-

tions that are highly coupled and interconnected, thus methodology optimization must be 

adapted so as to apply the developed methodology efficiently. 
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Optimizing the methodology application is implemented mainly in two aspects. Firstly, each 

safety function should be subjected to certain checking routines depends on their type either 

main, connected, or support. It can be observed from Figure 4.1 that connected functions 

only supply the main safety function with a certain signal that is needed by the main safety 

function to perform its function correctly. This signal is a contribution from measurements, 

processing logic, and manual actions (HMI) of the connected function. It should be noted 

that actuators' status is not needed since it does not contribute to the signal that is being sent 

to the main safety function. Therefore, it has been decided that connected functions should 

only be subjected to four checking routines which are measurements, processing, HMI, and 

cabling routines. This situation is referred to as “Secondary Checking” and it is only applied 

to connected functions. On the other hand, the main safety function, as well as the supporting 

functions, are subjected to “Primary Checking” a term which refers to a situation of applying 

five checking routines including the actuators checking. Figure 4.12 illustrates how the pri-

mary and secondary checking is related to various types of safety functions that belong to 

the same chain. 

 

Figure 4.12 Primary and secondary checking applied to safety functions of the functional chain. 
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The second way to optimize the method of application of the methodology is through adopt-

ing a “Repetition Avoidance” concept. Due to the fact that the NPP has a significant number 

of functional chains, and some chains may have similar safety functions regardless of their 

type. Therefore, it is important to avoid rechecking some functions that have been previously 

checked (primary or secondary) during the checking of other functional chains. For the sake 

of implementing this objective, two lists are being utilized: the first one is called “Primary-

Checked safety functions” list. This list is mainly utilized for keeping records of the safety 

functions that have been primarily checked, in addition, it also records the results of the 

checking of all checking routines of each checked safety function. The other list is called 

“Secondary-Checked safety functions” list. This list keeps records of the secondary checked 

safety function; besides, the checking status of the checking routines belong to each safety 

function. 

The objective behind having two different lists is that connected functions that belong to a 

certain functional chain can appear as the main safety function in another chain, therefore, 

instead of repeating the whole five checking routines for the main safety function, only the 

actuators checking is needed, while the checking results of the other four routines are just 

taken from the secondary-checked list and inserted to the primary-checked list. In summary, 

there are two main advantages to utilize these lists. Firstly, the methodology application is 

optimized in terms of manipulating the available data. Secondly, a database of detailed 

checking records is being built which will be utilized in the upcoming chapter for further 

methodology development. 

Finally, Figure 4.13 and Figure 4.14 present a complete flowchart of the developed func-

tional chain analysis methodology. Firstly, one chooses the functional chain analysis that 

will be verified, then, the main safety function of this chain is subjected to primary checking. 

Afterward, connected functions that belong to the same chain are being secondary checked. 

Then, the support functions of the chain are primarily checked. It is worth mentioning that 

the way of application of the above-mentioned two optimization methods is also presented 

in the flowcharts.  
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Figure 4.13 Flowchart of the developed functional chain analysis methodology. 
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Figure 4.14 Continuation of the flowchart of the developed functional chain analysis methodology. 
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5 Steps Towards Developing a Functional Chain Analysis Reviewing 

Tool 

After formulating the functional chain analysis methodology, it becomes essential to develop 

a tool that can practically assist the plant reviewers in applying the developed methodology. 

Towards achieving this objective, two prototypes for a reviewing tool have been developed. 

The first one mainly relies on MATLAB programming language which is a general-purpose 

programming language, while the second one utilizes the structured query language (SQL) 

which is a domain-specific language. The main objective behind developing the prototype 

using two different languages is to find out which language is more effective in handling and 

processing the plant data to perform the functional chain analysis. In this chapter, the two 

developed prototypes are to be presented and discussed. Besides, efforts towards further fu-

ture developments for this reviewing tool will be introduced and discussed. 

5.1 Implementation of Functional Chain Analysis Reviewing Prototype 

using MATLAB 

The prototype, which is implemented using MATLAB, aims to provide the plant design 

reviewers with a graphical user interface (GUI) that assists in systematically performing the 

functional chain analysis. Besides, the prototype should keep records of various checking 

statuses of various functions in each chain so as to make it easier and efficient to check the 

whole functional chains of Hanhikivi 1 NPP. As illustrated in Figure 5.1, the tool mainly 

utilizes the configuration management data files which are provided by the plant supplier. 

Afterwards, the tool processes these data to formulate a list of configuration items (CI) where 

each configuration item is defined in a separate Excel sheet. A configuration item, when 

simplified, can be defined as “information or physical entities which has a function in safety 

engineering design facility, system, components, software, etc.”. As for the initial develop-

ment of the tool, only nine configuration item types are considered including task categories, 

sub-task categories, design initiating event groups (DIEG), initiating event criteria (IEC), 

safety function, support safety function, measured parameters, actuators group, and systems. 

In addition to that, the plant supplier provides two topical reports that contain detailed infor-

mation about the measurements and actuators related to various configuration items. 
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Figure 5.1 Flowchart of building the data model for the reviewing tool. 

 

Afterwards, the database files provided by the plant supplier can be utilized to set up the 

relations between these configuration items. For instance, a parent-child relationship exists 

between the safety function configuration item and the actuators group configuration item. 
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measurement points. This is mainly done based on the task category of the safety func-

tion which the user has chosen. Furthermore, empty columns exist to allow the user to 

insert the checking result as well as the evaluation reference which has been used during 

the checking. 
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3. The third panel of the tool, shown in Figure B. 3, is similar to the second panel however 

it is concerned with actuators, not the measurements. 

 

4. The tool can also import all the connected functions related to the main safety function 

which the user has specified. It is worth mentioning that the panel, shown in Figure B. 

4, not only presents the direct connected function of the safety function but also presents 

all the connected functions until the end of the functional chain of the main safety func-

tion which the user has chosen. 

 

5. The tool also has a panel, shown in Figure B. 5, which is capable of importing the sup-

port safety functions related to the chosen main safety function. 

 

6. Another important feature of the tool is that it has a panel that is capable of showing how 

changing a specific configuration item will affect the functional chains of FH1 NPP. This 

feature is very useful for the cases in which some design features have been changed or 

updated. In this way, one can still know which functional chains need to be rechecked 

and which ones do not. This panel is shown in Figure B. 6. 

 

Finally, it is worth mentioning that utilizing this prototype developed by MATLAB suc-

ceeded in achieving the required objective of performing the functional chain analysis. How-

ever, after developing this prototype it becomes clear that the tool has utilized many inter-

linked pre-processing scripts that make it significantly difficult to scale up the tool and in-

troduced new updates or changes in the future. This complexity arises from the fact that 

database tables and relating them to each other require a lot of processing time as well as 

complex data manipulation. As a result, it becomes more efficient and practical to develop 

another prototype utilizing a language that is capable of dealing with relational databases as 

well as providing flexibility of easily updating and manipulating the plant design data. The 

next section is dedicated to introducing another developed prototype using Microsoft Access 

software. 
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5.2 Implementation of Functional Chain Analysis Reviewing Prototype 

using Microsoft Access 

Fuelled by the need to have an efficient user-friendly interface that is capable of performing 

functional chain analysis, it has been decided to implement another prototype using Mi-

crosoft Access software. The complete process of the prototype implementation is shown in 

Figure 5.2. Similar to the previous prototype, the process starts by receiving the configura-

tion management data files from the plant supplier. Each ADLAS® document either in plant 

level, functional level, or technical architecture level is accompanied by a data file that in-

cludes various configuration items (CIs) that have been defined in the corresponding AD-

LAS® documents. 

Afterwards, these data files are organized such that each configuration item type is separated 

in an independent table. For instance, independent tables are constructed for safety functions, 

actuators groups, measurement parameters, etc. After organizing the received data, the pre-

processing phase starts. During this phase, pre-processing scripts are written with an aim to 

construct relationships tables between various types of configuration items tables. It is worth 

mentioning that each configuration item has parent configuration items as well as related 

configuration items.   

 

Figure 5.2 The process of developing a functional chain analysis tool using Microsoft Access database man-

agement system. 
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After finishing the pre-processing phase, the main phase of building the database, known as 

the processing phase, is started. This phase begins with constructing a data model by utilizing 

various configuration items tables in addition to the relationship tables that were already 

built in the pre-processing phase. Figure 5.3 shows a small part of the data model that was 

built in Microsoft Access for the purposes of prototype development. Figure 5.3 presents a 

total of six configuration items tables in addition to four relationship tables, it should be kept 

in mind that the developed prototype has more relation than the ones shown in the below 

figure. Also, it can be seen, for example, that the Safety Function configuration item has 

three parent configuration items which are the task category, subtask category, and design 

initiating event group (DIEG) configuration items. In addition to that, the safety function is 

related to initiating event criteria (IEC) configuration item through a relationship table called 

“Relation between IEC and its related CI”. 

 

Figure 5.3 A part of the data model implemented using Microsoft access database tools. 

 

After constructing the data model of various plant design configuration items, one obtains a 

relational database that can be efficiently utilized for implementing the functional chain anal-

ysis of Hanhikivi 1 NPP. By observing Figure 5.4, it can be seen that the data model con-

structed from supplier’s data is then utilized by a series of queries implemented using struc-

tured query language (SQL). A query is defined as a request for data from one or more tables 

of the database to obtain complex results that would have been difficult to obtain using nor-

mal programming languages. An example of an SQL script that has been written to construct 

one of the functional chain analysis queries is shown in Table E. 1. 

Task Category

CI ID

CI Description

CI Version

Parent CI

Related CI

DIEG

CI ID

CI Description

CI Version

Parent CI

Related CI

Sub-task Category

CI ID

CI Description

CI Version

Parent CI

Related CI

Support Safety Function

CI ID

CI Description

CI Version

Parent CI

Related CI

Safety Function

CI ID

CI Description

CI Version

Parent CI

Related CI

Initiating Event Criteria

CI ID

CI Description

CI Version

Parent CI

Related CI

Relation between IEC and its parents CI

IEC CI ID

IEC Parent CI ID

Relation between IEC and its related CI

IEC CI ID

IEC Related CI ID

Relation between SF and its parents CI
Safety Function CI ID

Safety Function Parent CI ID

Relation between SSF and its parents

SSF CI ID

SSF Parent CI ID

…

…

…



62 

Firstly, three measurements queries are implemented. The first one is for relating the safety 

functions with their corresponding measurements from IEC, while the second is relating 

safety functions with their corresponding direct measurements. The third measurements 

query is just a union of the first two queries. Afterwards, this third query is utilized to gen-

erate a “measurements checking results” table which will be utilized for saving the checking 

status of measurements. Secondly, as shown in Figure 5.4, actuators query is utilized to 

relate the safety function with the actuators. Then, this query is utilized to generate the “ac-

tuators checking results” table which is used to save the verification checking status of the 

actuators of various safety functions. 

Thirdly, Figure 5.4 also shows that three HMI queries are implemented. The first one relates 

the safety functions with their corresponding manual actions, while the second one relates 

the safety functions with Annunciations and indications. Both queries are then grouped in a 

third query which relates safety functions with HMI components. This third query is then 

utilized to generate an “HMI checking results” table which is utilized to save the checking 

status of HMI components. Finally, a connected functions query is implemented to relate 

each safety function to its connected functions in the functional chain. This query is then 

utilized to generate a “connected functions checking results” table which is used to save the 

checking status of each connected function related to a specific safety function. It is worth 

mentioning that a “processing checking results” table is manually generated to keep the sta-

tus of verification of the processing logic of various safety functions. 

It can be observed from the bottom right part of Figure 5.4 that a total of five checking 

results tables were generated. These tables are then subjected to further processing and up-

dating to serve the implementation of the functional chain analysis. The bottom left part of 

Figure 5.4 shows how the plant design reviewer can obtain specific functional chain data 

from the generated table. The process starts by designing a graphical user interface (GUI) 

using Microsoft Access form. The designed form consists of 10 action buttons and a list box.  

Some action buttons are utilized to run filtering queries that can extract specific functional 

chain data from the generated “checking results” tables. Other action buttons are used to run 

VBA scripts to update the checking status of the safety functions and the connected functions 

based on the user input for various functional chain checking routines. 
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Figure 5.4 Detailed representation of how the functional chain analysis is implemented and utilized in the 

implemented Microsoft Access prototype. 
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The previous figure shows that the user of the tool can communicate with the generated 

“checking results” tables through a GUI that has a set of different functionality action but-

tons. The designed interface is presented in Figure 5.5 and in the next paragraphs, the func-

tionality of each element in the interface will be described.  

 

Figure 5.5 The graphical user interface implemented using Microsoft Access forms to help users perform the 

functional chain analysis. 

 

The elements of the GUI, shown in Figure 5.5, are numbered from 1 to 10 such that each of 

these elements will be described using its corresponding number as follow: 

1. The list box, indicated by number 1 in Figure 5.5, is mainly utilized to provide the user 

the list of all functional chains of Hanhikivi 1 NPP. Afterwards, the user should select 

which chain will be subject to the functional chain analysis. 

 

2. The action button, indicated by number 2 in Figure 5.5, is utilized to perform the actua-

tors checking routine. By clicking the button, a query is run. This query presents a list of 

actuators that are related to the safety function which has been chosen from the list box. 

Furthermore, the user is expected to utilize a column of checkboxes where the checking 

status of each actuator is recorded. 
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3. The action button, indicated by number 3 in Figure 5.5, is utilized to perform the meas-

urements checking routine and has similar functionality to the actuators checking action 

button. However, instead of recording the actuators checking status, it records the meas-

urements checking status. 

 

4. The action button, indicated by number 4 in Figure 5.5, is utilized to execute the pro-

cessing checking routine. The user is expected to check or uncheck a checkbox depend-

ing on the verification status of the processing logic of the selected safety function. 

 

5. The action button, indicated by number 5 in Figure 5.5, is used to perform the HMI 

checking routine. The user is provided with a complete list that contains all the HMI 

components including annunciations, indications, and manual actions that are related to 

the selected safety function. Furthermore, the user is capable of using checkboxes to 

indicate the status of each component. 

 

6. The action button, indicated by number 6 in Figure 5.5, is used for updating the status 

of the checked safety functions in one of the database tables. The aim of updating this 

table is to keep track of the checking status of each safety function as well as all its 

checking routines status including actuators, measurements, processing, and HMI check-

ing. The button mainly runs a script that is written using visual basic for applications 

(VBA) language. The script processes all the checking routines’ results that have been 

entered by the user in steps 2-5 and determines the whole safety function checking status 

based on that. 

 

7. The action button, indicated by number 7 in Figure 5.5, is utilized to open one of the 

database tables that presents the checking status of various safety functions after being 

updated in the previous step. 

 

8. The action button, indicated by number 8 in Figure 5.5, is utilized to update the checking 

status of the connected safety function that belongs to the functional chain of the chosen 

main safety function in step 1. The button runs a VBA script that processes the status of 

checked safety functions and updates the corresponding connected functions. 
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9. The action button, indicated by number 9 in Figure 5.5, is utilized to present a table that 

shows the checking status of connected safety functions that were updated in step 8. 

 

10. The action button, indicated by number 10 in Figure 5.5, shows the checking status of 

all functional chains of Hanhikivi 1 NPP. This is implemented by utilizing the checking 

status of the main safety functions as well as their corresponding connected safety func-

tions and then determines the status of the whole functional chain. 

After introducing various features of the designed GUI, one can now compare the two pro-

totypes that were developed using MATLAB and Microsoft Access. Firstly, it was con-

cluded that the Access prototype is more organized and efficient in data handling as it uti-

lized SQL which is ideally designed for processing relational databases. Furthermore, the 

Access prototype contains more configuration items tables than that of the MATLAB pro-

totype. This is mainly due to the fact that Access is more user-friendly when it comes to 

importing large number of database tables. Furthermore, Access has a feature of SQL graph-

ical block programming which makes it easier to set up the relations between various tables 

of the database. On the other hand, setting up relations between many tables in MATLAB 

seems to be a complex process as each record in these tables has to be individually accessed 

and connected to other records which results in complex nested loops as well as larger pro-

cessing time. Finally, Access provides the feature of updating database tables which is ex-

tremely useful when some of the design features are revised, added, or even deleted. 

At the end of this chapter, it is worth mentioning that many features are expected to be added 

to the developed Microsoft Access prototype to make it a user-friendly efficient tool that can 

be utilized by various plant design reviewers when performing the functional chain analysis. 
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6 Results of the Functional Chain Analysis of the High-Pressure Safety 

Injection 

In this chapter, the developed functional chain analysis methodology that was presented in 

chapter 4 is to be applied to one of the functional chains of Hanhikivi 1 NPP. The main 

objective is to analyse the high-pressure safety injection (HPSI) functional chain with an aim 

to verify that the whole chain is fulfilling the requirements that are induced on it. The func-

tional chain of the HPSI mainly referred to the HPSI safety function (main safety function 

of the chain) in addition to its connected and support function. The chapter will start by 

introducing the main safety function, then the analysis of the whole chain, including the 

connected and the supporting functions, will be presented. 

Firstly, the HPSI safety function belongs to a subtask category called reactor protection sys-

tem, a category that contains safety functions that are automatically initiated in case of DBC 

3 and DBC 4 accidents. Besides, the safety functions belong to this task category should 

bring the plant to a controlled state, a state where the reactor is shut down and decay heat 

removal is secured. As mentioned earlier in section 3.3.1, non-functional requirements of 

each safety function are determined based on the subtask category to which the safety func-

tion belongs. Based on that, the HPSI safety function, as well as its functional chain, have 

the following non-functional requirements: 

1. Safety Classification: the function is classified as safety class 2 which means that all the 

systems, structures, and components involved in performing this safety function shall 

have the same safety classification in terms of quality and qualification. 

2. Redundancy: the function shall fulfill the N+2 failure criterion which can be achieved 

by utilizing four trains where any one of them is fully sufficient to perform the safety 

function and bring the plant to a safe state (4x100%).  

3. Separation: the systems performing this safety function shall be functionally separated 

(Isolated) such that failure of systems performing other task categories will not prevent 

these systems from performing their safety function. Furthermore, the trains of the sys-

tems performing this HPSI safety function must be physically separated. 

4. Diversity: the function does not belong to any diverse task category thus no diversity 

requirements are required. 
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The high-pressure safety injection functional chain is shown in Figure 6.1, and it can be 

observed that the chain consists of 1 main safety function (MSF), 7 connected safety func-

tions (CSF), and 6 support safety functions (SSF). In the next subsection, each of these func-

tions will be subjected to several checking routines depending on the function type. Finally, 

it is worth mentioning that the checking was done to a design that has not yet undergone all 

the verification and validation activities by the supplier. 

 

Figure 6.1 The main, support, and connected safety functions that belongs to the HPSI functional chain. 
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The HPSI safety function is mainly utilized to maintain the primary coolant inventory in 

some postulated initiating events such as small break loss of coolant accident (SBLOCA), 

large break loss of coolant accident (LBLOCA), steam generator tube rupture (SGTR), etc. 

The function is actuated based on certain initiating event criteria which is formally described 

in Figure 6.2 known as functional diagram. Due to the fact that functional diagrams are a 

detailed non-public design material, a generalized figure has been utilized just to give the 

reader an overview of the functional diagrams of the safety function. It can be observed that 

the diagram consists of direct measurement points, HMI components, connections to other 

functions and initiating event conditions, the processing logic of the function in addition to 

the involved actuators. 

 

Figure 6.2 Functional diagram of the high-pressure safety injection safety function. 

 

It is worth mentioning before conducting the functional chain analysis checking routines that 

the I&C architecture as well as the control room architecture, which are utilized as evaluation 

references in the upcoming sections, are just preliminary versions that have not been sub-

jected to all the planned verification and validation activities yet. Therefore, these technical 

architecture documents are expected to be updated in the future. 
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6.1.1 Measurements Checking of High-Pressure Safety Injection 

In this subsection, the measurements checking of the main safety function will be performed 

and its results will be discussed. Firstly, it should be noted that there are three sources of 

measurement points that contribute to the function: 

1. Direct measurement points: these are the sensors that directly appear in the functional 

diagram of the function, and they are included in the measurement checking routine of 

the function. 

2. Initiating event criteria: these are signals from other IEC functional diagrams that also 

contain their measurement points, therefore, these measurements are indirectly con-

nected to the safety function that is being checked. Furthermore, these measurement 

points are included in the measurement checking routine of the function. 

3. Connected functions: these are signals from other safety functions however, their meas-

urement points are not included in the measurement checking routine as they will be 

separately checked when checking the connected functions. 

 

Figure 6.3 presents how the complete set of measurement points related to the safety func-

tion is being obtained from the initiating event conditions and the direct measured parame-

ters. It is worth mentioning that each sensor has a unique identification code that is utilized 

by the measurement checking routine, however, these are detailed design data that are not 

presented here. Now, one has information about the sensors utilized by the function as well 

as the non-functional requirements applied to them hence, inputs needed by the measurement 

checking routine are available and the routine can be executed. 

 

Figure 6.3 The complete set of measurement points of the high-pressure safety injection safety function. 
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Firstly, the measurement checking routine starts by investigating the I&C architecture (ICA). 

It has been observed that the HPSI function is assigned to the “Reactor Trip and Engineered 

Safety Features Actuation” I&C system. It was found that: 

1. Both the I&C system and sensors connected to it are classified as safety class 2 which 

satisfies the requirements. 

2. The I&C system to which the measurement points are assigned satisfies an N+2 fail-

ure criterion which means at least four redundant channels are utilized. This condi-

tion fulfils the induced non-functional requirements as well. 

3. The measurement points that measure the same parameter are physically separated 

by keeping the distances between them as large as reasonably achievable, while for 

the I&C system channels they are separated employing adequate physical barriers 

and distance. 

4. The I&C system ensures the functional isolation of the HPSI function by applying 

electrical isolation, communication independence, and priority actuation rules. 

It can be concluded, from the point of view of I&C architecture, that all the induced non-

functional requirements have been satisfied. The second step according to the developed 

methodology is to check the Hanhikivi 1 NPP 3D Model in Navisworks software. Figure 

6.4 shows four pressure sensors installed on the steam line of SG1. By clicking on any of 

these sensors, detailed information about the sensor can be obtained. On investigating the 

model, the following was found: 

1. All the measurement points involved in the function are classified as safety class 2 

and seismic category S1 which fulfils the induced requirements. 

2. There was no clear conclusion about how the sensors are physically separated by 

distance. For instance, it can be seen from Figure 6.4 that the four pressure sensors 

are not equally separated, but they are separated in pairs. This raises concerns about 

the fact that in case of failure of one sensor due to a certain hazard, most probably 

the sensor that is directly located close to it will fail as well. Therefore, it issue will 

be subjected to further investigation with the plant supplier. 
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Figure 6.4 A sketch of four measurements points installed on steam line of SG1 similar to that found in 3D 

Model. Note: Actual 3D model was used in the checking but here sketches are used for IPR reasons. 

 

The third step in the measurements checking routine is to check for the satisfaction of the 

non-functional requirements in the basic system design. This is implemented by checking 

the sensor data presented in the system specifications. It is worth mentioning that sensor data 

are a set of data sheets that carry information about various systems installed in the plant, 

this information includes technical characteristics, sensor classifications, location of the sen-

sor, etc. On checking the sensor data, the following findings were obtained: 

1. All the sensors were correctly classified as safety class 2 and seismic category S1. 

2. All the measurement points, that were defined on the functional level, exist in the 

sensor data, and are utilized by the system to perform its function. 

6.1.2 Processing Checking of High-Pressure Safety Injection 

After finishing the measurements checking routine, which is the first routine in the devel-

oped methodology, one can now proceed to the next checking routine which is the processing 

checking. The processing logic of the HPSI has already been presented in Figure 6.2, the 

logic will be tested in three ways including open-loop testing, closed-loop testing, and model 

checking. The first step to be able to perform the open-loop tests is to implement the pro-

cessing logic on a simulation software such as APROS. Therefore, an automation model, 

shown in Figure C. 1 in Appendix C, is implemented using APROS, and a total of 6 open-

loop tests have been conducted, each of these tests has a different set of plant parameters 

that are utilized by the HPSI processing logic.  

Four pressure sensors 

installed on SG1 steam line
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Initially, under the normal operational parameters shown in Table 6.1, the output signal of 

the HPSI logic is “False” which means that no actuation signal is being sent to the actuators 

of the HPSI. Afterwards, Table 6.2 presents the input sequence of the parameters used dur-

ing the first open-loop test. It can be observed that dropping the HL boiling margin below 

8℃ was sufficient to generate a “True” actuation output signal from the automation model 

to the HPSI actuators. Table 6.3 shows the parameters of the second open-loop test and it 

can be seen that although the HL boiling margin is below 8℃, the output actuation signal 

from the automation model is “False”, this is mainly because the temperature of the HL is 

below 150℃. Afterward, another four open-loop tests are conducted, and their parameters, 

as well as HPSI actuation status, are shown in Table D. 1, Table D. 2, Table D. 3, and Table 

D. 4 in the Appendices. 

Table 6.1  Initial conditions of some plant parameters utilized by HPSI safety function. 

Test Relevant Parameter Units Value HPSI Status 

Hot leg l/2/3/4 Boiling Margin ℃ 20.09  

 

The actuation signal 

of the HPSI safety 

system is “FALSE” 

Containment Pressure KPa 9.98 

Pressurizer Level m 8.1268 

Hot leg 1/2/3/4 temperature ℃ 328.44 

SG 1/2/3/4 Steam Line Pressure MPa 6.99 

Bypass Signal “Emergency SG cut off from water supply” False 

 

Table 6.2 First open-loop test with HL boiling margin equals 6 ℃. 

Test Relevant Parameter Units Value HPSI Status 

Hot leg l/2/3/4 Boiling Margin ℃ 6.00  

 

The actuation signal 

of the HPSI safety 

system is “TRUE” 

Containment Pressure KPa 9.98 

Pressurizer Level m 8.1268 

Hot leg 1/2/3/4 temperature ℃ 328.44 

SG 1/2/3/4 Steam Line Pressure MPa 6.99 

Bypass Signal “Emergency SG cut off from water supply” False 

 

Table 6.3 Second open-loop test with boiling margin 6 ℃ and HL temperature 140 ℃. 

Test Relevant Parameter Units Value HPSI Status 

Hot leg l/2/3/4 Boiling Margin ℃ 6.00  

 

The actuation signal 

of the HPSI safety 

system is “FALSE” 

Containment Pressure KPa 9.98 

Pressurizer Level m 8.1268 

Hot leg 1/2/3/4 temperature ℃ 140 

SG 1/2/3/4 Steam Line Pressure MPa 6.99 

Bypass Signal “Emergency SG cut off from water supply” False 

 



74 

The results of the implemented six open-loop tests show that the designed processing logic 

of the functional diagram shown in Figure 6.2 satisfies the required initiating event criteria, 

however, it should be kept in mind that closed-loop tests are still needed to verify the check-

ing logic when it is integrated with the process and electrical model of the plant in APROS. 

For this purpose, a closed-loop test is implemented using APROS, and an initiating event of 

LBLOCA, shown in Figure C. 2, is utilized by introducing a 20% break to the hot leg 1 of 

the primary circuit. Moreover, the valve that represents the break was opened 5 seconds after 

starting the simulation. On opening the valve, water starts flowing out of the hot leg 1 and 

the pressure of the primary circuit start decreasing causing the boiling margin in the hot legs 

to drops below 8℃, as a result, the HPSI control model successfully sends an initiating signal 

to various actuators of the HPSI system, and the first flow of water through the pump of the 

HPSI was observed around 30 seconds after opening the valve. It can be concluded that the 

closed-loop test is another evidence that that the processing logic of the HPSI is correct as it 

succeeded to actuate the HPSI system in the case of LBLOCA initiating event. 

Although open-loop tests and closed-loop test successfully verify the HPSI control logic, 

global correctness cannot be guaranteed. Therefore, a formal verification method such as 

model checking is needed to ensure the global correctness of the functional logic. Conse-

quently, Fennovoima has purchased model checking service from VTT to formally verify a 

set of FH1 safety functions. One of these functions was the HPSI, and the result of its model 

checking was that all the initiating event criteria of the function have been satisfied by the 

processing logic and no design issues were revealed concerning this function. In conclusion, 

based on the results of open-loop testing, closed-loop testing, and model checking, one can 

conclude that the processing logic of the HPSI safety function is correct and sufficient. 

After ensuring the correctness of the processing logic, one should now ensure that the I&C 

system, on which the processing logic is uploaded, satisfies the non-functional requirements 

induced on it. This has already been checked as a part of the measurements checking routine, 

and it was found that the I&C system performing this HPSI function satisfies the required 

safety classification (SC2), failure criterion (N+2), and physical separation as well as func-

tional isolation requirements. 



75 

6.1.3 Actuators Checking of High-Pressure Safety Injection 

In this section, the third checking routine of the developed methodology, which is the actu-

ators checking, will be executed. The HPSI safety function is implemented by a system that 

carries the same name as the function. This system consists mainly of four trains where each 

train has a centrifugal HPSI pump in addition to several valves groups as shown in Figure 

6.5. In order to be able to perform the actuators checking, one should obtain the complete 

list of the actuators of the four trains where each actuator has a unique identifier code that 

will be utilized throughout the actuator's checking routine. 

 

Figure 6.5 Schematic flow diagram of one train of the high-pressure safety injection system. 

 

After obtaining the list of actuators, one can now proceed to check for the satisfaction of the 

non-functional requirements from the previously specified evaluation references presented 

in section 4.2.3. The first step in the actuators checking is to use the process and electrical 

safety architecture (PESA) document. The document mainly assigns the HPSI safety func-

tion to the HPSI system. Furthermore, the HPSI function utilizes some parts of the LPSI 

system and the borated water storage system. In addition to that PESA set requirements on 

the process and electrical systems performing the HPSI function to be safety classified as 

SC2, to have a failure criterion of N+2, and to be physically separated and functionally iso-

lated. The second step in this routine is to use the layout safety architecture (LSA) document 

in order to know the buildings to which the systems performing the HPSI function are allo-

cated. On checking the LSA, one can find that the HPSI system is mainly assigned to the 

reactor building and the safety building. Knowing this information, one can now proceed to 

the third step in the actuators checking routine which is utilizing the 3D Model of the plant 

as an evaluation reference.  
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The following findings were concluded when the HPSI system, shown in Figure 6.6, is 

checked using the plant 3D Model in addition to the basic system design: 

1. The actuators of the HPSI system that participate in the HPSI safety function were clas-

sified as safety class 2, whereas other actuators belong to the system but at the same time 

are part of the reactor coolant pressure boundary are classified as safety class 1. 

2. The system applies an N+2 failure criterion by utilizing four redundant trains, where 

each train is capable of performing the safety function designated to the entire system 

without the need for any of the three other trains to operate. However, it should be high-

lighted that the four are not completely independent in the sense that there is a common 

water supply from the sump tank. 

3. The system trains are physically separated into four safety divisions inside the safety 

building while inside the reactor building the trains are only subjected to distance sepa-

ration as shown in Figure 6.6. Regarding functional isolation, the actuators of the HPSI 

system are allocated to a specific I&C system and functional isolation is mainly achieved 

by the prioritization of functions. Moreover, functional independence is checked on the 

process level, and it was found that process components, that interface with the HPSI 

system, belong to the same DiD level thus, functional independence is satisfied. 

 

For the sake of completeness, one should mention that actuators of the HPSI function were 

found to be assigned to the correct I&C system which has a similar safety classification and 

failure criterion as that of the safety function. 

 

Figure 6.6 A simplified sketch of the four trains of the HPSI system inside the safety and reactor buildings 

similar to that existing in 3D Model. Note: Actual 3D model was used in the checking but here sketches are 

used for IPR reasons. 

Train 1 Train 2 Train 3 Train 4
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6.1.4 HMI Checking of High-Pressure Safety Injection 

In this section, the results of performing the HMI checking routine on the HPSI safety func-

tion will be presented and discussed. As can be seen from Figure 6.2, the HPSI functions 

contain two components related to the HMI. The first one is the manual action buttons which 

can be used by the operator in the MCR/ECR to reset the HPSI system. The other HMI 

component is the annunciations of the actuation status of the HPSI system actuators. These 

annunciations are intended to attract the operator’s attention, identification of occurred event 

as well as identification of event disappearance. Firstly, one must identify which non-func-

tional requirements are applied to the HMI components of the HPSI safety function. Accord-

ing to the control room architecture (CRA), “Depending on the safety classification of the 

function, manual actions should be classified accordingly”. This means that manual actions 

of the HPSI injection should be classified as safety class 2 as well as having an N+2 failure 

criterion. On the other hand, annunciations, which are monitoring equipment, follow the 

non-functional requirements specified in STUK’s YVL guides as presented in Table 6.4. 

Table 6.4 YVL guides related to the non-functional requirements applied to the annunciations of HMI. 

YVL B.2 [313] Safety Class 3 shall include systems that belong to instrumentation referred to in re-

quirement 5214 of Guide YVL B.1. 

YVL B.2 [456a] The instrumentation referred to in requirement 5214 of Guide YVL B.1 shall meet the 

(N+1) failure criterion.  

YVL B.1 [5214] A nuclear power plant shall have instrumentation that the operator can use to monitor 

the plant’s status and the execution of safety functions in order to restore the controlled 

state and maintain it in anticipated operational occurrences, postulated accidents, and 

design extension conditions DEC A. Such instrumentation shall include all the devices 

in the data transmission connection all the way from the sensor to the display unit. 

 

By checking the above-mentioned requirements in the control room architecture (CRA), the 

following findings were concluded: 

1. Four manual actions (reset buttons) were added to the reactor operator safety panel 

DiD level 3a in MCR. Although the panel is classified as safety class 3, it accommo-

dates a limited number of controls qualified as safety class 2 and intended for per-

forming manual actions. 

2. Regarding the failure criterion of manual actions, it can be seen N+2 failure criterion 

is applied by adding the buttons to four physically separated divisions of the safety 

panel. 
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3. The annunciations of the HPSI safety function are assigned to the hardwired HMI 

reactor operator safety panel DiD level 3a in MCR, in addition, the same annuncia-

tions are also allocated to a similar HMI panel in the ECR. Both the panels and an-

nunciations in the MCR and ECR are classified as safety class 3 panels. However, it 

is not clear how the failure criterion of the annunciations is achieved thus, further 

investigation with the plant supplier is needed. 

An additional part that can be added to the HMI checking is to check the allocation of the 

function HMI components has been assigned to the correct I&C system. On performing this 

check, it was found that the annunciation of the function is assigned to an I&C system that 

has similar safety classification and failure criteria. On the other hand, manual actions of the 

HPSI functions, which are classified as SC2 HMI components, were assigned to an I&C 

system that has a lower safety class of SC3. This violation will be further investigated with 

the plant supplier.  

6.1.5 Cabling Checking of High-Pressure Safety Injection 

In this section, the last checking routine will be applied to the main safety function in the 

functional chain under verification. As previously mentioned, the cabling checking routine 

should cover cabling between different components of the measurements-actuators chain. 

However, in this section, only the cabling concept of the cabling from the power supply 

sources to the HPSI actuators and I&C panels will be considered. This is because, at the 

current stage of the project, information about cabling between sensors and I&C systems or 

between I&C systems and HMI components is not available. One may start this checking 

routine by clarifying that the power supply of the HPSI system is from the emergency power 

supply system (EPSS), where each HPSI system redundancy power is supplied from a sep-

arated emergency diesel generator (EDG) as well as battery-backed uninterrupted power 

supply. 

Therefore, functional trains 1, 2, 3, and 4 are utilized to connect between the EPSS standby 

diesel generators building and the I&C panels in the control building passing through cable 

tunnels and corridors of various in-between buildings including annular space of contain-

ment. On checking the non-functional requirements of these functional trains, the following 

was concluded from the cable laying concept and cable laying basic design: 
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1. The cable metal structures of EPSS functional trains 1, 2, 3, and 4 are classified as 

safety class 3 and seismic category S1. However, there was no specific safety clas-

sification for the cables themselves. This information is not available at the current 

stage of the project however, it is expected to be available with the detailed system 

design stage. 

2. The cable structures of EPSS functional trains 1, 2, 3, and 4 are completely inde-

pendent by reasonable way of structural and distance separation. One individual ca-

ble of a non-safety train cannot enter cable structures of a safety train along the 

whole cable route. Figure 6.7 illustrates how the four functional trains are physically 

separated into four safety divisions. It is worth mentioning that specific separation 

techniques are adopted for separating the functional trains in cable rooms under I&C 

equipment, in the annular space of containment as well as inside the containment 

itself. 

3. Regarding the failure criterion, it can be observed that N+2 is applied due to the fact 

that these four functional trains serve safety class 2 consumers. 

 

 

Figure 6.7 Conceptual sketch of cable laying structures of EPSS functional trains in the nuclear island. 
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6.2 Connected Safety Functions (CSF) 

As already been mentioned at the beginning of this chapter, a functional chain consists of a 

main safety function in addition to a set of connected as well as support safety functions. 

Therefore, verifying the whole functional chain requires verifying all the chain functions 

regardless of their type. In the previous section, the main safety function has been checked 

while in this section all the connected functions belong to the HPSI will be subjected to 

secondary checking. A type of checking that implies only four checking routines which are 

measurements, processing, HMI, and cabling checking. The HPSI functional chain has seven 

connected safety functions which are as follow: 

1. Isolation of corresponding steam generator water 

2. Control of steam dump valve to atmosphere 

3. Isolation of Corresponding steam generator in case of PRISE 

4. Determination of non-failed steam generator 

5. Reactor trip in case of LOCA 

6. Low-pressure safety injection 

7. Start-up of emergency feedwater pump 

In the next subsections, a summary of the checking results of each of the above-mentioned 

connected functions will be presented and discussed. 

6.2.1 Isolation of Corresponding SG Water 

The “isolation of corresponding SG water” safety function is mainly utilized for ensuring 

radioactivity localization in a certain steam generator in case of secondary side leaks. The 

function belongs to the same DiD level as that of the HPSI safety function thus both func-

tions have the same non-functional requirements. In a brief, the function closes the main and 

emergency feedwater isolation valves in addition to stopping the emergency feedwater pump 

of the steam generator that will be isolated. The function has been subjected to measure-

ments, processing, and HMI checking. Regarding the cabling checking, it will not be covered 

in all the upcoming functions since similar information that was presented in section 6.1.5 is 

also valid for all the upcoming functions. In brief, the checking of this function shows that 

both measurements and HMI components satisfy the induced non-functional requirements. 

Furthermore, no issues were detected during formal and informal verification of the pro-

cessing logic. 
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6.2.2 Control of Steam Dump Valve to Atmosphere 

In this section, the second connected function in the HPSI functional chain will be checked. 

The “control of steam dump valve to the atmosphere” is a safety function that ensures heat 

removal from the primary coolant through discharging steam from SGs to the atmosphere. 

The function belongs to the same sub-task category as that of the HPSI function, hence, 

similar non-functional requirements are applied to this function. It should be noted that this 

function is a control function which means that it does not directly send any actuation com-

mands to any actuators however, it only sends control signals to other functions which con-

trol the “steam dump valve to atmosphere” actuator. The section consists of the secondary 

checking routines except for the cabling checking.  

On performing the measurements checking of this function, it was observed that some of the 

measurements, that exist in the functional diagram of the function, have not been assigned 

to the function. Consequently, these measurements have not been assigned to any I&C sys-

tem or HMI panel. Furthermore, the processing checking routine shows a problem concern-

ing the ambiguous description of function processing logic. For instance, there is an over-

lapping feedback loop which makes the processing order of the functional logic unclear. 

Besides, the model checking verification method has revealed some design issues in the pro-

cessing logic of the function. Finally, the results of the HMI checking routine show that the 

manual actions of the function were allocated to lower safety class I&C system that performs 

another task category other than that of the function. 

6.2.3 Isolation of Corresponding SG in Case of PRISE 

In this section, the third connected safety function in the HPSI functional chain will be 

checked. The “isolation of corresponding SG in case of (primary to secondary leakage) 

PRISE” safety function is mainly utilized for ensuring localization in SG in case of leakage 

from primary circuit to secondary circuits. The main task of the function is to isolate a failed 

steam generator on the steam side by closing the main steam isolation valve in addition to 

the motor-operated cutoff gate valve of the corresponding failed SG. The measurements 

checking of the function reveals no problems. On the other hand, a problem was detected in 

the processing logic of the function while conducting the processing checking routine. Ver-

ification using Model Checking shows that there is a problem in “Resetting the steam line 

gamma activity signal after 2 seconds of automatic function actuation”. The problem mainly 



82 

occurs because a signal remains stored in the internal memory. Similar to the previous func-

tion, HMI checking routine shows that some manual actions of the function were allocated 

to a lower safety class I&C system. 

6.2.4 Determination of Non-failed SG 

In this section, the fourth connected safety function in the HPSI functional chain will be 

checked. Similar to the previous connected safety function, the “determination of non-failed 

SG” safety function is mainly utilized for ensuring localization in SG in case of leakage from 

the primary circuit to secondary circuits. The function defines whether the opening of the 

“steam dump valve to the atmosphere” is allowed or not. The function has no measurement 

points, and its inputs are signals from other safety functions. Therefore, no measurement 

checking routine was conducted for this function. Regarding HMI checking of this function, 

an annunciation was be observed from the functional diagram of the function however, this 

annunciation has not been identified nor allocated to any HMI in both control room archi-

tecture and I&C architecture. Thus, no HMI checking routine is performed for this function. 

Finally, the processing logic of the function was simple, and no issues were found during 

conducting the processing checking routine. 

6.2.5 Reactor Trip in Case of LOCA 

In this section, the fifth connected safety function in the HPSI functional chain will be 

checked. The function, named “reactor trip in case of LOCA”, is mainly utilized for ensuring 

fission reaction termination in case of some events such as SBLOCA, LBLOCA, SGTR, etc. 

The function eliminates the fission reaction by dropping the control rods into the reactor 

core. The function was subjected to measurements and processing checking however, re-

garding the HMI checking, the function has no HMI components attached to it therefore, 

there is no need to perform the HMI checking. It is worth mentioning that this safety function 

is implemented by two diverse I&C systems. This means that the function is implemented 

by two diverse processing logics (Diversity A and B) in addition to utilizing two diverse sets 

of measurement points. 
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On performing the measurements checking routine of the function, it was found that diver-

sity B measurement points were assigned to an I&C system other than the one to which the 

safety function (diversity B) was assigned. Furthermore, it was found that there is no inter-

face between the two I&C systems. Thus, it is not clear how the I&C system, to which the 

function is allocated, will be able to process its measurements. Regarding the processing 

logic of the function, it was found that all the specifications of the initiating event criteria 

have been satisfied except for one specification which was unclear as the functional diagram 

of one of the initiating event criteria contains an ambiguous block that has not been de-

scribed. 

6.2.6 Low-Pressure Safety Injection 

In this section, the sixth connected safety function in the HPSI functional chain will be 

checked. The “low-pressure safety injection” safety function is mainly utilized for maintain-

ing the coolant inventory in the primary circuit in case of events such as SBLOCA, 

LBLOCA, PRISE, etc. The main difference between the LPSI and the HPSI function is the 

pressure at which each system starts operating. While the HPSI starts working at a pressure 

just below the secondary circuit pressure, the LPSI system starts operating at around 2.45 

MPa. Furthermore, the LPSI system is equipped with a heat exchanger which can be utilized 

for long-term cooling purposes. The function was subjected to three checking routines in-

cluding measurements, processing as well as HMI checking. None of the conducted routines 

revealed any issue regarding non-functional requirements satisfaction. 

6.2.7 Start-up of EFWP 

In this section, the last connected safety function in the HPSI functional chain will be 

checked. The “start-up of emergency feedwater pump (EFWP)” safety function is mainly 

utilized for heat removal from the primary coolant. When this function is actuated the EFW 

pump is switched on and the motor-operated valves in the pressure line and suction line are 

opened. The function was subjected to measurements, processing, and HMI checking rou-

tines. Two consistency issues were discovered in the processing logic of the “start-up of 

EFWP” safety function. Firstly, the initiating event criteria specify the operator's ability to 

actuate the system manually however, the functional diagram of the function only contains 

a reset button, and no manual start button was found. 
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Also, another specification specifies that the function is reset from a signal from another 

function, however, it was found that the only signal that can reset the function is through the 

reset button in the MCR or ECR. Regarding HMI checking, it was found that the manual 

action buttons are assigned to a lower safety class I&C system which violates the non-func-

tional requirements. On the other hand, the annunciations of the safety function satisfy all 

the required non-functional requirements. After presenting a summary of the checking re-

sults of all the connected functions of the HPSI functional chain, one should proceed to pre-

sent the results of checking the support safety functions that belong to the same chain. 

6.3 Support Safety Functions (SSF) 

Support functions are defined as functions that are designed to support the execution of other 

safety functions, for example, by providing electricity, components cooling water, etc. It has 

been previously discussed that support safety functions represent the third edge of the func-

tional chain components triangle in addition to the main safety function and the connected 

safety functions. Indeed, in order to have a fully verified chain, one should also verify that 

support functions follow the requirements. This implies that the support functions are capa-

ble of performing their function successfully which in consequence will contribute to the 

success of the whole functional chain. The support safety functions, that belong to the HPSI 

chain, were subjected to primary checking including measurements, processing, HMI, actu-

ators, and cabling checking. The HPSI functional chain consists of six support safety func-

tions which are as follow: 

1. Power supply of EPSS consumers of reliability group 1 

2. Power supply of EPSS consumers of reliability group 2 

3. Start water cooling in controlled area 

4. Cooling of safety train room in safety building 

5. Cooling of safety train rooms in reactor building annulus space 

6. Cooling of safety train rooms in control building 

In this section, a summary of the checking results of some of the above-mentioned support 

safety functions will be presented. It is worth mentioning that all these support functions 

were checked in a similar way as the main safety function, thus, there is no need to present 

the checking results in detail, but only a summary of the main findings will be presented. 
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6.3.1 Power Supply of EPSS Consumers of Reliability Group 1 

The main task of this function is to provide an uninterruptible power supply from storage 

batteries to some components required to implement the HPSI safety function. This function 

is a passive function which means it is actuated without a need for any power, measurements, 

or processing logic. Therefore, this support function is only subjected to actuators and HMI 

checking. Regarding actuators checking, it was found that the system performing the func-

tion satisfies all the induced non-functional requirements. On the other hand, HMI checking 

shows that the indications related to this support safety function have not been allocated to 

any I&C system. Therefore, this problem needs further clarification with the supplier. 

6.3.2 Power Supply of EPSS Consumers of Reliability Group 2 

Similar to the previous support function, the “power supply of EPSS consumers of reliability 

group 2” support function is also a passive function. Consequently, the function has no meas-

urements, initiating event conditions, or processing logic. The function mainly provides 

power supply to some consumers of the HPSI safety function. Furthermore, the function is 

actuated directly after starting the EDGS. The support function is mainly implemented by 

two systems: the low voltage emergency power supply system (LVEPSS) and the medium 

voltage emergency power supply system (MVEPSS). The first one supplies its consumers 

with a nominal voltage of 0.4 kV, while the second system supplies its consumers with a 

nominal voltage of 10 kV. Similar to the previous support function, an issue was found in 

assigning the function’s indication to any I&C system. 

6.3.3 Start of Water Cooling in Controlled Area 

In this subsection, the results of checking the third support safety function in the HPSI chain, 

named “start of water cooling in controlled area”, will be presented. The function mainly 

provides cooling water and maintains heat removal from the safety systems consumers. The 

function has no measurement points or initiating event conditions, instead the function is 

automatically actuated by a signal from the HPSI safety functions in addition to signals from 

other functions. The actuators, that are controlled by this support function, belong to the 

“essential service water system (ESWS)” and “intermediate cooling circuit for essential con-

sumers (ICCES))” systems. The former is responsible for providing uninterrupted service 

water supply to the second system, while the latter is responsible for supplying cooling water 



86 

and provide heat removal to the connected safety-related consumers in the safety building. 

Various checking routines of this support function reveals no issues except for the HMI 

checking which shows that manual actions related to the function were assigned to a lower 

safety class I&C system. 

6.3.4 Cooling of Safety Train Rooms in Reactor Building Annulus Space 

The “cooling of safety train rooms in reactor building annulus space” function, which is the 

fourth support safety function in the HPSI chain, has been primarily checked. The function 

is mainly utilized to ensure cooling of specific rooms through controlling the operation 

modes of HVAC equipment of the serviced rooms which in this case is the safety train rooms 

in annulus space including I&C sensor rooms and electrical rooms. The primary checking 

routines show that the measurements-actuators chains, related to this support function, have 

satisfied all the required non-functional requirements. Furthermore, similar findings were 

concluded when checking the remaining two support safety functions in the HPSI functional 

chain which are the “Cooling of safety train rooms in safety building” and the “Cooling of 

safety train rooms in control building”. 

As already mentioned before, it should be kept in mind that both the I&C architecture and 

the control room architecture, that were utilized as evaluation references in this results chap-

ter, are just preliminary versions that have not undergone all the planned validation and ver-

ification activities, thus, indeed they will be updated in the future. In the next chapter, the 

results, presented in this chapter, will be discussed from the main functional chain point of 

view. 
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7 Discussion of the Results 

In this chapter, the results obtained from the functional chain analysis of the HPSI chain will 

be discussed from the main functional chain perspective. It has been mentioned earlier that 

a functional chain is fully verified and accepted if all the functions in the chain as well as 

their elements are accepted. Table 7.1 summarizes the checking results of various checking 

routines that are included in the HPSI functional chain. Furthermore, a colour legend for the 

colour codes utilized in the table, is shown at the end of the table. It can be observed from 

the table that a total of 14 design issues were revealed by the analysis. Nine issues were 

revealed as a result of conducting the HMI checking routine, three other issues obtained from 

the processing logic checking routine, and two design issues were found on executing the 

measurements checking routine. Consequently, the global checking status of the HPSI func-

tional chain is set to be “Rejected”. This mainly implies that to have a fully accepted HPSI 

chain all the 14 design issues must be resolved first. The results demonstrate the ability of 

the developed methodology to formally verify various functional chains of FH1 NPP which 

is the main study objective.  

 
Table 7.1 The results of functional chain analysis of the HPSI functional chain of FH1 NPP. 

Function Name 
Checking Routines Results 

Measurements Processing Actuators HMI Cabling 

Main Safety Function  

High-pressure safety injection      

Connected Safety Functions  

Isolation of corresponding SG water      

Control of steam dump valve to atmosphere      

Isolation of corresponding SG in case of PRISE      

Determination of non-failed SG      

Reactor trip in case of LOCA      

Low-pressure safety injection      

Start-up of EFWP      

Support Safety Functions  

Power supply of EPSS consumers of reliability group 1      

Power supply of EPSS consumers of reliability group 2      

Start of water cooling in controlled area      

Cooling of safety train rooms in reactor building annulus space      

Cooling of safety train rooms in safety building      

Cooling of safety train rooms in control building      

Color Legend 

Accepted:  Rejected:  More information needed:  Not relevant:  
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By observing Table 7.1, it can be seen that most of the discovered design issues appear from 

the HMI checking routine. The main reason behind that is that during the implementation of 

this study, the final version of the I&C architecture and the control room architecture were 

not available, and only preliminary versions, that have not undergone all the required verifi-

cation and validation activities, were utilized as evaluation references in this study. Thus, it 

is expected that in the future many of these issues will be resolved. Regarding the three issues 

that were discovered in the processing logic of some connected functions, they were mainly 

revealed using the model checking formal verification method. The issues arise either from 

ambiguous blocks in the functional diagrams or the presence of some unexpected system 

states that violate the initiating event criteria of the function. Although model checking 

method has its limitations, it still presents itself as an effective tool for verifying the logic of 

various functional diagrams. 

Furthermore, in the future, it is expected that the verification of the processing logic will be 

complemented by importing all the functional diagrams to a specific simulation tool and 

integrate them with the nuclear process model of the plant to check if the acceptance criteria 

of various event category are satisfied or not. Regarding the two issues that were found from 

the measurements checking of two connected functions, one of these issues is that the func-

tional diagram and description were not fully matching. This type of issues would be found 

during the implementation and would only require a confirmation from functional designer 

that the measurement points presented in the diagram are the same as used on other corre-

sponding diagrams. While the second issue arises from the unclear assignment of the meas-

urements to I&C systems. Regarding the cabling checking results, it is clear that the cabling 

layout is still in the conceptual design phase thus, more information is expected to be avail-

able in the future for evaluation purposes. 

Some checking results in Table 7.1 are marked as “not relevant”, this refers to a situation in 

which the corresponding checking routine is not applicable to the function. For instance, 

connected functions are not subjected to actuators checking routine, thus they are marked as 

not relevant. Also, some of the support safety functions are passive functions thus, they have 

neither measurements nor processing logic. Therefore, no measurements or processing 

checking routines are applied to them. In some other cases, the function itself may not be a 

passive function, but still does not have measurements or HMI components, these cases are 

also marked as “not relevant”. 
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It should also be noted that the results of the checking routines of each function in the func-

tional chain may be utilized when verifying other functional chains. For instance, if the “iso-

lation of corresponding SG water” functional chain is to be verified in the future. There is 

no need to execute the five main checking routines again. Instead, one may utilize the fact 

that it has already been a connected function in the HPSI functional chain. Thus, the checking 

results can be directly taken from there, and only the missing actuators checking routine is 

still needed to be executed. This demonstrates how the application of the developed meth-

odology is optimized in a way that saves the reviewer efforts in terms of rechecking functions 

that have already been checked in other functional chains. 

Finally, it must be highlighted at the end of this chapter that most of the revealed design 

issues are due to the fact that checking was done to a design that has not yet undergone all 

the verification and validation by the plant supplier. Thus, it is expected that most of these 

issues will be resolved in the future.  
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8 Conclusions 

Verifying the application of the defence-in-depth concept to the design of a nuclear power 

plant has always been a vital research topic in the nuclear industry. In Hanhikivi 1 NPP, 

Fennovoima has decided to apply DiD through utilizing ADLAS® method with an aim of 

achieving better design for safety-critical systems as well as supporting the licensing docu-

mentation. ADLAS® method, which is developed by Fortum energy company that owns and 

operates NPPs in Finland, demonstrates how the design meets all the requirements by utiliz-

ing a hierarchical description of requirements. The hierarchy has plant-level requirements 

on top, followed by functional-level requirements, then down to technical architectures. 

The DiD concept is formalized and introduced in ADLAS® plant-level documents. This is 

achieved by defining functional entities known as task categories. Each task category is as-

signed to a specific event category. Furthermore, a task category consists of a group of safety 

functions that share common non-functional requirements such as safety class, failure crite-

rion, separation, diversity, seismic and environmental requirements. Afterwards, ADLAS® 

functional-level documents define the safety functions of each task category. On investigat-

ing the safety functions of FH1 NPP, it was found that they are significantly interconnected 

and exchange a huge number of signals. Consequently, it becomes essential to introduce 

functional chains which can be defined as a set of safety functions that interact together to 

guarantee the success of plant’s systems. 

In conclusion, this study focuses on verifying the functional chains of FH1 NPP through 

developing a functional chain analysis methodology with an aim to have formal and system-

atic steps to carry out the verification process. The developed methodology breaks down the 

functional chain into main, connected, and support safety functions. Then, each function is 

subjected to further breakdown into checking objects including measurements, processing, 

actuators, HMI, and cabling elements. Each of these elements is verified to check if the in-

duced non-functional requirements on each function, have been satisfied or not. Verifying 

each of these aspects is implemented by developing a specific checking routine that utilizes 

various design documentation to ensure that various functional chain components satisfy the 

non-functional requirements induced on them.  
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After developing the functional chain analysis methodology, it was decided to develop a tool 

that can assist the plant design reviewers in performing the developed methodology. To-

wards achieving this objective, two prototypes were developed. The first one is completely 

implemented using MATLAB, while the second is implemented in Microsoft Access soft-

ware using SQL and VBA language. Both prototypes succeeded to perform the methodol-

ogy, however Access prototype was found to be more promising. This is mainly because it 

is founded on a data model that can be manipulated to account for newly added design data 

and also account for the changes and updates that occur to the already existing data. Thus, it 

was decided that this Access prototype will be subjected to further developments and utili-

zation in the future. 

At the end of the study, the high-pressure safety injection functional chain was subjected to 

the developed functional chain analysis methodology. This includes verifying one main 

safety function, seven connected safety functions in addition to six support safety functions. 

A total of 14 design issues were revealed including nine HMI issues, three processing logic 

issues, and two measurements issues. These issues are expected to be subjected to further 

investigations with the plant supplier. Looking at the results from functional chains point of 

view, one can conclude that the status of the HPSI functional chain is “rejected” until these 

design issues are solved. It should be noted that many of the findings are small configuration 

issues that can be easily fixed, but nonetheless finding the issues demonstrate that the ap-

proach is working. 

Finally, it is recommended for future work that the developed functional chain analysis 

methodology is applied to all the functional chains of FH1 NPP. Then, one can have a com-

plete database for the status of each functional chain and what issues are still needed to be 

solved to have fully verified and accepted chains. Furthermore, it is also recommended that 

the review of all functional chains is repeated when the detailed design documents are avail-

able, this will assist the verification of further non-functional requirements such as environ-

mental qualifications of various components. Regarding the results of functional chain anal-

ysis of the HPSI chain, it is recommended that all the checking routines, that utilize the 

preliminary versions of I&C and control room architectures, are re-evaluated when the fully 

verified and validated versions of these documents are available.  
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Appendix A. Functional Diagram Example from the US. EPR 

 

 

Figure A. 1 Division 1 of the functional diagram of automatic main steam isolation of the US. EPR. (AREVA, 

2013) 
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Appendix B. GUI Panels of the Developed MATLAB Prototype 

 

Figure B. 1 The first panel of the graphical user interface (GUI) of the developed prototype. 

 

 

Figure B. 2 Panel for implementing measurements checking routine of the functional chain analysis. 

 

 

Figure B. 3 Panel for implementing actuators checking routine of the functional chain analysis. 
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Figure B. 4 Panel for importing the connected safety functions related to the main safety function of the 

functional chain. 

 

Figure B. 5 Panel for importing the support safety functions related to the main safety function of the func-

tional chain. 

 

Figure B. 6 Panel for showing the effect of changing a specific configuration item on the whole functional 

chains of FH1 NPP. 
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Appendix C. APROS Automation Model for HPSI Safety Function 

 

Figure C. 1 Testing of the HPSI safety function processing logic in APROS nuclear. 

 

Figure C. 2 Introducing a 20% break in hot leg 1 of the primary circuit. 

 



98 

Appendix D. Parameters of Open-loop Tests for HPSI Processing Logic 

 

Table D. 1 Third open-loop test with containment pressure equals 40 KPa. 

Test Relevant Parameter Units Value HPSI Status 

Hot leg l/2/3/4 Boiling Margin ℃ 20.09  

 

The actuation signal 

of the HPSI safety 

system is “TRUE” 

 

Containment Pressure KPa 40.00 

Pressurizer Level m 8.1268 

Hot leg 1/2/3/4 temperature ℃ 328.44 

SG 1/2/3/4 Steam Line Pressure MPa 6.99 

Bypass Signal “Emergency SG cut off from water supply” False 

 

Table D. 2 Fourth open-loop test with pressurizer level equals 40 KPa and true bypass signal. 

Test Relevant Parameter Units Value HPSI Status 

Hot leg l/2/3/4 Boiling Margin ℃ 20.09  

 

The actuation signal 

of the HPSI safety 

system is “FALSE” 

 

Containment Pressure KPa 40.00 

Pressurizer Level m 8.1268 

Hot leg 1/2/3/4 temperature ℃ 328.44 

SG 1/2/3/4 Steam Line Pressure MPa 6.99 

Bypass Signal “Emergency SG cut off from water supply” True 

 

Table D. 3 Fifth open-loop test with pressurizer level 3 m. 

Test Relevant Parameter Units Value HPSI Status 

Hot leg l/2/3/4 Boiling Margin ℃ 20.09  

 

The actuation signal 

of the HPSI safety 

system is “TRUE” 

Containment Pressure KPa 9.98 

Pressurizer Level m 3 

Hot leg 1/2/3/4 temperature ℃ 328.44 

SG 1/2/3/4 Steam Line Pressure MPa 6.99 

Bypass Signal “Emergency SG cut off from water supply” False 

 

Table D. 4 Sixth open-loop test by changing the pressurizer level to 3 m and SG steam line pressure to 4 MPa. 

Test Relevant Parameter Units Value HPSI Status 

Hot leg l/2/3/4 Boiling Margin ℃ 20.09  

 

The actuation signal 

of the HPSI safety 

system is “FALSE” 

Containment Pressure KPa 9.98 

Pressurizer Level m 3 

Hot leg 1/2/3/4 temperature ℃ 328.44 

SG 1/2/3/4 Steam Line Pressure MPa 4 

Bypass Signal “Emergency SG cut off from water supply” False 
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Appendix E. SQL Algorithms Utilized in MS Access 

 

Table E. 1 An example of SQL script written in Microsoft Access to build one of the queries used in functional 

chain analysis. 

Algorithm 1 Relating the safety functions with their KKS coded measurements 

SELECT [Safety Function].[Safety Function CI_ID], [Safety Function].CI_Description, [Safety Function].CI_Version, 

[KKS coded Measurements].[KKS code of the measurement], [KKS coded Measurements].Description 

FROM ([Measured Parameter] INNER JOIN ([Safety Function] INNER JOIN [Relation between MP and its Parents] 

ON [Safety Function].[Safety Function CI_ID] = [Relation between MP and its Parents].[Parent CI_ID]) ON [Measured 

Parameter].CI_ID = [Relation between MP and its Parents].[MP CI_ID]) INNER JOIN [KKS coded Measurements] 

ON [Measured Parameter].CI_ID = [KKS coded Measurements].[Measured parameter] 

UNION 

SELECT [Safety Function with Related IEC].[Safety Function CI_ID], [Safety Function with Related IEC].[Safety 

Function].CI_Description, [Safety Function with Related IEC].[Safety Function].CI_Version, [IEC with direct KKS 

measurements].[KKS code of the measurement], [IEC with direct KKS measurements].Description 

FROM [Safety Function with Related IEC] INNER JOIN [IEC with direct KKS measurements] ON [Safety Function 

with Related IEC].[IEC CI_ID] = [IEC with direct KKS measurements].[IEC CI_ID] 

GROUP BY [Safety Function with Related IEC].[Safety Function CI_ID], [Safety Function with Related IEC].[Safety 

Function].CI_Description, [Safety Function with Related IEC].[Safety Function].CI_Version, [IEC with direct KKS 

measurements].[KKS code of the measurement], [IEC with direct KKS measurements].Description; 

 


